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influencia; a Kefŕen por su siempre buen humor e interesantes discusiones; a
Yohanna a quien deseo lo mejor en el futuro; y sobretodo a Pablo por su tiempo,
su paciencia y su ayuda continua.

Asimismo deseo agradecer la contribución de fondos recibidos por el proyecto
europeo FULLSPECTRUM (SES-CT-2003-502620), y los proyectos nacionales
NUMANCIA-MA (S-05050/ENE/0310), GENESIS-FV (CSD2006-0004), CALI-
BAND (MAT2006-10618) y FOTOMAT (MAT2009-14625-C03-01). Adeḿas quie-
ro hacer constar mi agradecimiento al Ministerio de Cienciae Innovacíon por la
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a Madrid.

Finalmente, tengo que dar las gracias a Gema, por ser uno de mis principales
impulsos para sacar esta tesis adelante, por su paciencia, por crecer conmigo y
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Resumen
Hoy en dı́a, los materiales de banda intermedia representanuna de las pro-

puestas más prometedoras en la búsqueda de células solares más eficientes y de
menor coste. En esta tesis presentamos un estudio de semiconductores sustitui-
dos con metales de transición basado en sus propiedades optoelectrónicas. Estos
materiales se propusieron como absorbentes de alta eficiencia para células foto-
voltaicas de banda intermedia, ya que presentan una banda estrecha parcialmente
llena alojada en la banda prohibida del semiconductor base.Esta banda permite
la absorción de fotones con energı́as menores que la banda prohibida del semi-
conductor original, lo que podrı́a en principio incrementar la fotocorriente de una
célula, produciendo un importante efecto en su rendimiento.

Debido a la escasez de resultados experimentales de este tipo de materiales,
es necesario, para la correcta comprensión de la formación de la banda interme-
dia, estudiar sus propiedades teóricamente para predecirsu idoneidad para apli-
caciones fotovoltaicas de alta eficiencia. Nuestro objetivo es describir y predecir
mediante métodosab initio estas propiedades y especialmente la contribución de
la nueva banda a la absorción. Para este fin, es necesaria unadescripción precisa
de la estructura electrónica del sistema. Primero, una aproximación inicial a las
propiedades del material se consigue mediante la Teorı́a del Funcional de la Den-
sidad y ello nos da una idea sobre la posibilidad de la formación de la banda inter-
media, lo que nos permite descartar algunos de los candidatos originales. Dado
que los métodos del funcional de la densidad no dan la precisión necesaria para
obtener a continuación propiedades de estados excitados,será necesario el uso de
otros métodosab initioavanzados. Este trabajo se centrará ası́, en la comprensi´on
y el análisis detallado del comportamiento electrónico yóptico de materiales de
banda intermedia con diferentes aproximaciones teóricas, y la comparación entre
ellas, en particular se compararán los resultados de las metodologı́asGW con los
de la Teorı́a del Funcional de la Densidad.

Se prestará especial atención a las propiedades ópticasde tres familias de ma-
teriales: derivados de semiconductores III-V (GaP), derivados de la calcopirita
CuGaS2, y derivados de algunas tio-espinelas (In2S3, MgIn2S4 y CdIn2S4). Los
espectros de absorción de todos estos compuestos tras realizar la sustitución con
el metal de transición, presentan un incremento significativo en el rango de en-
ergı́as de emisión solar, gracias a las transiciones que involucran a la banda inter-
media. Como material para validar el concepto de banda intermedia, el Si dopado
con Ti será analizado como contribución a esta tesis.
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Abstract
Intermediate-band materials represent nowadays one of themost promising

proposals in the quest for more efficient, lower-cost solar cells. In this thesis
we present a deep study of transition-metal substituted semiconductors based on
their optoelectronic properties. These materials were proposed as high efficiency
photovoltaic absorbers for intermediate-band solar cellsfor showing a partially-
filled band placed inside the band gap of the parent semiconductor which enables
the absorption of photons with energies lower than the band gap. This additional
absorption could in principle increase the photocurrent ofa cell, producing a
significant effect on its performance.

Due to the scarcity of experimental results of these materials, it is neces-
sary for the proper understanding of the intermediate band formation, to study
their properties theoretically in order to predict their suitability for high efficiency
photovoltaic purposes. Our aim is to describe and predict byab initio methods
their properties and especially the contribution of the newintermediate band to
their absorption. For that purpose we need a precise description of the electronic
structure of the systems. First, an initial approximation to the properties of the
material is obtained within Density Functional Theory and that gives us an idea
of the possibility of formation of the intermediate band, allowing us to rule out
some of the original candidates. But since density functional methods do not
give the precision we will further need to obtain the excited-states properties, the
use of other advancedab initio methods is necessary. This work is thus devoted
to understanding and analyzing in depth the optical and electronic behavior of
intermediate-band materials with different advanced theoretical approaches and
the comparison of several first-principles methods, in particular we will compare
GW results with those of Density Functional Theory.

A special attention is paid to the optical properties of three families of in-
termediate-band materials: those derived from a III-V semiconductor (GaP),
derivatives of chalcopyrite CuGaS2, and derivatives of some thiospinels (In2S3,
MgIn2S4 and CdIn2S4). Absorption spectra of all these compounds show a sig-
nificant increase across the solar spectrum range, due to thetransitions in which
the intermediate band takes part. As a material to assess theintermediate-band
concept, Ti-doped silicon will be analyzed as a contribution to this thesis.

xi





Preface

Sun’s energy is probably the largest energetic resource on Earth. A good use
of it would be enough to cover world’s energetic demand. But despite its obvi-
ous environmental interest, economic limitations have lead to the necessity of a
worldwide research in this field, together with other clean renewable energies.

In the quest for the energetic revolution, technology develops toward lower-
costs higher-efficiency solar devices. In the last 50 years the efficiency of the
cells has quadruplicated.

Silicon has been up to now the leader in production and installation. It has
been like that during many years because of the great knowledge of its techno-
logical aspects, because of its abundance, and its reasonable performances. Its
main drawback is its cost and the shortage of purified material. Proposals to
improve the efficiency of silicon and reduce the costs of the devices include: the
use of other semiconductors as absorbers, such as III-V or, more recently, the
thin-film technology; the utilization of multiple-junction cells, where different
semiconductors absorb different ranges of the solar spectrum; concentrators of
the light reaching the cell;hot-carrier effects;upanddown-converters; etc.

Another proposal for increasing the performance of the cells is the interme-
diate-band (IB) concept, in which this work is based. This idea, combined with
the thin-film technology, could be the answer to the present high-efficiency low-
cost challenge.

All this background and the scarcity of experimental results of intermediate-
band materials motivated this work, whose aim is predictingby theoretical quan-
tum methods the most appropriate intermediate-band absorbers for solar cells and
encouraging experimentalist to produce those materials.

The main purpose of the present work is to compare in detail several inter-
mediate-band candidates by means of their optical properties and to apply some
theoretical approaches in order to compare the advantages and disadvantages of
each theoretical method in the prediction of the propertiesof these compounds.



2 Preface

A photovoltaic device acts in two processes, first the conversion of the radia-
tion in electron-hole pairs, by the absorption of photons, and second, the harvest-
ing of this electrons and holes in order to obtain an electriccurrent. In this thesis
a especial attention will be paid to the first process of absorption, while the sec-
ond process is much more complex to be studied ideally and it is beyond the will
of this thesis, since there are several recombination processes and losses, large
temperature effects, etc. that are impossible to quantify precisely theoretically.

Apart from the more applied objective of this work, there is also a more theo-
retical aim: drawing conclusions from the comparison of very different theoreti-
cal approaches to determine the best method to study intermediate-band materials
for future works.

This work could facilitate future collaborations with other groups both theo-
retical and experimental that are currently working in thisfield and it will help in
the understanding of future experimental results.

The main part of this thesis will be dedicated to derivativesof chalcopyrites
and thiospinels. However, attention will be also paid to other compounds of
photovoltaic interest, such as silicon with transition metals (TM), and GaP-based
intermediate-band materials which were the first ones proposed in the quest for
an efficient IB-absorber.

All the calculations in this work have been carried out with quantum-mecha-
nics methods both in the density functional framework and inthe many-body
perturbation approach. The work is mainly focused on optical properties, how-
ever structural and electronic properties will be discussed in some cases as well.

This thesis is divided in13 chapters structured as follows. Chapters2, 3
and4 will describe all the theoretical approximations: Densityfunctional meth-
ods,many-bodyapproximations (i.e., charged excitations) and neutral excitations
(optical properties) respectively. Chapter5 will describe all the computational
details necessary for the following chapters.

In Chaps. 6 and7 we will presentGW calculations of four intermediate-
-band compounds, from which we will draw conclusions (in Chap. 8) about the
influence of many-body effects on the intermediate band.

Chapters9 to 13 will present all the results of optical properties organized
by families of materials. Finally there is a chapter dedicated to present the main
conclusions of the work and it will reflect on the perspectives of this line of work
for the future.



Chapter 1

Introduction

1.1 Intermediate-band concept

The intermediate-band concept was proposed as a solution tothe efficiency pro-
blem because a partially-filled narrow band isolated from the valence band (VB)
and the conduction band (CB) of the host semiconductor wouldallow the absorp-
tion of sub−band-gap energy photons that would result, in a solar cell, in the
creation of additional electron-hole pairs and, in principle, in the increase of the
photocurrent without the fall of the open-circuit voltage,as this voltage would be
still determined by the VB-CB band gap. A cell based on such approach could
reach theoretical efficiencies up to 63.2% with black body illumination [1] and
65.1% with AM1.5 spectrum [2].

However, higher absorption of photon does not necessarily mean higher photo-
current, since too localized levels could favor non-radiative recombination. There-
fore, in order to be efficient, an intermediate band has to fulfill some require-
ments [3,4]: it has to have a dispersion and not be a discrete level but atthe same
time it has to be narrow enough to be well isolated from valence or conduction
bands, in order to avoid thermalization to the IB, and it has to be partially filled
to allow comparable rates for the two possible absorption processes involving
the IB and to minimize recombination effects (see Sec.1.2.1). There is also
the advantage of the spin polarization in the materials presented here, since the
spin selection rules for electronic transitions can make the enhancement of the
lifetimes of the generated electron-hole pairs improve [5].

Figure 1.1 shows an schematic representation of the band structure of an
intermediate-band material. In usual semiconductors, theabsorption of photons
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Figure 1.1:Band diagram of a generic intermediate-band material and its schematic
representation. Two-steps absorption of photons between the VB and CB.

of energies higher than the band gap produces a pair electron-hole between the
valence band and the conduction band. In intermediate-bandmaterials, there is
a second mechanism to produce an equivalent electron-hole pair: a two-steps
absorption of photons of energies lower than the band gap of the original semi-
conductor promote an electron from the VB to the IB and an electron from the IB
to the CB. The electron excited to CB and the hole left behind in the VB, when
adequately separated and transported, can be converted into electric current.

1.2 Intermediate-band solar cell

When a single semiconductor is used for conversion of radiant energy of the sun
into electric energy, the efficiency of the conversion is limited theoretically to
40.7%. This is the so-called Shockley-Queisser limit [6]. However, commercial
cells based on silicon reach nowadays efficiencies of the order of 20%.

The proposal of the intermediate-band solar cell was presented in Ref. [1]
where, in addition, they determined the theoretical valuesfor the band gap of the
host semiconductor (around 2 eV) and the position of the intermediate band inside
this gap (approximately 0.7 eV from VB or CB), leading higherefficiencies.

An intermediate-band solar cell consists of an IB absorber (Fig. 1.1) between
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Figure 1.2:Scheme of an intermediate-band solar cell.

two conventional semiconductors dopen andp-type. These two contacts (see
Fig. 1.2) act as selective contacts like in a conventional cell.

Thinking in terms of I-V curves, increasing the photocurrent of a conventional
solar cell can be done by just decreasing the band gap of the absorber, however
this will also decrease the voltage and therefore, the efficiency. So the real chal-
lenge is increasing the photocurrent without decreasing the voltage (as the power
is related to their product) and the IB solar cell, will in principle allow that, since
the voltage will be determined byeV in Fig. 1.2.

1.2.1 Recombination: discrete levels vs. a narrow band

Impurity levels in a semiconductor are known to be strong Schockley-Read-Hall
(SRH) recombination centers [7, 8]. However, in an IB material, part of this
recombination can be avoided due to the finite width of the intermediate band
[9–11]. In other words, the fact that the IB is a band and not discrete levels is
crucial for an efficient implementation of the IB concept.

Within this context, let us introduce the idea of the Mott transition [12] (for
a more detailed revision see [13]). The termmetal-insulator transitionrefers
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to situations where the electric conductivity of a materialcan vary from metal
to insulator depending on external parameters such as composition, pressure, an
external magnetic field, or, in our case, the concentration of impurities. When
a semiconductor is doped with increasing levels of dopants,a transition to the
metallic phase will occur for a given limiting concentration. The metal-insulator
transition takes place when the concentration of impurities is so high that the
wavefunctions of the electrons in neighbor impurity atoms overlap significantly.

In our case, if we use high concentration of defects (transition metals) the
formation of an intermediate band is guaranteed (provided we choose an ade-
quate TM). This will produce the wavefunctions not to be localized in the im-
purity but to extend. Removing an electron from the impurityinvolves leaving
the impurity positively charged and this implies the appearance of a Coulomb
attraction on the electron. This attraction becomes weakened by the presence
of other impurity-electron wavefunctions that produce screening. This screen-
ing increases with the number of impurities, i.e., the higher the concentration of
impurities, the higher the screening and the lower the Coulomb attraction on the
electron. Above the Mott limit, the impurity state is no localized and forms a
band with other impurity-states, the electron may escape from the impurity and
the SRH recombination can be prevented.

Of course, this should be tested in practice, and recombination in IB materials
is still an open field. Some evidences of this fact have been reported for Ti-doped
silicon [14], which is one of the materials studied in the present manuscript. Al-
though Ti is a well-known lifetime killer for Si [15], when the concentration of
Ti is very high, an increase in the lifetimes has been observed [16].

1.2.2 Absorption in an IB material. Partial contributions

As we have mentioned, the limiting efficiency for conventional cells is 40.7%.
The main effect contributing to this small efficiency is related to the fact that only
the absorption of photons of energies close to the band gap ofthe absorber is
efficient. Photons with energies lower than the band gap are simply wasted be-
cause the material is not able to absorb them. Photons with energies much higher
than the band gap are not efficiently converted, as approximately the difference
between the energy of the incident photon and the value of theband gap is lost in
form of heat (thermalization) before being converted to usable electric energy.

The same holds for an intermediate-band material. For example, let us think
about an IB material whose IB lies 1.5 eV over the valence bandand 0.5 eV below
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the conduction band. For an incident photon of 1.6 eV of energy, the optimum
situation would be to excite an electron form the VB to the IB,but also a transition
from the IB to a high conduction state would be, in principle,allowed. In that
case, if the transition VB→IB is produced, the energy of the photon is efficiently
converted. If, on the contrary, the electron is excited formthe IB to a high CB, it
would most probably thermalize to the bottom of the CB band and therefore part
of the energy of the photon is lost in the form of heat.

So, for a photon of that energy~ω1 (1.6 eV in the example), the second transi-
tion should be much less probable than the first one if we aim atobtaining a highly
efficient material. This can be interpreted in terms of absorption coefficients: the
partial absorption coefficient of transitions VB→IB (αV I) must be significantly
higher than that of transitions IB→CB (αIC) for that given energy~ω1. Or in the
more general case:for each energy~ω of the incident photon, one of the three
partial absorption coefficients (αV I , αIC andαV C) must be dominant.

When this is not the case for a given material, the width of theabsorber can
constitute a parameter toadaptsome of the intensities of the partial absorption
coefficients according to the behavior of the material. Another way [1, 17] to
make this effect less significant is the use oflight confinement[18] techniques.

1.3 Intermediate-band materials

In the quest for efficient materials hosting an intermediateband, our group has
proposed three main families of compounds with this possibility: derivatives of
III-V semiconductors, and more recently thin-film materials derived from chal-
copyrites and thiospinels. These materials would, in principle, fulfill the desired
requirements for an efficient intermediate-band absorber.However, in order to
assess the behavior of an intermediate band, materials based on silicon have been
proposed recently. In this thesis, properties of Si, doped with Ti, presenting an
intermediate band, will be also discussed.

The intermediate-band alloys are obtained, from the parentsemiconductors
mentioned above, by substitution of transition metals for Ga or In. The host
semiconductors were chosen for their band gap lying in the main range of the
solar spectrum and close to the optimum predicted in Ref. [1]. The TM, when
introduced substitutionally, provides partially-occupied electronicd levels that
will form the intermediate band. The characteristics ofd levels prevent partially
the orbital overlap with neighbor atoms and, foreseeably, the IB will be thus



8 Chapter 1

isolated from VB and CB.
The first intermediate-band compound presented in this thesis is a derivative

of silicon, despite the fact that silicon is not the ideal candidate for hosting an in-
termediate band, as its band gap is very small. However, silicon is one of the most
studied semiconductors and it is perfectly characterized experimentally. For this
reason, first experimental attempts to prove the intermediate-band performance
are based on silicon derivatives.

IB materials based on III-V semiconductors were presented [4,19–22] as the
first candidates with feasible perspectives of an increasedefficiency. Substitu-
tions of Ti and Cr for Ga in GaAs and GaP were proposed as the most promising,
even though the energetic balance for the formation of thesealloys was predicted
unfavorable.

More recently, derivatives of chalcopyrites were the first materials proposed
in the direction of combining intermediate-band concept with thin-film technol-
ogy (supposed to reduce costs). Nowadays, chalcopyrite-type semiconductors
represent one of the most developed thin-film technologies in the search for more
efficient, lower-cost solar cells. Studies of intermediate-band materials based
on CuGaS2, have been presented [23–25] showing a potential suitability for en-
hanced photovoltaic applications. In these materials, Ga atoms where replaced
by Ti or Cr at tetrahedral sites. We know that for these transition metals, the
octahedral environment should be more stable since there isa preference for be-
ing surrounded by six atoms rather than by four. That makes necessary a deeper
study of intermediate-band materials with the transition metal at octahedral sites
and that motivated the study of thiospinels derivatives.

There have also been proposals of transition-metal (e. g., Mn) substitution in
CuGaS2 and GaAs for other uses, such as spintronic. Mn-doped CuGaS2 was the-
oretically predicted byab initio methods [26,27] and later synthesized by chem-
ical vapor transport [28]. Mn-doped GaAs is also known to be experimentally
feasible (at least at Ga substitution levels of a few percent) [29–33].

Thiospinel semiconductors In2S3, MgIn2S4 and CdIn2S4, where octahedral In
atoms were replaced by V or Ti have been also proposed by our group [34,35]. In
particular, V-substituted In2S3 was synthesized later [36], being the firstpartially-
filled intermediate-band material, absorbing across the full solar spectrum range.

Other doped semiconductors have been proposed to form the appropriate IB
materials. O-doped (Zn,Mn)Te and N-doped Ga(As,P) have been claimed, on
the basis of spectroscopic data interpreted with a band anticrossing model, to
form IB structures [37–39]. Other approach exists, in addition to that followed
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in this thesis, toward the implementation of the intermediate-band solar cell. It
involves the growing of quantum dots whose electronic levels would constitute
the IB [40–42].

1.4 Approach to the physical problem and theoret-
ical techniques

To study the properties of a solid, from the point of view of quantum mechanics,
it would be necessary to solve a Schrödinger equation of thetype:

[

TN + Te + Eee(r) + ENN (R) + ENe(r ,R)
]

Φ(r , σ,R) = EtotΦ(r , σ,R) (1.1)

where subscriptse andN refer to electrons and nuclei,T ’s are kinetic energy
terms, andEee, ENN andENe are interaction energies. Coordinatesr andR are
all spatial coordinates of electrons and nuclei respectively: r = {r i} andR =
{RI}. Each of these contributions to the equation depends on all the coordinates
or velocities of all electrons and nuclei and all the spin componentsσ of all the
electrons. Therefore, approximations will be needed.

The first approximation allows us to separate the motion of the electrons
from that of the nuclei, as electrons are much faster than ions. Equation (1.1)
can be decoupled in the nuclei and electronic contributionsthanks to the Born-
Oppenheimer (oradiabatic) approximation [43]. Thus, we can rewrite a Schrö-
dinger equation purely referred to electrons, where termsTN andENN(R) do not
appear. The many-body problem is now represented by a systemof interacting
electrons in the external field created by the nucleiVext = VNe.

Even with this simplification and using the Bloch theorem [44,45] (see Sec.
5.2), which exploits the periodicity of the solid to reduce the number of wavefunc-
tions to those in the Brillouin Zone (BZ), the challenge of solving the electronic
equation is still open: for a given time it is a problem with 4N variables, being
N the total number of electrons.

One of the most widely used approaches in order to obtain the properties of
a solid without solving the Schrödinger electronic equation is the Density Func-
tional Theory (DFT) [46,47]. Chap.2 will describe in detail this approximation.

For photovoltaic purposes we need to correctly predict bothband gaps and
optical absorption spectra, as absorption is crucial for the performance of a pho-
tovoltaic material. However, it is known that DFT is inadequate for the calcula-
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tion of excited-states properties as it systematically underestimates the band gap
of semiconductors and it is meant to give correctly only ground-state properties.

Many-body perturbation theory (MBPT) and in particular theGW approxi-
mation [48] (see Chap.3), have yield electronic properties in very good agree-
ment with experiments for a wide range of materials [49–51]. In this work, we
will use theGW approximation for the calculation of electronic properties of
some intermediate-band materials, and we will compare themwith those obtained
with DFT in order to discuss the advantages and disadvantages of the methods.

For the prediction of high-accuracy optical properties, standard DFT is ruled
out. A first improvement to DFT involves turning to time-dependent DFT (TD-
DFT) [52,53], where the electronic density responds to a time-dependent external
field. TDDFT retains all the advantages of the DFT formalism but the need for
approximations to the exchange-correlation (xc) contribution is its principal lim-
itation in the prediction of optical absorption spectra. Some approximations to
xc have led to optical properties in very good agreement with experiments (see
Chap.4).

The principal drawback for TDDFT calculations of optical properties con-
cerns theexcitonic effects(or electron-hole interactions). For compounds with
bound excitonic peak, the Bethe-Salpeter equation (BSE) [54,55] is ideal for the
prediction of optical properties.

Many-body methods, both electronic (GW ) and optical (BSE), are much
more computationally demanding than DFT and TDDFT based methods. As
intermediate-band compounds form a complex class of materials, it is not always
possible to performGW or BSE calculations. Chaps.6 to 8 aim in determining
how important is the improvement of many-body results with respect to those of
DFT.

We therefore intend not only to obtain electronic and optical properties of
intermediate-band materials, but also to assess the validity of different ab initio
methods.



Part I

Background





Chapter 2

Theoretical fundamentals I:
Approaches based on the electronic

density

In all chapters of Part I: Background, except if otherwise specified,atomic units1

will be used. In parts IIa. and IIb., the choice of units will depend on the case.

2.1 Density Functional Theory

In order to avoid to use the fullN-particle equation described in Sec.1.4, one
considers instead an “integrated” variable to describe thesystem: theelectronic
densityρ(r ).

ρ(r 1) = N

∫

|Ψ0(r 1, r 2, . . . rN )|2dr 2 . . . drN (2.1)

whereΨ0 is the ground-state wavefunction of theN-electron system. Density
functional theory (DFT) [46, 47] thus proposed to use thisdensity as the basic
variable as it depends only onx, y, z (and the spin component that we will
not write explicitly for simplicity of the notation). The demonstration of the
statement that the properties of the ground-state of a system are functionals of the
electronic density was given by the Hohenberg and Kohn (HK) theorems [46]:

1
~ = me = e2 = 4πε0 = 1.
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they prove the existence of a direct functional relation between the electronic
density and the energy of the electronic systems through a functionalE[ρ].

To go into the form of the functionalE[ρ] in depth, we know (from Sec.1.4)
that the energy can be written as a kinetic termT , the termEext due to the external
potential (which is the attraction of the nuclei in our case)and a contribution from
the electronic interactionsG. Therefore

E[ρ] = T [ρ] + Eext[ρ] +G[ρ] (2.2)

Some concepts are crucial before continuing analyzing these terms:

2.1.1 Hohenberg and Kohn theorems

The Hohenberg and Kohn theorems [46] prove mathematically the following
statements:

• The contribution from the external potentialEext is determined, up to a
constant value, by the electronic density. And it can be expressed as:

Eext[ρ] =

∫

ρ(r)Vext(r)dr (2.3)

Vext is the interaction with an external field (usually represented by the
nuclei potential). In addition to the external potential, the electronic density
determines the number of electrons as well:N =

∫

ρ(r)dr .

• The ground-state expectation value of any physical observable of a many-
electrons systemO is a unique functional of the electronic density:

< Ψ0|O|Ψ0 >= O[ρ] (2.4)

with |Ψ0 > the ground-state wavefunction.

• There is a variational principle on the density: the total energy has a min-
imum, theground-state energyE0, corresponding to the ground state den-
sity. If H is the Hamiltonian of the system:

min < Ψ|H|Ψ >=< Ψ0|H|Ψ0 >= minE[ρ] = E0[ρ] (2.5)
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and in addition, the theorem proves that

E0[ρ] < E0[ρ̃] (2.6)

whereρ is the real ground-state density of the system andρ̃ is any other
ground-state density. In other words, the uniqueness of thedensity leading
the minimum energy (the ground-state energy) is guaranteed.

However, Hohenberg and Kohn do not propose the form of the other func-
tionals in (2.2). In fact, the exact form of theE[ρ] functional is unknown, and
some approximations will be needed.

2.1.2 Kohn-Sham equations

Kohn and Sham [47] considered a system of non-interacting particles in an exter-
nal fieldVext (without imposing any physical meaning) whose density is assumed
to be the same as that of the associated interacting-particle system.

The two contributions to the energy in equation (2.2) that remain unknown
(T andG, asEext was given in eq. (2.3)) can be brought together in a term called
Hohenberg and Kohn (HK) term:

FHK [ρ] = T [ρ] +G[ρ] (2.7)

whose exact functional dependence onρ is not known and approximations are
needed. This gives rise to the Kohn-Sham (KS) model [47] which separates the
FHK functional into different contributions which are exact insome cases and
approximations in some others.

The main contribution to the interaction between electronsG is the classical
Coulomb interaction giving rise to theHartree energyterm

EH [ρ] =
1

2

∫

v(r , r ′)ρ(r)ρ(r ′)drdr′ =
1

2

∫

ρ(r)ρ(r ′)
|r − r ′| drdr

′ (2.8)

where we have also defined the Coulomb interactionv(r , r ′) = 1/|r − r ′| that
will be used in Chap.3.
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Kohn and Sham proposed to approximate the kinetic energyT by a classical
termTKS: the kinetic energy of afictitioussystem of non-interacting electrons:

TKS =< Ψ0|T |Ψ0 > (2.9)

whereT is the kinetic operator(−1/2)∇2.
The remainder part ofFHK , i.e.,T +G−EH − TKS (supposed to be small),

is unknown and included in theexchange-correlation(xc) term Exc. We can
therefore rewriteFHK as:

FHK [ρ] = TKS + EH [ρ] + Exc (2.10)

where the exchange and correlation energy includes all the electron-electron in-
teractions beyond Hartree. It is an unknown functional of the density, containing
all the exchange effects (due to the fact that electrons are fermions) and correla-
tion effects.

Gathering equations (2.2), (2.3) and (2.10), we can see that the Hamiltonian
acting on the system isH = T +Vext+VH +Vxc and we can reduce the problem
to a single-particle problem, with the eigenvalues equation:

[

− ∇2

2
+ Vext(r) + VH(r) + Vxc(r)

]

φi(r) = ǫiφi(r) (2.11)

whereǫi andφi are the single-particle eigenvalues and wavefunctions of the non-
interacting system andVH andVxc are the Hartree potential and the exchange-
correlation potential respectively:

VH(r) =

∫

ρ(r ′)
|r − r ′|dr ′ (2.12)

Vxc(r) =
δExc[ρ]

δρ(r )
(2.13)

Equation (2.11) together with definitions (2.12) and (2.13) constitute the Kohn-
Sham equation, which is a Schrödinger equation for a fictitious system of non-
interacting electrons, assumed to have the same ground-state density as the inter-
acting system. In terms of the wavefunctions of the Kohn-Sham systemφi we
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can rewrite the kinetic term, and the electronic density as follows:

TKS =

N
∑

i=1

〈

φi

∣

∣

∣
− 1

2
∇2
∣

∣

∣
φi

〉

(2.14)

ρ(r) =

N
∑

i=1

|φi(r )|2 (2.15)

and the ground-state energy can be therefore rewritten:

E0[ρ] = −
N
∑

i=1

∫

φ∗
i (r )

∇2

2
φi(r)dr +

∫

ρ(r )Vext(r)dr

+
1

2

∫

ρ(r )ρ(r ′)
|r − r ′| drdr

′ + Exc[ρ] (2.16)

It should be noticed that, in the KS framework the excited states are treated
as functionals of the ground-state density, which in principle seems not physical,
but nevertheless DFT is the most used method for the calculation of properties of
solids. The solution of the Kohn-Sham equations yields the single-particle states
and eigenvalues, which are usually identified as the corresponding excitation en-
ergies. This interpretation is wrong strictly speaking: the Kohn-Sham wavefunc-
tions and eigenvalues are mathematical tools that give, in general, a qualitatively
correct description of the system, but always yield band structures whose band
gaps are systematically underestimated. In this thesis we will go further to me-
thods more adequate for the calculation of excited-states properties (see Chap.
3).

The first step to obtain any property within the DFT frameworkis to solve the
Kohn-Sham equation (2.11). The theoretical problem is thus reduced to finding
the form of the functionalVxc(r), which is in principle small, but nevertheless the
tendency is in general to look for more and more accurate expressions for this
functional.

2.1.3 Approximations to the exchange-correlation potential

The first approximation and the most widely used one, was propose also by Kohn
and Sham in 1965 [47]. It is based on the idea of ahomogeneous electron gas
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and it is calledLocal Density Approximation(LDA). In this approximation the
exchange-correlation energy is expressed by the local relation:

ELDA
xc [ρ] =

∫

ρ(r )ǫhomxc [ρ]dr (2.17)

whereǫhomxc [ρ] is the exchange-correlation energy per electron in a homogeneous
electron gas of densityρ. This approximation is exact for the homogeneous elec-
tron gas and it is better for systems where the density has small spatial variations.
In a more general approximation (local spin density approximation, LSDA) the
electronic density due to spinα or β electrons are different.

The first approximation beyond-LDA involves assuming thatǫxc depends not
only on the local density but also on its derivatives. TheGeneralized Gradient
Approximation(GGA) [56–58] includes these approaches adding gradient cor-
rections.

There exist other more precise descriptions of the exchange-correlation po-
tential, like theexact exchange(EXX) [59], or hybrid functionals [60,61] (based
on linear combinations of Hartree-Fock exchange and DFT exchange-correlation
contribution), such as HSE06 [62].

2.1.4 LDA+U method

To improve the electronic correlation term, the so-called LDA+U method was
proposed in 1963 [63] with some of the ideas of Mott (see Sec.1.2.1and Refs.
[12,13]). The basic idea is to separate the electrons into two classes, those ind
or f states and the others (sor p). Localized electrons (d or f ) move in a different
potential than delocalized electrons (s or p).

The LDA Coulomb interaction betweend orbitals is replaced by an on-site
Coulomb repulsion energyU . In order not to take into account twice thed-d
interaction (double-counting), it is subtracted from the LDA energy functional
[64]:

ELDA+U = ELDA + EU −Edc (2.18)

The potential in KS equation (2.11), acting on any state isVLDA = Vext +
VH + V LDA

xc (within the LDA approximation). In the LDA+U approximation,
the potential acting ons andp orbitals isVLDA, but that acting ond orbitals is
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VLDA + U(1/2 − ni), whereni is the occupation number of ad (or f ) orbital
labeledi (ni = 1 for occupied states andni = 0 for empty states).

U can be seen as the energy cost for moving ad electron between two atoms
with n d electrons each, renormalized by the screening due to the other s andp
electrons [65]. In other words,s andp orbitals, even if they are treated at the
LDA level, contribute to screen the Coulomb interaction betweend orbitals. This
leads to a smaller value of theU .

The basic formalism of the LDA+U has been introduced, but generalizations
exist for spin dependence and type ofd orbital dependence [66,67].

2.2 Time Dependent Density Functional Theory

For the calculation of optical properties, which is one of the main goals of this
thesis, it is necessary to use a theory able to treat time-dependent external fields.
But this is not the case of the time-independent DFT we have seen up to now.
A generalization of DFT to the time-dependent case was henceproposed. Time-
dependent density functional theory (TDDFT) was proposed for time-dependent
potentials and described by Runge, Gross and Kohn in Refs. [52,53].

In TDDFT, the equivalent to the Hohenberg & Kohn theorems (Sec. 2.1.1)
guarantees the uniqueness of the electronic density and allows us to define an
equivalent to the Kohn-Sham equation including the time dependence:

[

− ∇2

2
+ Vext(r , t) + VH(r , t) + Vxc(r , t)

]

φi(r , t) = i
∂

∂t
φi(r , t) (2.19)

where now,

VH(r , t) =
∫

ρ(r ′, t)
|r − r ′|dr ′ (2.20)

ρ(r , t) =
∑

i

|φi(r , t)|2 (2.21)

This should be compared to equation (2.11) and definitions (2.12) and (2.15).
As in DFT, the problem is reduced to finding an expression for the exchange and
correlation potentialVxc(r , t). To bring some light to this respect, let us use the
linear response formalism.
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2.2.1 Small perturbing potentialVext(r , t). Linear response

Linear response theory[68] states that, for any measurable propertya(r, t), the
responseδ < a > of a system to a small applied fieldF is

δ < a(r, t) >=

∫∫

χ(r, r′, t− t′)F (r′, t′)dr′dt′ (2.22)

whereχ is the linear response function. If the Hamiltonian of the unperturbed
system isH0, in the presence of the external perturbing fieldF , the new Hamil-
tonian isHtot = H0 +H1, with

H1(t) =

∫

g(r)F (r, t)dr, (2.23)

the perturbing contribution to the Hamiltonian (in the interaction picture), and
g(r) thecoupling constantbetween the perturbation and the system.

If we apply these general statements of the linear response theory to the sys-
tem of equation (2.19) in the presence of the external perturbing potential, the
induced charge density (i. e., the response of the system) reads

ρind(r, t) =

∫∫

χ(r, r′, t− t′)Vext(r
′, t′)dr′dt′ (2.24)

The response functionχ is thepolarizabilityof the system. We can also define
the response of the system to aneffective potentialVeff :

Veff(r, t) = Vext(r , t) +
∫

ρ(r ′, t)
|r − r ′|dr ′ + Vxc(r , t) (2.25)

and the response to this potential is defined:

ρind(r, t) =

∫∫

χ0(r, r
′, t− t′)Veff(r

′, t′)dr′dt′ (2.26)

where the independent-particle polarizabilityχ0 is the linear response of the
Kohn-Sham system. Using the definition ofVeff in terms ofVext (eq. (2.25))
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and using the chain rule for differentiations, we can find a relation betweenχ and
χ0:

χ =
δρ

δVext
= χ0

δVeff
δVext

(2.27)

and differentiating in (2.25) and usingv = δVH/δρ (see eq. (2.12)):

χ = χ0 + χ0(v + fxc)χ (2.28)

where we have used the definitionfxc = δVxc/δρ of the exchange-correlation
kernel, which, when treated exactly, takes into account all dynamic exchange and
correlation effects to linear order in the perturbing potential.

Working outfxc in equation (2.28), we obtain the exact expression for the
exchange-correlation kernel:

fxc(r, r
′, ω) = χ−1

0 (r, r′, ω)− χ−1(r, r′, ω)− 1

|r− r′| (2.29)

These quantities are not known exactly and we need to turn to approximations
for fxc as we did for standard-DFT.

2.2.2 Approximations for the exchange-correlation kernel

A first approximation to the exchange-correlation kernel may befRPA
xc = 0. This

may be regarded as too drastic at first sight, but it is widely used and it constitutes
the well knownrandom phase approximation(RPA) that we will see more in
detail in next chapters.

The most widely used approximation is theadiabatic local density approxi-
mation(ALDA): the exchange-correlation kernel is defined as theadiabatic(i.e.,
frequency-independent) functional derivative of the LDA potential:

fLDA
xc (r, r′) = δ(r− r′)

∂V LDA
xc [ρ(r)]

∂ρ(r)
(2.30)

This approximation has yield good results for finite systems[69,70] but fails
in the prediction of optical properties of solids [71–73]. The reason for this is
related to the incorrect asymptotic behavior of the ALDA kernel. As we can see in
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equation (2.29), the correct asymptotic behavior should be1/r, which is missing
in fLDA

xc . One of the proposals to overcome this problem was the inclusion of a
long-range contribution(LRC) to the exchange-correlation kernel [74,75] in the
form

fLRC
xc (r, r′) = − α

4π|r− r′| , (2.31)

whereα is a parameter that is material-dependent and, in principle, has to be
adjusted. We will see in Sec.4.5.2that there are ways to approximate the value
of α without the need of any experimental data.

The LRC kernel is sufficient to simulate continuum exciton effect [73] when
used to calculate optical properties of solids. These threeapproximations tofxc
will be further discussed in the context of neutral excitations in Chap.4.
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Theoretical fundamentals II:
Many-Body Perturbation Theory

In the last chapter, we have introduced the approaches basedon the density to
solve the many-body problem of eq. (1.1). However, we have said that DFT is not
able to describe correctly the excited states of a solid. As amatter of fact, the band
gaps in DFT are typically much smaller than the experimentalvalues. Many-body
electronic-structure calculations will be therefore performed in this thesis, within
theGW formalism, in order to assess the validity of DFT for the prediction of
properties of intermediate-band material. While the Green’s function (the basic
quantity in many-body calculations) contains much more information than the
electronic density, it is also a more complicated function and thus, methods based
on it are rarely applied to very complex systems. In the following sections we will
introduce all the concepts needed to interpret the results in Chaps.6 to 8.

3.1 Photoemission spectroscopy

For the understanding of this chapter, it is interesting to keep in mind the picture
of a photoemission (PE) spectroscopy experiment [76,77]. Additionally, the de-
scription of a photoemission experiment will allow us to introduce some of the
terms that will be used in this chapter.

In a direct photoemissionexperiment, an electron is emitted from a sample
due to the absorption of a photon. The absorbed photon excites the electron,
which travels toward the surface of the sample and finally escapes from it. The
kinetic energy of the electron can be then measured and give information of the
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electronic properties of the system. In an independent-particle picture (like that in
the Kohn-Sham equations (2.11)) the kinetic energy of the emitted electron gives
the energyǫind.part.i of the level the electron was occupying before the interaction
with the photon. In the photoemission spectrum, this will give rise to a delta peak
at this energy.

This is not the case in real experiments: the structures in the spectra are much
more complex than a series of delta peaks. A delta peak cannotbe identified but
instead, a peak with a finite width appears. This peak is shifted (to the quasiparti-
cle energyǫQP

i ), renormalized and broaden, with respect to the one-particle peak,
due to the many-body effects in the system. It is therefore called thequasiparticle
peak. The emitted electron leaves a hole in the system which induces a relaxation
of all the other electrons that screen this new positive charge in the system. The
system, that was originally in its ground state|ΨN

0 > (N being the number of
electrons) with energyEN

0 , is now in a excited state|ΨN−1
i > with energyEN−1

i ,
wherei labels the state where the hole was created. This excited state has a finite
lifetime which is related to the inverse of the width of the quasiparticle peak: a
delta peak (zero width) is related to an infinite lifetime (independent-particle pic-
ture), while the broader the peak (the higher the many-body effects), the shorter
the lifetime. The width of the peak gives a measure of the interactions due to the
presence of a hole: electrons of higher energy tend tofall into the hole, because
the situation is unstable, or, in other words, the additional particle (a hole in this
case) can “dissipate” into the Fermi sea. Intuitively, the deeper is the hole, the
shorter its lifetime.

Moreover, in real photoemission spectra there are other features (like the
satellites) attributed to other excitations in the system produced by the absorbed
photon, but, in principle, we will not take into account these effects in this thesis.

All the many-body effects in the process are included in the quantityΣ (the
self-energy, eq. (3.30)), which depends on the energy of the quasiparticle states.
Σ is a complex function from whose real part we can obtain the quasiparticle
energies, and whose imaginary part gives the width of the quasiparticle peak (see.
Sec.3.2.1). Therefore, if the system is not allowed to relax (static approximations
to Σ), i.e., the created hole isfrozenand electrons are not allowed tofall into it,
the lifetime of the excited state is assumed to be infinite. Aswe have said that an
infinite lifetime is related to a delta peak, this meansImΣ = 0 and therefore we
have a property for the following sections: a static self-energy is real and yields
real quasiparticle energiesǫQP

i . A dynamicΣ will be complex, and will yield
complex quasiparticle energies, whose real parts are the excitation energies, and
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whose imaginary parts give the lifetime of the excited stateassociated to them.
In an inverse photoemissionexperiment, the reverse process is produced: an

electron is absorbed by the system, with the corresponding emission of a photon
(it can be seen as inverting the process in time). The measured energy of the
photon gives the energy of the state occupied by the extra electron in the system.
The system is now in an excited state|ΨN+1

i > with energyEN+1
i . In this way,

a direct photoemission experiment will give the energies ofthe occupied states:
ǫi,occ = EN

0 − EN−1
i , whereas the inverse photoemission will give those of the

unoccupied states:ǫi,unocc = EN+1
i − EN

0 (the order is for coherence with the
notation in following sections). With these relations, onecan also define the
chemical potentialµ of an infinite system:max(ǫi,occ) ≤ µ ≤ min(ǫi,unocc).
The inequalitymax(ǫi,occ) ≤ min(ǫi,unocc) is true because when removing an
electron, the energy lost is bigger than the energy gained when adding one, for
all materials. We can now distinguish two types of systems:

(i) those having a band gap (semiconductors and insulators), for which we can
define the top of the valence bandǫv = max(ǫi,occ) and the bottom of the
conduction bandǫc = min(ǫi,unocc), and the band gap is then given by:

Eg = ǫc − ǫv;

(ii) and metals, for which:µ = max(ǫi,occ) = min(ǫi,unocc)

All these removal and addition energies are contained in theone-particle
Green’s functionG which will be introduced in next section and describes the
motion of the extra electron (in inverse PE) or the extra hole(in direct PE) in the
system.

3.2 Introduction to Green’s functions

3.2.1 The one-particle Green’s function

The one-particle Green’s functionG can be written as

G(1, 2) = −i < ΨN
0 |T̂ [ψ̂(1)ψ̂†(2)]|ΨN

0 > (3.1)

(at 0 K) where|ΨN
0 > stands for the normalized wavefunctions of the ground-

state.ψ̂†(i) andψ̂(i) are the creation and annihilation operators in the Heisenberg
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picture (i.e., they create, or annihilate, respectively, an electron at statei. See
e.g., [78]) . Index 1 represents a state with positionr1, at timet1 and spin1 σ1. T̂
is thetime-ordering operator, i.e.,

G(1, 2) =

{

−i < ΨN
0 |ψ̂(1)ψ̂†(2)|ΨN

0 > if t1 > t2
i < ΨN

0 |ψ̂†(2)ψ̂(1)|ΨN
0 > if t1 < t2

(3.2)

Thus, depending on the time order2, G may represent the propagation of an
electron or a hole: fort1 > t2, G describes the probability to find an electron at
state 1, when an extra electron was added at state 2 (or, the propagation of an extra
electron fromr2 to r1). Equivalently, whent1 < t2, G represents the probability
to find a hole at state 2 when a hole was added (an electron was extracted) at state
1 (or, the propagation of an extra hole fromr1 to r2). The use ofT̂ simplifies
the mathematical discussion, as it allows studying the Green’s function for the
propagation of an extra electron and the one for the propagation of an extra hole,
at the same time. The used ofT̂ can be avoided by using a step function3

G(1, 2) = −i
[

θ(t1 − t2) < ΨN
0 |ψ̂(1)ψ̂†(2)|ΨN

0 >

− θ(t2 − t1) < ΨN
0 |ψ̂†(2)ψ̂(1)|ΨN

0 >
]

(3.3)

As we will see,G contains the excitation energies and even the excitation
lifetimes. Besides, we can directly obtain, fromG, the ground-state electronic
density, the expectation values of one-particle operators, the ground-state total
energy and several observables.

If there is no time-dependent external potential, the system is stationary and
G depends only on the differenceτ = t1−t2. We want to prove that the excitation
energiesǫi can be obtained from the Green’s function, for that purpose let us write
G in the form of equation (3.3) but introducing the excited states|ΨN+1

i > and
|ΨN−1

i >. It reads:

iG(1, 2) = θ(τ)
∑

i

< ΨN
0 |ψ̂(1)|ΨN+1

i >< ΨN+1
i |ψ̂†(2)|ΨN

0 >

− θ(−τ)
∑

i

< ΨN
0 |ψ̂†(2)|ΨN−1

i >< ΨN−1
i |ψ̂(1)|ΨN

0 > (3.4)

1We will not take spin dependence explicitly into account. Ifnecessary, the spin quantum
number can simply be added to the formulas by considering it to be part of the state 1:(r1, t1, σ1)

2Let us remember that an inverse PE experiment can be seen as a direct PE experiment inverted
in time.

3θ(x) = 0 if x < 0; θ(x) = 1 if x ≥ 0
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where the following closure relation holds:

∑

i

|ΨN±1
i >< ΨN±1

i | = 1 (3.5)

It is of practical interest to introduce here the Schrödinger picture for the
creation and annihilation operators. The operatorsψ̂ in the Heisenberg picture
are related to their imageψ in the Schrödinger picture through:

ψ̂(1) = eiHt1ψ(r1)e
−iHt1 (3.6)

Introducing the Schrödinger picture (3.6) in equation (3.4) we obtain:

iG(1, 2) = θ(τ)
∑

i

< ΨN
0 |ψ(r1)|ΨN+1

i >

× < ΨN+1
i |ψ†(r2)|ΨN

0 > ei(E
N
0
−EN+1

i )τ

− θ(−τ)
∑

i

< ΨN
0 |ψ†(r2)|ΨN−1

i >

× < ΨN−1
i |ψ(r1)|ΨN

0 > e−i(EN
0
−EN−1

i )τ (3.7)

So indeedG contains the excitation energies:ǫi,occ = EN
0 −EN−1

i , for positive
times (addition of an electron), andǫi,unocc = EN+1

i − EN
0 , for negative times

(removal of an electron). To get a more physical intuition about the Green’s
function’s relation with the electronic properties of the solid, let us represent it in
the so referred to as Lehmann representation [79]. The Lehmann amplitudesϕi

are defined:

ϕi(r) =

{

< ΨN
0 |ψ(r)|ΨN+1

i > if ǫi > µ
< ΨN−1

i |ψ(r)|ΨN
0 > if ǫi < µ

(3.8)

with µ the chemical potential. In the Lehmann representation, theGreen’s func-
tion in real space is expressed as:

iG(r1, r2, τ) =
∑

i

[θ(τ)θ(ǫi − µ) − θ(−τ)θ(µ− ǫi)]

× ϕi(r1)ϕ
∗
i (r2)e

−iǫiτ (3.9)
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This representation ofG can be Fourier-transformed to frequency space (for
this process a small imaginary partη has to be added or subtracted in the expo-
nentials)

G(r1, r2, ω) =
∑

i

ϕi(r1)ϕ
∗
i (r2)

ω − ǫi + iηsgn(ǫi − µ)
(3.10)

Here and in the followingη is always an infinitesimal positive number. The
Green’s function thus written, shows poles at the electron addition and removal
energies. These poles are located infinitesimally below thereal axis for frequen-
cies larger than the chemical potentialµ and slightly above the axis for frequen-
cies belowµ.

In the case of a non-interacting system, it can be shown that the Lehmann
amplitudes are the eigenfunctions of the one-particle Hamiltonian. In the case
of interacting systems, Lehmann amplitudes will be in fact,the quasiparticle
wavefunctions. In Sec.3.3.2this interpretation will come out in a natural way.

3.2.2 Spectral function

The imaginary part ofG can be extracted from the Lehmann representation by
applying the functional analysis relation:

lim
η→0+

1

x± iη
= ℘

1

x
∓ iπδ(x) (3.11)

and from equation (3.10) we thus obtain:

ImG(r1, r2, ω) = πsgn(µ− ǫi)
∑

i

ϕi(r1)ϕ
∗
i (r2)δ(ω − ǫi) (3.12)

If we define thespectral functionas

A(r1, r2, ω) ≡
∑

i

ϕi(r1)ϕ
∗
i (r2)δ(ω − ǫi) (3.13)

then it holds:

A(r1, r2, ω) =
1

π
sgn(µ− ω)ImG(r1, r2, ω) (3.14)
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The spectral function is then a real function ofω, which is, moreover, always
positive, and is related to the Lehmann amplitudes of the one-particle excitations.
In fact, the spectral function is the one measured in photoemission experiments.
If the system is non-interacting,A is just a series of delta functions at the exci-
tation energies. In a system of interacting electrons (quasiparticles), the peaks
spread due to the many-body effects, since now, a lot of contributions combine to
broaden and renormalize the delta peaks.

It should be noticed, that the spectral function contains the same information
asG since it can be seen that through a Cauchy relation, the Green’s function can
be recovered from theA:

G(r1, r2, ω) =

∫ +∞

−∞

A(r1, r2, ω
′)

ω − ω′ + sgn(ω′ − µ)iη
dω′ (3.15)

Using the closure relations in eq. (3.5), it can be proved that the spectral
function satisfies the following sum-rule:

∫ +∞

−∞

A(r1, r2, ω)dω =
∑

i

ϕi(r1)ϕ
∗
i (r2) = δ(r1 − r2) (3.16)

Similarly, it can be shown, that the ground-state electronic density can be
derived fromA:

∫ µ

−∞

A(r1, r1, ω)dω =< ΨN
0 |ψ†(r1)ψ(r1)|ΨN

0 >= ρ(r1) (3.17)

Using definitions (3.17) and (3.1), ρ(r) can be expressed in terms of the
Green’s function as

ρ(r1, t1, σ1) = −iG(r1, t1, σ1; r1, t1 + η, σ1) (3.18)

Hereη serves only to enforce the correct order of the field operators. Its unit
should always be clear from the context; presently it is an infinitesimal time. In
the following, notation1+ will refer to r1, t1 + η.

3.2.3 Dyson equation

From the equation of motion of the Heisenberg creation and annihilation opera-
tors, an equation of motion forG can be derived (see for example Appendix A of
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Ref. [80]).

i
∂

∂t1
G(1, 2) = δ(1, 2) + ĥ(1)G(1, 2)− i

∫

v(1, 3)G2(1, 3, 2, 3
+)d3 (3.19)

This equation of motion describes the time evolution ofG corresponding to
the propagation of an electron or a hole.ĥ(r) is the one-particle term of the
Hamiltonian, i.e.,−∇2/2 + Vext(r) andv(1, 2) = δ(t1 − t2)/|r1 − r2| is the
Coulomb interaction. The two-particles Green’s functionG2 is defined as:

G2(1, 2, 3, 4) = − < ΨN
0 |T̂ [ψ̂(1)ψ̂(2)ψ̂†(4)ψ̂†(3)]|ΨN

0 > (3.20)

The important message to be extracted from equation (3.19) is that the equa-
tion for the one-particle Green’s functionG involves the two-particles one, which
describes de creation and annihilation of pairs of particles. The equation of mo-
tion forG2 can also be derived, and we would find thatG2 depends onG3, and in
the same way,G3 depends onG4, etc. This can be understood as: the propagation
of the first electron (described byG) can create an electron-hole pair which can
induce itself a cascade of other electron-hole pairs. Solving the equations for all
these processes is as complex as solving equation (1.1) and therefore, perturba-
tion theory has to be applied. The idea is to find a good approximation forG2 in
terms ofG if the goal is to calculate one-particle properties. For thecalculation
of two-particles properties, like optical properties, oneshould find approxima-
tions forG3 in terms ofG2, etc. This is the basis of many-bodyperturbation
theory. In the case of a system of interacting electrons, theGreen’s function can,
in principle, be obtained with high accuracy by the use of this theory.

In the search for an expression forG2 in terms ofG, the functional-derivative
method of Schwinger [81] is used. It involves introducing a perturbing exter-
nal potentialUext which is time dependent and represents the polarization of the
system due to the time evolution of the Green’s function. Nowthe Hamiltonian
contains alsoUext. This perturbing external potential is a tool for the differentia-
tion and will be made vanish at the end (i.e., at the end of the differentiation,Uext

will be reduced to the staticVext as in Sec.2.2.1).
Let us callχ to the reaction of the density to the changes in the external

potential, or in other words, the polarizability of the system:

χ(1, 2) =
δρ(1)

δUext(2)
(3.21)
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We can define an effective potentialVeff

Veff(1) = Uext(1) + VH(1) (3.22)

that includes the external potentialUext and the Coulomb potentialVH created by
the induced charge, that can be written in terms of the induced density (see eq.
(2.24)) as:

VH =

∫∫

v(1, 3)χ(3, 2)Uext(2)d23 (3.23)

(Veff does not include an exchange-correlation contribution in contrast to that
defined in (2.25)). The polarizabilityχ is usually called the “reducible” polariz-
ability in this context, since the adjective “reducible” isused to indicate that the
differentiation is performed with respect toUext and notVeff . We can therefore
define the “irreducible” polarizability as

χ̃(1, 2) =
∂ρ(1)

∂Veff (2)
= −iδG(1, 1

+)

δVeff(2)
(3.24)

where we have also used the relation (3.18) between the density and the Green’s
function.

The dielectric functionε can be also expressed in terms of the effective po-
tential as

ε−1(1, 2) =
δVeff(1)

δUext(2)
= δ(1, 2) +

∫

v(1, 3)χ(3, 2)d3 (3.25)

Combining (3.24) and (3.25) and using the chain rule

ε−1(1, 2) = δ(1, 2) +

∫

v(1, 3)χ̃(3, 2)d3

+

∫∫∫

v(1, 3)χ̃(3, 4)v(4, 5)χ̃(5, 2)d345 + . . .(3.26)

whose inverse is simply

ε(1, 2) = δ(1, 2)−
∫

v(1, 3)χ̃(3, 2)d3 (3.27)
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Following this method, App.A shows that the functional derivative of the
Green’s function with respect to the external potential canbe written (eq. (A.10)
from App. A)

δG(1, 2)

δUext(3)
= G(1, 2)G(3, 3+)−G2(1, 3, 2, 3

+) (3.28)

The relevance of relation (3.28) is that it allows us to eliminate the two-
particles Green’s functionG2 in equation (3.19). Inserting (3.28) in (3.19) we
have a new expression for the equation of motion:

[

i
∂

∂t1
− ĥ(1)

]

G(1, 2) = δ(1, 2) − i

∫

v(1, 3)G(3, 3+)G(1, 2)d3

+ i

∫

v(1+, 3)
δG(1, 2)

δUext(3)
d3 (3.29)

where ĥ(r) is the one-particle term of the Hamiltonian:−∇2/2 + Vext(r). It
must be noticed that−iG(3, 3+) is nothing but the electronic densityρ(3) (see
eq. (3.18)) and therefore the term−i

∫

v(1, 3)G(3, 3+)d3 is the Hartree potential
VH (eq. (2.12)). If we now define the self-energyΣ as

i

∫

v(1+, 3)
δG(1, 2)

δUext(3)
d3 =

∫

Σ(1, 3)G(1, 2)d3 (3.30)

then the equation of motion (3.29) can be rewritten:
[

i
∂

∂t1
− ĥ(1)− VH(1)

]

G(1, 2) = δ(1, 2) +

∫

Σ(1, 3)G(1, 2)d3 (3.31)

Let us define the system:

ĥ0φi(r) = ǫ0iφi(r) (3.32)

whereĥ0 is the one-particle Hamiltonian−∇2/2 + Vext(r) + VH(r) = ĥ + VH
of a system interacting only via Hartree. (As the Hartree term is local, it is usu-
ally put inside the single-particle Hamiltonian in this way.) Let us define the
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non-interacting Green’s functionG0 as that given by equation (3.10) with wave-
functionsφi and energiesǫ0i . The equation of motion of this Green’s function
is:

[

i
∂

∂t1
− ĥ0(r1)

]

G0(1, 2) = δ(1, 2) (3.33)

Combining equations (3.31) and (3.33) it can be seen that the link between
G0 andG is:

G(1, 2) = G0(1, 2) +

∫

G0(1, 3)Σ(3, 4)G(4, 2)d34 (3.34)

which is theDyson equationand can be expressed symbolically as

G = G0 +G0ΣG (3.35)

A reformulation of the Dyson equation can be done by inserting the Lehmann
representation (eq. (3.10)) into equation (3.34)

ĥ0(r)ϕi(r) +

∫

Σ(r, r′; ǫi)ϕi(r
′)dr′ = ǫiϕi(r) (3.36)

This is aSchr̈odinger-likeequation for a quasiparticle, and it should be com-
pared to equation (2.11). Both equations have the same form except that the
self-energy in (3.36) replaces the exchange-correlation potential of DFT. By com-
paring (3.36) with (2.11), the interpretation of the Lehmann amplitudes becomes
now obvious: they are thequasiparticle wavefunctions.

3.2.4 Self-energy

Two parts can be recognized in equation (3.36): a classical part, given by the non-
interacting Hamiltonian̂h0 where electrons interact only via the Hartree term;
and a quantum partΣ, accounting for all the many-body exchange and corre-
lation interactions (i.e., all electron-electron interaction effects beyond Hartree).
The self-energy is the effective potential that the extra particle feels for the polar-
ization that its propagation induces.

The first consequence ofΣ replacingVxc is that equation (3.36) cannot be
solved in the way (2.11) is solved. It should be noticed that equation (3.36) is
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not linear inǫi, in addition, the self-energy is nonlocal and non-Hermitian and
consequently, the wavefunctionsϕi are not orthogonal and the energiesǫi are
not real. In fact, the imaginary part ofǫi accounts for the finite lifetimes of the
quasiparticles (see discussion in Sec.3.1). The real part ofǫi defines the electron
addition or removal energy: the band structure.

Looking at relation (3.34), the self-energyΣ can be interpreted as the connec-
tion between the non-interacting system and the interacting one. The self-energy
takes into account all the dynamic many-body processes, andthereforeϕi andǫi
cannot be considered as single-particle wavefunctions andenergies.

Working out theΣ in equation (3.30), we have:

Σ(1, 2) = i

∫

v(1+, 3)
δG(1, 4)

δUext(3)
G−1(4, 2)d345 (3.37)

and using this relation of functional analysis [82]:

δF (1, 2)

δH(3)
= −

∫

F (1, 4)
δF−1(4, 5)

δH(3)
F (5, 2)d45 (3.38)

it holds

Σ(1, 2) = −i
∫

v(1+, 3)G(1, 4)
δG−1(4, 2)

δUext(3)
d345 (3.39)

To calculate the excitation energiesǫi, approximations toΣ are needed. This
is the aim of the following section.

3.3 Hedin’s equations and theGW approximation

3.3.1 Hartree-Fock approximation toΣ

The simplest approximation for the self-energy is the obviousΣ = 0. Looking at
equations (3.32) and (3.36), this approximation would correspond to a classical
system where particles interact only via the Hartree potential. This approximation
Σ = 0 is therefore called theHartree approximationto the self-energy.

A first attempt to introduce quantum effects through the self-energy is to use
aΣ which is first order in the Coulomb potential:

Σx(1, 2) = iG(1, 2)v(1+, 2) (3.40)
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this self-energyΣx is called theFock self-energyand it accounts for the exchange
of the indistinguishable electrons. In fact, the usual expression for the Fock ex-
change of two independent indistinguishable electrons canbe derived from defi-
nition (3.40) using the expression (3.9) of the Green’s function in real space and
simplifying:

Σx(r1, r2) = −
∑

i,occ

φi(r1)φ
∗
i (r2)v(r1, r2) (3.41)

It should be noticed that:(i) Σx in equation (3.41) is a sum only over occupied
states. This could be represented by replacing

∑

i,occ by
∑

i θ(µ−ǫi) whereθ is a
step function4. It can be seen, by writing eq. (3.40) in frequency space and using
eq. (3.9) for G, that for any static self-energy, only the terms with negative times
(removal excitations) are retained inG, and as a consequence, static self-energies
depend only on occupied states.(ii) Since the Fock self-energy is static, the
eigenenergies of the system are purely real, and there is no difference between
Lehmann amplitudes and one-particle wavefunctions. For this reason we have
usedφi in equation (3.41) instead of the Lehmann amplitudes (i.e., quasiparticles
wavefunctions).

This self-energyΣx is static asv is instantaneous. The eigenvalues corre-
sponding to a staticΣ (obtained from an equation like (3.36)) are purely real, or,
in other words, the extra particle in the system represents an excited state whose
lifetime is considered infinite. When the electrons’ interactions are represented
with the Fock self-energy in addition to the Hartree potential, the approximation
is calledHartree-Fock(HF). It is known [83–86] that the Hartree-Fock eigenval-
ues are not good approximations of the states of a solid. In general, it produces
band gaps that are highly overestimated. This indicates that including other terms
in the self-energy is needed. Exchange is fully taken into account, but correlation
is completely neglected. In order to include correlation effects it is important to
be more familiar with the quasiparticle concept.

3.3.2 Quasiparticles

The introduction of the concept of quasiparticles [87–89] allows us to partially
retain the one-particle picture (see eq. (3.36)), as each quasiparticle is related to

4This is just notation, but it is important for finite temperatures sinceθ can represent a smeared
distribution depending on the temperature.
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Figure 3.1:Scheme of a quasiparticle: the Coulomb hole around an electron screens its
Coulomb potentialv.

an electron. The difference is that electrons in a solid are not independent parti-
cles, and the Coulomb interaction between them is screened by the presence of all
the other electrons, or, in other words, it is reduced due to the dielectric constant
of the mediumε. In the case of electron injection into a sample the repulsive
Coulomb interaction creates a polarization cloud around the additional electron
(see Fig. 3.1), which is called theCoulomb hole(COH). Analogously, if an
electron leaves the system, its Coulomb hole also disappears. The Coulomb hole
is produced because the Coulomb potential of an electron repels other electrons
around it and an effective positive chargeρind appears surrounding the electron.
A quasiparticle consists of an electron and its cloud. This screened Coulomb
interaction, which is calledW is smaller than the bare onev and it is given by

W (r, r′;ω) =

∫

ε−1(r, r′′;ω)v(r′′, r′;ω)dr3

= v(r, r′) +

∫

ρind(r, r
′′;ω)v(r′′, r′;ω)dr3 (3.42)

W is a dynamic quantity, in contrast tov, becauseε is dynamic. Fig. 3.1
representsW as the effective potential atr′ induced by the quasiparticle atr.
W is then the combination of the potential of the bare electronand its screening
cloudρind (second part of eq. (3.42)).

The same picture is used for holes: an effective negative charge screens the
Coulomb interaction between holes. The idea of using an interaction (W ) weaker
thatv as coupling constant was already introduced by Hubbard (seeSec.2.1.4).



Theoretical fundamentals II: Many-Body Perturbation Theory 37

3.3.3 Hedin’s equations

In order to find better approximations forΣ, beyond Hartree-Fock, in 1965, L.
Heding derived a set of equations [48], based inG andW , to calculate the exact
self-energy.

Let us go back to equation (3.39) and let us remember the definition of the in-
verse dielectric function (3.25). We can define a functioñΓ, called theirreducible
vertex,

Γ̃(1, 2, 3) = −δG
−1(1, 2)

δVeff(3)
(3.43)

“Irreducible” indicating again that the differentiation is performed with re-
spect toVeff and notUext (see eq. (3.22) for the difference). In this notation, the
screened Coulomb potentialW (eq. (3.42)) is written:

W (1, 2) =

∫

ε−1(1, 3)v(3, 2)d3 (3.44)

Finally, using relations (3.25), (3.43) and (3.44), and applying the chain rule
for differentiation in equation (3.39), Σ reads

Σ(1, 2) = i

∫

G(1, 4)W (3, 1+)Γ̃(4, 2, 3)d34 (3.45)

which is an exact expression for the self-energy.
In section3.2.3we defined the reducible polarizability of the systemχ (eq.

(3.21)) and the irreducible polarizabilitỹχ (eq. (3.24)), and we derived an ex-
pression forε−1 in terms ofχ (eq. (3.25)).

In order to find a complete set of equations, we have to find tractable expres-
sions forΓ̃ and χ̃. Using equations (3.34) and (3.43) it can be shown that the
irreducible vertex is

Γ̃(1, 2, 3) = δ(1, 2)δ(1, 3) +
δΣ(1, 2)

δVeff(3)
(3.46)

To work this equation out, we need to use the functional analysis definition
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Figure 3.2:Hedin’s pentagon: Schematic representation of Hedin’s equations.

(3.38). This implies:

Γ̃(1, 2, 3) = δ(1, 2)δ(1, 3) +

∫

δΣ(1, 2)

δG(4, 5)

δG(4, 5)

δVeff(3)
d45

= δ(1, 2)δ(1, 3) +

∫

δΣ(1, 2)

δG(4, 5)
×

× G(4, 6)G(7, 5)Γ̃(6, 7, 3)d4567 (3.47)

where we have also used the definition (3.43). Unfortunately, this is not just a nu-
merical relation but has a functional derivative. We will see that this is one of the
reasons why Hedin’s equations cannot be solved self-consistently by computer
codes.

Using again definition (3.38) we can find the expression for̃χ

χ̃(1, 2) = −i
∫

G(2, 3)G(4, 2)Γ̃(3, 4, 1)d34 (3.48)

With this equation, and a rewriting ofW we have the closed set of Hedin’s
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equations. Let us summarize them for clarity (see also Fig.3.2):

Σ(1, 2) = i

∫

G(1, 4)W (3, 1+)Γ̃(4, 2, 3)d34 (3.49)

G(1, 2) = G0(1, 2) +

∫

G0(1, 3)Σ(3, 4)G(4, 2)d34 (3.50)

Γ̃(1, 2, 3) = δ(1, 2)δ(1, 3) +

∫

δΣ(1, 2)

δG(4, 5)
×

×G(4, 6)G(7, 5)Γ̃(6, 7, 3)d4567 (3.51)

χ̃(1, 2) = −i
∫

G(2, 3)G(4, 2)Γ̃(3, 4, 1)d34 (3.52)

W (1, 2) = v(1, 2) +

∫

v(1, 3)χ̃(3, 4)W (4, 2)d34 (3.53)

These five equations describeexactlythe many-body problem and could, in
principle, be solved iteratively by using a first guess forΣ andG. Unfortu-
nately, as we mentioned above, complexity of equation (3.51) mainly, prevents
from solving them exactly and therefore, analytical approximations have to be
obtained.

3.3.4 GW approximation

According to Hedin’s equations, the self-energy is symbolically written Σ =
iGW Γ̃. Assuming thatW is small (at least it is smaller thanv), one can expect
that retaining only first-order perturbation inW should be accurate. This involves
using an initial guess ofΣ = 0 and then use equations (3.50), (3.51) and (3.52)
to have

G(1, 2) = G0(1, 2) (3.54)

Γ̃(1, 2, 3) = δ(1, 2)δ(1, 3) (3.55)

χ̃(1, 2) = −iG(1, 2)G(2, 1) ≡ χ0(1, 2) (3.56)

and then back to equation (3.49) to obtain a first-order inW expression forΣ:

ΣGW (1, 2) = iG(1, 2)W (1+, 2) (3.57)

This approximation toΣ is calledGW approximationdue to the form of the
equation. Solving only once the five equations and achievinga solution forΣGW
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is usually calledG0W0 (alternatively,one-shotGW ), as the Green’s functionG is
approximated by that of the non-interacting system (G0) and also the irreducible
polarizability (eq. (3.56)) is the definition of the independent particle polarizabil-
ity χ0. Equation (3.56) is the so-called random phase approximation (RPA) that
will be better described and discussed in Chap.4.

The most important difference with the Hartree-Fock approximation is that
in GW the existence of polarization effects are taken into account, and these
polarization screens the propagation of the extra particle(electron or hole).GW
also takes into account the relaxation of the system, in contrast to HF, and the self-
energy is therefore dynamic. This implies the system relax to “dissipate” the extra
quasiparticle (see Sec.3.2.2) and so the quasiparticle lifetime is finite, and given
by the imaginary part of the QP energies. TheGW approximation [48], have
yield, in general, electronic properties in very good agreement with experiments
for a wide range of materials [49–51, 90]. The most common calculations in
the literature areG0W0 calculations based on a LDA result as a starting point,
in other words, using the Kohn-Sham system as the non-interacting one. This
approximation will be further discussed in Sec.3.3.6, as it has been shown that it
gives poor result for some compounds (e.g., [91]).

Because of the long-range Coulomb interaction between the electrons, an ad-
equate treatment of the dynamic correlations in the motion of the electrons is a
formidable many-body problem.

When compared to the Fock self-energy in equation (3.40) we can see that, in
addition to the static exchange termΣx, the self-energyΣGW has a dynamic part
coming fromW . We can separateΣGW into two terms: exchange and correlation

ΣGW (1, 2) = iG(1, 2)v(1+, 2) + iG(1, 2)Wp(1
+, 2)

= Σx(1, 2) + Σc(1, 2) (3.58)

where

Σc(1, 2) = iG(1, 2)Wp(1
+, 2) (3.59)

andWp (the polarizable part ofW ) is simply

Wp =W − v (3.60)

and accounts for correlation effects.Wp carries all the dynamic effects ofΣ.
This definition of the screened Coulomb potential can lead toa relation be-

tween theW and theU parameter of LDA+U calculations (Sec.2.1.4). As it is
deduced in Ref. [66], U is the on-site static limit of the screened interactionW .
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3.3.5 Screened exchange andCOHSEX approximation

A first approximation toGW and a way to identify the physical contributions to
ΣGW is to suppose a static screeningW

W (r1, r2; τ) =
1

2π
W (r1, r2;ω = 0)δ(τ) (3.61)

whereW (r1, r2;ω) was defined in equation (3.42) and 1/2π comes from the
Fourier transformation to frequency space. As we did in Sec.3.3.1, using the
expression (3.9) of the Green’s function in real space and simplifying, we have
the expression for thestatically screened exchange(SEX) approximation to the
self-energy:

ΣSEX(r1, r2) = −
∑

i

ϕi(r1)ϕ
∗
i (r2)W (r1, r2;ω = 0)θ(µ− ǫi) (3.62)

the name “screened exchange” comes from the similarities with equation (3.41),
where the only difference is the bare Coulomb interaction instead of the statically
screened one.SEX approximation should be in principle more accurate than HF,
but it has been proved to be not reliable, as condition (3.61) is far from fulfilled
(see e.g. [51]). Whereasv (eq. (3.60)) is static, the termWp is far from being
instantaneous [51]. For this reason, Hedin proposed [48] another approximation.

If equation (3.59), is approximated by:

Σc(1, 2) = iG(1, 2)Wp(1, 2)δ(τ) (3.63)

Σc in frequency space reads:

Σc(r1, r2) =
1

2

∑

i

ϕi(r1)ϕ
∗
i (r2)Wp(r1, r2;ω = 0)[θ(ǫi − µ)− θ(µ− ǫi)](3.64)

Thanks to the property (3.16), the self-energy can be written (see App.B) as the
sum of two terms: the first one, the screened exchange self-energyΣSEX given
by equation (3.62), the second one, the so-calledCoulomb holeΣCOH

ΣCOH(r1, r2) =
1

2
δ(r1 − r2)Wp(r1, r2;ω = 0) (3.65)

This is theCOHSEX approximation [48] to theGW self-energy. TheCOH
term accounts for correlation in the form of the classical interaction between an
additional point charge and the surrounding polarization cloud induced by the
point charge (see e.g., [48,92]). The evaluation of theSEX andCOH terms is
much simpler than that of the completeGW self-energy, as they are static and so
they involve only occupied states.
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3.3.6 Self-consistency

As we have mentioned, theone-shotG0W0 approximation gives poor results for
some compounds, especially for those withd electrons. This reflects the fact that
usingLDA as a starting point is not always a good approximation: the underes-
timation of the band gap in LDA can lead to an overestimation of the screening
yielding too smallGW corrections. A way to overcome this problem is to solve
theGW equations in a self-consistent way, i.e., equations (3.54) to (3.57) are
calculated using, at each cycle, the quasiparticle eigenvalues and wavefunctions
obtained at the previous cycle. For the first iteration, the LDA eigenvalues and
eigenfunctions are used, but if the self-consistent process converges, the depen-
dence with the starting point is avoided.

Full self-consistentGW calculations are difficult to implement in practice.
The spatial behavior of the Green’s function is approximated in a way it yields
bad results in some cases [93,94]. It has been shown, that to correct this effect,
vertex corrections have to be taken into account [95–97].

Besides, a full self-consistentGW calculation is computationally prohibitive
for most of realistic materials. In order to simplify the calculation, self-consisten-
cy can be performed by updating only the energies [98,99] and assuming that the
LDA wavefunctions are correct. However, for more complicated materials, like
those studied in this thesis, and for predicting purposes, we cannot ensure that this
is the case: the LDA wavefunctions may not be correctly predicted. Therefore, in
order to fully trust ourGW results of intermediate-band materials, an approach
where wavefunctions are self-consistently updated is needed.

In order to make equation (3.36) computationally tractable, Faleev and cowork-
ers [100] proposed to constrain the dynamicGW self-energy to become static and
Hermitian but remain close to the fullGW self-energy:

< ϕi|Σ|ϕj >=
1

2
ℜ
(

< ϕi|Σ(ǫi)|ϕj > + < ϕi|Σ(ǫj)|ϕj >
)

(3.66)

In this quantity,ǫi and |ϕi > are the self-consistent eigenvalues and eigen-
functions of the calculation andℜ represents the Hermitian part of the matrix.
In the self-consistent process, the diagonal elements of this self-energy are bet-
ter and better approximations to the trueGW diagonal terms. Only the off-
diagonal terms are modeled. This approximation (labeled QPscGW throughout
the thesis) to the full self-consistentGW still requires large sums over empty
states, and is still computationally demanding. The approach followed in this
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manuscript for the self-consistent many-body calculations, is to perform a self-
consistentCOHSEX in order to have quasiparticle wavefunctions5 and to carry
out aone-shotG0W0 on top of it to account for dynamic effects neglected in the
COHSEX calculation.

The self-consistentCOHSEX calculation is computationally feasible for
some compounds studied in this thesis, as it requires only sums over occupied
states (as it is directly static), it has the correct spatialbehavior for the Green’s
function and it contains most of the physics of the systems: the Coulomb hole
and the screening of the exchange. It has been tested [51,98] on several materials
giving overestimated band gaps, which are corrected with theG0W0 calculation
on top of it. ThisCOHSEX +G0W0 approach has been shown [51,90] to lead
results comparable with those obtained in the QPscGW approach.

The QPscGW approach overestimates slightly the band gap of the systems
[90]. This overestimation can be explained as due to the need of inclusion of
electron-hole interactions beyond RPA through vertex corrections, i.e, finding
better descriptions of the vertex functionΓ̃. This is beyond the aim of this thesis,
as it is known [101, 102] that it has a small effect for simple materials, but for
more details about vertex corrections, Ref. [92] can be consulted.

5COHSEX wavefunctions have been shown [51] to be closer to the QPscGW wavefunctions
than the LDA ones.





Chapter 4

Theoretical fundamentals III:
Optical properties

In absorption experiments, in contrast to photoemission (Sec. 3.1), the incident-
light photons are absorbed by the system and their energy is used to excite an
electron from a valence to a conduction band: an electron-hole pair is created
in the system. The interaction of the promoted electron withthe hole left be-
hind, which was missing in photoemission experiments, should now be taken
into account for correctly predicting optical properties.This interaction can cre-
ate localized electron-hole pairs (calledexcitons). If the interaction between the
hole and the electron is strong, bound excitonic states can be found inside the
band gap, giving rise to a localized peak in the absorption spectrum. This can be
only predicted at present through the Bethe-Salpeter equation (BSE) [54].

Applying BSE to realistic solids may be a cumbersome task. For that reason,
in this thesis, we will apply approaches based on time dependent DFT. The most
accurate of them, the LRC (see Sec.2.2.2), accounts for some excitonic effects
and leads in general to very good results for solids [73]. In the particular case
of CuGaS2 (see Chap.6), with a pronounced bound excitonic peak, BSE will be
applied in order to obtain the exciton binding energy.

4.1 Response to electromagnetic fields

When light interacts with the electrons of a solid through anelectromagnetic
field, the photons excite electrons producing transitions to excited states. In this
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section we will review the semiclassical theory of optical properties of solids as
response to an electromagnetic field.

In the presence of an electromagnetic field, the kinetic energy operator of an
electron (p2/2) may be replaced by:

1

2

[

p− 1

c
A(r, t)

]2

(4.1)

wherep is themomentum operator, defined as−i∇; A(r, t) is thevector poten-
tial of the electromagnetic field (in the Coulombgauge: ∇ ·A = 0) andc is the
speed of light.

The vector potential can be treated in general as a small perturbation of the
electrons of the solid. Thus, the quadratic termA(r, t)2 can be neglected and
A can be treated as a linear perturbation. Within this approximation, the one-
electron Hamiltonianh can be written as the Hamiltonian when there is no elec-
tromagnetic field appliedh0 plus a perturbation:h = h0 + h′, where:

h0(r) =
p2

2
+ V (r)

h′(r, t) = −1

c
A(r, t) · p (4.2)

The vector potential of a field of frequencyω has the form1

A(r, t) = A1(r, t) +A∗
1(r, t) (4.3)

with

A1(r, t) = Ae0e
i(q·r−ωt) (4.4)

whereA is the amplitude ande0 is the polarization vector, perpendicular to the
propagation vectorq. We know that the electric field is related to the vector
potential as:

E(r, t) = −1

c

d

dt
A(r, t) (4.5)

and therefore if we write the electric field in the formE = E1 +E∗
1, we have the

following definition:

E1(r, t) =
iω

c
Ae0e

i(q·r−ωt) (4.6)

1The∗ indicates the complex conjugate.
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In addition, we can define theelectric displacement vectorD(r, t) as:

D(r, t) = εM(q, ω)E1(r, t) + ε∗M(q, ω)E∗
1(r, t) (4.7)

whereεM(q, ω) is the dielectric function of the material2. As it is a complex
function, it is written:εM = ε1+ iε2. To try to relate this dielectric function with
the quantum states of the electron in the solid, we make use ofthe average rate
of loss of energy density (energy/volume/time) from an electromagnetic field in
a medium with dielectric functionεM(q, ω). It is defined as:

1

4π

〈

E · dD
dt

〉

=
ω

2π

∫ 2π/ω

0

(

E · dD
dt

)

dt

=
1

2πc2
|A|2ω3ε2(q, ω) (4.8)

where we have used expressions (4.6) and (4.7) and the definition of time average
over an oscillation period2π/ω represented as the parenthesis<>. According
to time-dependent perturbation theory, the probability ofa transition between an
initial state |i > and a final state|f > due to the perturbationh′ is given by
expression:

dWif(ω)

dt
=

2π

c2
| < f |A(rf , t) · pi|i > |2δ(ǫf − ǫi − ω)δσi,σf

(4.9)

The states|i > and |f > and the energiesǫi andǫf are eigenfunctions and
eigenstates of the many-body HamiltonianH0 =

∑

j h
0
j . σi andσf are the spin

states and the delta function ensures the energy conservation in the transition.
Due to the absorbed photon having frequencyω, this corresponds to a loss rate
of (dW/dt)ω. Summing up in equation (4.9) over all possible initial and final
states (for that it is necessary to introduce the occupationof every state through
the Fermi distributionf(ǫ)) we have the expression of the rate of energy loss per
unit volume:

ω

Ω

dW

dt
=

ω

Ω

∑

if

∑

σiσf

dWif

dt
f(ǫi)(1− f(ǫf))

=
4πω

Ωc2
|A|2

∑

if

| < f |eiq·re0 · p|i > |2

× δ(ǫf − ǫi − ω)f(ǫi)(1− f(ǫf)) (4.10)

2The subscriptM stands for “macroscopic”. See Sec.4.4.
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whereΩ is the volume of the unit cell.
It should be noticed that in the case of semiconductors and insulators, the

Fermi distribution takes values0 and1 and therefore, in those cases, the term
f(ǫi)(1−f(ǫf)) could be removed from the equation. Finally, making (4.8) equal
(4.10) we have the expression we were looking for, that relates theimaginary part
of the macroscopic dielectric function with the quantum states of electrons in the
solid:

ε2(q, ω) =
8π2

Ωω2

∑

if

| < f |eiq·re0 · p|i > |2

×f(ǫi)(1− f(ǫf))δ(ǫf − ǫi − ω) (4.11)

which isFermi’s golden rule3 (sum over independent transitions) for the dielectric
function.

For photons of energy below∼ 100eV the following approximation is valid:
the momentumq of the photon is negligible compared to that of the electron
k, as a consequence the limitq → 0 is usually taken in expression (4.11). For
momentum conservation, the initial and final state of the electron will therefore
have the samek, and equation (4.11) can be rewritten in the following simplified
form:

ε2(ω) ≡ ε2(0, ω) =
8π2

Ωω2

∑

knn′

| < kn|e0 · p|kn′ > |2

×fkn(1− fkn′)δ(ǫkn′ − ǫkn − ω) (4.12)

where|kn >, ǫkn andfkn are respectively the wavefunction, the eigenvalue and
the occupation number of staten. For further details of this method, Ref. [103]
can be consulted.

From the imaginary part of the dielectric functionε2(ω), the real partε1(ω)
can be deduced through the Kramers-Kronig [104,105] relations,

ε1(ω) = 1 +
2

π
℘

∫ ∞

0

ω′

ω′2 − ω2
ε2(ω

′)dω′ (4.13)

where℘ denotes the principal value.
Once the dielectric functionεM = ε1 + iε2 is known, other macroscopic

optical properties can be obtained from it.

3We have assumed spin degeneration in this reasoning. In order to take into account the two
spin components separately, a factor 2 should be removed, and thenew-spin states should be
added as additional terms to the sum, taking into account condition δσi,σf

.
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4.2 Relation between the dielectric function and other
optical properties

The solution of the Maxwell’s equations [106,107] inside a medium is

E(x, t) = E0e
iω
c
xNeiωt (4.14)

whereN is thecomplex refractive indexdefined as:

N ≡ n + iκ =
√
εM (4.15)

Therefractive indexn is the real part of thecomplex refractive index: Re(N )
and theextinction coefficientκ is Im(N ). They are related to the dielectric func-
tion by:

ε2 = 2nκ (4.16)

ε1 = n2 − κ2 (4.17)

Theabsorption coefficientα is defined as: the inverse of the distance where
the intensity of the field (eq. (4.14)) is reduced by1/e. This implies

α =
2ω

c
κ =

ω

nc
ε2 (4.18)

Sometimesn is assumed constant in the frequency range of interest and the
absorption is given as proportional toε2.

The reflectivity for normal incidenceis the percentage of the intensity of the
field that is reflected by the surface. It can be deduced from classical optics (as for
example in [108]) in terms of the refraction index and the extinction coefficient:

R =
Ireflected
Iincident

=
(1− n)2 + κ2

(1 + n)2 + κ2
(4.19)

assuming that the first medium is the vacuum (or approximately, air).
Finally, in order to compare with experimental results, andin order to study

the effect of the width of the sample on the optical properties, we can analyze the
following picture: we assume we have a sample of thicknessw (see Fig.4.1),
under illumination, the light may be reflected, absorbed or transmitted (other
effects, such as scattering, will not be taken into account).
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Figure 4.1:Scheme of the optical properties of a finite-width sample.

ThereflectanceR andtransmittanceT can be expressed:

T = T (0)
∞
∑

n=0

x2n (4.20)

R = R0 + T (0)
∞
∑

n=0

x2n+1 (4.21)

with

T (0) = (1−R0)
2e−αw (4.22)

x = R0e
−αw (4.23)

In general, the second order (n = 2) in the sums is already negligible. Never-
theless, equations (4.20) and (4.21) can be combined in the following way:

R+T = R0 + T (0)
∞
∑

n=0

xn (4.24)

and when|x| < 1 (which is our case) it holds

∞
∑

n=0

xn =
1

1− x
(4.25)
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therefore,

R+T = R0 + T (0) 1

1−R0e−αw
(4.26)

Equivalently, theabsorptivity4 A = 1 − R − T can be also obtained as a
function ofw, α andR:

A = 1− R− (1− R)2e−αw

1− Re−αw
(4.27)

From the transmittance (or absorptivity) and its relation to the absorption,
the optimum width for the different IB absorbers can be estimated. This is par-
ticularly important when studying compounds that will be used, in principle, in
thin-film form.

The joint density of states(JDOS) can be easily obtained from the delta func-
tion in equation (4.12)

JDOS =
1

Ω

∑

k

δ(ǫkn′ − ǫkn − ω) (4.28)

and it can be used in the process to identify transitions contributing to the features
in the absorption spectra, as it represents the number of pairs of valence- and
conduction-band states with an energy difference in the range betweenω and
ω + dω.

4.3 Independent-particle polarizability.

As we obtained in Sec.3.3.4, the definition of the RPA polarizabilityχ0 is the
product of two Green’s functions in real space (eq. (3.56)). Changing to fre-
quency domain and using the definition (3.10) of the Green’s function in terms of
the Lehmann amplitudes, App.C derives the well known form forχ0 (eq. (C.5)
of the appendix):

χ0(r, r
′, ω) = 2

∑

kv,k′c

φc,k′(r)φ∗
v,k(r)φ

∗
c,k′(r′)φv,k(r

′)(fv − fc)

ω − (ǫc,k′ − ǫv,k) + iη
(4.29)

4Also calledabsorptanceby some authors. Not to be confused withabsorbance, which is
defined asln(1/T )
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where the 2 comes from degeneration in spin. The equation describe transitions
due to photons with wave-vectorsq, from a valence state|v,k > (with occupation
fv) to a conduction state|c,k′ > (with occupationfc). This is the random phase
approximation for the irreducible polarizability.

Fourier-transforming the productφ∗
c,k′(r)φv,k(r) in the space variables to the

reciprocal space, and thus introducing the definition of a functionρ̃, we have:

ρ̃kv,k′c(q,G) =

∫

φ∗
c,k′(r)e−i(q+G)·rφv,k(r)dr (4.30)

with G a reciprocal lattice vector. These matrix elements can be written in nota-
tion

ρ̃kv,k′c(q,G) =< v,k|e−i(q+G)·r|c,k′ > (4.31)

And finally, equation (4.29) in reciprocal space reads:

χ0GG′(q, ω) =
2

Ω

∑

kv,k′c

(fc − fv)×

< v,k|e−i(q+G)·r|c,k′ >< c,k′|ei(q+G′)·r′|v,k >
ω − (ǫc,k′ − ǫv,k) + iη

(4.32)

with G andG′ reciprocal lattice vectors. It can be seen5, for example in Chap. 2
of Ref. [44], that theρ̃ matrix elements contain implicitly a delta functionδ(q +
k−k′−G), whereG is any reciprocal lattice vector, therefore the matrix elements
ρ̃ are non-zero only ifk′ = k+q±G. In addition, if bothk andk′ are confined to
the interior of the Brillouin Zone and as the wave-vector of lightq is in most cases
very small compared to anyG 6= 0,6 therefore the differencek′ − k− q cannot
be equal to any non-zero reciprocal lattice vector. Thus, inoptical transitions,
the only non-vanishing terms in equation (4.32) are those withG = G′ = 0 and
k′ − k = q ≈ 0.

4.4 Local-field effects

The dielectric function coming from equations (4.12) and (4.13) is amacroscopic
dielectric functionεM(ω), that is an average in space of themicroscopicdielectric

5Using the Bloch theorem defined in Sec.5.2
6At least for optical transitions.
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function ε(r, r′, ω). In periodic systems, like solids, it is convenient to work
in reciprocal space where the dielectric function isεGG′(q, ω). In this space,
according to equation (3.25), the dielectric function can be obtained from the
polarizability as

ε−1
GG′(q, ω) = δGG′ + vG(q)χGG′(q, ω) (4.33)

The average to connect the microscopic properties with the macroscopic quan-
tities can be done in two ways. In equation (4.12) it was assumed that for optical
transitionsG = G′ = 0 andq → 0 and the average was taken directly inε, i.e.,

εM(ω) = lim
q→0

ε(q, ω)G=G′=0 (4.34)

However, in equation (4.7) we saw that the total electric fieldE is related to
the applied fieldD via ε−1: E = ε−1D, and therefore, it is more physical, to take
the average onε−1 (from Adler and Wiser [109,110]):

εM(ω) = lim
q→0

1
[

ε−1(q, ω)
]

G=G′=0

(4.35)

Equations (4.34) and (4.35) are equal only if the dielectric matrix is diagonal
in G,G′, which is not the case in realistic solids7. In real materials, the inho-
mogeneity of the density distribution leads to internal electric fields (local fields)
that vary over distances comparable to the lattice constant. Theselocal-field ef-
fects(LFE) can be very important for spectroscopies, as they account for the fact
that all elements in the dielectric matrix contribute to oneelement of the inverse
matrix.

The macroscopic dielectric function without local-field effectsεNLFE
M , given

in eq. (4.34) is an approximation which is usually valid for delocalizedstates
for which the electronic density ismore homogeneous, however, for transitions
involving localized states (liked states), the local fields are more important and
one should takeεLFE

M given in (4.35).

4.5 Calculations of optical properties

4.5.1 Optical properties in DFT

The Kohn-Sham eigenvalues and wavefunctions (eq. (2.11)) can be used in equa-
tion (4.32) to calculateχ0. Asχ0 is the RPA approximation tõχ (see eq. (3.56)),

7This holds only for the homogeneous electron gas.
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the dielectric function can be calculated fromχ0 according to equation (3.27)

εRPA = 1− vχ0 (4.36)

If the macroscopic average is now taken onεRPA (eq. (4.34)), we obtain the
Fermi’s golden rule of equation (4.11), which neglects local-field effects. We will
label this approximationRPA throughout the thesis.

4.5.2 Optical properties in TDDFT

LFE can be included within the RPA by:(i) calculatingχ0 from the Kohn-Sham
eigenvalues and wavefunctions with equation (4.32), then(ii) χ can be calculated
by imposing the RPA exchange-correlation kernel (fRPA

xc = 0) in (2.28) as

χ = (1− χ0v)
−1χ0 (4.37)

(iii) the dielectric function is calculated via (4.33) as ε−1 = 1 + vχ and (iv)
it is inverted “with LFE” to get the macroscopic function:εM = 1/ε−1

00 . This
approximation will be labeledRPA+LFE throughout the thesis.

Step (ii) can also be performed by substituting other exchange-correlation
kernels in equation (2.28). If the dielectric function is calculated usingfLDA

xc

(eq. (2.30)) the approximation will be calledTDDFT-ALDA , otherwise, if the
calculation is performed withfLRC

xc (eq. (2.31)) it will be labeledTDDFT-LRC
in the following. The latter is sufficient [73] to simulate continuum excitonic
effect when used to calculate optical properties of solids but it is not able to
predict bound excitonic peaks.

We have seen in Sec.2.2.2, eq. (2.31), that the LRC kernel depends on a
parameterα. This parameter should in principle be adjusted to an experimental
result, but ways to determine it without the knowledge of anyexperimental prop-
erty of the material have been proposed in order for the LRC approximation to
have predicting power. Bottiet al. in Ref. [73] propose a parameterized relation
between theα parameter and the low-frequency limit ofε1: ε∞ ≡ εM(ω = 0) ,
that has been shown to be reasonable for many semiconductors. This relation, as
proposed in the work of Bottiet al., reads:

α = 4.615ε−1
∞ − 0.213 (4.38)
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In general, for most of semiconductors, the limitε0 is known experimentally.
However, in this thesis we want to avoid the use of experimental parameters and
therefore, we will use the value ofε0 obtained within RPA.

Apart from this static form of the LRC kernel [73] given by−αstat/q2, there
is a dynamic extension [111] of the form−(αdyn + βω2)/q2. Whereαdyn andβ
are parameters related to the dielectric constant and the plasma frequency of the
material.

4.5.3 Optical properties withGW approximation

TheGW approximation can enter the process of optical properties’calculations
at step(i) i.e., instead of using the Kohn-Sham eigenvalues and wavefunctions in
equation (4.32) to obtain the independent-particle polarizability, the quasiparticle
GW energies and wavefunctions can be used. The following stepswill be the
same as those in TDDFT or RPA.

As we will see, DFT underestimates the band gap of semiconductors and
sometimes a rigid shift is applied to the conduction eigenvalues when optical
properties are calculated (for more details see Sec.5.4.1). This rigid shift is
usually calledscissor operator(SO). Therefore, in addition to the possibility of
using LDA orGW eigenvalues as input for equation (4.32), there is also the
possibility of using LDA energies with shifted conduction states.

For the spectra in this thesis, we will indicate, besides theapproximation used
(RPA, RPA+LFE, TDDFT-ALDA or TDDFT-LRC) whether the starting-pointχ0

was obtained with LDA, SO orGW .

4.5.4 Bethe-Salpeter equation

There are two principal drawbacks for the TDDFT-LRC approximation applied
to, for example, CuGaS2, which is one of the main compounds studied in this the-
sis. The first one is general for all compounds: in principle,it needs an empirical
parameter. The second one is the fact that CuGaS2 is known for its bound exciton
peak [112–116], and the TDDFT-LRC approach works better for systems with
weakly bound excitons. In these cases, the performance of the Bethe-Salpeter
equation (BSE) [54,55] should be much more precise, as it is meant to compute
electron-hole excited states, including the interaction of the electron, promoted
from a valence band to a conduction band, with the hole left behind. The BSE
is based in MBPT and its application is much more computationally demanding
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than that of TDDFT as it includes an explicit dependence on the two-particles
Green’s function. Applications of BSE to several materialshave been reported in
the literature [55,73,117–119] with excellent agreement with experiments.

The motion of the electron and the hole cannot be described bya single-
particle Green’s function, as they do not move independently of one another.
Instead, the two-particles Green’s function defined in equation (3.20) is needed.
Theexcitonic effectsare the interactions between the electron and the hole in their
correlated motion. Let us introduce the quantityL, which describes the coupled
motion of the electron and the hole minus their independent-particle motion. It
reads:

L(1, 2, 3, 4) = iG2(1, 2, 3, 4)− iG(1, 3)G(2, 4) (4.39)

and it is called4-point reducible polarizability. For similarities with equation
(3.56), we can define theindependent-electron-hole polarizabilityL0

L0(1, 2, 3, 4) = −iG(1, 3)G(2, 4) (4.40)

The functionL also satisfies a Dyson equation, known asBethe-Salpeter
equation

L(1, 2, 3, 4) = L0(1, 2, 3, 4)

+

∫

L0(1, 2, 5, 6)Ξ(5, 6, 7, 8)L(7, 8, 3, 4)d5678 (4.41)

where the kernelΞ is composed of two terms:

Ξ(5, 6, 7, 8) = δ(5, 6)δ(7, 8)v(5, 7) + i
δΣ(5, 7)

δG(6, 8)
(4.42)

(i) the 4-point Coulomb interaction, also calledelectron-hole exchangeand(ii)
the variation of the self-energy upon the variation of the Green’s function. The
kernelΞ is the link between the noninteractingL0 and the trueL in analogy to
the self-energyΣ that linkedG0 andG (eq. (3.35)). TheGW approximation can
be used for theΣ in this kernel giving rise to:

i
δΣ(5, 7)

δG(6, 8)
≈ −δ[G(5, 7)W (5, 7)]

δG(6, 8)
(4.43)
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Deriving in eq. (4.43), the kernelΞ is:

Ξ(5, 6, 7, 8) = δ(5, 6)δ(7, 8)v(5, 7)

−δ(5, 6)δ(7, 8)W (5, 7)

−G(5, 7)δW (5, 7)

δG(6, 8)
(4.44)

The last termGδW/δG is the variation of the screening due to the excitation
and is usually neglected as it is a second-order effect. Withthis approximation to
Ξ the Bethe-Salpeter equation can be finally written atGW level as:

L(1, 2, 3, 4) = L0(1, 2, 3, 4)+

+

∫

L0(1, 2, 5, 6)[δ(5, 6)δ(7, 8)v(5, 7)− δ(5, 6)δ(7, 8)W (5, 7)]L(7, 8, 3, 4)d5678

For most semiconductors the dynamic effects in the electron-hole screening
in W and inG tend to cancel [120,121] and as a consequence, one usually uses
theCOHSEX approximation from equation (3.61) for the W.

For the calculation of optical properties, it is not necessary to know the 4-
pointL(1, 2, 3, 4) as the reducible polarizabilityχ is the contraction

χ(1, 2) = L(1, 2, 1, 2) = −i δG(1, 1
+)

δUext(2, 2)
(4.45)

This is however not an advantage, in general, as in practice,it is necessary
to solve the 4-point Bethe-Salpeter equation and then contract into the 2-point
polarizabilityχ.

BSE can be solved by inverting directly the four-point kernel at each fre-
quency. However, in most of the cases, the dimension of the basis involved in the
calculation is very large and the inversion procedure is tooexpensive. BSE can
equivalently be solved by diagonalizing a two-particles excitonic Hamiltonian,

H2p
(vck)(v′c′k′) = (ǫck − ǫvk)δvv′δcc′δkk′ +Hexch

(vck)(v′c′k′) +Hscr
(vck)(v′c′k′) (4.46)

which provides additional information about the excitoniceigenstates and eigen-
values. The first term is a diagonal term, given by the eigengnvalues obtained in
theGW approximation. The second term is theelectron-hole exchangewhich
reads:

Hexch
(vck)(v′c′k′) = 2

4π

Ω

∑

G 6=0

1

|G|2
〈

ck
∣

∣eiG·r
∣

∣vk
〉〈

v′k′
∣

∣e−iG·r
∣

∣c′k′
〉

(4.47)
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and the third term is a screened electron-hole interaction:

Hscr
(vck)(v′c′k′) = −4π

Ω

∑

G,G′

ε−1
GG′(q)

|q+G|2
〈

ck
∣

∣ei(q+G)·r
∣

∣c′k′
〉

×

×
〈

v′k′
∣

∣e−i(q+G)·r
∣

∣vk
〉

δq,k−k′ (4.48)

With the Hamiltonian thus defined, the Bethe-Salpeter equation becomes a
Schrödinger equation in the transition space [72] (which is constituted by pairs
of quasiparticle wavefunctionsϕvϕc):

∑

(v′c′k′)

H2p
(vck)(v′c′k′)A

(v′c′k′)
λ = EλA

(vck)
λ (4.49)

whereλ is the label for the transition;Eλ is the energy of the transition (which
is in general different fromǫc − ǫv); andA(vck)

λ are the exciton wavefunctions
coefficients mixing the independent particle transitionsv → c.

Finally, after the excitonic Hamiltonian has been diagonalized, one can cal-
culate the macroscopic dielectric function thanks to:

εM(ω) = 1− lim
q→0

v0(q)
∑

λ

∣

∣

∣

∑

v,c

〈

v
∣

∣e−iq·r
∣

∣c
〉

A
(vc)
λ

∣

∣

∣

2

Eλ − ω − iη
(4.50)

For more details about BSE and its implementation in theDP-code, see [122].
The two-particles behavior of the Bethe-Salpeter equationmakes the calcula-

tions very cumbersome, as an equation describing the propagation of two inter-
acting particles has to be solved. Therefore, despite the very good results obtained
with BSE, the efficient description of electron-hole statesin realistic materials is
still an open problem in condensed matter physics.
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Computational aspects

5.1 Computer codes

The following four codes will be used in this work:

• VASP [123–125] is a plane-wave based code (see Sec.5.2) which uses Pro-
jector Augmented Waves (PAW) pseudopotentials [126,127] (Sec. 5.3.2).
All the GGA calculations in Chapters9 to 13 have been performed with
VASP and PAW pseudopotentials.

• ABINIT [51, 128–130] is also a plane-wave based code used in this thesis
for DFT and many-body calculations. All LDA andGW calculations in
Chapters6and7are performed with this code. Thefhi98PPcode [131] will
be used to generate norm-conserving pseudopotentials for the calculations
with ABINIT .

• OPTICS [132,133] is a code meant to process the outputs ofVASP. It will
be used in this thesis to perform most of the optical properties calculations
(within RPA). The code has been modified in this work in order to account
for the metallic behavior of the intermediate band. The original code was
meant for calculations of only semiconductors and therefore a term depen-
dent on the partial occupancies of the IB had to be added to thecomputation
of the dielectric function. In addition, as the RPA dielectric function is a
simple sum over independent Kohn-Sham states, the calculation of the par-
tial contributions of transitions from VB to CB, from VB to IBand from IB
to CB (as in eq. (5.10)) was implemented in order to determine the exact
contribution of the IB to the absorption.
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• The DP-code [134] is a linear response TDDFT code. It works in Fourier
space and in frequency domain. We will use this code, from theoutputs of
ABINIT calculations, in order to compare the different approachesfor the
optical properties described in Sec.4.5(RPA, RPA+LFE, TDDFT+ALDA,
TDDFT+LRC and BSE). This will be done only for CuGaS2 in Sec.6.2.4,
as the computational cost of beyond-RPA calculations is high. We will use
this comparison to assess the precision of RPA calculationsof optical prop-
erties. For all optical properties calculations, indirectand intra-band tran-
sitions are neglected. As indirect transitions are three-particles processes,
their contribution is expected to be much lower than that of the direct ones.

5.2 Bloch theorem and plane-waves basis set

When dealing with solids, the periodicity of the system allows us for a simpli-
fication thanks to Bloch [45]. The Bloch theorem states that solutions of the
Schrödinger equation in a periodic system have the form of the product of a peri-
odic functionuk(r) and a plane-waveeik·r:

φk(r) = uk(r)e
ik·r (5.1)

whereuk(r) has the period of the crystal lattice, i.e.,

uk(r) = uk(r+R) (5.2)

The functionuk can be written as

uk(r) =
∑

G

ck(G)eiG·r (5.3)

where coefficientsck(G) are consistently defined:

ck(G) =
1

Ω

∫

Ω

uk(r)e
iG·rdr (5.4)

whereΩ is the volume of the unit cell.
In the codes used in this thesis, the wavefunctions are thus represented in a

plane-wave basis set in the form:

φk(r) =
∑

G

ck(G)ei(k+G)·r (5.5)
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The number ofG vectors taken in the sum, determines the quality of the
representation. The cutoff energy that defines when the sum is truncatedEcutoff

obeys:

1

2

∣

∣k+G
∣

∣

2 ≤ Ecutoff (5.6)

and it defines the sphere to which all the plane-waves of the basis belong.

5.3 Pseudopotentials

In order to make tractable calculations of very complex materials, there is a
widely used approximation. It involves distinguishing two“types” of electrons:
internal electrons (orcore electrons) and valence electrons. A very good approx-
imation to explain chemical bonds is to let only these latterto contribute to the
bond [135]. Therefore, it is possible to include the nuclei and internal electrons
in the same object calledcore, assuming that thecore orbitals are not affected
by the external potential. Making use of this concept, the repulsive effect of the
internal electrons on the valence electrons is summed (subtracted in fact, as they
have opposite effects) to the attractive interaction with the nuclei, and therefore
the valence electrons are subjected to a weaker external potential due to thecore:
thepseudopotential.

A number of different types of pseudopotentials are used inab initio calcu-
lations. Usually they are obtained by performing DFT calculations for isolated
atoms and obtaining the wavefunctions of their electrons. For the subsequent
calculation of solids, their effect is included by modelingthe repulsion potential
produced by them. This model is done by imposing that the energies and wave-
functions of valence electrons match those they had in theall-electron(AE) atom
from a given cutoff radiusrlc (with l the angular momentum). The calculation
for the isolated atom is performed by solving the radial Schrödinger equation,
where the potential of interaction between electrons includes the same exchange-
correlation potential that will be used further for the DFT calculation of the solid.
Then, the pseudo-wavefunctionsRl

PP (r) are chosen in a way that they match
the AE wavefunctionsRnl(r) from the cutoff radiusrlc. The Schrödinger equa-
tion can be finally inverted with the pseudo-wavefunctions in order to obtain the
corresponding potential.

A pseudopotential has to betransferable, i.e., it has to describe correctly the
valence electrons in different environments. In addition,for any r < rlc, the
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pseudo-wavefunctions are built in a way they are smooth and without nodes,
allowing a reduction in the number of plane-waves required for the calculation.
The logarithmic derivatives of the pseudo-wavefunctions must be equal to those
of the AE wavefunctions for transferability reasons.

In the pseudopotential approximation, thecoreenergy is assumed to be con-
stant and removed in a way that all interactions (including exchange and corre-
lation) between valence electrons and internal electrons are included in the pseu-
dopotential. The exchange and correlation interaction is usually approximated by
a linear form:

Vxc[ρAE ] = Vxc[ρcore + ρPP ] ≈ Vxc[ρcore] + Vxc[ρPP ] (5.7)

(“PP” stands for pseudopotential). This linear form is usually a reasonable ap-
proximation, except in the cases wherecoreand valence densities are not com-
pletely spatially separated. Then the nonlinear exchange-correlation interaction
between them has to be treated by including the so-callednonlinear core cor-
rectionsin the pseudopotential [136]. The nonlinear core corrections will not be
used forGW calculations with norm-conserving pseudopotentials (Sec. 5.3.1),
as the orbitals with a partial spatial overlap with valence electrons will be treated
explicitly as valence instead of implicitly through a nonlinear core correction (see
Sec.5.5.2).

5.3.1 Norm-conserving pseudopotentials forABINIT calcula-
tions

In the norm-conservingscheme [137] one requires that theall-electronwave-
functions and pseudo-wavefunctions have the same norm, thus assuring that both
give rise to the same electronic density.

∫ rlc

0

r2
∣

∣Rl
PP (ǫ, r)

∣

∣

2
dr =

∫ rlc

0

r2
∣

∣Rl(ǫ, r)
∣

∣

2
dr (5.8)

There exist several algorithms for the construction of pseudopotentials. In
this thesis we will use both the Troullier-Martins (T-M) [138] and the Hamann
(H) [139] schemes.

The generation of a pseudopotential involves several steps: (i) first, we have to
choose a reference electronic configuration (sometimes it is convenient to choose
an excited reference configuration for systems withd electrons. See Ref. [137]
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and Sec.6.1.1), (ii) then, one have to choose thecore radii. (iii) From 0 to the
coreradii a function that conserves the norm has to be chosen. Theway to choose
these functions is the principal difference between the T-Mand H procedures.
The Hamann procedure usually leads to toohard pseudopotentials1, i.e., with
strong variations with the radius, therefore, in general, it is more convenient for
efficiency reasons to use T-M schemes.

ABINIT uses the pseudopotentials in the so-called Kleinman-Bylander form
[140] which introduces a non-local pseudopotential in the radial part allowing for
a better computational efficiency. It has the inconvenienceof possible appearance
of fictitiousghoststates that should better be avoided.

For the calculations in Chapters6 and7, norm-conserving pseudopotentials
were generated with thefhi98PPcode, [131] using the Troullier-Martins scheme,
[138] except for somes andp components, where Hamann [139] procedure was
used. The transferability of all pseudopotentials was checked and the appearance
of unphysical ghost states, in their fully separable Kleinman-Bylander [140] rep-
resentation, was avoided. Details of the parameters used inthe generation of the
pseudopotentials will be given in tables in the corresponding chapters.

In particular, in Sec.6.1.1, following the reasoning of Sec.5.5.2, we will
study in detail the effect of the inclusion ofsemicoreorbitals in the pseudopoten-
tial.

5.3.2 Projector Augmented Waves pseudopotentials forVASP

calculations

In the case ofVASP calculations, there will be no need for generating and test-
ing the pseudopotentials, as in principle, theVASP package has a large database
of well tested and optimized pseudopotentials. For all theVASP calculations in
Chapters9 to 13 we will describe in each case the characteristics of the pseu-
dopotentials used, but let us introduce the type of pseudopotentials used in those
chapters.

The norm conservation is usually responsible for too hard pseudopotentials,
especially for elements withd electrons. In this context, Vanderbilt [141] pro-
posed an alternative method: theultrasoft pseudopotentials. Combining the
idea of the ultrasoft pseudopotentials and the LAPW method (Linear Augmented
Plane Waves) [142, 143], the Projector Augmented Waves (PAW) pseudopoten-

1The harder the PP’s, the more plane-waves are required in thecalculation.
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tials where proposed [126,127]. PAW pseudopotentials retain more information
about theall-electroncalculation without a higher computational cost (in fact it
allows for the use of less plane-waves).

PAW pseudopotentials will be used in this thesis for allVASP GGA calcula-
tions and RPA calculations performed with theOPTICScode.

5.4 Practical details of DFT electronic calculations

In this work, the electronic ground state of materials was calculated with spin-
polarized Density Functional Theory. Two types of DFT calculations will be
performed in this thesis:

• In Chaps.6 and7 LDA calculations will be carried out as a starting point
for GW calculations of electronic properties. These ground-state calcula-
tions will be performed with the plane-wave codeABINIT and with norm-
conserving pseudopotentials. Most of the pseudopotentials used have been
generated for this thesis, tested and optimized. Their generation will be
described in the corresponding chapters.

• GGA calculations with Perdew-Wang 1991 functional [58,144], using the
plane-wave codeVASP, are used as a starting point for the RPA calculations
of optical properties in Chaps.9 to 13. These calculations were performed
using PAW pseudopotentials to describe electron-ion interactions.

In all cases, ion positions and cell parameters have been fully relaxed at the
DFT level, previously to the ground-state calculation.

5.4.1 Problem of the band gap in DFT methods.

As we have already mentioned, it is well known [145–149] that standard DFT
(both LDA an GGA) significantly underestimates the band gap of semiconduc-
tors. Those references studied the underestimation of the band gap in DFT meth-
ods, and they concluded that the difference between the DFT band gap and the
true band gap in the spectrum is due to a discontinuity (happening for systems
with a gap) in a functional derivative of the exchange-correlation energy. A cor-
rection to the conduction band is thus necessary for the proper determination of
excited states characteristics, such as optical properties.
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The so-calledscissoroperator approach, for the calculation of optical proper-
ties, involves adding a constant, energy- and momentum-independent shift∆ to
the conduction-band energies, leaving the valence energies and all wavefunctions
unchanged. For example, in the RPA approximation, this shift enters equation
(4.12) in:

ε2(ω) =
8π2

Ωω2

∑

knn′

| < kn|e0 · p|kn′ > |2

×fkn(1− fkn′)δ(ǫkn′ +∆− ǫkn − ω) (5.9)

In most of the cases∆ is calculated asEexperim
gap − EDFT

gap . This correction,
although simple, is usually a reasonable correction for semiconductors. This
choose of∆ usually leads a too big correction, giving an overestimateddielectric
constant. However, as the simplest approximation for the optical properties, the
scissoroperator is justified.

In this thesis (Chaps.6 and7), we will study if a similar shift can be applied
to intermediate-band materials (a shift for each of the two band gaps):

ε2(ω) =
8π2

Ωω2

[

∑

v,c,k

| < vk|e0 · p|ck > |2fvk(1− fck)δ(ǫck +∆vc − ǫvk − ω)

+
∑

v,i,k

| < vk|e0 · p|ik > |2fvk(1− fik)δ(ǫik +∆vi − ǫvk − ω)

+
∑

i,c,k

| < ik|e0 · p|ck > |2fik(1− fck)δ(ǫck +∆ic − ǫik − ω)
]

(5.10)

where∆vc = ∆vi + ∆ic and indexv, i and c label valence, intermediate and
conduction states respectively. Chapter8 will try to deduce general values of∆vi

and∆ic for IB materials and we will also study (in Chap.11) the effect of using
theGW corrections in equations (5.9) and (5.10) instead of the rigid shifts∆.

5.5 Practical implementation ofGW andCOHSEX
approximations

Before anyGW (orCOHSEX) calculation, we perform a LDA calculation that
will serve as a starting point for the many-body calculation. From the LDA we
obtain eigenvaluesǫKS

i and eigenfunctionsφi. Both LDA andGW calculations
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are carried out with theABINIT code and using norm-conserving pseudopoten-
tials as those described in Sec.5.3.1.

In order to evaluate the self-energy in practice, let us compare the Kohn-
Sham equation (2.11) and the Dyson equation for the quasiparticles in the form
(3.36). The similarities between these two equations are obvious. In the latter,
we replace the exchange-correlation potential by the self-energy. In many cases,
the Kohn-Sham eigenvaluesǫKS

i already provide a reasonable estimation of the
band structure and the overlap between the LDA andGW wavefunctions is large.
In this context one can calculate the quasiparticle eigenvaluesǫQP

i as corrections
to the Kohn-Sham eigenvalues as:

ǫQP
i ≈ ǫKS

i +
〈

φi|Σ
(

ǫQP
i

)

− Vxc|φi

〉

(5.11)

A solution to this nonlinear equation inǫQP
i still requires the knowledge of

the frequency dependence of theΣ. As this dependence is not known, we use the
Taylor expansion aroundǫKS

i and keep only the linear term:

Σ
(

ǫQP
i

)

= Σ
(

ǫKS
i

)

+
(

ǫQP
i − ǫKS

i

)∂Σ(ω)

∂ω

∣

∣

∣

ω=ǫKS
i

+O
(

(

ǫQP
i − ǫKS

i

)2
)

(5.12)

Introducing in (5.11) the quasiparticle energies can be evaluated as:

ǫQP
i ≈ ǫKS

i + Zi

〈

φi|Σ
(

ǫKS
i

)

− Vxc|φi

〉

(5.13)

whereZi is thequasiparticle renormalization factorand is defined as:

Zi =
(

1−
〈

φi

∣

∣

∣

∂Σ(ω)

∂ω

∣

∣

∣

ω=ǫKS
i

∣

∣

∣
φi

〉)−1

(5.14)

It is important to notice (for example, in eq. (3.41)) that a static self-energy
depends only on the occupied states, and therefore its calculation is much less
computationally demanding than that of a dynamic self-energy.

5.5.1 Convergency parameters

For every many-body calculation, there are seven convergence parameters:

• Number of plane-waves used in the calculation ofW , to represent the
wavefunctions (in the formula (4.32)) used forχ0.
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• Number of plane-waves used to represent the wavefunctions for the calcu-
lation of the self-energy (usually larger than that needed for χ0).

• Number of plane-waves (G-vectors) used to represent the polarizability
and the dielectric function (eqs. (4.32) and (5.18)) in reciprocal space.

• Number of plane-waves used to generate the exchange part of the self-
energy operator.

• Number of bands to be treated to generate the polarizabilityand the dielec-
tric function.

• Number of bands to be used to generate the self-energy.

• Number ofk-points in the calculation.

Values of these parameters will be given for each compound inthe corre-
sponding chapters.

5.5.2 Effect of the pseudopotential inGW calculations

All theGW calculations in this thesis have been performed within the pseudopo-
tential framework. When thecore and valence electrons are considered sepa-
rately, the self-energy has several contributions [98,150]:

Σ = iGcW + iGvWvχ̃cWv + iGvWv (5.15)

The first term is acore-valence screened contribution. As the screening is
ineffective forcoreelectrons, this term is a barecore-valence exchange interac-
tion, which is treated at the LDA level. Owing to this, there have been some
claims [99] about the failure of the pseudopotential approach forGW calcula-
tions. However, this contribution depends on the spatial overlap betweencore
and valence orbitals and therefore, the inclusion ofsemicoreorbitals as valence
in the pseudopotential can make this contribution negligible. In fact, it has been
recently proved [151–153] that when pseudopotential calculations are carried out
properly, results are reliable. The second term is a screened polarization potential
due to thecores. Both terms are small and treated at the LDA level, by replac-
ing iGcW + iGvWvχ̃cWv by Vxc [98]. The last term in equation (5.15) is the
self-energy of the valence electrons which is the one actually calculated within
GW .
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The effect of treating the first two terms at the LDA level is particularly im-
portant whend electrons have to be taken into account explicitly in the pseudopo-
tential. In those cases due to the spatial overlap of thed orbitals with thes and
p orbitals of the same shell, it is crucial to take the whole shell as valence elec-
trons. Including the 3d orbitals without including explicitly the 3s and 3p leads
to unphysical results.

In the intermediate-band materials studied in this thesis,the effect of the 3d
electrons of gallium or 4d of indium is not obvious, as they are deep in energies.
Therefore we have to either test it, or directly take thesemicore(3s3p or 4s4p)
explicitly as valence.

5.5.3 LDA states as basis set

To keep calculations tractable, an efficient way to represent the quasiparticle
wavefunctionsϕ has to be found. TheABINIT code expands them in the basis
set of LDA wavefunctions2 φ, i.e.,

|ϕki >=
∑

j

ckij |φkj > (5.16)

whereckij =< φkj |ϕki > are the expansion coefficients. As LDA wavefunctions
form a complete set, the above representation would be exactif all the LDA states
were used. The advantage of this representation (instead ofrepresenting the QP
states in a plane-wave basis set) is that the number of LDA functions necessary to
converge the QP states is much smaller than the corresponding number of plane-
waves [51,92], and the differences in the QP wavefunctions are very small.

When self-consistency calculations are carried out, the representation is in-
stead done in the basis set of eigenfunctions of the previousiteration:

|ϕ(n)
ki >=

∑

j

c
(n)
kij |ϕ

(n−1)
kj > (5.17)

and coefficientsc(n)kij come from the diagonalization of the Hamiltonian which is
also represented in the basis set of the solutions of the(n− 1)th iteration.

2This will be used for bothGW andCOHSEX calculations.
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5.5.4 Plasmon-pole approximation

One of the most time-consuming steps in aGW calculation is the calculation of
the dielectric function through equation (3.27) and its inversion to calculateW
(eq. (3.42)). Therefore, the inverse dielectric function is usually approximated by
the so-calledplasmon-polemodel [98,154]. This model replaces equation (4.33)
of the inverse dielectric constant by:

ε−1
GG′(q, ω) = δGG′ +

Ω2
GG′(q)

ω2 − (ω̃GG′(q)− iη)2
(5.18)

whereΩGG′(q) and ω̃GG′(q) are two parameters. TheABINIT code chooses
two frequencies:ω = 0 and the classical plasmon frequency. In all theGW
calculations of this thesis, several frequencies have beentested in order to be sure
that the election of these frequencies does not affect the results for systems where
the plasmon-pole is a good approximation. The use of the plasmon-pole model
makes an analytic evaluation of convolution (3.57) in frequency space possible.

The plasmon-pole approximation will be used for allG0W0 calculations. For
COHSEX calculations, asW is evaluated only atω = 0 no such an approxima-
tion is needed.
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Chapter 6

Tetrahedrally coordinated Cr in
chalcopyrite CuGaS2

In the quest for lower-cost solar cells, the thin-film approach was proposed to
reduce the costs associated to the absorber by reducing the volume of material
required. In this context, the group of chalcopyrite semiconducting materials
of the form Cu(Ga,In)(S,Se)2 consolidate as one of the most promising thin-film
alternatives. These compounds exhibit structural, optical and electrical properties
that can be, in principle, modified depending on the composition (presence of
native defects), and on the growth process. In addition, they present high optical
absorption coefficients, making a thin layer of these materials sufficient to capture
all the photons they can absorb. Thus decreasing the cost of the absorber material
(and therefore, of the cell). Thin-film chalcopyrite technology has thus become
established as a solid candidate for third generation photovoltaics. Chalcopyrite
solar cells currently achieve the highest efficiency among the thin-film solar cells.

The experimental band gaps of these chalcopyrites range from 1.05 eV for
CuInSe2 [155] to around 2.4 eV for CuGaS2 [156]. The highest efficiencies re-
ported for conventional solar cells correspond to absorbers with band gaps around
1.1-1.2 eV. The first part of this chapter is devoted to the study of CuGaS2,
whose experimental band-gap has been reported in the literature ranging from
2.4 eV [156] (measured from electroreflectance spectra) to 2.5 eV at room tem-
perature and 2.53 eV at 0K [157,158] (from photoreflectance spectra).

CuGaS2 is therefore ruled out for single junctions cells, as a widerband gap in
chalcopyrites implies higher electronic losses [159]. Due to this large band gap,
it is currently used as window layer for photovoltaic applications. However, the
main interest of this compound lies in the possibility of hosting an intermediate
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Figure 6.1:Chalcopyrite structure of CuGaS2.

band inside the band gap, when it is highly doped with transition metals (such as
Ti or Cr) [23–25]. It has been shown that the theoretically optimal value of the
band gap for a host semiconductor to implement the intermediate-band concept
for photovoltaic applications is around 2.0 eV [1] under concentration and 2.41
eV at one sun [160].

CuGaS2 was proposed in references [23–25] as the optimum chalcopyrite host
for the potential implementation of a thin-film IB solar celland subsequently
reaffirmed by thermodynamic considerations in Ref. [159, 161]. In this chap-
ter we will study the effect ofGW approaches on the intermediate band by ap-
plying them to the chalcopyrite intermediate-band material Cu4CrGa3S8, which
was one of the first materials proposed to combine the intermediate-band concept
with thin-film technology. DFT studies of intermediate-band materials based on
CuGaS2 have already been presented [23], showing a potential suitability for en-
hanced photovoltaic applications.

Like all chalcopyrite structures [162] (see Fig.6.1), CuGaS2 presents a tetrag-
onal distortion given by the value ofc/a, which is smaller than 2. In addition,
another distortion of the anion sublattice appears. Theanion distortion param-
eter (u) represents the distortion of the sulphur sublattice, owing to the fact that
each anion has two Cu and two Ga as nearest neighbors. Thus, the equilibrium
position of the sulphurs is closer to one of the species. The value ofu should
be 1/4 in the ideal case where bond lengths S-Cu and S-Ga are the same. It is



Tetrahedrally coordinated Cr in chalcopyrite CuGaS2 77

well known [162–165] that the value ofu has a large influence on the band gap
of chalcopyrites and therefore a section in this chapter will be dedicated to the
effect of this value.

For photovoltaic purposes we need to correctly predict bothband gaps and
optical absorption spectra and these quantities require turning to beyond standard-
DFT methods.Many-body perturbation theory, and in particular theGW ap-
proximation [48], has yield electronic properties in very good agreement with
experiments for a wide range of materials [49–51].

In Chapter3 we reviewed the MBPT formalism. When this formalism is ap-
plied to solids in the literature, usually the Dyson equation (3.36) is solved in the
perturbativeG0W0 scheme, whereG andW are calculated directly from LDA
eigenvalues and eigenfunctions. In self-consistentGW schemes, they are how-
ever obtained from the eigenvalues and eigenfunctions of the previous iteration.

As we mentioned in that chapter, applying the perturbativeG0W0 approach
gives very good results for many materials [50] but it has been shown that it fails
for many compounds withd electrons [90], where only a self-consistent scheme
would allow obtaining correct electronic energies. This isparticularly important
for compounds of the chalcopyrite family, as they have elements such as Cu with
d electrons, which, in addition, determine the value of the band gaps in these
compounds.

In the present chapter, self-consistency is achieved by performing the simpli-
fied static self-consistentGW scheme within Hedin’s Coulomb hole and screened
exchange approximation [48] (scCOHSEX, see Sec.3.3.5). Within this ap-
proach, the screened interactionW is considered instantaneous. Self-consistency
is achieved updating both energies and wavefunctions, but as dynamic correlation
is missing in theCOHSEX approximation, the result is then used as a starting
point for a dynamicG0W0 step.

COHSEX wavefunctions have been proved [51] to be closer to self-consis-
tentGW [100] wavefunctions than LDA ones, and the scCOHSEX + G0W0

scheme has thus led to results comparable with experiments and with those ob-
tained in the QPscGW approach [51, 91]. In addition,COHSEX is computa-
tionally less expensive, as it is static and therefore only sums over occupied states
are involved.

We intend in this chapter, to assess the validity of different ab initio methods
and bring light to their effect on the formation and characteristics of the inter-
mediate band in a material derived from CuGaS2. As there are no experimental
results of this compound, self-consistency is necessary inorder to ensure the pre-
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dicting power of the method, since it is not obvious that LDA wavefunctions are
correct for IB alloys.

As Part IIb. of this manuscript is devoted to the study of optical properties,
it is worth reviewing all methods presented in the previous chapters for the cal-
culation of optical properties through an application. CuGaS2 is an adequate
candidate for this purpose, as it is being widely studied nowadays, due to the
general interest in chalcopyrite compounds. Hence, Sec.6.2.4will discuss the
different approximations to the optical properties and their limitations.

6.1 Computational aspects

All electronic-structures calculations of this chapter were performed using the
first-principles code ABINIT [51, 128–130]. We first generated and tested all
ab initio norm-conserving pseudopotentials [137] within the Troullier-Martins
(T-M) [138] and the Hamann (H) [139] schemes, using thefhi98PPcode [131].
The transferability of all pseudopotentials was checked and the appearance of
unphysical ghost states, in their fully separable Kleinman-Bylander [140] repre-
sentation, was avoided. The particular details of the generation of the pseudopo-
tentials will be further described in Sec.6.1.1. Then, the electronic ground-state
was calculated with DFT in the LDA approximation with the Perdew-Wang 92
functional [58].

CuGaS2 CuGaS2
withoutsemicore with semicore

Cutoff for LDA: 80 Ha (38285 PW) 130 Ha (75703 PW)
Bands forW : 250 250
Bands forG in COHSEX: 50 75
Bands forG in G0W0: 200 200
Cutoff for wavefunctions forW : 50 Ha (17613 PW) 80 Ha (34639 PW)
Cutoff forW in reciprocal space: 15 Ha (2897 PW) 15 Ha (2833 PW)
Cutoff for wavefunctions forΣ: 70 Ha (29157 PW) 100 Ha (48361 PW)
Cutoff forΣx in reciprocal space: 70 Ha (29157 PW) 100 Ha (48361 PW)

Table 6.1:Converged number of bands, energy cutoffs and number of plane waves (PW)
for LDA, COHSEX andG0W0 calculations of CuGaS2.
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LDA results are used as a starting point for eitherG0W0 or for self-consistent
COHSEX. In the case ofG0W0, the convolution integral in Eq.3.57 is per-
formed using the plasmon-pole model for the frequency behavior [98]. In self-
consistency,COHSEX wavefunctions are represented on a restricted LDA basis
set, as explained in Sec.5.5.3. Since in Sec.6.2.1some tests will be performed
with a Ga-pseudopotential withsemicoreorbitals in the valence, Table6.1shows
cutoffs, number of plane waves, and bands necessary to converge calculations
with both pseudopotentials. For the intermediate-band compound, only calcula-
tions without thesemicorein valence were affordable. A Monkhorst-Packk-point
mesh of 3×3×3 was used to sample the Brillouin Zone of the host semiconductor.
This corresponds to 6k-points in the irreducible wedge of BZ and 27k-points in
the full BZ. For the intermediate-band material (Table6.2), a 3×3×3 Monkhorst-
Pack was also used, corresponding in this case to 10k-points in the irreducible
BZ.

Calculations of optical properties of CuGaS2 in Sec. 6.2.4were performed
with theDP-code [134]. To get a fully converged frequency-dependent dielectric
function, a 14×14×14 shifted grid was needed to accurately sample the BZ. This
corresponds to 2744k-points in the full BZ. 25 empty bands were needed to reach
convergence in the range of photon energies from 0 to 6 eV.

Cu4CrGa3S8

Cutoff for LDA: 90 Ha (88479 PW)
Bands forW : 200
Bands forG in COHSEX: 95
Bands forG in G0W0: 175
Cutoff for wavefunctions forW : 30 Ha (16127 PW)
Cutoff forW in reciprocal space: 9 Ha (2663 PW)
Cutoff for wavefunctions forΣ: 80 Ha (70247 PW)
Cutoff forΣx in reciprocal space: 80 Ha (70247 PW)

Table 6.2:Converged number of bands, energy cutoffs and number of plane waves (PW)
for LDA, COHSEX andG0W0 calculations of Cu4CrGa3S8.
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6.1.1 Pseudopotentials

It is known [98] that forGW calculations, the inclusion ofsemicorestates explic-
itly as valence is important. When the core and valence electrons are considered
separately, the self-energy has a contribution from core-valence exchange inter-
action, which is treated at the LDA level (see Sec.5.5.2). Owing to this, there
have been some claims [99] about the failure of the pseudopotential approach for
GW calculations. However, this contribution depends on the spatial overlap be-
tween core and valence orbitals and therefore, the inclusion of semicoreorbitals
as valence in the pseudopotential can make this contribution negligible.

This is particularly important whend electrons have to be taken into account
explicitly in the pseudopotential. In those cases due to theoverlap of thed or-
bitals with thes andp orbitals of the same shell, it is crucial to take the whole
shell as valence electrons. In our case, the effect of the 3d electrons of gallium
is not obvious for CuGaS2. To determine the importance of this effect, two pseu-
dopotentials for Ga have been tested in Sec.6.2.1: one with 3d electrons and
one without them. Due to what was mentioned before, in the case of the pseu-
dopotential with 3d electrons, the whole 3-shell has to be included explicitly as
valence. Including the 3d orbitals without including explicitly the 3sand 3p leads
to unphysical results.

In the case of Cu, for which the 4sstate is not well separated from the 3d states
[166], thesemicore(complete 3-shell) was explicitly considered as valence inthe
pseudopotential. The pseudopotential for Cu used in this work is constructed as
that of Ref. [166]. The pseudopotential of sulphur was taken from Ref. [167].

Table 6.3 summarizes the parameters used for the generation of all pseu-

Element Valence Local l rs rp rd rf
configuration

Cu 3s23p63d10 p 0.80(H) 1.17(H) 1.19(T) —
Ga 4s24p1 s 1.60(T) 2.40(T) — —
Gasemicore 3s23p63d104f 3 s 0.76(T) 0.89(T) 0.95(T) 1.10(T)
S 3s23p4 s 1.35(T) 1.55(T) — —
Cr 3s23p63d5 s 0.50(H) 0.80(H) 0.82(T) —

Table 6.3:Details of the generation of the pseudopotentials. All cutoff radii in bohr. (T)
and (H) indicate the Troullier-Martins and Hamann schemes respectively.
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Figure 6.2:All-electron radial wavefunctions of 3s, 3p and 3d levels of Cr atom.

dopotentials. For the intermediate-band compound, only calculations without the
semicoreof Ga were affordable. However, as the intermediate-band isformed
by the3d electrons of the transition metal, the inclusion of thesemicoreorbitals
(3s3p) in the valence of Cr was necessary. This is not for energeticreasons, as
these levels are very deep, but because of the large spatial overlap between 3s, 3p
and 3d wavefunctions (see Fig.6.2).

For some of the reference configurations an excited configuration was chosen,
since the code is not able to deal with multiple projectors for the same angular
momentuml. This is justified as far as the pseudopotential and its transferability
are well tested. (In some cases, an excited configuration is not only justified but
even recommended [137].)

6.1.2 Structural properties

Fully relaxed (within LDA) cells and ion positions were usedfor all calculations,
except in Secs.6.2.1and6.2.2. In those sections, as two particular effects will be
studied, the structural parameters will be fixed to experimental values, except in
the case of the internal anion distortionu in Sec.6.2.2, which will be varied by
hand in the range of interest.
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Previously to the study of electronic properties of the intermediate-band ma-
terial, we have obtained the relaxed structural parametersbefore and after the
substitution with the transition metal.

For the pure semiconductor, the relaxation leads to a lattice parametera=5.382
Å slightly above the experimental ones (5.347-5.356 [168–171]), but still within
the errors of typical LDA calculations. Experimental values of u substantially
vary in the literature: 0.25-0.275 [168–171], but the relaxed value of 0.258 is
inside the range of experiments.

The substitution of a Cr atom for Ga reduces the lattice parameter toa=5.357
Å, in agreement with Ref. [172]. The anion distortionu will not be unique in the
substituted compound as the transition metal distorts the bond angles and lengths.
However, taking definitionu = 1/4 + (d2Cu−S − d2Ga−S)/a

2, and using aver-
age bond lengths fordCu−S anddGa−S we obtainu=0.257 for the Cr-compound,
which is very similar to that obtained for the host semiconductor.

As we will see in Sec.6.2.2that the value ofu is crucial for the calculation
of electronic properties and as there are not experimental references for the alloy
with Cr, we will use in all cases the theoretical structures relaxed within LDA.

6.2 CuGaS2 host semiconductor

6.2.1 Effect ofsemicoreorbitals in the pseudopotential of Ga

Since the values of the structural parameters strongly affect the value of the band
gap of chalcopyrites (see Sec.6.2.2), in order to study the effect of thesemicore
orbitals of Ga on the value of the bang gap and on bands dispersions, it is im-
portant to carry out the calculations at the same structuralparameters. In other
words, as relaxations with different pseudopotentials maylead to different struc-
tural parameters and therefore differences in the band structures, tetragonal and
internal anion distortions, as well as lattice parameters are kept constant in this
first study to isolate the effect of the 3-shell orbitals of Ga. Structural parameters
will therefore be fixed to the experimental values of Ref. [170]: a = 5.349Å,
c/a = 1.958 andu = 0.25.

To quantify the effect of the 3d electrons of Ga, we have studied the elec-
tronic structure of CuGaS2 and particularly the value of the band gap for the two
Ga pseudopotentials of Table6.3 and different theories. Comparing the overall
band structures with and without thesemicoreof Ga for all the theories, they are
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LDA LDA+G0W0 scCOHSEX scCOHSEX
+G0W0

Ga withoutsemicore 0.711 1.322 3.149 2.509
Ga with semicore 0.443 1.254 2.912 2.393

Table 6.4:Values of the band gaps of CuGaS2 (in eV) with the two pseudopotentials of
Ga for the different approaches studied.

almost identical except for a small difference in the value of the band gap. These
differences in the gap are summarized in Table6.4.

After scCOHSEX +G0W0 the difference between the calculation with and
without semicoreis 0.116 eV which is of the order of the mismatch between ex-
periments. This difference is reduced with respect to that found between LDA
calculations: 0.27 eV. The inclusion of the 3-shell as valence in the pseudopoten-
tial affects slightly the final values of the band gap, in the order of the precision
of the method, giving in both cases, results that are in the order of experimental
results.

Regarding to Gad states (when pseudopotential Gasemicore is used),their pre-
dicted positions are gathered together in Table6.5. ScCOHSEX + G0W0 im-
proves the LDA result, as it is much closer to the experimental values of XPS
from Ref. [173].

LDA scCOHSEX+G0W0 EXP. [173]
Gad states -15.7 to -15.3 eV -19.6 to -19.4 eV -18.8 to -19.3 eV

Table 6.5:LDA, scCOHSEX +G0W0 and experimental position of thed states of Ga
in CuGaS2. Energies are referred to the valence band maximum.

Since calculations for the transition-metal compound including thesemicore
of Ga will be not affordable, the test of the band gaps carriedout for the semicon-
ductor in Table6.4, makes us be confident that the calculations for the substituted
material will be reliable. From now on, we have thus avoided the use of the
pseudopotential Gasemicore.
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6.2.2 Effect of the internal distortion parameteru

It has been lately studied in the literature [162–165] that the value ofu has a large
influence on the band gap of chalcopyrites. According to the study of Ref. [164],
an increase inu corresponds to an elongation of the bond length Cu-S. This shifts
down the valence band maximum, enlarging the band gap. In order to add light
to those studies, and to assess our results, we have also studied this effect.

It has been proposed that the variation of the band gap with the value ofu
is linear. To see that variation, several values of the aniondistortion parameter
have been used ranging from 2.45 to 2.75 and keepinga andc/a constant1 to
those of Ref. [170]. Fig. 6.3 represents the variation of the band gap within
different approaches with respect to the value of the internal anion distortion
u. Experimental values ofu and the band gap are represented as vertical and
horizontal grey lines respectively. The values are fitted with a straight line and
the slopes of these lines are the following: GGA-15.7; LDA-15.9; HSE06-21.5;
LDA+G0W0-23.8; scCOHSEX-33.3; and scCOHSEX + G0W0-31.1. The
tendency of the slopes is in agreement with Ref. [165].

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0.245  0.25  0.255  0.26  0.265  0.27  0.275

C
uG

aS
2 

   
ga

p 
(e

V
)

u

Exp.

GGA
LDA

HSE06

LDA+G0W0
scCOHSEX

scCOHSEX+G0W0

Figure 6.3:Value of the band gap of CuGaS2 as a function of the values ofu.

1It is known that the dependence of the band gap ona andc/a is much smaller [162–165].
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A few calculations with the hybrid functional HSE06 [62] have been carried
out (using theVASP code) for comparison of Fig.6.3with Ref. [165]. In that ref-
erence, the authors found three regimes for the curves with three different slopes.
These regimes appear because of the negative band gap found for certain LDA
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calculations (CuInS2 and CuInSe2 have a band gap much smaller than CuGaS2)
and due to a bad ordering of the bands up to a certain value of theu. In our case,
none of these effects is present and thus we find only one regime.

Apart from this fact, results in terms of slopes are in good agreement with
those found in references [162–165].

The internal anion distortion does not only affect the valueof the band gap,
it also affects, to a less extend, the delocalization of the three main sets of bands
that form the valence band and the dispersion of the top valence and bottom
conduction bands. We can see these effects in the density of states (DOS) of Fig.
6.4and in the band diagrams of Fig.6.5.

Despite the largely different values ofu found experimentally in the literature,
0.25-0.275 [168–171], this large influence on the band gap predicted theoretically
is not observed experimentally. Thus, Ref. [165] proposed that the stability of the
experimental band gap comes from a compensation of the effect on the band gap
of the lattice distortions and the presence of copper vacancies.

6.2.3 Electronic properties of CuGaS2
As we introduced in Chapter3, LDA+G0W0 calculations are very common, but
they assume that LDA andGW wavefunctions are similar. This may be true
for some semiconductors and some high-symmetryk-points, and that led some
authors to claim an overlap between LDA andGW wavefunctions of 99.9%
[98, 174]. But this is not true, in general, for randomk-points and for most
of the compounds. In order to assess whether the wavefunctions are changing in
CuGaS2 when we update them self-consistently, Fig.6.6 shows the overlap be-
tween LDA and quasiparticle (scCOHSEX) wavefunctions, i.e., the projection:

| < φLDA
i |φQP

i > | (6.1)

Whenever this factor is 1, it means that LDA and scCOHSEX wavefunc-
tions are equal. When this factor is far from 1, thenCOHSEX wavefunctions
are very different from LDA ones. Although the number ofk-points is not very
high for statistics, we can see in Fig.6.6 that the wavefunctions are certainly
changing in the self-consistent process. Although this change is not dramatic, we
will see that it is enough to correctly predict the characterof the band gap and
therefore self-consistency will be necessary to open it up to a correct value.

We can see this more clearly in the values of the band gaps in Table 6.6.
G0W0 band gap is very small compared to experiment, due to the bad LDA start-
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ing point. The self-consistency inCOHSEX is able to open the band gap up
to 3.29 which is clearly overestimated as it is usual forCOHSEX calculations.
A perturbativeG0W0 performed readingCOHSEX wavefunctions and eigen-
values as starting point is able to close the band gap, givinga value much closer
to experiment. Agreement with experimental data is now within 0.15 eV for
scCOHSEX +G0W0.

Being conscious of the great impact of the structural parameter on the value
of the band gap, and owing to the very different experimentalresults, all the
calculations performed in this section and forth are carried out with the relaxed
LDA theoretical structure (a=5.382Å andu=0.258). The overestimation of the
scCOHSEX + G0W0 band gap with respect to the experimental ones may be
related to this fact, but, in any case, for comparison with the Cr-substituted mate-

LDA G0W0 scCOHSEX scCOHSEX EXP.
+G0W0

0.70 1.34 3.29 2.65 2.4-2.53 [156–158]

Table 6.6:CuGaS2 band gap (eV).
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rial, it is more coherent to use the theoretically relaxed structure for all of them.
This overestimation may also be due to the method itself, as self-consistent

GW usually leads to too large band gaps, of the order of 0.1-0.2 eV higher than
experiments. The non-inclusion of thesemicorein the pseudopotential, the pres-
ence of defects in most of the samples (usually copper vacancies), excitonic ef-
fects (which are known to be important in CuGaS2), etc. may all contribute to the
discrepancies with the experimental band gap. It should also be noticed that the
experimental values of the band gap are temperature dependent, whereas calcu-
lations are performed at 0K.

We have performed a BSE calculation of the exciton binding energy, finding
a value of 0.12 eV. If this is subtracted to theGW band gap of 2.65, the excitonic
band gap would be 2.53 eV which is in excellent agreement withexperiments.
However, this exciton binding energy is overestimated, as the experimental value
is of the order of 40 meV [115,175].

In addition to comparing the band gaps, we have also comparedthe densities
of states in order to see how many-body effects affect the states in the valence
band. Figure6.7represents LDA, scCOHSEX and scCOHSEX+G0W0 DOS.
XPS peaks from Ref. [173] have been represented as vertical lines for compari-
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son. Owing to broadening in XPS, errors in these energies of the order of 0.5 eV
are very common.

LDA, in this case, reproduces correctly the XPS spectra, as DFT is an exact
theory for the ground state and LDA is a good approximation for that. Many-body
calculations slightly worsen that result but in return, thelarge underestimation of
the LDA band gap is avoided. Therefore, one has to understandall methods and
use them according to the property one wants to study.

In order to see more clearly the effect of theGW calculation, we display in
Fig. 6.8the comparison between LDA bands (red) and the scCOHSEX+G0W0

ones (blue). Typical states of CuGaS2 are identified on the figure. It can be
seen that theGW corrections can be approximated by rigid shifts of the LDA
eigenvalues, but the features of the bands are almost retained.
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6.2.4 Dielectric function

Part IIb. of this thesis will focus on the calculation of optical properties of inter-
mediate-band materials. In general, methods beyond RPA forthe calculation of
optical properties are computationally expensive for thistype of materials. This
section does not intend to predict the optical properties ofCuGaS2 which are
in general well known, it intends to identify the limitations of the approaches
studied in Chapter4 and validate the use of RPA with a knowledge of its degree
of approximation.

As CuGaS2 belongs to the widely studied family of chalcopyrites, and it is
currently of interest from the point of view of theoretical calculations, it is the
best candidate for testing the methods proposed in Chap.4. In addition, its
structure has only 8 atoms in the unit cell, which makes calculations easier.

We have seen in the previous section thatGW slightly overestimates the band
gap of CuGaS2. It is a generally accepted approximation for semiconductors to
use ascissoroperator to the conduction states instead of using theGW eigenval-
ues, as we have seen in Fig.6.8thatGW corrections are almostk-point indepen-
dent. For a direct comparison with experiment, the use of theGW eigenvalues
will yield in our case an overestimation in energy of the onset of absorption.
But on the other hand, the use of ascissoroperator could modify the features
of the spectra. Within this context, the first important check to do is to compare
the spectra obtained using as eigenvalues: 1) LDA eigenvalues with ascissor
operator to the experimental value of the band gap, 2) LDA eigenvalues with a
scissoroperator to the scCOHSEX + G0W0 value of the band gap, and 3) the
real scCOHSEX + G0W0 eigenvalues. Fig.6.9shows this comparison for the
imaginary part of the dielectric function calculated within RPA.

Fig. 6.9 proves that ascissoroperator is a good approximation in the case
of CuGaS2 and that applying the shift to match the experimental band gap or
theGW band gap affects the position of the peaks in the spectra but not their
features. Therefore, for simplicity, and for comparison with experiment, we will
use in the following a rigid shift applied to the conduction eigenvalues to match
the experimental band gap.

SinceGW corrections were obtained only for 6k-points, and after checking
corrections were very slightlyk-point dependent, they were interpolated using
the modified quadratic Shepard method, for the more densek-point mesh needed
for the absorption spectra.

As we mentioned in Chap.4, for the prediction of optical properties, a first
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improvement to RPA-DFT involves turning to time-dependentDFT [52, 176],
where the electronic density responds to a time-dependent external field. TDDFT
retains all the advantages of the DFT formalism, but the needfor approximations
to the exchange-correlation contribution is its principallimitation in the predic-
tion of optical absorption spectra. Figure6.10shows most of the approximations
seen in Chapter4 for the imaginary and real part of the dielectric function. In
the legend, we have indicated the method used and in parentheses, the eigenval-
ues used (either LDA or corrected LDA: SO). Furthermore, experimental results
from Ref. [155], measured with spectroscopic ellipsometry at room temperature,
have been plotted for comparison.

The exchange-correlation kernel (fxc, see eq. (2.29)) of TDDFT, which is
the variation of the exchange-correlation potential with the electronic density, is
most usually approximated by(i) fxc = 0, leading to the RPA approach, or(ii)
the adiabatic local-density approximation (eq. (2.30)). For absorption spectra of
finite systems, ALDA is certainly an improvement with respect to RPA. However,
for solids neither RPA nor ALDA are sufficient to yield results in good agreement
with experiments. The differences between RPA and ALDA can be checked by
comparing the red-solid line with the blue-dotted line in Fig. 6.10. No substantial
improvement is seen attributed to the use of ALDA.

Another improvement that we commented in Chap.4, was the inclusion of
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local-field effects. In fact, LFE are indeed an improvement only when excitonic
effects are taken into account [119]. Otherwise the LF effects systematically
reduce the intensities of the main peaks. This reduction is however very small in
the case of CuGaS2 as can be seen in Fig.6.10by comparison of the dashed-green
line (with LFE) and the purple-dotted line (without LFE).

Apart from the kernels RPA and ALDA for TDDFT, it has been shown [73,
74,111] that a better agreement with experiments can be achieved within TDDFT
by adding a long-range contribution tofxc (see Sec.2.2.2). This kernel can
account for some continuum excitonic effects, giving in general very good optical
properties with the efficiency of a DFT approach. The static form of this kernel
given in equation (2.31) was applied to CuGaS2 using equation (4.38) for the
prediction of the parameterα. In order not to make use of any experimental
parameter,α was neither adjusted nor obtained from experimental valuesof ε∞.
Instead, the RPA value ofε∞ was used in eq. (4.38), giving a value ofα=0.37.

The result obtained with TDDFT-LRC can be seen in the dotted-dashed cyan
line of Fig. 6.10. Certainly, a significant improvement with respect to other
theories is found.

However, there are two principal drawbacks for the TDDFT-LRC approxima-
tion. The first one is that, in principle, it needs an empirical parameter whose
expression (eq. (4.38)) is only valid for semiconductors. Therefore its applica-
tion will not be possible for intermediate-band materials.The second drawback
concerns CuGaS2, as it is known for its bound exciton peak [112–115], and the
TDDFT-LRC approach works better for systems with weakly bound excitons. In
this case, the performance of the Bethe-Salpeter equation [55] should be much
more precise, as it is meant to compute electron-hole excited states, including
the interaction of the electron, promoted from a valence band to a conduction
band, with the hole left behind. BSE is based on MBPT and its application is
much more computationally demanding than that of TDDFT as itincludes an ex-
plicit dependence on the two-particles Green’s function and it is usually solved
by diagonalizing a two-particles excitonic Hamiltonian. Applications of BSE to
several materials have been reported in the literature [55,73,117–119] with excel-
lent agreement with experiments. Nevertheless, the solution of the BSE equation
is computationally prohibitive for the intermediate-bandmaterials studied in Part
IIb. of this thesis. And furthermore it is not implemented intheDP code for met-
als. Therefore, the inclusion of excitonic effects for intermediate-band materials
either via TDDFT-LRC or via BSE is ruled out.

This should not be worrying, though, since excitonic effects in metals are
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negligible. Intermediate-band materials are nottraditional metals, but it is ex-
pected that the delocalization of the IB and its metallic character will screen the
electron-hole interactions giving rise to very small or even negligible excitonic
effects. This may also be responsible for the lower recombination in IB materials
with respect to doped materials with discrete levels of defects that we saw in Sec.
1.2.1. A deeper study on excitons in IB materials will require the solution of the
Bethe-Salpeter equation, which is, at the moment, not affordable.

As conclusions, once we have ruled out theories including excitonic effects
for the IB materials, RPA gives results that fail in predicting very accurate inten-
sities of the peaks, but gives spectra in very good qualitatively agreement with
experiments. For this reason and for simplicity of the calculations (some of the
compounds studied in Part IIb. will have very large supercells) we will use RPA
in Part IIb. of this manuscript for the study of optical properties of IB compounds.
An added advantage of RPA, which is important for the study weintend to per-
form, is thatε2 in RPA is a simple sum over independent transitions, and thus
we can separate it into the contributions of transitions from the VB to the CB,
from the VB to the IB and from the IB to the CB (in a way similar toeq. (5.10)).
This will be very useful to identify the character of the peaks appearing in the
spectrum of the IB materials, and also to explain the origin of those peaks found
experimentally.

Despite the limitations of the methods used, further differences with experi-
ment in Fig.6.10may be due to experimental reasons. The experimental samples
of Ref. [155] has a small, but substantial amount of In (instead of Ga). The ef-
fect of In is in general to reduce the band gap and shift the whole spectra toward
lower energies. The second discrepancy concerns the behavior at around 5 eV.
The measurements of [155] predict an increase in the absorption after the peak
at 4 eV, whereas all theories predict a decrease. This may be due to the reflect-
ing surface used in Ref. [155], as other experimental references found a behavior
more similar to our theoretical results [115,173].

6.3 Cr-substituted CuGaS2 as efficient intermediate-
band material

Once the parent semiconductor is well characterized, we canproceed to the
study of the intermediate-band derivative of CuGaS2. We have performed self-
consistentCOHSEX calculations following the computational details explained
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in Sec. 6.1 and with the convergence parameters given in Table6.2. The self-
consistency in theCOHSEX calculations was stopped when differences be-
tween eigenvalues in one cycle and the previous one were lower than 0.02 eV.
This means 8 iterations, and approximately 17 days of calculation for each itera-
tion, in sequential on a high performance computer.TheG0W0 cycle on top of it
took approximately 15 days for eachk-point.

Cr was chosen [23–25] as one of the best substituents of Ga in this chalcopy-
rite as thet2 states may form an isolated intermediate-band inside the band gap
of the host semiconductor. In this material, with stoichiometry Cu4CrGa3S8, the
transition metals occupy tetrahedral sites. This implies,according to App.D, that
the e states will have lower energy than thet2 manifold. For this intermediate-
band compound, spin downd states are all empty and form localized states close
to the conduction band. On the contrary, for spin up, occupied e states hybridize
with the top of the valence band, whereas the partially-filled t2 manifold forms
the intermediate band. Thus is predicted within LDA (see LDAdensity of states
(bottom part) of Fig.6.12). The purpose of this section is to validate those LDA
predictions with a self-consistent many-body approach.

As we saw in Sec.6.1, GW corrections were only obtained at 10k-points
for the intermediate-band compound. In order to study the resultingGW band
diagram or density of states, we have to perform an interpolation of those correc-
tions, in the same way we did for the calculation of optical properties of CuGaS2
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in Fig. 6.9. This interpolation is valid only whenGW corrections are not highly
k-point-dependent. In order to see if this is the case, we haverepresented in Fig.
6.11 the scCOHSEX corrections to LDA eigenvalues for spin up and down
of Cu4CrGa3S8. Corrections have been plotted for scCOHSEX and not for
scCOHSEX + G0W0 since for this latter, corrections at only 3k-points were
obtained, as eachk-point calculation may take up to 15 days. As theG0W0 cycle
is not a self-consistent process, the number ofk-points is not relevant as far as
it is checked that 3k-points give correct interpolated results. However, just for
showing the linearity of the corrections, the 10k-points of scCOHSEX were
more representative.

Corrections for the valence band (bands lower than 72) and for the conduction
band (higher than 78) are almost linear (almostk-point independent). The dis-
persion for the conduction states is, as usual, a bit larger than that of the valence
band. The biggest dispersions in the figures concern thed states of Cr, which are
indicated as vertical lines. For spin down, all emptyd states are marked in the red
region. For spin up, we have indicated theebetween red lines and thet2 between
purple lines. All corrections are linear enough to justify the interpolation for band
diagrams and densities of states.

Densities of states obtained within the different theoriesare shown in Fig.
6.12. We can see that the overall features of the electronic structure are retained.
The intermediate band preserves its width but its position with respect to VB and
CB changes as both gaps (VB to IB and IB to CB) open.COHSEX overesti-
mation of band gaps breaks the hybridization between spin-down emptyd states
of Cr and the CB, this hybridization is restored when theone-shotG0W0 is per-
formed on top of it. We can more clearly see these effects withband diagrams,
as hybridization is more easily seen in the bands.

Fig. 6.13shows the spin-up and down band diagrams of Cu4CrGa3S8 calcu-
lated within LDA, scCOHSEX and scCOHSEX + G0W0. As we concluded
from the densities of states, the width of the intermediate band does not signif-
icantly change within the many-body calculation with respect to LDA. For spin
up, both band gaps (VB to IB and IB to CB) are opened. For spin down, the
self-consistent process (seeCOHSEX spin-down panel) breaks, in part, the hy-
bridization of the emptyd states of Cr with the conduction band and localizes
them. Usually, when we study semiconductors, theone-shotG0W0 performed on
top ofCOHSEX reduces the band gap with respect to the latter. In the case of
this IB material, although the conduction band corresponding to states of the host
semiconductor does go down, as expected, the emptyd states of the transition
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within LDA, scCOHSEX and scCOHSEX +G0W0.

metal go slightly up in energy (with respect to pureCOHSEX) and hybridizes
with the CB, this gives rise to a “band gap” (energy difference between the va-
lence band and the emptyd states) which is slightly larger than theCOHSEX
one.

In the same way we did for the host semiconductor in Fig.6.6, the analysis of
the changes in the quasiparticle wavefunctions with respect to the LDA ones was
carried out. Fig.6.14 represents the overlap between LDA and self-consistent
COHSEX wavefunctions given by the factor in eq. (6.1). Vertical lines indicate
the different sets of bands that can be distinguished in Fig.6.13.

There is a non negligible number of factors in Fig.6.14that are much smaller
than 1, demonstrating a considerable change of the wavefunctions. Although
it seems surprising that wavefunctions for the valence bandvary more than the
conduction band, it should be noticed that those states varying the most are those



98 Chapter 6

-6

-4

-2

 0

 2

 4

 6

T Γ N

E
-E

F 
(e

V
)

scCOHSEX+G0W0 spin up

-6

-4

-2

 0

 2

 4

 6

T Γ N

E
-E

F 
(e

V
)

scCOHSEX+G0W0 spin down

-6

-4

-2

 0

 2

 4

 6

T Γ N

E
-E

F 
(e

V
)

scCOHSEX spin up

-6

-4

-2

 0

 2

 4

 6

T Γ N

E
-E

F 
(e

V
)

scCOHSEX spin down

-6

-4

-2

 0

 2

 4

 6

T Γ N

E
-E

F 
(e

V
)

LDA spin up

-6

-4

-2

 0

 2

 4

 6

T Γ N

E
-E

F 
(e

V
)

LDA spin down

Figure 6.13:Spin-up and down band diagram of Cu4CrGa3S8. Comparison between
LDA, scCOHSEX and scCOHSEX +G0W0.

more localized in the valence (with Cud character principally). If we associate
this figure with the sets of bands in Fig.6.13, we can see that the variations of the
wavefunctions with respect to LDA are substantially largerfor the more localized
states for which obviously LDA is a worse starting approximation. For example,
for spin down in Fig. 6.14, regions of bands 32-52 and 53-72 (separated by
vertical lines), correspond to the two sets of bands that form the valence band in
Fig. 6.13. In particular, if we look at these two sets of bands in LDA-spin-down
panel of Fig. 6.13, we see that bands around -3.8 and 2 eV are more localized
than the others. This two groups of localized bands correspond to spin-down
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states from about 44 to 65 in Fig.6.14, which are those changing the most with
respect to LDA.

This study reflects the fact that a self-consistent approachbeyond LDA is
necessary for an accurate description of IB materials. However, from Fig.6.13,
it seems that the character of the intermediate band an its width is very slightly
modified with respect to LDA, but its position changes due to the opening of
the band gap with respect to LDA one. In the next chapter, we will study other
intermediate-band compounds and we will see whether conclusions of the present
chapter can be generalized for other IB materials.





Chapter 7

Octahedrally coordinated Ti and V in
thiospinel MgIn2S4

In the last chapter we studied an intermediate-band derivative of chalcopyrite
CuGaS2. In that material, Ga atoms were replaced by Cr at tetrahedral sites.
However, it is well known [34] that the octahedral environment is thermodynam-
ically more favorable for these transition metals. This occurs because there is a
preference to be surrounded by six atoms, rather than by four. This necessitates
a deeper study of the intermediate-band formation by transition metals at octa-
hedral sites, thus motivating the study of thiospinel compounds in the present
chapter.

The thiospinel host semiconductor presented in this chapter is MgIn2S4. It
was chosen as potential candidate for intermediate-band formation because its
band gap lies in the region of optimum gaps for the implementation of an IB
material [1]. MgIn2S4 has a band gap ranging from 2.1 to 2.28 eV [177, 178],
but vacancies of Mg can significantly affect this value. In addition, Ref. [179]
assumes it is a direct gap, but this is not clear [177,178,180] and there is some
controversy on this subject.

It crystallizes in the cubic spinel structure, space groupFd-3m, represented
in Fig. 7.1, with 14 atoms in the primitive cell. This structure is characterized
by a FCC sublattice of the sulphurs with Mg atoms occupying the tetrahedral
sites, while In occupies the octahedral sites (this is the so-called direct spinel
structure). In nature, however, partial situations can be found. Some cations can
interchange their positions in the cell structure. In the limiting case, all of the Mg
atoms occupy octahedral sites. Thus, half of the In atoms occupy the tetrahedral
sites (this is called theinverse spinelstructure). We can thus define the degree of
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S

       Mg

In

Figure 7.1:Direct spinel structure.

inversionx as the number of Mg atoms at tetrahedral sites per chemical formula
(0 for the inverse structure, 1 for the direct one, and valuesin between for partial
situations) [181].

MgIn2S4 is assumed to have an experimental degree of inversionx=0.16 in
nature (thus, almost inverse) [182, 183]. For the representation of this accepted
value of the inversion, a very large supercell would be needed. Therefore, we
will study, for computational reasons, the perfectly direct structure of Fig.7.1
and the totally inverse structurex = 0. Theoretical results to predict this degree
of inversion [181] are not conclusive.This may be related to the fact that this
parameter is very dependent on temperature [184], and mostab initiocalculations
are limited to zero temperature.

The main purpose of the present chapter is to address the effect of many-body
approaches on the formation of the intermediate band. The effect of two promis-
ing transition-metal substituents (Ti and V) on the formation and characteristics
will be studied. In the case of V as substituent, we will compare (Sec.7.5) the
inverse and direct structures in order to see the effect of the degree of inversion
on the formation of the IB.
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7.1 Computational aspects

GW calculations were performed with the ABINIT code [51, 128–130], using
well tested norm-conserving pseudopotentials [137] whose details will be given
in Sec.7.1.1. The electronic ground-state was calculated with DFT in theLDA
approximation with the Perdew-Wang 92 functional [58].

Those LDA results will be used as starting point for self-consistentCOHSEX
calculations.COHSEX wavefunctions are represented on the restricted LDA
basis set as explained in Sec.5.5.3. In Table7.1 we have gathered together the
convergence parameters used for LDA,COHSEX andG0W0: cutoffs, number
of plane waves, and number of bands necessary. Monkhorst-Pack k-point mesh
3×3×3 was used to sample the Brillouin Zone. The number ofk-points in the ir-
reducible wedge of the BZ, corresponding to this grid is alsoshown in the tables.

Full relaxations of cells and ion positions were carried outwithin LDA (see
structural details in Sec.7.2).

7.1.1 Generation of pseudopotentials for GW calculations

We first generated and test allab initio norm-conserving pseudopotentials used
in this chapter, following the reasoning of Sec.5.5.2. The Troullier-Martins (T-
M) [138] and the Hamann (H) [139] schemes where applied through thefhi98PP
code [131]. Table7.2 summarizes the details of how the pseudopotentials were
constructed.

Sulphur pseudopotential was already described in Sec.6.1.1. For vanadium
and Ti, as for Cu in last chapter, it has been found [185] that the spatial overlap
between 3d4s and 3s3p is very important and therefore, thesemicore3s3p will
be treated explicitly as valence. Fig.7.2 represents the logarithmic derivatives
that are used to test the transferability of the pseudopotential of V. Logarithmic
derivatives have been tested for all pseudopotentials.

Pseudopotential of In has been taken from Ref. [167]. In that reference, some
checks on the prediction of structural parameters of InN were carried out to con-
clude that the configuration in the table is the one leading tobetter structural
parameters and that this pseudopotential for In is adequatefor GW calculations.
As thefhi98PPcode does not allow the use of multiple projectors for the same
angular momentum, 5s and 5p were promoted to the 4f orbital in the reference
configuration.
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MgIn2S4 MgIn2S4

(direct) (inverse)
Cutoff for LDA: 80 Ha 80 Ha

(74807 PW) (73883 PW)
Bands forW : 400 400
Bands forG in COHSEX: 95 95
Bands forG in G0W0: 350 350
Cutoff for wavefunctions forW : 40 Ha 40 Ha

(24933 PW) (24357 PW)
Cutoff forW in reciprocal space: 5 Ha 5 Ha

(1067 PW) (1067 PW)
Cutoff for wavefunctions forΣ: 40 Ha 40 Ha

(24933 PW) (24357 PW)
Cutoff for Σx in reciprocal space: 40 Ha 40 Ha

(24933 PW) (24357 PW)
Number ofk-points 6 10

Mg2TiIn3S8 Mg2VIn3S8 Mg2VIn3S8

(direct) (direct) (inverse)
Cutoff for LDA: 80 Ha 80 Ha 80 Ha

(72043 PW) (71191 PW) (70340 PW)
Bands forW : 400 400 400
Bands forG in COHSEX: 90 90 90
Bands forG in G0W0: 350 350 350
Cutoff for wavefunctions forW : 40 Ha 40 Ha 40 Ha

(24187 PW) (23871 PW) (23583 PW)
Cutoff forW in reciprocal space: 8 Ha 8 Ha 8 Ha

(2109 PW) (2109 PW) (2101 PW)
Cutoff for wavefunctions forΣ: 50 Ha 50 Ha 50 Ha

(33833 PW) (33397 PW) (33025 PW)
Cutoff forΣx in reciprocal space: 50 Ha 50 Ha 50 Ha

(33833 PW) (33397 PW) (33025 PW)
Number ofk-points 14 14 14

Table 7.1:Converged number of bands, energy cutoffs and number of plane waves (PW).
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Element Valence Local l rs rp rd rf
configuration

Mg 2s22p6 p 0.40(H) 0.35(H) — —
In 4s24p64d104f 3 p 0.76(T) 0.89(T) 0.95(T) 1.10(T)
S 3s23p4 s 1.35(T) 1.55(T) — —
Ti 3s23p63d2 s 0.50(H) 0.70(H) 0.70(T) —
V 3s23p63d3 s 0.50(H) 0.60(H) 0.80(T) —

Table 7.2:Details of the generation of the pseudopotentials. All cutoff radii in bohr. (T)
and (H) indicate the Troullier-Martins and the Hamann schemes.
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Figure 7.2: Logarithmic derivatives of the pseudo-wavefunctions of vanadium in the
semilocal and separable form compared to those of the all-electron wavefunctions.

7.2 DFT characterization of structural properties

In the spinel structure (both direct and inverse) there is always a distortion param-
eter that has to be taken into account. Theinternal anion distortion parameter
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MgIn2S4 Mg2TiIn3S8 Mg2VIn3S8

(direct) (direct) (direct)
a 10.682 (10.71 [183]) 10.595 10.558
c/a 1 0.998 0.997
u 0.382 (0.382 [182]-0.383 [183]) 0.382 0.382

MgIn2S4 Mg2VIn3S8

(inverse) (inverse)
a 10.633 (10.71 [183]) 10.468
c/a 1.007 1.009
u 0.383 (0.382 [182]-0.383 [183]) 0.383

Table 7.3:Lattice parametersa (in Å) andc/a and internal distortionu for MgIn2S4 and
its derivatives. Comparisons with experiments, when available, are shown in brackets.

(u) represents the distortion of the sulphur FCC sublattice, owing to the fact that
each anion has three In and one Mg as nearest neighbors. Thus,the equilibrium
position of the sulphurs is closer to one of the species. For our case, it is closer
to Mg. However, the effect of this parameter on the electronic properties is not as
large as the one we observed for chalcopyrites in last chapter.

In all cases, the transition metal (Ti or V) substitutes an Inatom at octahedral
sites, as it has been said that this coordination is normallymore favorable for
these transition metals. The cell geometry, lattice parameters, and internal anion
distortionu were determined by theoretical relaxation, by minimization of forces
and total energy. In Table7.3, we summarize the structural parameters obtained
after this relaxation.

For the pure semiconductors, relaxations lead to lattice parameters slightly
above the experimental ones. However, these are still within the errors of typical
LDA calculations. For the inverse structure, the octahedral sites are anisotropi-
cally surrounded, leading to rationc/a slightly different than 1.

Once the substitution with the transition metalM has been made, a new
small distortion appears for both the direct and the inversestructures, due to the
anisotropic environment of the octahedral sites [184]. The final structures have a
lattice parameterc that is slightly different thana andb. The lattice parameters of
substituted alloys decrease with respect to that of the hostsemiconductor. This is
due to the fact that Ti and V atoms are smaller than In, and so theM-S distances
are shorter than those of In-S in the pure compound. The internal anion distortion
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remains practically equal to that of the parent semiconductor (differences of the
order 10−4), being this latter in good agreement with experiment. Substitution
with the transition metal generates different environments for the S atoms and,
thus, several values ofu. For comparison with the host semiconductor, theu dis-
played in the table is that of sulphurs that retain the environment most similar to
the one they had in the pure compound.

The full relaxation of the atomic structures shows that, in the case of the in-
verse structures, some symmetries are lost, and thus the cell has a small distortion.
This affects the octahedral environment of the transition metals as well, which is
contracted in one of the directions. As we will see in Sec.7.5, this makes one
of the t2g states slightly separates from the others, giving rise to anapparently
thicker intermediate band.

7.3 Electronic properties of the host semiconductor

For the pure semiconductors, we have chosen to perform a self-consistentCOH-
SEX calculation followed by aone-shotGW calculation for a fair comparison
with the substituted compounds in Sec.7.4. As we introduced in Chapter6,
LDA+G0W0 calculations assume that LDA andGW wavefunctions are similar
and we checked this was not true for chalcopyrites in that chapter. In order to
assess whether the wavefunctions are changing in MgIn2S4, Fig. 7.3 shows the
overlap of the LDA and quasiparticle (scCOHSEX) wavefunctions. Although
the number ofk-points is not very high for statistics, we can see that the wave-
functions are certainly changing in the self-consistent process. Not only the bot-
tom conduction band, which changes for most compounds, but also the top of the
valence band. In the case of the inverse structure in Fig.7.3(b) the wavefunctions
change much less (coefficients| < φLDA

i |φQP
i > | closer to 1).

In Table7.4we can see the summary of the band gaps obtained within LDA,
scCOHSEX and scCOHSEX+G0W0, compared to experimental results. In
order to discuss about the controversy on the direct-indirect band gap, we have
indicated in brackets whether the band gap found is direct orindirect. When
the band gap is direct, it is always found at theΓ-point. This happens for all
the theories for the direct spinel. However, we have said that the samples in
nature are more close to an inverse spinel, and in that case, although LDA (and
GGA, see Sec.12.2.1) predict a direct band gap, updating self-consistently the
wavefunctions in theCOHSEX calculation leads to an indirect band gap. The
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Figure 7.3:Overlap between LDA and self-consistentCOHSEX wavefunctions for (a)
6 k-points for MgIn2S4 in its direct spinel structure, and (b) 10k-points for the inverse
structure.

fact that the differences between the direct and the indirect band gap is so small
(0.03 eV in scCOHSEX+G0W0) may be responsible for the non conclusive
experimental results.

It can be seen that our final band gap for the inverse structureis overestimated
with respect to the experimental values. However, several facts can contribute to
this overestimation: Self-consistentGW usually leads too large band gaps. This
overestimation may be of the order of 0.1-0.2 eV (or even higher, see for exam-

LDA scCOHSEX scCOHSEX EXP.
+G0W0

direct 1.76(D) 4.43(D) 3.85(D) 2.1-2.28 [177,178]
inverse 0.95(D) 3.52(D)-3.50(I) 3.07(D)-3.04(I) 2.1-2.28 [177,178]

Table 7.4:MgIn2S4 band gap (eV). (D) and (I) indicate whether the band gap found
is direct (atΓ-point) or indirect, respectively. In the case of an indirect band gap, the
direction where the top valence is found isΓ-X. The bottom conduction band appears
always atΓ.
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ple [51,92]), but not enough to explain the whole discrepancy in this case. On the
other hand, although it is expected that the influence of the degree of inversion on
the band gap is linear, this may not be the case, and the unordered experimental
structure could certainly have a band gap lower than the perfect inverse structure.
And this leads us to another reflection: the perfect direct structure of Fig. 7.1
has 14 atoms in the unit cell. When one tries to simulate the inverse structure
however, there are several possibilities. If one assumes the inverse structure has
also a 14-atoms cell, then there are 4 octahedral sites and hence 6 possible distri-
butions of the octahedral Mg and In (all 6 equivalent). If onestarts instead from
a 28-atoms cell (thus 8 octahedral sites) there are many morepossibilities of dis-
tributing the Mg and In. And as not all of them can be reduced toa 14-atoms cell,
the question that arises is: does the primitive cell of the inverse spinel structure
have 14 atoms? It may be, that in nature, although macroscopically it is still an
inverse spinel, one (or a few) of the configurations obtainable by distributing Mg
and In on the octahedral sites has lower energy than the others. In any case, even
assuming that the 14-atoms cell may be an approximation, theGW calculations
performed in this thesis are not affordable for bigger supercells.

We also mentioned, in the introduction of the present chapter, that vacancies
of Mg can significantly affect the value of the band gap, and that could also
contribute to the overestimation ofGW band gap. Finally, experimental results
are measured at temperatures from 300 to 77 K, whereasab initio calculations
are performed for 0K.

The differences between theGW band gap and the experimental ones could
also be due to excitonic effects, as when going to larger gapsmaterials, screening
is lower and the electron-hole interaction becomes stronger. However, no exper-
imental references about excitonic effects in this compound have been found, so
probably they are not as important as to explain such an overestimation. A BSE
calculation will be thus valuable for this compound.

A sum of all these effects could explain the overestimation of 0.76 eV of the
GW band gap.

In any case, from the point of view of the intentions of this chapter, the over-
estimation of the band gap should not be seen as alarming, as we intend to study
the physics of the formation of the intermediate band in the inverse and the direct
spinel, to compare the effect of different methods on that formation, more than
a direct comparison with a particular experiment. Probablyself-consistentGW
carried out in the way proposed by Faleev and coworkers [100] (see Sec.3.3.6)
could lead a better band gap for the pure semiconductor. However, in the context
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of this chapter, we have performed scCOHSEX + G0W0 for all compounds,
as it is the most advanced calculation we can afford for the doped compounds.
Despite the scCOHSEX + G0W0 overestimation of the band gaps, this theory
contains most of the physics of the systems and does not rely on LDA wavefunc-
tions, which may be important in intermediate-band compounds.

In order to see more precisely the effect of theGW calculation, on the bands
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states of MgIn2S4 (a) in its direct structure and (b) in its inverse structure.
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that determined the band gap we display in Fig.7.4the comparison between LDA
bands (red solid lines) and the scCOHSEX+G0W0 ones (blue dotted lines) for
the two structures. It can be seen that the corrections can beapproximated by a
rigid shift of the conduction eigenvalues, but the featuresof the band are almost
retained. The set of the four first bands in the conduction (from 1.8 to 3.6 eV in
Fig. 7.4(a)) are a hybridization of sulphurp states and In-s. These bands appear
also in the inverse structure and will be important in the substituted compound
studied in the following section, as the emptyd states of the transition metal will
highly hybridize with these bands of the host semiconductor.

It may be interesting to see how levels deeper in the valence band vary in
theGW with respect to LDA. No photoemission spectra have been found in
the literature for this compound and therefore no comparison with experiment is
possible in this case. However, we can see in the densities ofstates of Figure7.5
that the top valence bands, whose character is principally S3p, is only slightly
affected by theGW calculation. The states lower in the valence (below -10 eV),
which are S 3s and In 4d, are more affected by the self-consistency and lowered in
energy. The position of thed electrons of In, which changes from approximately
-13 eV to -16 eV, is presumably much better predicted in scCOHSEX +G0W0

than it was in LDA.

7.4 Electronic properties of intermediate-band ma-
terials

In this section, we will study in detail the direct structures of the intermediate-
band materials Ti- and V-substituted MgIn2S4. The discussion about the effect of
the degree of inversion on the formation of the intermediateband will be given in
Sec.7.5for V compound.

Transition metals Ti and V were chosen as the best substituent of In because,
in an octahedral environment, their3d t2g-type states can form the partially-filled
intermediate band. This intermediate band has been previously reported in refer-
ences [34] and [35] at the GGA level.

In order to see how the intermediate band is formed in LDA, Fig. 7.6 shows
the resulting densities of states before and after the insertion of the transition
metal of Mg2TiIn3S8 and Mg2VIn3S8. The electronic structure of the substituted
alloys presents a spin-polarized partially-filled intermediate band formed by the
majority-spint2g states, whereas theeg and minority-spind-states appear highly
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Figure 7.6: Densities of states of MgIn2S4 and IB derivatives (up and down spins),
aligned at the valence band maximum. Black vertical lines indicate the Fermi energy.

hybridized with the conduction band. Top panel of Fig.7.6 represent the elec-
tronic structure of the parent semiconductor, for comparison with its derivatives.
Middle panel and bottom panel represent the substitution with Ti and V respec-
tively. The LDA densities of states are in good agreement with previous GGA
works [34,35].

Once the LDA ground-state is well characterized, pseudopotentials are suc-
cessfully tested and structural properties are coherent, we can proceed to the
many-body calculations. We have performed self-consistent COHSEX calcula-
tions following the computational details explained in Sec. 7.1and with the con-
vergence parameters given in Table7.1. The self-consistency in theCOHSEX
calculations was stopped when differences between eigenvalues in one cycle and
the previous one were lower than 0.03 eV. This means from 8 to 10 iterations and
approximately 21 days for each iteration,in sequential on a high performance
computer.
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Figure 7.7:k-point dependence of scCOHSEX corrections to LDA eigenvalues of (a)
Mg2TiIn3S8 and (b) Mg2VIn3S8. The line is the average for allk-points.

As we have seen at the beginning of the chapter,GW corrections are obtained
at only 14k-points. In order to study the resultingGW bands or density of states,
we have to perform an interpolation of those corrections (using the symmetries
of the cells) to the corresponding more densek-points grid. This can be done in
a valid way only when corrections are no highlyk-point-dependent. In order to
see if this is true, we have represented in Fig.7.7 the scCOHSEX corrections
to LDA eigenvalues for (a) Mg2TiIn3S8 and (b) Mg2VIn3S8. The left (green) and
right (blue) panels correspond to spin up and down states. Different points for the
same band correspond to differentk-points. Regions delimited by vertical lines
indicate the transition-metalt2g states (red) and theeg states that are hybridized
with the bottom of the conduction band of the semiconductor (purple) which is
formed by the set of Sp - In s states as we mentioned in the last section (see
bands from 1.8 to 3.6 eV in Fig.7.4(a)).

It can be seen that for the valence band (bands lower than 71) and for the
conduction band (higher than 80) corrections are almost linear (almostk-point
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Figure 7.8:Comparison of LDA (red solid line), scCOHSEX (green dashed line) and
scCOHSEX +G0W0 (blue dotted line) density of states of Mg2TiIn3S8, aligned at the
Fermi energy which is indicated as a dotted black line.

independent). Similarly for the partially-filled spin-up intermediate band. This
indicates, a rigid shift of these bands is a good approximation to the many-body
result. In the case of the spin-down emptyt2g (red regions of right panels of Fig.
7.7), the variation with thek-point is a bit higher, probably because the hybridiza-
tion of those bands in LDA was not as accurately predicted. The biggest error that
would be made if we assumed a rigid-shift correction for all bands would be in
the set of bands 75 to 79 (purple regions), which, as we said above, are the hy-
bridization of transition-metaleg states with Sp and Ins states. However, except
maybe in this latter case, thek-point dependence is low enough to allow us to
interpolate corrections for differentk-points grids to have a general overview of
the densities of states and bands after the many-body calculations.

In order to see the many-body effects on the intermediate band, Figs.7.8and
7.9show the density of states of the Ti- and V-compounds respectively. We have
compared LDA (red solid), scCOHSEX (green dashed) and scCOHSEX +
G0W0 (blue dotted) aligned at the Fermi energy. This will allow usto see whether
the IB is still present after theGW calculation and whether it retains the require-



116 Chapter 7

-8 -6 -4 -2  0  2  4

D
O

S
 (

ar
b.

 u
ni

ts
)

E-EF (eV)

LDA

scCOHSEX

scCOHSEX+G0W0

Figure 7.9:Comparison of LDA (red solid line), scCOHSEX (green dashed line) and
scCOHSEX +G0W0 (blue dotted line) density of states of Mg2VIn3S8, aligned at the
Fermi energy which is indicated as a dotted black line.

ments introduced in Sec.1.1.
For both IB compounds we have similar electronic structures. For spin down,

we find the emptyd states of the transition metal hybridizing with the conduction
band.COHSEX calculations (see green densities of states in Figs.7.8and7.9)
localize thosed states breaking, in part, this hybridization with the bottom of the
conduction band. The finalG0W0 cycle recovers, in part, this hybridization and
the approximate LDA dispersion of the emptyd states.

Usually, when we study semiconductors, theone-shotG0W0 performed on
top ofCOHSEX reduces the band gap with respect to the latter. In the case of
IB materials, although the conduction band corresponding to states of the host
semiconductor does go down, as expected, the emptyd states of the transition
metal go slightly up in energy (with respect to pureCOHSEX), this gives rise
to a “band gap” (energy difference between the valence band and the emptyd
states) which is slightly larger that theCOHSEX one.

For both spins, valence-band states are almost unchanged both inCOHSEX
and scCOHSEX+G0W0 with respect to LDA. After scCOHSEX and scCOH-
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Figure 7.10:Spin-up and down band diagrams of Mg2TiIn3S8. Comparison between
LDA and scCOHSEX +G0W0.

SEX + G0W0, they are shifted-down, compared to LDA, with respect to the
Fermi energy. Finally, concerning the partially-filled spin-up intermediate band,
its width does not change considerably and it is almost the same for the three
theories.

All these effects can be more easily seen using band diagrams. Figures7.10to
7.11show the spin-up (top panels) and spin-down (bottom panels)band diagrams
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Figure 7.11:Spin-up and down band diagrams of Mg2VIn3S8. Comparison between
LDA and scCOHSEX +G0W0.

of the IB compounds calculated within LDA (left panels) and scCOHSEX +
G0W0 (right panels). The effect of scCOHSEX + G0W0 on the electronic
structure can be clearly seen as an approximately rigid shift of the IB and the
conduction eigenvalues to higher energies. In other words,the position of the
intermediate band with respect to the CB is almost preservedwhereas the energy
difference between VB and IB increases substantially. We will analyze this ef-
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Figure 7.12: Overlap between LDA and self-consistentCOHSEX wavefunctions
for (a) spin up and (b) spin down of Mg2TiIn3S8. (c) Spin up and (d) spin down of
Mg2VIn3S8. Vertical lines indicate: in the case of spin up figures, the states that form the
intermediate band; in the case of spin down, the separation between empty and occupied
states.

fect more in detail in next chapter. Additionally, the hybridization levels do not
change noticeable under the self-consistency. (The smalloscillationsin some of
the bands in Figs.7.10and7.11, are an artificial effect of the interpolation when
corrections are not exactly linear.)

It has been several times questioned whether correlation effects in IB materi-
als are strong and whether they should be treated with a theory typically meant
for strongly-correlated systems. For the direct structureof Mg2VIn3S8, studies
within different theories have been found: GGA+U, with aU obtained from the
literature, or with self-consistent estimation of theU [186], and hybrid function-
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als such as HSE [62].
In Fig. 7.11we can see that in LDA the IB is formed by threed states (those

with t2g symmetry). Due to the slight distortion of the octahedron around the
transition metal (see ratioc/a in Table 7.3) the two highert2g states are al-
most degenerated, whereas the lower one is slightly separated from the others.
A GGA+U calculation (see Sec.2.1.4) for this material [187], where theU is
calculated self-consistently with the method of Ref. [186], showed a splitting
of the t2g bands where the lower one goes down to hybridize with the top of
the valence band and the other two are not affected at all. On the other hand,
GGA+U with a value of theU taken from the literature, as implemented in the
VASP code [123–125], breaksthe intermediate band by moving the two lowert2g
states to hybridize with the top of the valence band and the upper t2g state closer
to the conduction band [188]. The same effect is reproduced when hybrid func-
tionals are used [188]. The disagreement between these theories used up to now,
and the different splittings of the intermediate band that seem somehow artificial,
motivated the self-consistentGW calculations of this thesis, as the lack of ex-
perimental data for this alloy demands predicting power of the theory and thus, a
parameter-freemethod.

ScCOHSEX +G0W0 contains much of the physics of most of the systems.
It has been tested for metals, semiconductors, insulators,and even prototypes
of strongly-correlated systems, such as VO2 for instance [91, 185]. VO2 is an
interesting compound for understanding correlation. At high temperature it is
a metal, whereas al low temperature it is an insulator. ScCOHSEX + G0W0

was able to predict both metallic and insulating phases, in contrast to dynamic
mean-field theory (DMFT) [189] (which predicted both bases to be metallic) and
LDA+U (for which both phases are insulating). Hence, scCOHSEX contains
more physics, both because of self-consistency and for being a parameter-free
approach, and thus have more predicting capabilities.

It should therefore be stressed that this method does not predict anydramatic
splitting of the IB due to correlation effects in contrast tothestrong-correlation
hypothesis. In the cases where one of the bands forming the IBslightly separates
from the others (see Fig.7.11and Sec.7.5), it is a symmetry effect that is already
present in LDA.

In the same way we did for the host semiconductors, the analysis of the
changes in the quasiparticle wavefunctions with respect tothe LDA ones was
carried out. Fig.7.12 represents the overlap between LDA and self-consistent
COHSEX wavefunctions for Mg2TiIn3S8 and Mg2VIn3S8. (a) and (b) panels
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are coefficients of spin up and down of Mg2TiIn3S8. (c) and (d) show spin up
and down, respectively, of Mg2VIn3S8. Vertical lines indicate for spin up panels,
the states that form the intermediate band and in the spin down panels, the sep-
aration between empty and occupied states. The change in thewavefunctions is
much smaller than that found for chalcopyrites in last chapter. However, it can
be clearly seen that LDA predicts the wavefunctions of the valence band much
more accurately than those of the conduction band. This can be seen in the values
below the Fermi energy which are very close to 1.

7.5 Effect of the structural degree of inversion on
the formation of the IB

As we mentioned in the introduction of this chapter, spinels, in nature, have a de-
gree of inversion defined byx: the number of Mg at tetrahedral sites per chemical
formula (0 for the inverse structure, 1 for the direct one, and values in between
for partial situations) [181].

MgIn2S4 is assumed to have an experimental degree of inversion ofx=0.16 in
nature (thus, almost inverse) [182, 183]. For the representation of this accepted
value of the inversion, a very large supercell would be needed. Therefore, to test
the effect of the degree of inversion on the formation of the intermediate band,
we will study, for computational reasons, the totally inverse structure.

Figure7.13 shows the spin-up (top panels) and spin-down (bottom panels)
band diagrams of theinversestructure of Mg2VIn3S8 calculated within LDA (left
panels) and scCOHSEX+G0W0 (right panels). The figure, should be compared
to Fig. 7.11in order to see the effect of the degree of inversion.

The first difference one can see is that the band gap (VB to CB) is larger for
the direct structure, in the same way we confirmed it for the pure semiconductors.
Owing to distortions of the octahedral environment of the transition metal, the
separation of the lowert2g state is slightly higher than in the direct structure. This
band appears already separated in LDA as it is a structural splitting. But, as in
the case of the direct structure, correlation effects at thescCOHSEX + G0W0

level do no produce a large splitting of the IB.
The first difference one can see is that the band gap (VB to CB) is larger for

the direct structure, in the same way we confirmed it for the pure semiconductors.
Owing to distortions of the octahedral environment of the transition metal, the
separation of the lowert2g state is slightly higher than in the direct structure. This
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Figure 7.13:Spin-up and down band diagrams of inverse structure of Mg2VIn3S8. Com-
parison between LDA and scCOHSEX +G0W0.

band appears already separated in LDA as it is a structural splitting. But, as in
the case of the direct structure, correlation effects at thescCOHSEX + G0W0

level do no produce a large splitting of the IB.



Chapter 8

Rationalization ofGW effects on the
intermediate band

We have seen in the previous two chapters how computationally demanding the
many-body calculations of intermediate-band materials are. We have studied in
those chapters compounds with 8 to 16 atoms in the unit cells and we have seen
thatthe self-consistent process can take several months to converge, after several
months of calculations to find the converged parametersof Tables6.1, 6.2 and
7.1. It is therefore not possible to apply theGW methods used in Chapters6
and7 for all IB materials. In Part IIb. of this thesis, we aim at studying optical
properties of some of the most promising IB materials proposed up to date. In
Chapter9, for example, we will study compounds with 216 atoms in the unit cell.
GaP derivatives studied in Chap.10 will have 64 atoms, and derivatives of In2S3

in Chapter13, 40 atoms in the unit cell. For those compounds, a self-consistent
GW would be prohibitive.

This chapter thus intends drawing conclusions from the many-body study of
the four intermediate-band compounds in last two chapters.Additionally, we will
see whether some of the conclusions for those materials may be extrapolated to
other IB compounds in order to assess the optical studies in Part IIb. For that
purpose we will review the main effectsGW had on the intermediate band of
the four compounds studied and compare them. It is importantto study not only
the effect ofGW on the position and width of the IB, but also on how the band
gap of the IB material is increased or reduced with respect tothat of the parent
semiconductor.

All the IB compounds studied up to now have an electronic structure that can
be described with the schematic band diagram of Fig.8.1.
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Figure 8.1:Schematic band diagram indicating the notation used in thischapter and in
the following ones.

Of course, for real materials, bands are not flat, and therefore, from now
on, EV F

g will denote the minimum energy distance between the valenceband
and the Fermi energy (usually atΓ-point) andĒV F

g will denote the average of
this distance for allk-points (with their corresponding weight). And the same
notation for all other energy differences. It must be noticed that the reference
for gapsEV F

g andEFC
g is the Fermi energy and not the bottom and top of the

intermediate band.

For the calculation of optical properties in Part IIb., as wenow know that
GW is prohibitive for most of materials there studied, we have to base RPA
calculations on DFT eigenvalues. In order to draw conclusions on whether a
double shift of the form of eq. (5.10) would be reasonable for IB materials we
have to see first, how the band gapsĒup

g andĒdown
g are modified with respect to

that of the host semiconductor. Second, it is important to determine how to predict
the position of the intermediate band inside thatnewgap, and to check whether
assuming that the width of the IB does not change is a reasonable approximation.

For the first purpose, we know that some states deep in the valence band
and high in the conduction band, should not be affected (or very slightly) by the
transition metal (especially for low concentrations of this latter). We can thus
identify in LDA (or GGA) some of these states by comparing projected densities
of states of the IB compounds with that of their respective host semiconductor and
use them to choose the value of the shift for the CB states. In Part IIb. we will
follow this reasoning to shift the CB eigenvalues of the IB materials: we choose
the value of the shift for the pure semiconductor as the difference between GGA
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LDA | scCOHSEX +G0W0

CuGaS2

Eg 0.70 2.65
Ēg 2.48 4.42

Cu4CrGa3S8

Ēdownh

g 2.01 3.12(71%)
Ēup

g 2.54 3.13(72%)
ĒV F

g 0.52 0.91
ĒFC

g 2.02 2.22
∆I 0.40 0.38

Table 8.1:Comparison of the values of the averaged band gaps (in eV) represented in
Fig. 8.1within LDA and scCOHSEX +G0W0, for chalcopyrite compounds. Numbers
in brackets indicate the percentage with respect to the bandgap of the host semiconductor
Ēg.

and experimental band gaps. Then, with the identification ofthe states that should
not change due to the presence of the transition metal, we will choose the shift
for the CB of the IB compound accordingly.

For the second purpose (predicting the position and width ofthe IB from
a LDA calculation), we gathered together in Tables8.1 and8.2, the LDA and
scCOHSEX + G0W0 averaged band gaps̄EV F

g , ĒFC
g , Ēup

g , Ēdown
g for all IB

compounds studied in last two chapters. We show the band gapsof the host
semiconductors̄Eg andEg for comparison and the average width of the IB,∆I .
The percentages in parentheses afterĒup

g andĒdown
g are obtained with respect to

Ēg of the parent semiconductor.
Those percentages indicate that the band gap from VB to CB is reduced, with

respect to that of the pure semiconductor, due to the presence of the emptyd
states that appear at the bottom of the CB. These percentagescannot be extrap-
olated to other concentrations of the transition metals (and thus to other com-
pounds) because theyhighly depend on the delocalization of thesed statesand
this delocalization depends mainly on the concentration ofthe TM.

For the particular case of Cu4CrGa3S8, the percentages 71% and 72% shown
in Table8.1 for band gapsĒdown

g =3.12 eV andĒup
g =3.13 eV indicate that the

d states of Cr that do not form the IB (totally occupied for spinup and totally
empty for spin down) reduce the band gap of the semiconductor(Ēg=4.42) to
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LDA | scCOHSEX +G0W0

MgInS4 (direct)
Eg 1.76 3.85
Ēg 3.00 5.23

Mg2VIn 3S8 (direct)
Ēdownh

g 3.30 4.50(86%)
Ēup

g 2.75 4.11(79%)
ĒV F

g 1.19 2.49
ĒFC

g 1.56 1.62
∆I 0.28 0.23

Mg2TiIn 3S8 (direct)
Ēdownh

g 3.32 4.81(92%)
Ēup

g 3.19 4.68(89%)
ĒV F

g 1.75 3.10
ĒFC

g 1.44 1.58
∆I 0.38 0.35

MgInS4 (inverse)
Eg 0.95 3.07
Ēg 2.78 4.92

Mg2VIn 3S8 (inverse)
Ēdownh

g 2.98 4.55(92%)
Ēup

g 2.49 4.24(86%)
ĒV F

g 1.27 2.69
ĒFC

g 1.22 1.61
∆I 0.50 0.73

Table 8.2:Comparison of the values of the averaged band gaps (in eV) represented in
Fig. 8.1within LDA and scCOHSEX+G0W0, for derivatives of MgInS4. Numbers in
brackets indicate the percentage with respect to the band gap of the host semiconductor
Ēg.

approximately 70% of its value. For thiospinel IB derivatives in Table8.2, the
reduction of the band gap is smaller, since thed states are more localized.

From Tables8.1 and 8.2 we find some systematic tendencies. One of the
most remarkable contributions in these tables is that the width of the intermediate
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band∆I does not substantially change from LDA to scCOHSEX + G0W0. In
fact, differences for the three first compounds are of the order of 30 meV. In the
worst case, Mg2VIn3S8 in the inverse structure, we have seen in last chapter that
correlation effects slightly separate the totally occupied sate of the IB. This gives
rise to an IB 0.2 eV wider. In any case, these data indicate that assuming the
LDA value of the width of the IB is a good approximation, as theerrors are small
compared to the typical values of the band gaps we are dealingwith (larger than
2 eV).

The other conclusion from the tables is that the position of the intermedi-
ate band with respect to the conduction band does neither considerably change.
The differences between LDĀEFC

g andGW one are of the order of 0.1-0.3 eV,
whereas the values of̄EV F

g are dramatically changing.
These data indicate that a double shift of the form given by equation (5.10) is

not necessary, as∆ic can be approximated by 0, and only ascissor∆vi is enough
to reproduce theGW position of the IB with 0.1-0.3 eV accuracy. This error is
also acceptable since we are dealing with total band gaps bigger than 2 eV.

It is also worth mentioning that this discussion is independent of the occupa-
tion of the intermediate band. For Cr in chalcopyrite and forTi in MgInS4, inter-
mediate band has an occupation of 1/3, whereas for V in MgInS4, it is 2/3. And
nevertheless, they behave in the same way: more “empty-like”, in the sense that
they move with CB almost as a whole. Results are also independent of whether
the IB is closer to VB (case of Cr in CuGaS2) or CB (thiospinels).

8.1 Conclusions that can be extrapolated to other
IB compounds whenGW is not affordable

The use of RPA for the estimation of optical properties is justified for intermediate-
band materials, as a TDDFT calculation for this kind of materials is computation-
ally demanding. In general, as we saw in Sec.6.2.4, RPA gives spectra quali-
tatively correct. Exact peak positions and intensities arenot obtained in general,
but the errors are small for the purpose of Part IIb. of this thesis, which is tomap
the optical behavior of the intermediate-band materials proposed up to the date.
In addition, the clear advantage of using RPA for IB compounds is the fact that it
is a sum over independent transitions, and so we can separatespectra into partial
absorption coefficients. This cannot be done with any other of the theories for the
calculation of optical properties presented in Chap.4.
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SinceGW is prohibitive, RPA calculations will be based on GGA results.
Due to the significant underestimation of band gaps of standard DFT, a correc-
tion to the eigenvalues will be needed. Up to now, it was generally accepted that
for this type of materials [5,190], the most reasonable shift was to leave gap VF
unchanged and open band gap FC. Although there was no experimental or the-
oretical confirmation of that, it was a reasonable assumption, as it supposes that
occupied levels are well described in LDA and so the energy difference between
fully occupied states (valence) and partially-occupied states (IB) is correctly pre-
dicted within DFT. Self-consistentGW calculations in this thesis, within the
scCOHSEX + G0W0 scheme, have indicated that this assumption is qualita-
tively wrong. As a matter of fact, the opposite behavior is found, independently
of the electronic occupation of the partially-filled IB.

As a summary for the following chapters, a rigid shift will beapplied to con-
duction and intermediate-band eigenvalues. The value of this shift will be chosen
in each case by first obtaining thescissoroperator for the host semiconductor
(Eexperim

gap − EDFT
gap ) and then identifying states that should not change due to the

presence of the transition metal. In most of the cases this will be very similar
to applying the same shift for the host and the IB compound. According to the
results in this thesis, this will lead an error in the position of the IB of the order
of 0.1-0.3 eV, which is in any case much lower than the error made by DFT in
predicting the band gap value.

It has to be stressed that the shift proposed in this chapter can only be applied
for materials with electronic structures similar to those studied in last two chap-
ters. Other situations may not behave in the same way. Some conditions have to
be fulfilled in order for this type of shift to be reliable: Thetotal band gap (VB to
CB) has to be large enough, or concentration of TM low enough,for the IB not
to overlap in GGA with valence or conduction band. Concentrations of TM have
to be of the order, or lower than those studied in last chapters, so that the IB is
not much wider. The IB has to be formed by partially-filledd states.

All IB materials studied in Part IIb.“Optical properties of intermediate-band
alloys” fulfill these conditions, and therefore we will extrapolatetheGW results
of the present part, to the calculation of optical properties. In the few cases where
experimental results are available, we will test the goodness of the approximation.



IIb. Optical properties of
intermediate-band alloys





Chapter 9

Assessment of the intermediate-band
concept through Ti-doped silicon

While the quest for efficient intermediate-band materials focuses on host semi-
conductors with a band gap close to the optimum (around 2 eV [1]), attempts to
prove the IB solar cell concept have been carried out with a simpler material. Sil-
icon is at present, one of the better known semiconductors and probably the most
used for electronic applications. Therefore, it was proposed to prove the working
principles of an IB device through an IB material based on silicon.

Si has an indirect band gap of 1.12 eV, much lower than the ideal for the
implementation of the intermediate-band concept. However, the clear advantage
of Si as host semiconductor is the thorough knowledge of it, which could lead
more proficiently to the first experimental devices.

Silicon samples have been highly doped with Ti by Oleaet al. [14], using
ion implantation, reaching concentrations around 2×1021 cm−3. These concen-
trations are significantly higher than the equilibrium solubility limit of Ti in Si
and they are close or even above the Mott limit (see Sec.1.2.1). A pulsed-laser
melting process was carried out, to restore the quality of the crystals. The authors
have found a donor level lying at 0.21 eV below the conductionband. In a later
report [191], the donor level was estimated to be at 0.36 eV below the CB by
the same authors who carried out a simulation by means of a fitting of the sheet
resistance.

In order to reinforce and add light on these experimental results, an intensive
ab initio study of the electronic properties of Ti-doped silicon was performed in
Ref. [192]. The aim was to explain, from theoretical methods, the origin of the
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donor level found by Oleaet al. and to clarify whether it could constitute an in-
termediate band. Density functional theory calculations predicted, in agreement
with experimental evidences, that the origin of the donor level could only be ex-
plained as due to interstitial Ti atoms. As a matter of fact, only interstitial Ti
can form a partially-filled intermediate band in silicon, asSi and Ti are isova-
lent1. The theoretical calculations of [192] explained the electric behavior found
in [14] as due to the presence of an IB formed by thet2 type manifold (see App.
D) of 3d electrons of Ti atoms placed in tetrahedral interstitial.

Even though the band gap of silicon is in principle too small for an efficient
intermediate band, Ti-implanted silicon samples have beenvery useful, for ex-
ample for proving that a high concentration of dopants can prevent non-radiative
recombination processes (see also Sec.1.2.1). It is expected that it will also allow
testing one of the firsts IB devices.

9.1 Computational aspects

Density functional theory calculations within the generalized gradient approx-
imation GGA have been carried out to obtain the matrix elements of equation
(4.12) in order to calculate subsequently the dielectric function.

The ground-state calculations for the matrix elements havebeen carried out
with the plane-wave codeVASP [123–125] (see also Sec.5) using the Perdew-
Wang 1991 functional [58,144] to treat the exchange-correlation potential.

Projector augmented waves pseudopotentials [126, 127] (Sec. 5.3.2) were
used to describe electron-ion interactions. The valence configurations used in
this work were: 3s23p2 for Si and 4s13d3 for Ti.

As it was determined in Ref. [192] that the interstitial Ti seems to cause the
experimental donor level found by [14], we will study the optical properties of
the interstitial situation for the relaxed structure of Ref. [192] with the concen-
tration closer to the experiment. This is the case of TiiSi216 which corresponds
to a 3×3×3 supercell of conventional Si8 cubic unit cell. This is equivalent to a
concentration of approximately 2×1020 cm−3.

For the better understanding of the optical properties in next section, Fig.9.1
(taken from Ref. [192]) shows the total and Ti-3d projected density of states of
TiiSi216 compared to that of bulk silicon.

1The 4 valence electrons of Ti would, in the substitutional configuration, replace thesp3 shell
of the substituted Si atom.
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It can be seen in Fig.9.1 that the spin upt2 triplet is clearly isolated from
the rest of the electronic levels. The energy difference between the valence and
conduction band related to the host semiconductor, coincides with the band gap
obtained in GGA for pure silicon (0.63 eV). This value is underestimated as ex-
pected from a GGA calculation. As we presented in Sec.5.4.1, a rigid shift must
be applied to the intermediate band and the conduction eigenvalues for the calcu-
lation of optical properties as in eq. (5.9). It can also be seen in Fig.9.1, that the
downt2 manifold is partially-filled and form the IB.

In order to obtain the optical properties of Ti-doped silicon, we part from the
relaxed structure of Ref. [192] and use this electronic structure as a starting point
for an RPA calculation. The optical behavior of the undoped and doped materials
was characterized by means of their absorption coefficient derived from the di-
electric function. The imaginary part of the latter was obtained by the sum over
independent transitions between Kohn-Sham states, without local field effects,
following the method described in Sec.4.5.1. TheOPTICS code [132,133] was
used to obtain the real and imaginary parts of the dielectricfunction.
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To get the fully converged frequency-dependent dielectricproperties, the en-
ergy cutoff established for the basis set was 245 eV and 250 empty bands were in-
cluded. The sampling used to describe the Brillouin zone wasΓ-centered 8×8×8
Monkhorst-Pack [193] for both TiiSi216 and pure silicon. This grid corresponds
to 35 k-points in the irreducible wedge of the Brillouin zone. A Methfessel-
Paxton first-order scheme [194] with 0.1 eV of smearing was chosen to extract
the occupations of one-particle levels.

As aGW calculation for a 216-atoms cell is computationally not affordable
for us, the shift proposed in Chapter8 was usedfor the intermediate and con-
duction bands of the compound with Ti. In this case, the rule of Chap. 8 places
the Fermi energy at an average distance of the conduction band of 0.22 eV. This
value is in agreement, at least in order of magnitude, with experimental values
found in Refs. [14] and [191]. This indicates that the shift proposed in Chap.8
can be reasonably apply for a Ti intermediate band in silicon, and therefore we
will use it for the determination of optical properties.

9.2 Optical properties

9.2.1 Pure silicon

In order to assess the validity of a theoretical method, a first calculation of a well
known material should be performed to detect the limitations of the theoretical
approach. In this case we have performed calculations of optical properties of
pure bulk silicon and compared them with known experimentalresults [195].

Figure9.2shows the absorption coefficient (eq. (4.18)) and reflectivity spec-
trum (eq. (4.19)) of silicon calculated at the RPA level. The full frequencyde-
pendence ofn(ω) andκ(ω) has been taken into account in those equations.

The agreement with the experiment is in the order of other RPAcalculations
for silicon in the literature (see, for example, [73,132,196–198]). The differences
are due to the neglect of many-body effects and continuum excitonic effects. For
RPA being the simplest approach for the calculation of optical properties, the
agreement with experiment is very satisfactory, especially in the case of the re-
flectivity.

It should be noticed that the theoretical curve forα [red solid line in Fig.
9.2(a)] goes to zero at 3 eV, while the experimental sample starts absorbing at
around 1.1 eV. This is the effect of the indirect character ofthe band gap of
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Figure 9.2: (a) Optical absorption coefficient and (b) reflectivity spectrum calculated
at the RPA level for pure silicon. The theoretical spectra are compared to experimental
results of Ref. [195].

silicon. As the indirect band gap of Si is 1.12 eV, the experimental spectrum
is non-zero from energies from 1.12 to 3 eV (3.4 eV being the direct band gap
of Si). Since the theoretical calculations performed in this thesis do not include
the effect of indirect transitions, the theoretical absorption onset happens at the
energy corresponding to the direct band gap.

9.2.2 Interstitial Ti in silicon. Effect of the intermediate band

The absorption coefficient of Ti-implanted Si is shown in Fig. 9.3 together with
that of bulk Si. The solar spectrum AM1.5G in arbitrary unitshas been included
as a solid shape in background to highlight the energy range where the new ab-
sorption appears. In both cases the above mentioned rigid shift has been applied
over the eigenvalues of the CB and the IB, in order to correct the GGA under-
estimation of the band gap. For bulk Si, we have seen in the last section, that
the spectra are in good agreement with experiments, but the contribution of indi-
rect transitions are not included in the calculation. Therefore, in the inset of Fig.
9.3, the experimental absorption coefficient for indirect transitions of Si (from
Ref. [195]) has been included in order to show the order of magnitude ofthese
transitions compare to the new transitions due to the Ti intermediate band. The
absorption of the TiiSi216 compound is enhanced, with respect to that of Si, in
the energy range below 3 eV, in which the main part of the solarspectrum is con-
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Figure 9.3: Optical absorption coefficient calculated for TiiSi216 and bulk-Si com-
pounds. The solar spectrum AM1.5G, from Ref. [199], in arb. units has been included as
a solid shape in background. Experimental result in the inset is from Ref. [195].

tained. Therefore,this material is indeed a candidate to demonstrate the working
principles of an intermediate-band solar cell.

Given the close relationship between the absorption coefficient and the imag-
inary part of the dielectric function2 (see eq. (4.18)), we can examine the role of
the IB in the absorption enhancement by means ofε2. As ε2 in RPA is a sim-
ple sum over independent transitions, we can separate it into the contributions of
transitions from the VB to the CB, from the VB to the IB and fromthe IB to the
CB (in a way similar to eq. (5.10)). In Fig. 9.4, the different contributions to the
imaginary part of the dielectric function can be seen. The picture representsε2ω
(instead ofε2 alone) asα is proportional toε2ω (eq. (4.18)) and to retain the units
of cm−1.

It can be seen from figure9.4, that the main contribution below 3 eV is re-
lated to the IB levels. Since the intermediate band is partially-filled, transitions
from occupied levels to empty levels of the IB may occur. Therefore a contri-
bution of transitions inside the intermediate band has beenadded to the figure

2They are proportional, whenn is assumed constant in the frequency range of interest.
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(IB→IB). Apart from these intraband transitions, which are not relevant for pho-
toconversion purposes,there is a peak centered at 0.35 eV resulting from elec-
tronic transitions from the spin down IB to the CB.A bigger and broader peak
appears centered at 1.4 eV. It is caused by the excitations from the up IB manifold
to the CB. The component originated by the transitions from VB to down IB is
modest throughout the studied range. Finally, a noticeablecontribution resulting
from low-energy transitions between VB and CB is observed (long-dashed green
line). This is produced by the small distortions in the CB states as a result of the
formation of the IB [192].

Experimental absorption coefficients of Ti implanted Si have not been con-
clusive so far. From the experimental point of view, other magnitudes apart from
the absorption coefficient may be of interest. Transmittance and absorptivity are
properties that are usually presented by experimentalists. They can be calculated
from the absorption coefficient and the thickness of the sample as explained in
Sec.4.2through equations (4.20) and (4.27).
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Figure 9.5:Transmittance and absorptivity calculated for TiiSi216, considering sample
thicknesses of the order of those in experimental Refs. [14,191].

Thicknesses from 40 to 200 nm of Ti-implanted material are used to repro-
duce the values assumed in the samples of [14]. In Fig. 9.5we can see the effect
on the absorptivity and transmittance of the width of the implanted layer.

The main difficulty for comparing these results with experiments is the fact
that indirect transitions are neglected. These transitions are three-particles pro-
cesses (in general, photon-phonon-electron) and therefore we can expect their
contribution to the absorption to be much lower than that of the direct ones. This
is in general true for direct band gap compounds and we assumeit is true for all
the other compounds in this thesis, since they all have direct (or almost direct)
band gaps. However, silicon has very different indirect (1.12 eV) and direct (3.4
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eV) band gaps and therefore in that region, indirect transitions are indeed impor-
tant. This means that neglecting them is not trivial, and in that region (1.12-3.4
eV), comparisons with experiments have to be done with caution.
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Intermediate-band derivatives of GaP

Apart from Si, studied in last chapter, there are other semiconductors which are
very well-known and can be used as host semiconductors for testing the IB so-
lar cell working principles. This is the case of III-V semiconductors, among
which, GaAs is currently widely used for photovoltaic applications, especially for
those under concentrated light. It has a high absorptivity and requires thicknesses
smaller than Si to absorb sunlight. As it is less sensitive toheat than silicon, it is
more adequate for solar cells under concentration. However, GaAs has a direct
band gap of 1.42 eV, which is much lower than the ideal for intermediate-band
materials.

Another semiconductor with characteristics similar to those of GaAs, but with
a much better band gap, is GaP. Its 2.26 eV indirect band gap istoo large for
conventional solar cells, but it is ideal for the performance of an IB solar cell.

Transition-metal impurities [190] and their possibility to form an IB [19–
22, 172, 200] in GaAs and GaP have been deeply studied in the las few years.
In addition to the photovoltaic applications of these materials, they are very
promising for developing new kind of devices with applications in spintronic
[190, 201–204], due to the magnetic behavior of diluted magnetic semiconduc-
tors. In this thesis, we will not study magnetic properties of IB materials, as the
work is focused on understanding optical properties of these compounds.

A thermodynamics-based study on the feasibility of experimentally preparing
Ti-doped GaAs and GaP, made by computingab initio total energies with DFT
and estimating entropic contributions from disorder and lattice vibrations to the
free energy of the system, were carried out in Ref. [22]. The calculations pre-
dicted that the formation of these materials from binary compounds implies an
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     P
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Figure 10.1:Zincblende structure of GaP.

increase in total energy. However, this increase is not larger than that predicted
for Mn-substituted GaAs, which has been experimentally obtained [33,202,204].
Therefore, one can expect that preparing Ti-substituted GaAs and GaP would be
at least feasible. At present, there are some experimental groups trying to grow
these materials. The substitution of TM for As or P was ruled out for stability
reasons [172].

In this chapter we will focus on intermediate-band derivatives of GaP. We will
first give an introduction about the optical properties of the pure semiconductor,
and then we will study the effect of Ti and Cr concentration inGaP, as materials
proposed for efficient intermediate-band applications.

10.1 Computational aspects

III-V semiconductors crystallize in the zincblende structure: the two atom types
form two interpenetrating face-centered cubic (FCC) lattices, as in Fig.10.1.

The ground-state calculations in this chapter have been carried out within
GGA, with theVASP code, using the Perdew-Wang 1991 functional and projector
augmented waves pseudopotentials. The valence configurations used were: Ga:
4s24p1, P: 3s23p3, Cr: 4s13d5 and Ti: 4s13d3. The 3d electrons of Ga have not
been included in the valence, as it has been seen that this is agood approximation
for GaAs and GaP [190].

The supercell size considered in our calculation for the IB materials was 64-
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atoms cells, which corresponds to a 2×2×2 supercell of the conventional 8-atoms
cell of GaP. In the supercells, 1 or 2 atoms of Ti or Cr substitute for Ga, giving
rise to stoichiometry Ga30P32M2 and Ga31P32M (M=Ti,Cr). In the cases of two
transition metals in the cell, the two atoms have been substituted as far as possible
from one another. Nevertheless, it has been shown that the IBis formed for
several other configurations [21].

In all cases, ion positions and cell parameters have been fully relaxed. We
have found a lattice parameter of 5.53Å for pure GaP. This value should be
compared to the experimental value 5.45Å. The theoretical lattice parameter
agrees with the experimental one, except for a slight overestimation typical of
GGA calculations [205]. After the substitution with the transition metals, the
relaxed lattice parameter were slightly modified (of the order of thousandths of
anÅ) with respect to that of the host semiconductor.

The GGA band gap for GaP was found as indirect and with a value of 1.60
eV, whereas the experimental one is 2.26 eV. Therefore, a shift of 0.66 eV will be
applied to the conduction eigenvalues for the calculation of its optical properties.
For the intermediate-band derivatives, the shifts of equation (5.10) are chosen
according to conclusions of Chap.8. Intermediate band and conduction band
are shifted the same amount than the CB of the host semiconductor, as we have
seen that high conduction states of the host semiconductor are not affected by
the presence of the transition metal due to the small concentration of this latter.
Another confirmation of the goodness of this approximation is that a peak that is
characteristic of the host semiconductor (see peak at approximately 5 eV in Fig.
10.2) is placed at the same position in the case of the shifted intermediate-band
materials.

The optical properties were finally obtained within the RPA,using theOPTICS

code. To fully converge the frequency-dependent dielectric function, the energy

cutoff atoms empty Monkhorst-Pack k-points
(eV) bands (IBZ)

GaP 270 2 56 20×20×20 770
Ga32−xP32Mx 270 64 172 12×12×12 56

Table 10.1:Energy cutoff, number of atoms in the unit cell, number of empty bands,
k-points Monkhorst-Pack sampling and number ofk-points in the IBZ used for the cal-
culation of optical properties.x = 1, 2 andM =Ti,Cr.
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cutoff established for the basis set, the number of atoms used to construct the
unit cell, the number of empty bands, thek-points Monkhorst-Pack sampling
needed and the number ofk-points in the irreducible Brillouin zone (IBZ) are
summarized in Table10.1.

10.2 Optical properties of GaP host semiconductor

Following the procedure described in last section, we have obtained the optical
properties of the host semiconductor GaP and compared them with experimen-
tal results in order to assess the validity of the method. Figure 10.2 represents
the RPA absorption coefficient and the reflectivity spectrumof GaP compared to
experimental results from Ref. [195].

The agreement with the experiment is in the order of other RPAcalculations
for GaP in the literature (see, for example, [197]) and for other III-V semicon-
ductors (e.g., [73,132,196–198]). The main differences are known to be owing
to the neglect of many-body and excitonic effects.
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Figure 10.2:(a) Optical absorption coefficient and (b) reflectivity spectrum calculated
at the RPA level for the semiconductor GaP. The theoretical spectra are compared to
experimental results of Ref. [195].
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10.3 Optical properties of GaP-based intermediate-
band materials

The electronic ground-state properties found for the substituted materials (see
densities of states in Figs.10.3and10.4) were in good agreement with previous
works [21, 172]. For the calculation of the optical properties, due to the under-
estimation of the band gap in DFT, we have applied the rigid shift explained in
Sec.10.1. In Table10.2, the resulting band gaps (see Fig.8.1) after the shift are
gathered together. Averaged band gaps between the Fermi level and the conduc-
tion band (̄EFC

g ) and between the valence band and the Fermi level (ĒV F
g ) are

shown in the table for comparison with the optimum position of the intermediate
band predicted in Ref. [1]: around 0.7 eV(i.e., about 37% of the total band gap)
separated from one of the bands (valence or conduction indistinctly) and around
1.2 eV(63%)from the other.

Compound ĒV F
g ĒFCh

g

Ga31P32Ti 1.86(75%) 0.61(25%)
Ga30P32Ti2 1.93(77%) 0.58(23%)
Ga31P32Cr 1.53(54%) 1.30(46%)
Ga30P32Cr2 1.47(51%) 1.44(49%)

Table 10.2:Resulting averaged band gaps (in eV) of GaP derivatives after the shift.
Numbers in brackets indicate the percentage with respect tothe total spin-up band gap,
Ēup

g , (see Fig.8.1).

Values displayed in the table are always spin-up values, as they refer to the
spin-up partially-filled intermediate band. It should be noticed that the sum
ĒV F

g + ĒFC
g is not necessarily equal in all cases, as the bottom conduction band

is usually affected by the transition metal (see densities of states in Figs.10.3
and10.4). In the case of Cr, the occupied spin-upe states distort the top of the
valence band instead of the bottom of the CB, affecting the final value of the band
gap as well.In addition, we saw in Chapter8, that this distortion highly depends
on the concentration of TM.

For Cr compound, values of Table10.2, are in qualitative agreement with
Ref. [190], where the Cr IB is almost centered in the band gap, this factsupporting
as well, the use of the shift proposed in Chap.8. The position of the IB thus
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Figure 10.3:Absorption coefficient and electronic density of states of Ti-substituted GaP
at two concentrations of Ti. Black vertical lines indicate the Fermi energy.

predicted is close, in terms of percentages, to the ideal position predicted in [1].
Both band gaps,̄EV F

g and ĒFC
g are higher than the optimum ones, but this is

because the host semiconductor has a band gap slightly higher than that assumed
in [1] and because these are averaged band gaps.

The electronic ground-states are represented in the right panels of Figs.10.3
and10.4. On the left panels we have represented the absorption coefficient of the
different materials and concentrations compared with thatof the host semicon-
ductor.

As explained in App.D, for transition metals, the tetrahedral coordination
implies a splitting of the 3d states so that the two-levels manifolde has lower
energy than thet2 manifold. If we look at the densities of states of Fig.10.3we
can see that the formation of the partially-filled intermediate band happens for
spin-up states and it corresponds to thee manifold of Ti.

Let us now focus on Cr-substituted GaP. It can be seen in the densities of
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Figure 10.4:Absorption coefficient and electronic density of states of Cr-substituted
GaP at two concentrations of Cr. Black vertical lines indicate the Fermi energy.

states of Fig.10.4 that the Cr intermediate band appears for spin-up states as
well, but in this case, thet2 states are those responsible for the formation of the
IB.

In the left parts of Figs.10.3and10.4we can see how the insertion of the
transition metal increases the absorption in the main rangeof the solar emission
spectrum.

The chromium intermediate band implies higher extra absorption below the
band gap of the host semiconductor GaP. This can be explainedas due to thet2
character of the Cr IB compared to thee Ti IB, as the first one contains three
states, and the latter, only two states. This means that moretransitions can occur
from VB to IB and from IB to CB in the compound with Cr.

In order to specify the role of the intermediate band in the new enhanced
absorption, we have separated the absorption coefficient into the partial contri-
butions of the different transitions. We have done that, as for Si in last chapter,



148 Chapter 10

 0

 10

 20

 30

 40

 50

 60

 70

 0  0.5  1  1.5  2  2.5  3  3.5  4

ω
  ε

2 
  (

10
3  c

m
-1

)
E (eV)

Ga30P32Ti2
VB→CB
IB→CB
VB→IB
IB→IB

 0

 10

 20

 30

 40

 50

 60

 70

 0  0.5  1  1.5  2  2.5  3  3.5  4

ω
  ε

2 
  (

10
3  c

m
-1

)

E (eV)

Ga31P32Ti
VB→CB
IB→CB
VB→IB
IB→IB

Figure 10.5:Partial contributions to the absorption coefficient of Ti-substituted GaP at
two concentrations of Ti.

by means ofε2ω in Figs. 10.5and10.6. We can also see that the concentration
affects principally the intensity of the peaks due to the IB,but not much their
position. While for the Ti compounds the main contribution below the onset of
transitions VB→CB is due to transitions IB→CB (peak around 1.4 eV in Fig.
10.5), the opposite situation appears for the Cr compounds. In this latter case,
the main peaks below the band gap absorption are due to transitions VB→IB
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(long-dashed green lines in Fig.10.6).
It should also be noticed that the other transition (i.e., VB→IB for Ti and

IB→CB for Cr) is not dominant in any of the energy ranges. Therefore they
will compete with other transitions of greater or equal probability. Let us see
this fact with an example: in the case of Ga31P32Cr (left part of Fig. 10.6), the
IB→CB transition has a peak centered at about 2.5 eV. In that region, transitions
VB→IB and VB→CB are much more probable. Many electrons can be promoted
from VB to IB, as that transition has no competition up to higher than 2.5 eV,
but in order to create electron-hole pairs between VB and CB,the same rate of
promoted electrons from IB to CB should occur. Looking at thefigure, it seems
this is not the case, as photons able to promote electrons from IB to CB will
have more probability of promoting the electron from VB to CBor from VB to
IB. In practice, this effect may not be so significant, as the absorption process
is dynamic, and the population of the IB is continuously changing, affecting the
total rates of absorption.

In order to compare with possible future experiments, we have calculated the
reflectivityR of the IB materials and their refractive indexn. We have used the
cells with the higher concentration of the TM for which the effects are larger and
more easily seen. In Fig.10.7 we can see that the main differences with the
host semiconductor are in the range corresponding to transitions inside the IB.
The behavior ofR andn in that range comes from the metallic character of the
intermediate band.
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Another factor to assess which of the two transition-metal substituents is bet-
ter for absorption is the factor given by the integral of the product ofα(ω) and
the solar spectrumI(ω):

F =

∫ ∞

0

α(ω)I(ω)dω (10.1)

The values of this factor are summarized in Table10.3and they can be in-
terpreted as an efficiency of the absorption of sun’s light, which is an additional
parameter that is taken into account to determine the most suitable transition-
metal substituent.

GaP Ga31P32Ti Ga30P32Ti2 Ga31P32Cr Ga30P32Cr2
2328 2820 3790 3170 4122

Table 10.3:Area of the product ofα(ω) and the solar spectrumI(ω) (in arb. units).

According to the table, Cr would be more adequate to implement an efficient
intermediate band material based in GaP. Nevertheless, recombination, thermo-
dynamic stability, and other experimental parameters could modify this decision
toward Ti. We can also extract from the table, that the comparison of this factor
is not fair among intermediate-band compounds with different concentrations of
the transition metal. A higher concentration will imply a wider IB, giving rise to
higher absorption coefficients and thus, higherF factor.
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Chalcopyrite derivatives

In Chapter6, we introduced the chalcopyrite family of materials and in partic-
ular CuGaS2 and its intermediate-band derivative Cu4CrGa3S8. Following the
same method of Chapters9 and10 for the calculation of optical properties, but
starting from the semiconductor CuGaS2, we have obtained the optical proper-
ties of two intermediate-band compounds derived from this chalcopyrite: Ti- and
Cr-substituted CuGaS2.

The main purpose of the present chapter is to apply what we know from Chap.
6 about electronic properties of chalcopyrite compounds to the prediction of op-
tical properties and to compare in detail the two more promising transition-metal
substituents (Ti, Cr) of Ga in CuGaS2.

As a reminder, CuGaS2 has a band gap of about 2.5 eV [156,158,206] which
is wide enough to accommodate an isolated narrow intermediate band. The chal-
copyrite structure of this semiconductor was presented in Fig. 6.1. As we know
from Sec.6.2.2that the structural parameters in chalcopyrites largely affect their
electronic properties, we will relax the structures in all cases, and thus use the
theoretical structure for the calculation of optical properties.

11.1 Computational details

Optical absorption and dielectric properties of Ti- and Cr-substituted CuGaS2 are
obtained by RPA calculations. Both studied alloys have a transition-metal con-
centration level of 12.5%, with stoichiometry Cu4MGa3S8 (M=Ti,Cr), as that
studied in Chap.6. For the ground state, the cells were fully structurally andelec-
tronically relaxed [23], as we have seen that the structural parameters are critical
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in chalcopyrites [162–165], playing an important role on the electronic proper-
ties of these compounds. Cell geometry, lattice parameters, and internal anion
distortion, were determined theoretically by minimization of the forces and the
total energy, finding good agreement both with experimentaland other theoretical
results. The tolerance for atomic forces in both relaxations was 0.01 eV/̊A.

The electronic ground state of each material was calculatedwith the plane-
wave codeVASP, using spin-polarized density functional theory in the general-
ized gradient approximation with the Perdew-Wang 1991 functional.

We obtained the dielectric and optical properties using Fermi’s golden rule,
as implemented in theOPTIC code, using PAW pseudopotentials and neglecting
local-field effects.

The real part of the dielectric function and other optical properties were ob-
tained as presented in Sections4.1 and 4.2. To get a converged frequency-
dependent dielectric tensor, the Brillouin zone was sampled using a 12×12×12
Monkhorst-Pack grid including theΓ-point and 160 empty bands were needed.

The use of PAW pseudopotentials allows for a reduction of thenumber of
plane-waves required for the calculations, giving the sameaccuracy, which is
very significant in cases like ours with localized (d) electrons. The valence con-
figurations used in this work were: 3d104s1 for Cu; 4s24p1 for Ga; 3s23p4 for S;
3d24s2 for Ti and 3d54s1 for Cr.

In contrast to the deep study of the dielectric function of CuGaS2 that we
performed in Sec.6.2.4to validate the different methods of calculation of optical
properties and quantify the errors expected for them, here,we will use only RPA
for a fair comparison with the substituted compounds. In that section, we proved
that RPA was able to predict the adequate features for the dielectric function of
CuGaS2.

The calculated GGA band gap of CuGaS2 was 0.68 eV, as compared to the
experimental value of 2.5 eV. This is not surprising becauseof the DFT underes-
timation of band gaps. To overcome this problem, ascissoroperator of 1.82 eV
is applied to adjust the band gap from our calculation to match the experimental
value.

The results of CuGaS2 will be used to compare with Cu4MGa3S8 spectra and
to confirm the increase of the absorption of low-energy photons on which the
intermediate-band concept is based.
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11.2 Absorption in chalcopyrite intermediate-band
compounds

As a reference to understand the optical spectra presented in this section, Fig.
11.1shows the effect of the insertion of Ti and Cr in CuGaS2. For both cases,
spin-downd states are all empty and form localized states close to the conduction
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Figure 11.1:Total (solid line) and transition-metal projected (dottedline) densities of
states (DOS) of (a) CuGaS2, (b) Cu4TiGa3S8 and (c) Cu4CrGa3S8 (up and down spins),
aligned at the valence band maximum. Black vertical lines indicate the Fermi energy.
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band. For Ti, a spin-upehalf-filled intermediate band appears, whereas the empty
t2 hybridize with the conduction band [23–25]. In the case of Cr, the partially-
filled IB is formed byt2 states, while the totally occupiede states hybridize with
the top of the valence band.

Due to the underestimation of the band gap in DFT, a correction in agreement
with conclusions of Chap.8 was applied to the intermediate and conduction
bands, by identifying states of the host semiconductor thatare almost unchanged
by the presence of the substituent.

In Table11.1, the averaged band gaps resulting from application of the shift
of Chap.8 are gathered together.

Compound ĒV F
g ĒFCh

g

Cu4TiGa3S8 2.94(82%) 0.64(18%)
Cu4CrGa3S8 1.41(45%) 1.74(55%)

Table 11.1:Resulting averaged band gaps (in eV) of CuGaS2 derivatives after the shift.
Numbers in brackets indicate the percentage with respect tothe total spin-up band gap,
Ēup

g , (see Fig.8.1).

As we mentioned in the last chapter, the sumĒV F
g +ĒFC

g does not necessarily
have to equal in the two cases, as the transition metal distorts the top of the
valence band or the bottom of the conduction band.

The position of the intermediate band inside the band gap is certainly an im-
portant factor to be taken into consideration.In the case of the Cr as substituent,
the intermediate band is better situated inside the band gap, according to the op-
timum percentages predicted in Ref. [1]. In the case of Ti, the IB is, in principle,
too close to the conduction band.

Since we performed self-consistentGW calculations for Cu4CrGa3S8 in Chap-
ter 6, we can use those calculations to validate the use of ascissorfor IB com-
pounds of the form proposed in Chap.8. In the same way we did for the pure
semiconductor in Fig.6.9, we can compare the RPA spectrum of Cu4CrGa3S8

using as eigenvalues:(i) shifted GGA eigenvalues following Table11.1, (ii) a
double shift adjusting band gaps VB→IB and IB→CB to theirGW values,(iii)
a multiple scissorwhere every band is shifted to its averagedGW position (av-
erage of allk-points) and(iv) reading directlyGW eigenvalues. It can be thus
quantified, in Fig.11.2, the error we are making when assuming the rigid shift



Chalcopyrite derivatives 155

proposed in Chapter8 (dashed-green line) for the calculation of optical proper-
ties of IB materials instead of using the realGW eigenvalues (solid-black line).
From comparison of the dotted-dashed red line with the solid-black line, we can
see that assuming thatGW corrections arek-point independent is a very good
approximation, as both curves are very similar. Finally, from the comparison
between dotted-blue line and dotted-dashed red line, we have highlighted how
reliable it is to use a double shift (for IB and CB) instead of adifferent shift for
each state.

Although there are certain differences between the spectraobtained withGW
eigenvalues and that obtained with the shift of Table11.1, the four spectra share
similar features and intensities and are qualitatively similar. At present, asGW
calculations are prohibitive for most of IB materials, RPA with the shift proposed
in Chapter8 is the most advanced approach for the calculation of opticalprop-
erties of IB materials that is computationally feasible in general. Since the aim
of this part of the thesis is tomap the optical properties of the most promising
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IB candidates, this method allows us to obtain qualitatively correct spectra for IB
materials.

Let us now focus on the total absorption coefficients obtained for the al-
loys Cu4MGa3S8. In Fig. 11.3, we show the RPA absorption coefficients of
Cu4TiGa3S8 and Cu4CrGa3S8. The spectrum of CuGaS2 is used here as a refer-
ence for the absorptions of the transition-metal alloys. The AM1.5G solar spec-
trum from Ref. [199] is shown in arbitrary units as a background to prove that
the enhancement in the absorption due to the intermediate band appears mainly
in the most intense part of the spectrum.

In the case of Cu4CrGa3S8, a broad peak covers the region of energies be-
tween 1.1 and 2.5 eV. This peak is much more intense than the peaks of the
compound with Ti.

In order to reveal the precise effect of the partially-filledtransition-metal band
on the optical spectra, we have carried out calculations to analyze the character
of the transitions contributing to the main peaks of the spectra in Fig.11.3. We
explain those peaks by means of the imaginary part of the dielectric function of
the two compounds.
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Partial contributions of the different characteristic transitions of these materials.

Results for Ti substituting a Ga atom in the unit cell are shown in Fig.11.4(a).
For all intermediate-band materials, the first peak in the absorption is due to tran-
sitions between different states of the IB. These transitions contribute indirectly
to the overall dynamic process of absorption [207], but they are not used in the
generation of photocurrent in the cell. This is because one requirement of the in-
termediate band is to be isolated from the contacts of the cell. Thus, the creation
of electron-hole pairs in the IB will not directly increase the photocurrent of the
device.

Figure 11.4(a) helps us understand all the major features in the spectrum
of Cu4TiGa3S8. We can now explain the character of the main peaks seen in
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Fig.11.3. The first one (centered at 1 eV) is principally due to transitions between
the intermediate band and the conduction band and thus having onset at around
0.3 eV. The second peak, at 2.3 eV is mainly due to transitionsbetween the va-
lence and the intermediate band, but in the same region, absorption VB→CB is
not negligible.

In analogy with the interpretation for the Ti, results for the Cr-alloy are shown
in Fig. 11.4(b). The major low energy contribution in this case appearsfrom
around 1.1 to 2.5 eV,this broad peak is due to transitions between VB and IB.
The main contribution of transitions from the intermediateto the conduction band
happens at energies higher than the solar emission, being not so relevant for the
photovoltaic process. Besides, those transitions are lessfavored than those from
the valence to the intermediate band, while, in the ideal case, they should occur
at approximately the same rate in order to contribute efficiently to the generation
of electron-hole pairs with effect on the performance of thecell.

The case of Cr, Fig.11.4(b), has the same disadvantage, at first sight, of
the derivatives of GaP semiconductors in last chapter: one of the two transitions
involving the IB (IB→CB in this case) is not dominant in any energy range.In the
case of Ti, it is the other transition, VB→IB, the one that is not clearly dominant
in any range.

The main absorption peak in the spectrum of Cu4CrGa3S8 is much more in-
tense than that of Ti, as we mentioned above. Therefore,we will expect Cr to
be a better substituent in CuGaS2 in terms of absorption. This fact can also be
seen throughthe factor given by the integral of the product ofα(ω) and the solar
spectrumI(ω) (see eq. (10.1)). The values of this factor are summarized in Table
11.2.

From the table,it seems clear that Cr will be better transition-metal sub-
stituent, because of the higher intensity of the peak VB→IB. However, only ex-
perimental tests of the working principles of a solar cell based on these materials
could determine which of the two cases is more favorable for photoconversion.

CuGaS2 Cu4TiGa3S8 Cu4CrGa3S8

1000 4994 6035

Table 11.2:Area of the product ofα(ω) and the solar spectrumI(ω) (in arb. units).
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11.3 Effect of the thickness of the absorber on the
optical properties

In the quest for an efficient photovoltaic material, its reflectivity plays also an im-
portant role. When combined with the absorption coefficient, it allows us to study,
among other properties, refractive indexes, extinction coefficients, transmittances
and absorptivities. The reflectivity spectra in Fig.11.5show a very different be-
havior between the two substituted compounds compared to the semiconductor,
especially at low energies. We consider this result can be interesting for the ex-
perimentalists with a view to the growth process of the intermediate-band alloys.

Making use of the reflectivityR and the absorption coefficientα, the transmit-
tance and absorptivity of the two IB compounds was studied, through relations
(4.20) and (4.27) (up to ordern = 2), as a function of the thickness of the sample.
As these materials are expected to be grown as thin films, the importance of this
parameter will be highlighted. The thicknessesw were chosen of the order of
typical widths of chalcopyrite absorbers in thin-film solarcells.

As shown in Fig.11.6, the typical thicknesses of absorbers in thin-film solar
cells (1.5 to 2µm) are sufficient to make Cu4TiGa3S8 absorb more than 80% of
the light allowed by its absorption coefficient. For Cr, in Fig. 11.7, 1.5µm will
be enough to absorb almost 100%.

Therefore, not many photons are wasted due to the finite widthof the ab-
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sorber. In view of these results, the IB materials could be grown as thin films
(as CuGaS2 host semiconductor) for a better efficiency-cost compromise for a
potential solar cell.

In conclusion, due to the advantages and disadvantages of Cu4TiGa3S8 and
Cu4CrGa3S8 as IB materials, we do not rule out any of them for efficient IB
photovoltaic applications.However, from results of this chapter, Cu4CrGa3S8

can be considered the best chalcopyrite IB candidate.Experimental preparations
of these materials have been initiated and we believe that this work will help in
the interpretation and understanding of future experiments.
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In conclusion, due to the advantages and disadvantages of Cu4TiGa3S8 and
Cu4CrGa3S8 as IB materials, we do not rule out any of them for efficient IB
photovoltaic applications. However, from results of this chapter, Cu4CrGa3S8

can be considered the best chalcopyrite IB candidate. Experimental preparations
of these materials have been initiated and we believe that this work will help in
the interpretation and understanding of future experiments.
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Inverse MgIn2S4 and direct CdIn2S4
thiospinels and their

intermediate-band derivatives

Unlike materials in previous chapters, in which transitionmetals substituted for
Ga at tetrahedral sites, in this chapter and the following, transition metals will
substitute for In atoms at octahedral sites, which is, in principle, a situation ther-
modynamically more favorable.

An introduction to spinel compounds was given in Chap.7. In that case
we studied the degree of inversion of spinel MgIn2S4. As we mentioned then,
this compound, in nature has a degree of inversionx very small, making it be an
almost inverse spinel. In this chapter we will study not onlyMgIn2S4 but also an
spinel with very similar characteristics: CdIn2S4.

The accepted value of the degree of inversionx for CdIn2S4 is 0.80 (practi-
cally direct) [208]. Therefore, in this chapter we will study, the direct structure
(see Fig.7.1) for CdIn2S4 and the inverse one for MgIn2S4, which are the closest
to the experiments.

CdIn2S4 has a direct band gap widely varying in the literature: it ranges from
2.35 to 2.62 eV. As in the case of the Mg-spinel, there is also some controversy
as to whether this gap is direct [179,209] or indirect [210–212]. Let us remember
that the band gap of MgIn2S4 ranges from 2.1 to 2.28 eV. These band gaps make
both thiospinels be photoactive in the visible region of thespectrum and thus they
are currently used for optoelectronic applications as photoconductors.

We will analyze and compare the optical properties of the twothiospinels.
The electronic properties of these semiconductors will be presented and, to better



164 Chapter 12

understand the origin of their band gap, an analysis of the band character will be
carried out. Then, as in the case of the Mg spinel in Chapter7, we will proceed
to the substitution of In atoms by transition metals such as Vand Ti. These
substituents have been chosen among other transition metals because theirt2g
states (see App.D) form an isolated partially-filled band inside the band gap.

12.1 Computational aspects

The electronic ground state of each material was calculatedwith spin-polarized
density functional theory within GGA, with the Perdew-Wang1991 functional,
using the plane-wave codeVASP. PAW pseudopotentials were used to describe
electron-ion interactions. The valence configurations used were: 3s2 for Mg;
5s24d10 for Cd; 5s25p1 for In; 3s23p4 for S; 4s13d3 for Ti; and 4s13d4 for V.

In all cases, the cells and ions were fully relaxed with a tolerance for atomic
forces of 0.01 eV/̊A. We have found for CdIn2S4, a lattice parameter ofa=11.014
Å (the experimental value is 10.838Å [213]). Insertion of Ti reduces this value to
10.918Å, and V to 10.867Å. In the three cases, the value of the anion distortion
u is 0.384 (0.386 is found experimentally [214]). For pure CdIn2S4, relaxed
lattice parameter is slightly overestimated with respect to the experimental one.
However, the error is within an order of magnitude of usual GGA calculations
[205]. The lattice parameters of both substituted alloys decrease with respect to
that of the host semiconductor. This is due to the fact that Tiand V atoms are
smaller than In, and so theM-S distances are shorter than those of In-S in the
pure compound.

For MgIn2S4 a GGA lattice parameter of 10.869̊A is found, whereas the
insertion of Ti and V reduces it to 10.769̊A and 10.741Å respectively. These
quantities are larger than experiment and larger than the LDA values in Table7.3,
as expected for a GGA calculation.

Concerning the optical properties, we have obtained the imaginary part of the
dielectric tensor as a sum over independent Kohn-Sham transitions. The local-
field effects are neglected.

To get converged electronic properties and a frequency-dependent dielectric
tensor, a 280 eV energy cutoff was used for the basis set, and the following grids
were needed to sample the Brillouin zone: MgIn2S4: 10×10×10; Mg2TiIn3S8

and Mg2VIn3S8: 8×8×8; CdIn2S4: 16×16×16; Cd2TiIn3S8 and Cd2VIn3S8:
10×10×10. All grids including theΓ-point.
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For both families, the pure semiconductors need morek-points than their
corresponding intermediate-band derivatives. This is because the dependence of
the bottom conduction band, with thek-points aroundΓ, is more pronounced for
the pure compounds. Thus, we need morek-points to accurately sample it. For
the three compounds with Mg, around 35 empty bands were needed to obtain
convergence in the range of photon energies from 0 to 5 eV, whereas for the
compounds with Cd we needed 45 empty bands.

12.2 Pure host semiconductors

12.2.1 Electronic properties

GGA results of electronic properties of MgIn2S4, are practically equal to those
obtained with LDA in Chap.7. Except small differences in the gaps, typical of
comparisons between LDA and GGA.

For the pure semiconductors, the GGA band gaps were found to be 0.90 eV
for inverse MgIn2S4 (it was previously obtained elsewhere [34] only for the direct
spinel structure as 1.65 eV) and 1.05 eV for CdIn2S4. The first one was predicted
as direct, in agreement with the work of Ruiz-Fuerteset al. [179] and with the
LDA result of Chapter7. The gap of the Cd-compound was obtained as indirect,
in agreement with predictions by other authors [210–212], and we found the top
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Figure 12.1:Projection of the band diagram of CdIn2S4, where the circles size is pro-
portional to the orbital projections of the (a) In 5s, (b) Cd 5s and (c) S 3p states divided
by the number of atoms of each species. The contribution of other orbitals is compara-
tively negligible in this energy range. As a guide to the eye,the band diagram containing
all the states is represented as a thin green line.
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of the valence band along the X-W direction (see Fig.12.1). The fact that the
difference between the direct (1.16 eV) and indirect band gaps is so small (0.11
eV in our calculation) may be responsible for the controversy between different
authors [179, 209–212]. These band-gap results should be compared to exper-
imental values: 2.1-2.28 eV for MgIn2S4 and 2.0-2.2 eV, which are the values
reported for the indirect band gap of CdIn2S4. In any case, our GGA gaps are un-
derestimated, as expected from a DFT approach (see, e.g., [215] and references
therein). This will make it necessary to shift the excited states, in order to obtain
appropriate optical spectra.

Owing to a lack of results of the band structures of Mg [180] and Cd [210,
216, 217] spinels, a deeper study into the character of the bands and the origin
of the gap is valuable. In Figs.12.1and12.2we have represented the complete
band diagram of CdIn2S4 and MgIn2S4 respectively, as a thin dashed green line.
On it, we have plotted circles with sizes proportional to theorbital projections of
the In 5s, Cd 5s (or Mg 3s) and S3p states divided by the number of atoms of
each species. For CdIn2S4, we find that the topmost valence band (see Fig.12.1)
has mainly S3p character, and the lowest conduction band is formed by mostly
In 5sand Cd5sstates. This indicates that the value of the band gap is determined
mainly by the In-Cd interaction, because the dispersion of the bottom conduction
band depends on this interaction. This is in agreement with Ref. [179], where
conclusions have been extrapolated from the spinel CdIn2O4. However, these
results cannot be extrapolated for the Mg-spinel because, as can be seen in Fig.
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12.2, the top valence band still has mainly S3p character, but there is almost no
contribution from the Mg states to the bottom of the conduction band, which is
formed mainly by In.

12.2.2 Optical properties

Due to the DFT underestimation of the band gaps, a correctionto the conduction
band will be necessary for the proper determination of the optical properties. Us-
ing values 2.28 eV and 2.2 eV for the experimental gaps of MgIn2S4 and CdIn2S4

respectively, we used rigid shifts of 1.38 eV and 1.15 eV for their conduction band
eigenvalues.

First of all, the absorption coefficient and reflectivity of the host semiconduc-
tors were computed to be used as a reference for the substituted materials, and
they are displayed in Fig.12.3.

These optical properties were compared with the few available experimental
results in the literature [177–179,212,218,219]. There is a lack of a complete de-
scription of the optical properties of these compounds, as most of optical studies
cited focus on the absorption edge and not on overall spectrain the visible range.

In the case of CdIn2S4, when a larger energy range has been studied in the
literature [218], results are highly dependent on the sample because of the very
different qualities of the reflecting surfaces. This is one of the reasons why our
reflectivity spectrum is higher in intensity than those of the experiments. In spite

 0

 400

 800

 1200

 1600

 2000

 0  1  2  3  4  5  6  7  8

α 
(1

03  c
m

-1
)

E (eV)

MgIn2S4
CdIn2S4

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.45

 0.5

 0  1  2  3  4  5  6  7  8

re
fle

ct
iv

ity

E (eV)

MgIn2S4
CdIn2S4

(a) (b)

Figure 12.3:(a) Absorption coefficient and (b) reflectivity of the two host semiconduc-
tors.
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n (GGA) n (gap-corrected GGA) n (experimental)
MgIn2S4 2.906 2.592 2.41 [182]
CdIn2S4 2.893 2.634 2.55 [220]

Table 12.1:Calculated and experimental refractive index n of the two spinel host semi-
conductors.

of this fact, the main features of our calculations [peaks around 5.5 and 7.5 eV
in Fig. 12.3(b)] agree in energy with those peaks found experimentally in Ref.
[218]. Grilli et al.[219] also presented spectra in a wider range (2-10 eV). In that
case, except small differences in the intensities due to thereflecting surface of the
experiment and the use of RPA, the main features in our spectra agree very well
with them.

For the Mg compound, one of the very few available experimental optical
results is the refractive index [182]. The corrected−band-gap value agrees better
with the experiment, within the typical precision of DFT, ascan be seen in Table
12.1.

12.3 Intermediate-band materials

12.3.1 Electronic properties

As for the host semiconductor, electronic structures foundwith GGA for the com-
pounds with Mg, agree very well with those obtained with LDA in Chap.7. Even
though electronic structure of V-derivative of MgIn2S4 is now familiar to us from
Chapter7, it is displayed in Fig.12.4for comparison with CdIn2S4 to show the
similarities of these compounds.

Figures12.4(a) and12.4(b) show the resulting density of states before and
after the insertion of the transition metal. The projectionon the transition-metal
states is also displayed. The electronic structure of the substituted alloys presents
a spin-polarized partially-filled intermediate band formed by the majority-spint2g
states, whereas theeg and minority-spind-states appear highly hybridized with
the conduction band. Top panels of12.4(a) and12.4(b) represent the electronic
structure of the two parent semiconductors, for comparisonwith their derivatives.

Middle panels of figures12.4(a) and12.4(b) show the effect of Ti substi-
tution. In both cases, due to the similar electronic structure of the two parent
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Figure 12.4:Total (solid line) and transition-metal projected (dottedline) densities of
states (DOS) of (a) MgIn2S4 derivatives and (b) CdIn2S4 derivatives (up and down spins),
aligned at the valence band maximum. Black vertical lines indicate the Fermi energy.

semiconductors, the resulting intermediate band is similar in width and position.
The main difference is due to the fact that the MgIn2S4 pure semiconductor has a
slightly smaller GGA band gap (0.90 eV) than CdIn2S4 (1.05 eV). Thus, the in-
termediate band in the case of Mg2TiIn3S8, slightly overlaps with the conduction
band but only atΓ-point with the conduction band.

If we now focus on the compounds with vanadium (see bottom panels of Fig.
12.4), they also share similar features. However, in this case the main difference
is that, for Cd2VIn3S8, the IB is narrower than that of Mg2VIn3S8. This effect is
due not only to the differences between Cd and Mg, but also to the fact that the
first one is a direct spinel and the second one is an inverse spinel. This means
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that, in the second case, as we saw in Sec.7.5, the octahedral environment of the
transition metal is distorted in one direction and, thus, one of the threet2g bands
is separated from the others, making the intermediate band appear thicker. This
is also true for compounds with Ti.

12.3.2 Optical properties

In Table12.2, the resulting averaged energy differences between the valence band
and the Fermi energy (̄EV F

g ) and between the Fermi energy and the conduction
band (̄EFC

g ) after the application of the shift of Chap.8 are gathered together.
Looking at Table12.2, and comparing to predictions of the optimum position
from Ref. [1], it seems that, in terms of percentages, V-intermediate bands are
better placed than Ti ones. In fact, for the two compounds with V, the IB is
placed very close to the expected optimum position.

Compound ĒV F
g ĒFCh

g

Mg2TiIn3S8 2.71(73%) 0.98(27%)
Mg2VIn3S8 2.21(66%) 1.13(34%)
Cd2TiIn3S8 2.71(68%) 1.26(32%)
Cd2VIn3S8 2.13(60%) 1.41(40%)

Table 12.2:Resulting averaged band gaps (in eV) of IB derivatives of spinels after the
shift. Numbers in brackets indicate the percentage with respect to the total spin-up band
gap,Ēup

g , (see Fig.8.1).

However, band gaps in Table12.2are averaged gaps, and so they may not be
totally representative when it is about the optical properties, as it is theminimum
band gap the one that will determine the onsets of partial absorption coefficients.
Therefore, the study of optical properties will give much more information on
that subject.

Let us first focus on the absorption coefficients obtained forthe derivatives of
MgIn2S4. Figure12.5shows the absorption coefficients of Ti- and V-substituted
MgIn2S4, compared to that of the pure semiconductor. The solar spectrum is
displayed as a background to show the enhancement in absorption due to the IB
in the main part of the solar spectrum.

As the optical absorption properties are calculated as a sumover independent
transitions, we can obtain the individual contribution of agiven set of bands. To
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Figure 12.5:Absorption coefficient of Ti- and V-substituted MgIn2S4 intermediate-band
alloys, compared to that of the host semiconductor. The AM1.5G solar spectrum [199]
in the background is shown as a reference.

reveal the specific effect of the transition-metal band on the optical spectra, we
have plotted in Fig.12.6the transitions that contribute to each peak. In all cases,
the first peak in the absorption is due to transitions betweenthe different states
that form the intermediate band.

For Ti as substituent, there is an almost constant absorption from around 0.9 to
2.6 eV, due to transitions IB→CB. The peak centered at around 3 eV of transitions
VB→IB is not clearly dominant in any energy range. The principaldifference
with the case of vanadium as substituent (see Fig.12.6(b)) is that, in this latter
case, transitions VB→IB contribute to absorption in energies where absorption
VB→CB is low. This gives rise to the peak (green dotted-dashed line) between
2 and 2.5 eV which is better situated with respect to the solarspectrum (see Fig.
12.5). This peak is in fact a mixing of transitions IB→CB, VB→IB and spin-
down VB→CB.

The position of the intermediate band inside the band gap is thus an important
factor to be taken into account, as it will determine the onsets and maxima of
contributions toward the total absorption coefficient.

Total absorption coefficients of CdIn2S4 derivatives are shown in Fig.12.7. In
analogy with the interpretation for the MgIn2S4 derivatives, Fig.12.8shows anal-
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ysis of the absorption coefficients of Ti and V-substituted CdIn2S4. Again, due
to the similar electronic properties between the compoundswith Mg and those
with Cd, the optical properties present a similar behavior.In the case of Ti in
Fig. 12.8(a), IB→CB transitions do not contribute with a clear peak. They cover
all the energy range from around 0.5 eV to around 2.5 eV (all energies lower
than the band gap of the host) where it is dominant, but in thatregion the absorp-
tion is weak.Transitions VB→IB are not clearly dominant in any energy range,
although they contribute to the absorption from 2.5 eV.V-substituted CdIn2S4

is analyzed in Fig.12.8(b). Its behavior is very similar to that of V-substituted
MgIn2S4: there is a clear peak of transitions between the VB and the IBcentered
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Figure 12.6:Partial contributions to the absorption coefficient of (a) Mg2TiIn3S8 and
(b) Mg2VIn3S8.
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Figure 12.7:Absorption coefficient of Ti- and V-substituted CdIn2S4 alloys, compared
to that of the host semiconductor.

at 2.2 eV, and transitions IB→CB are dominant in the energy range 1.1-2 eV.
The differences in the VB→CB spin-up and the VB→CB spin-down curves

appear because the transition metal does not contribute to the bottom conduction
band in the same way for spin up and down. This can be seen in thedensities of
states of Fig.12.4.

To assess which of the situations presented is better for absorption, we ana-
lyzed the factor given by the integral of the product ofα(ω) and the solar spec-
trum I(ω), as was given in eq. (10.1), as an efficiency of the absorption of the
sun’s light.

The values of this parameter are shown in Table12.3. The fact that this factor
is bigger for the two compounds with V can be attributed to thebetter position of

CdIn2S4 Cd2TiIn3S8 Cd2VIn3S8

840 1877 2438
MgIn2S4 Mg2TiIn3S8 Mg2VIn3S8

912 2323 2721

Table 12.3:Area of the product ofα(ω) and the solar spectrumI(ω) (in arb. units).
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Figure 12.8:Partial contributions to the absorption coefficient of (a) Cd2TiIn3S8 and
(b) Cd2VIn3S8.

the intermediate band inside the band gap, in agreement withconclusions from
Table12.2. It should also be noticed that the Mg-based compounds (including
the semiconductor) have bigger factors than the Cd-based ones.This may be due
to the wider intermediate band, resulting from structural distortions in the inverse
spinel. From these numbers we can conclude that the best absorber of this family
would be Mg2VIn3S8. Nevertheless, other factors should be taken into account
to make the final decision: for example, that the two transitions involving the
IB occur at approximately the same rate, or the recombination processes and
electron-hole mobilities.
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12.3.3 Effect of the thickness of the absorber on the optical
properties

The absorptivity of the different compounds can be derived from their absorption
coefficient and reflectivity. It has been studied here as a function of the thickness
of the samplew to reveal and highlight the importance of this parameter. The
thicknesses have been chosen in the range of typical widths of thin-film absorbers
in solar cells.

Figure12.9shows the reflectivity spectra of the four intermediate-band ma-
terials studied in this chapter, compared to that of their corresponding host semi-
conductor. This reflectivity was used in eq. (4.27) for the calculation of the
absorptivity.

Figures12.10and12.11display the absorptivity of the transition-metal alloys
derived from MgIn2S4 and CdIn2S4, respectively.

We can see thatfor Mg2TiIn3S8 (Fig. 12.10(a)), thicknesses over 1.5µm
are enough to absorb almost all photons allowed by the absorption coefficient
for energies over 1 eV. For energies between 0.7 and 1 eV, 1.5µm may lead to
losses in the absorption up to 50%. For Mg2VIn3S8 (Fig. 12.10(b)), the behavior
is similar except that the energy range where losses are found is larger (0.5 to
1.3 eV approximately) and losses can reach 60%. Nevertheless, these ranges of
energies are characterized by a relative small solar emission.
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Figure 12.10:Absorptivity of the intermediate-band derivatives of MgIn2S4 as a func-
tion of the width of the sample w.

CdIn2S4 derivatives are shown in Fig.12.11. For Ti, although absorption
is similar to that of Mg2TiIn3S8, the intensity is lower, as we saw in Fig.12.7.
Consequently, in terms of absorptivity, thicker samples would be needed, and, in
particular, in the energy region around 2.5 eV many photons would be wasted due
to the finite width of the absorber. Since this is the region ofhigher solar emission,
it would certainly require larger films. Finally, absorptivity of Cd2VIn3S8 can be
seen in Fig.12.11(b). For this compound, 1.5-2µm are enough to absorb almost
all photons allowed by its absorption coefficient, but photons of energies lower
than 1 eV are not absorbed because the absorption coefficient(see Fig.12.7) is
zero or negligible.

In all cases, except maybe for Cd2TiIn3S8, a sample of 2µm will probably
be sufficient, as even if part of the effect of the intermediate band is lost, the
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Figure 12.11:The same as Fig.12.10, but for the derivatives of CdIn2S4.

contribution to absorption of the IB is still not negligiblein the main range of the
solar spectrum.

In view of these results, spinel absorbers for IB solar cellswould not re-
quire, in principle, thicknesses much higher that those used in thin-film solar
cells. However, the optimization ofw should be taken into account by finding a
compromise between the absorption and the negative effectsof a sample that is
too thick. On the one hand, the thicker the sample, the higherthe absorptivity. On
the other hand, a thinner absorber will prevent some recombination effects and
reduce the cost of final devices. It is thus important to combine our absorptivity
results with experimental studies of the recombination, tofind the optimum width
for absorbers in this kind of solar cells. As no experimentalresults are yet avail-
able for these intermediate-band alloys, this study is a first step in the estimation
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of this ideal width.
Independently of the study of optical properties, compounds presented in this

chapter have two practical disadvantages with respect to chalcopyrites studied in
last chapter. The first one is related to the price of In. Indium is more expensive
than gallium as it is rare and photovoltaic competes with other industries which
have risen the demand of In, and thus its price.

The second disadvantage concerns derivatives of CdIn2S4. Cadmium com-
pounds have toxicological properties that demand a very secure encapsulation
of the modules to prevent contamination and a save recyclingprocess [221].
This can determine a higher cost and more complex ways of dealing with the
modules. Nevertheless, the technology for encapsulation and recycling of photo-
voltaic modules containing Cd is well known due to the advances in CdTe photo-
voltaics.
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In2S3: Ti and V substitution to form
an intermediate band

Indium sulphide is a semiconductor, usually grown as thin film, with a band gap
of an appropriate size (direct band gap around 2.0-2.1 eV [222–224]). It has an
added advantage as it is frequently used as a window layer in chalcopyrite-based
photovoltaic cells, so that methods to prepare it in a convenient thin-film form are
known. Ti and V have been proposed [34] as the best transition-metal candidates
to form an intermediate band in In2S3. They may lead to a partially-occupied
IB by contributing with one or two electrons, respectively,per transition metal
atom to the lowest spin-polarized manifold, containing three t2g-type states per
TM atom, which will be split from the 3d shell of the latter by the octahedral
environment (see App.D).

In2S3 crystallizes in theI41/amd space group [225], Fig. 13.1, with 40 atoms
in the unit cell. It can be considered as an ordered defect super-structure of the
direct spinel structure studied in Chapters7 and12. Most of the indium in it
(75%) has thus octahedral coordination. In this case, for the formation of an
intermediate band, two of the twelve octahedrally coordinated In atoms in the
primitive cell are substituted by V or Ti in well-separated,symmetry-equivalent
positions.

The reason for the importance of intermediate-band derivatives of this family,
is the recent synthesis of V-substituted In2S3 by hydrothermal method. It was the
first time that apartially-filled intermediate-band material, absorbing across the
full solar spectrum range, was synthesized. Its optical properties were later mea-
sured, showing good agreement with our theoretical results. Thus, the prediction
capabilities of our methodology were confirmed.
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S

In

Figure 13.1:Structure of In2S3.

13.1 Computational details

DFT calculations within the generalized gradient approximation have been car-
ried out to obtain the matrix elements of equation (4.12) in order to calculate sub-
sequently the dielectric function. The ground-state calculations for the matrix el-
ements were carried out with the plane-wave codeVASP using the Perdew-Wang
1991 functional for the exchange-correlation potential. We used PAW pseudopo-
tentials to describe electron-ion interactions with valence configurations: 5s25p1

for In; 3s23p4 for S; 4s13d3 for Ti and 4s13d4 for V.
In order to obtain the optical properties of the substitutedcompounds, we

part from the fully relaxed structures of Ref. [34]. The optical behavior of the
undoped and doped materials was characterized by means of their absorption co-
efficient derived from the dielectric function. The imaginary part of the latter was
obtained within RPA, without local field effects, followingthe method described
in Sec.4.5.1. OPTICScode was used to obtain the real and imaginary parts of the
dielectric function.

The GGA band gap found for In2S3 was 0.72 eV and therefore, assuming an
experimental value for the band gap of 2.1 eV, a rigid shift of1.38 eV was applied
to the conduction eigenvalues of the host semiconductor. The shifts applied to the
intermediate-band compounds are coherent with conclusions from Chapter8 and
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will be further discussed in Sec.13.3
To get the fully converged frequency-dependent dielectricproperties, the en-

ergy cutoff established for the basis set was 280 eV and around 230 empty bands
were included. The sampling used to describe the Brillouin zone wasΓ-centered
6×6×6 Monkhorst-Pack for the substituted alloys and 12×12×12 for pure In2S3.
These grids correspond to 112 and 163k-points in the IBZ respectively. A Meth-
fessel-Paxton first-order scheme with 0.1 eV of smearing waschosen to extract
the occupations of one-particle levels.
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Figure 13.2:Total and transition-metal projected densities of states of the (a) In2S3
semiconductor, (b) Ti-substituted alloy and (c) V-substituted compound, aligned at the
valence band maximum. Black vertical lines indicate the Fermi energy.
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13.2 Ground-state electronic properties

We have first study the ground-state of In2S3 and its derivatives to understand
how the formation of the intermediate band is produced. Figure 13.2shows the
resulting density of states, before and after the insertionof the transition metal,
aligned at the valence band maximum. The projection on the transition-metal
states is also displayed (dotted line). The electronic structure of the substituted
alloys presents a spin-polarized partially-filled intermediate band formed by the
majority-spint2g states.

It can be seen that the spin upt2g triplet is isolated from the rest of the elec-
tronic levels, whereas theeg and minority-spind-states appear highly hybridized
with the conduction band. These densities of states are in agreement with those
obtained in a previous work [34].

13.3 Optical properties

We can now proceed to characterize the absorption properties. RPA absorption
coefficient of V- and Ti-substituted In2S3 are shown in Fig.13.3, compared to
that of the pure semiconductor. Absorption of pure In2S3 is displayed compared
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Compound ĒV F
g ĒFCh

g

Ti2In14S24 2.53(81%) 0.58(19%)
V2In14S24 2.06(70%) 0.86(30%)

Table 13.1:Resulting averaged band gaps (in eV) of IB derivatives of In2S3 after the
shift. Numbers in brackets indicate the percentage with respect to the total spin-up band
gap,Ēup

g , (see Fig.8.1).

to experimental measurements from Ref. [226], showing the very good agreement
between experiment and theory.

The band gaps obtained after applying the shift from Chap.8 in order to
obtain absorption coefficients of Fig.13.3, are gathered together in Table13.1.
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The intermediate band that is formed by Vd states appears almost at the ideal
proportion with respect to the VB and the CB. The Ti IB is however very close to
the conduction band.

Separation of the components due to the different possible transitions is shown
in Fig. 13.4. The curve for V-doped In2S3 (Fig. 13.4(a)) showsa peak from
around 0.5 to 1.5 eV, produced by transitions IB→CB. Then, there is a clear peak
between 1.5 and around 2.6 eV to which both transitions IB→CB and VB→IB
contribute, although this latter is dominant. From 2.6 in forth, transitions between
VB and CB dominate.

In the case of Ti as substituent (Fig.13.4(b)) transitions IB→CB cover all the
energy range from 0.5 to 2.5 eV. Transitions between the VB and the IB are high
in intensity from 2.5 eV, but in that region it competes with transitions VB→CB.

Basing only on the absorption properties seen up to now, it seems that V-
substituted In2S3 would make a more efficient use of the solar spectrum.How-
ever, it is not so straightforward to choose only one compound basing on that.
To further characterize the two compounds, we have analyzedthe factor given by
the integral of the product ofα(ω) and the solar spectrum given in eq. (10.1). Its
values are summarized in Table13.2. The factor is bigger for the V-based com-
pound, as the main peak of V2In14S24 is better situated with respect to the solar
spectrum.

In2S3 Ti2In14S24 V2In14S24

1035 1948 2569

Table 13.2:Area of the product ofα(ω) and the solar spectrumI(ω) (in arb. units).

In Sec.4.2we introduced how absorptivity can be calculated from the absorp-
tion coefficient through equation (4.27). For that purpose, we need not only the
absorption coefficient but also the reflectivity of the sample, for normal incidence,
given by equation (4.19). Figure13.5compares the reflectivity of V2In14S24 and
Ti2In14S24 to that of the host semiconductor.

Reflectivities in Fig.13.5are used, together with absorption coefficients from
Fig. 13.3to determine the absorptivity of a thin sample of the two intermediate-
band compounds.

Fig. 13.6displays this quantity for V2In14S24 and Ti2In14S24, as a function
of the width of the sample. As a reference, typical thicknesses for absorbers in
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thin-film solar cells range from around 1.5 to 2.0µm.
From Fig.13.6several conclusions can be extracted.For V2In14S24, 1.5µm

are enough to absorb almost all the photons allowed by the absorption coefficient,
except for energies lower than 1 eV, where the absorption coefficient is very weak
and therefore even thicknesses of 5µm will imply losses. In the case of titanium
as substituent, as it can be seen in Fig.13.6(b), to make an efficient use of photons
of energies around 2.5 eV, thicknesses higher than 1.5µm would be needed. In
the rest of the energy region, 1.5 or 2µm will be enough to efficiently absorb
photons.

13.4 V2In 14S24: Comparison with experimental re-
sults.

As we mentioned at the beginning of this chapter, V-substituted In2S3 was the
first partially-filled intermediate-band material synthesized. The details of the
experimental method as well as its optical properties were published in Ref. [36],

Figure 13.7:Experimental absorption spectra of V2In14S24 compared to that of In2S3.
(Taken from Ref. [36].)
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from which Fig.13.7has been taken. This graphic, represents theKubelka-Munk
transform[227] of V-substituted In2S3. In addition to the main absorption edge
at approximately 2.1 eV, two new main features appear:(i) a distinct shoulder
or step starting at approximately 1.6 eV, which can be related to the main peak
in the RPA spectrum represented in Fig.13.4(a), being thus due to transitions
VB→IB and IB→CB, and(ii) a broad absorption that starts at rather low energy,
possibly around 0.7 eV, and increases steadily until meeting the other feature
at approximately 1.6 eV. This second characteristic of the experiment may be
related to the peak at around 1.1 eV of contribution IB→CB in Fig. 13.4(a).

The features observed in the RPA spectrum of V-doped In2S3 may explain
the essential ones of the experimental result in Fig.13.7, allowing to interpret the
characteristics observed in the latter. The fact that the main sub-band-gap struc-
ture in the calculated RPA spectrum is peak-like while thosein the experimental
one are more step-like may be explained by disorder or considering that the ex-
perimental observation may include phonon-assisted photon absorptions (indirect
transitions) that are not reproduced with the current calculation method.Further
differences in peak positions may be attributed to the errors associated to the use
of the rule of Chap.8.

Comparison between theory and experiment indicates that the IB of the ma-
terial is partially filled as predicted theoretically, in contrast to previous works
on highly mismatched alloys [37,38] which have in principle a totally empty IB
band.





Conclusions and open issues

Results of this thesis may be divided into two big research lines: a study of the
theoretical assessment of methodologies applied to intermediate-band materials
(Part IIa.) and an extended overview of optical properties of these particular com-
pounds (Part IIb.). Conclusions in these two directions canbe drawn. First, from
Chapters6 to 8 we can reflect on theoretical methods of calculations of electronic
and optical properties and generalize the effect of many-body approaches on the
intermediate band. Second, results of Chapters9 to 13 allow us to compare the
most promising IB materials proposed up to date basing on their optical prop-
erties. Therefore, conclusions in this chapter will be divided in those two main
groups.

Influence of many-body effects on the IB electronic
structure

Many-body approximations are in general too expensive to beconsidered as the
preferred methods for prediction of properties of these complex materials. But a
study of their effect on the intermediate band was worth. In general, for future
studies of intermediate-band compoundsGW will not be used as a systematic
method, because usually a lot of atoms are needed to simulateexperimental con-
centrations of the TM. For that reason it was valuable to makea rationalization
and draw some general conclusions on how many-body effects affect the posi-
tion and width of the intermediate band (in the same way that it is already well
known how it affects the electronic structures of semiconductors) and therefore
the optical properties of IB materials.

For the first time, many-body approaches have been applied tointermediate-
band materials. We saw in Chapters6 and7 how computationally demanding
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these approaches may be for those compounds. We studied in those chapters
IB compounds with 14 and 16 atoms in the unit cells and we saw that the self-
consistent process is necessary but it can take several months to converge for
cells of these sizes. It is therefore not possible to apply thoseGW methods as a
systematic way to predict properties of this type of materials.

In Chapter8 we draw conclusions about the effect ofGW calculations on
the electronic structure of chalcopyrite and spinels IB derivatives, showing some
tendencies that can be extrapolated to IB compounds with similar characteristics.
The principal contribution of this work is to give the basic rules to estimate, from
a DFT calculation, the position of the IB inside the band gap and the modifi-
cation of this latter with respect to that of the host semiconductor. Conclusions
were drawn from comparison of LDA and self-consistentCOHSEX + G0W0

calculations for four intermediate-band materials, basedon three different transi-
tion metals: Ti, V and Cr.

The application of scCOHSEX+G0W0 calculations to IB materials showed
the following systematic tendencies:

- Total band gap

All IB materials studied have empty spin-downd states inside the band gap close
to the conduction band. The main effect of scCOHSEX+G0W0 on these states
is to shift them up in energy together with the conduction band but approximately
maintaining their LDA respective position to the CB. These states are slightly
more localized inGW than in LDA, but in terms of photovoltaic applications
this localization is not so relevant, as spin-down states ofIB materials behave in
general as a semiconductor.

Both the spin-up and spin-downemptyd states that appear at the bottom of
the CB, make band gap from VB to CB to be reduced with respect tothat of the
pure semiconductor. For the particular case of spin-up states of Cu4CrGa3S8, the
totally occupiedestates at the top of the valence band contribute in the same way
to the reduction of the band gap. Specifically (Table8.1), thed states of Cr that
do not form the IB (totally occupied for spin up and totally empty for spin down)
reduce the band gap of the semiconductor (Ēg=4.42) to approximately 70% of its
value. For thiospinel IB derivatives (Table8.2), the reduction of the band gap is
smaller, since thed states are more localized.

These conclusions can only be extrapolated qualitatively to other concentra-
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tions of the transition metals (and thus to other compounds)becausethe reduction
of the band gap highly depends on the delocalization ofd statesand this delocal-
ization depends mainly on the concentration of TM. Therefore, in order to predict
from DFT, the value of the total band gap of the IB material, one has to base on
the identification of those states of the host semiconductorthat are expected not
to change with the insertion of the TM.

- Intermediate-band position

Up to now, it was generally accepted [5, 35, 190] that the most reasonable shift
for IB materials was to leave gap valence-Fermi energy (VF) unchanged and open
band gap Fermi-conduction (FC). Although there was no experimental or theo-
retical confirmation of that, it was a reasonable assumption, as it supposes that
occupied levels are well described in LDA and so the energy difference between
fully occupied states (valence) and partially-occupied states (IB) is correctly pre-
dicted within DFT. Self-consistentGW calculations in this thesis, within the
scCOHSEX + G0W0 scheme, have indicated that this assumption is qualita-
tively wrong. As a matter of fact, the opposite behavior is found. All the data
indicate that a simple shift∆vi between the valence band and the intermediate
band is enough to reproduce theGW position of the IB with 0.1-0.3 eV accu-
racy. This error is acceptable since we are dealing with total band gaps bigger
than 2 eV.

- Intermediate-band width

From Tables8.1 and8.2 we found that the width of the intermediate band∆I

does not substantially change from LDA to scCOHSEX + G0W0. Differences
found are of the order of 30 meV, except in the case of Mg2VIn3S8 in the inverse
structure for which the IB is 0.2 eV wider. In any case, these data indicate that
assuming the LDA value of the width of the IB is a good approximation, as the
errors are small compared to the typical values of the band gaps we are dealing
with (larger than 2 eV).

It has been several times questioned whether correlation effects in IB materi-
als are strong and whether they should be treated with a theory typically meant
for strongly-correlated systems, such as LDA+U. We have seen that for the direct
structure of Mg2VIn3S8, due to the slight distortion of the octahedron around the
transition metal (see ratioc/a in Table7.3) the two highert2g states that form
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the IB are almost degenerated, whereas the lower one is slightly separated from
the others. A GGA+U calculation for this material [187], whereU was calculated
self-consistently with the method of Ref. [186] showed a splitting of thet2g bands
where the lower one goes down to hybridize with the top of the valence band and
the other two are not affected at all. On the other hand, GGA+Uwith a value of
U taken from the literature, as implemented in theVASP code [123–125], breaks
the intermediate band by moving the two lowert2g states (with imposed occupa-
tion 1) to hybridize with the top of the valence band and the uppert2g state closer
to the conduction band [188]. The same effect is reproduced when hybrid func-
tionals are used [188]. The disagreement between these theories used up to now,
and the different splittings of the intermediate band that seem somehow artificial,
motivated the self-consistentGW calculations of Part IIa.

It should be then stressed that the self-consistentparameter-freeGW method
used in this thesis do not predict anydramaticsplitting of the IB due to correlation
effects in contrast to thestrong-correlationhypothesis. In the cases where one of
the bands forming the IB slightly separates from the others (see e.g., Fig.7.13),
it is a symmetry effect that is already present in LDA.

We consider all these conclusions can be extrapolated for other IB materials,
but only when electronic conditions are similar: The total band gap (VB to CB)
has to be large enough (or concentration of TM low enough) forthe IB not to
overlap in GGA with valence or conduction band. Concentrations of TM have to
be of the order, or lower than those studied in Chapters6 and7, so that the IB is
not much wider, but always higher than the Mott limit. Finally, the IB has to be
formed by partially-filledd states.

Optical properties of intermediate-band materials

- Comparison of intermediate-band materials

In terms of efficiency, three big families of IB materials have been studied in this
thesis:derivatives of GaP, of CuGaS2, and derivatives of spinels. In the two first,
the transition metal occupies tetrahedral sites which is supposed to be thermody-
namically less stable. For the last group, TM occupies octahedral sites. Except
for derivatives of GaP, they all are expected to be grown as thin films, leading not
only to increases in efficiencies but also to decreases of thecosts.
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The case of GaP is however interesting as it has allowed us to see the effect of
the concentration of the transition metal on the optical properties. These effects
are seen mainly in the intensities of the absorption peaks, but to a less extent in
the energy range of allowed absorption.

In addition to all these efficient materials,Si highly doped with Tioccupying
interstitial sites has been studied as it is a test material of the IB solar cell concept
which is currently being characterized experimentally.

With all the properties studied in Chapters9 to 13 we may draw conclusions
about the suitability of each material according to severalcriteria.

In terms of the position of the IB inside the band gap,we have based on
the model of Ref. [1]. In that work, the authors assumed a modeled flat band
structure like the one in Fig.8.1which is far from the real situation of the IB. The
conduction band of the pure semiconductor usually have a bigdispersion in one
of thek-points and so the minimum gapEg and the averaged onēEg may differ
considerably. Therefore,it is not straightforward to usethe values from Ref. [1]
of 1.9 eV for the total band gap and 0.7 eV for the optimum position of the IB
as a reference for the real band structures of this thesis.Instead, we have used
them in terms of percentages, and compared them with band gaps averaged for
all k-points in our calculations. Within these conditions, vanadium intermediate
bands in the two thiospinels MgIn2S4 and CdIn2S4 will be the better positioned.
Chromium intermediate bands (in GaP and CuGaS2) appear almost in the middle
of the band gap, whereas Ti intermediate bands are in generalslightly too close
to the conduction band.

Nevertheless, a very large absorption may compensate a non-optimum posi-
tion of the IB.And therefore conclusions about the best position of the IB in all
this materialsshould be complemented with their optical properties.The position
of the IB in terms of minimum gaps will give the onsets of the partial absorption
coefficients, while the averaged gaps will determine the maxima of the peaks.
Both onsets and maxima of the peaks are important for efficiencies and so deci-
sions about the better IB materials have to rely in both of them.

One way to compare this is to calculate the factorF given in equation (10.1)
by the integral of the product of the absorption coefficientα(ω) and the solar
spectrumI(ω). Although we have seen that this factor is highly affected bythe
concentration of transition metal (the higher the concentration, the higher the
absorption and the higher the factor) let us summarize all the values found:
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Ga30P32Ti2 3790
Ga30P32Cr2 4122
Cu4TiGa3S8 4994
Cu4CrGa3S8 6035
Cd2TiIn3S8 1877
Cd2VIn3S8 2438
Mg2TiIn3S8 2323
Mg2VIn3S8 2721
Ti2In14S24 1948
V2In14S24 2569

These values cannot be directly compared from one family to another because
of the concentration issue, but they can give us an idea of thebest transition-metal
substituent for each host semiconductor, in terms of absorption of the solar spec-
trum. For example, for GaP, Cr would be slightly better than Ti. In chalcopyrite
CuGaS2, Cr would also make a better use of the solar emission. For Cd and Mg
spinels the best combinations is Mg2VIn3S8, and finally for In2S3, vanadium will
give better results in terms of absorption.

Derivatives of CuGaS2 and derivatives of MgIn2S4 and CdIn2S4 have similar
concentrations of the transition metals (1 in 16 and 1 in 14 atoms respectively)
and nonetheless, derivatives of chalcopyrites have a factor more than double than
the spinel ones, thanks to the high absorption of the chalcopyrite family.

But better absorption does not necessarily mean higher photoconversion. As
we saw in Sec.1.2.2, for each energy~ω of the incident photon, one of the
three partial absorption coefficients (αV I , αIC andαV C) must be dominantin an
efficient materialand transitions VB→IB and IB→CB should occur at the same
rate. Therefore the classification of last paragraphs may not be true in all cases.
In fact, looking at the pictures of the partial absorption coefficients (Fig. 11.4)
it may be considered that Ti (and not Cr as predicted by the factor F ) may be
the best substituent for Ga in CuGaS2. For derivatives ofspinels, the non-overlap
of partial absorption coefficients indicates V as the best substituent in agreement
with factorF .

Nevertheless, only experimental tests of the working principles of a solar
cell based on these materials could determine which of the cases is more fa-
vorable for photoconversion. At the level of fundamental research and to prove
the intermediate-band solar-cell concept, we do not rule out any of the candidates
studied in this thesis as possible efficient IB materials.
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Apart from the study of optical properties, compounds presented in last two
chapters (spinel derivatives) have two practical disadvantages with respect to
chalcopyrites or GaP derivatives. The first one is related tothe price of In. Indium
is more expensive than gallium as it is rare and photovoltaics competes with other
industries (like plasma flat panels) which have risen the demand of In, and thus
its price.

The second disadvantage concerns derivatives of CdIn2S4. Cadmium com-
pounds have toxicological properties that demand a very secure encapsulation of
the modules to prevent contamination and a save recycling process [221]. This
can determine a higher cost and complexity of manufacture and dealing with the
modules.

According to all the criteria here presented, derivatives of chalcopyrites are
expected to be the best IB candidates.

- Comparison between methods of calculations of optical prop-
erties

In Sec.6.2.4we studied how the different theories for the calculation ofoptical
properties affect the spectrum of CuGaS2. We discussed why excitonic effects in
intermediate-band materials are expected to be negligible, as the delocalization
of the IB and its metallic character would, in principle, screen the electron-hole
interactions. We explained that, in any case, a proof of thisassumption has to
come at present from an experimental study, as a deeper studyon excitons in IB
materials would require the solution of the Bethe-Salpeterequation, which is, at
the moment, not affordable.

Nevertheless, we proved that RPA gives spectra in good qualitative agreement
with experiments. For those reasons, we used RPA for all calculations in Part IIb.
of this manuscript. An added advantage of RPA is thatε2 in RPA is a simple sum
over independent transitions, and that allowed us to separate it into the contribu-
tions of transitions from the VB to the CB, from the VB to the IBand from the
IB to the CB. This was necessary for the interpretation of absorption spectra and
for checking whether each partial absorption coefficient was dominant in a given
energy range.

Once we chose the most convenient theory to describe opticalproperties of
these compounds, the question of which eigenvalues to use was still open. We
have proposed in Chapter8 the most appropriatescissoroperator for IB materials
and we have tested it in Chapter11for the particular case of Cu4CrGa3S8. In Fig.
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11.2 we compared the RPA spectrum of this compounds using as eigenvalues:
(i) GGA eigenvalues shifted according to Chapter8, (ii) a double shift adjusting
to GW VB→IB and IB→CB band gaps,(iii) a multiple scissorwhere every
band is shifted to its averagedGW position and(iv) GW eigenvalues. We thus
concluded that assuming thatGW corrections arek-point independent is a very
good approximation and that the shift proposed in this thesis (in Chap.8) leads to
features and intensities in qualitatively good agreement with those obtained using
directlyGW eigenvalues.

- Optimum width for IB absorbers

In Chaps.11 to 13 we have studied intermediate-band alloys derived from semi-
conductors which are usually grown as thin films. From transmittance and ab-
sorptivity spectra in those chapters we concluded that the order of magnitude of
the typical widths of absorbers used nowadays in thin-film solar cells can be used
for IB absorbers as well. A bit thicker samples would be needed for the efficient
absorption of lower energies, owing to the lower absorptioncoefficient in that
region.

This will in fact depend on the concentration of the transition metal as well.
We saw in Chapter10 that the lower the concentration of TM, the lower the
absorption of sub-band-gap photons. Therefore, in practice, IB materials with
very low concentrations may require thicker absorbers.

The optimization ofw should be done, in last term, by finding a compromise
between the absorption and the negative effects of a sample that is too thick. On
the one hand, the thicker the sample, the higher the absorptivity. On the other
hand, a thinner absorber will prevent some recombination effects and reduce the
cost of final devices. It is thus important to combine our absorptivity results with
experimental studies of recombination, to find the optimum width for absorbers
in this kind of solar cells. As no experimental resultsin the form of thin films
are yet available for these intermediate-band alloys, thisstudy is a first step in the
estimation of this ideal width.

It is also important to mention, that according to our results, chalcopyrite
derivatives (Cu4TiGa3S8 and Cu4CrGa3S8) will require thinner samples and there-
fore they are expected to be better candidates for lower-cost IB solar cells than
spinel derivatives.
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- Comparison with experiments

Due to the efforts of experimental groups to synthesized IB compounds, some
first results are now available in the literature that we can use to assess the validity
of the correction proposed in Chap.8.

In Chapter9 we saw that experimental Ref. [14] found a donor level of Ti in
silicon lying at 0.21 eV below the conduction band. In a laterreport [191], the
donor level was estimated to be at 0.36 eV below the CB by the same authors
who carried out a simulation by means of a fitting of the sheet resistance. This
value was obtained through a simulation code where the IB is assumed to be a
discrete level and the CB is assumed to be flat, i.e., with no dependence on thek-
point. Therefore, it is reasonable to compare that value to the average gap IB-CB
obtained with the assumptions of Chap.8. The value thus found was 0.22 eV in
agreement, at least in order of magnitude, with experiments.

This is a first indication of the goodness of approximation proposed in Chap.
8. Another experimental result that can be used to validate that approximation
is the optical spectrum of V-substituted In2S3 from Ref. [36]. This result was
given in Fig. 13.7and should be compared to our RPA absorption spectra given
in Fig. 13.4(a). The features observed in the RPA spectrum of V-doped In2S3

may explain the essential ones of the experimental result, allowing to interpret
the characteristics observed in the latter. The quantitative differences may be ex-
plained by disorder or considering that the experimental observation may include
phonon-assisted photon absorptions (indirect transitions) that are not reproduced
with the current calculation method.Further differences may be attributed to the
errors associated to the use of the shift of Chap.8.

We would like to finally stress, thatGW is not the preferred method for sys-
tematic calculations of IB materials. We have therefore proposed a rule in order
to estimate the position of the IB without turning toGW . The rule has been
tested successfully for Ti-doped silicon and for V-substituted In2S3 but more ex-
perimental results for comparison would be highly valuable.

Open issues

This thesis has presented the first many-body calculations of intermediate-band
materials and a deep study of their optical properties that was missing in the lit-
erature. Because of the character of this thesis, especially meant for comparisons
with experiments and for reinforcing the idea that DFT is sufficient to give a
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qualitatively correct description of IB materials, it has contributed to open some
research lines for the near future:

- GW as a reference for other type of calculations

We have seen how computationally demanding the many-body calculations of
intermediate-band materials are. We have studied withGW compounds with 8
to 16 atoms in the unit cells and we have seen that the self-consistent process
can take several months to converge. It is therefore not feasible to applyGW
methods for all IB materials. In particular, the concentrations of transition metal
expected to be found experimentally are smaller than those that can be obtained
with a 16-atoms cell. Nevertheless, ourGW results for the smaller cells could be
used, for example, to develop or parameterize new hybrid functionals to be used
for IB materials.

If a calculation with a hybrid functional for the small cell is able to reproduce
theGW result, then we can use the same parameters of the hybrid to study lower
concentrations (i.e., larger cells), as a calculation witha hybrid functional is much
less computationally demanding thanGW calculations.

- Effect ofGW wavefunctions on optical properties

The effect of using the LDA wavefunctions for the calculation of optical proper-
ties is still an open issue. For semiconductors, it is known that usually reading
LDA instead of GW wavefunctions have slight effect, leadingto very similar re-
sults. However, this may not be true for IB compounds for which we have seen
in Chapters6 and7 that sometimes wavefunctions are quite different from LDA
ones. At the moment, readingGW wavefunctions for IB materials is not afford-
able, as it should be taken into account thatGW calculations were performed at
10 k-points (for the particular example of Cu4CrGa3S8) whereas optical proper-
ties required a 12×12×12 Monkhorst-Pack grid, meaning 868k-points. While
GW corrections to the energy can be interpolated from the 10k-points to the 868,
this is not the case for the wavefunctions, as there is not straightforward way to
interpolate theGW wavefunctions from the 10k-points grid to the 12×12×12.
The solution would be to perform the self-consistentGW calculation for the 868
k-points, which is obviously not affordable.
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- Local-field effects

Owing to the relative localization of the IB, as it is formed by d states in all cases,
it is worth carrying out in the near future a study on local-field effects on optical
properties of IB materials. TheOPTICS code used in Part IIb. of this thesis does
not allow for the inclusion of LFE in the calculations. Therefore, theDP-code
will be used to estimate the importance of the inclusion of these effects in RPA
calculations of IB compounds.

- GW study of e and t2 symmetries

All compounds studied with many-body approaches in Part IIa., have an inter-
mediate band which is formed byt2 d states of the transition metal. It will be
valuable to perform, in the near future,GW calculations for ane-IB material
such as Cu4TiGa3S8.

Additionally,GW will be applied in the same form of Chapters6 and7 to all
the IB materials studied in this thesis for which this type ofcalculations is afford-
able. In particular (apart from Cu4TiGa3S8) to the four thiospinel IB materials
studied in Chapter12. For all other compounds, due to the big cells,GW is not
affordable at present.

- Recombination

The only way to accurately study radiative recombination theoretically is to use a
method taking into account electron-hole interactions. Wehave seen in Chapter4
that the only theory doing this in an accurate way is the Bethe-Salpeter equation,
whose solution is computationally not feasible at present for IB materials. A
research line in this direction will be very interesting forthe understanding of IB
compounds.

Radiative recombination is however unavoidable, as the inverse process of the
absorption, and therefore more attention should be paid to non-radiative recombi-
nation which is the principal cause of low performance in thecells. Nevertheless,
noab initio methods are used nowadays for calculating non-radiative recombina-
tion due to the complexity of the processes involved: Recombination is a three
(or more) particles process: the electron and hole that recombine, and the particle
that absorbs the energy emitted (which is a photon in the caseof radiative recom-
bination, but it can be an electron or phonons in other types of recombination).
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- Efficiency

Results of this thesis of partial absorption coefficients ofIB materials could be
used in models like those in Refs. [2,207] to calculate the efficiency of a potential
solar cell. In those references, modeled step-like absorption functions are used,
whereas real absorption coefficients like those obtained inPart IIb. of this thesis
could be used for a more realistic prediction of the efficiencies of the cell.

As we saw in Fig.1.2of the Introduction, in order to simulate an IB solar cell
three quasi-Fermi levels have to be taken into account (εFC, εFI andεFV in the
figure). This means that there has to be a non-negligible population of electrons in
the bottom of the conduction band, and holes in the top of the valence band (i.e.,
an out-of-equilibrium situation). These populations cannot be directly obtained
with DFT of GW methods. Thus, for a future research on this topic, a way to
obtain these conditions has to be found.
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Appendix A

Functional derivative of the Green’s
function

Let us define the Hamiltonian of a system interacting via a Coulomb potential:

Ĥ0 =
∑

i

[

− ∇2
i

2
+ Vext(ri)

]

+
1

2

∑

ij

v(ri, rj) (A.1)

This operator can be rewritten in the second quantization as

Ĥ0 =

∫

ψ̂†(r)ĥ(r)ψ̂(r)dr+
1

2

∫∫

ψ̂†(r)ψ̂†(r′)v(r, r′)ψ̂(r′)ψ̂(r)drdr′ (A.2)

whereĥ(r) is the one-particle term of the Hamiltonian:−∇2/2 + Vext(r). In the
presence of the perturbing external potentialUext, the new Hamiltonian is

Ĥtot = Ĥ0 + Ĥ1 (A.3)

whereĤ1 is the perturbation Hamiltonian (see Sec.2.2.1) and is given, in the
second quantization1, by the expression

Ĥ1 =

∫

ψ̂†(1)Uext(1)ψ̂(1)d1 (A.4)

1ρ(r) = ψ̂†(r)ψ̂(r)
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Interaction picture

It is interesting to use in the following theinteraction(or Dirac)picture [82]. In
this picture, operators are related to their image in other representations by an
unitary transformation̂U . The unitary operator̂U is found to be

Û(t0, t) = T̂ exp

(

− i

∫ t0

t

Ĥ1(t1)dt1

)

(A.5)

and it gives the evolution in time in the following way:

|Ψ(t) >= Û(t, t0)|Ψ(t0) > (A.6)

In this picture, the Green’s function can be therefore written [48,82] as

G(1, 2) = −i< ΨN
0 |T̂ [Û(−∞,+∞)ψ̂(1)ψ̂†(2)]|ΨN

0 >

< ΨN
0 |Û(−∞,+∞)|ΨN

0 >
(A.7)

where|ΨN
0 > is a state of the system witĥH1 = 0. As a reminder, we are looking

for an expression for the derivative of the Green’s functionwith respect to the
external perturbing potentialUext. Let us then differentiate equation (A.7) using
the general rule for the functional derivative of a product [82]:

δG(1, 2)

δUext(3)
= − i

< ΨN
0 |T̂

[

δÛ
δUext(3)

ψ̂(1)ψ̂†(2)

]

|ΨN
0 >

< ΨN
0 |Û |ΨN

0 >

− G(1, 2)

< ΨN
0 |T̂

[

δÛ
δUext(3)

]

|ΨN
0 >

< ΨN
0 |Û |ΨN

0 >
(A.8)

where Û refers toÛ(−∞,+∞) for simplicity of the notation. The problem
comes down to finding an expression for the derivative ofÛ with respect toUext.
It is possible to differentiate the exponential in (A.5), finding

δÛ(t0, t)

δUext(1)
= −isgn(t0 − t)Û(t0, t1)ψ̂

†(1)ψ̂(1)Û(t1, t) (A.9)
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whent1 belongs to the interval[t0, t] (or [t, t0]), and zero in other cases. Com-
bining equations (A.8) and (A.9) and making the perturbationδUext vanish at the
end (i.e.,Uext = Vext), it can be demonstrated that the derivative of the Green’s
function with respect toUext is

δG(1, 2)

δUext(3)

∣

∣

∣

∣

∣

δUext=0

= G(1, 2)G(3, 3+)−G2(1, 3, 2, 3
+) (A.10)

whereG2 is the two-particles Green’s function as was defined in equation (3.20).
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Exchange and correlation parts ofΣ
andCOHSEX approximation

In Secs.3.3.4and3.3.5we decomposed the self-energy in an exchange term and
a correlation term:

ΣGW (1, 2) = Σx(1, 2) + Σc(1, 2) (B.1)

where

Σx(1, 2) = iG(1, 2)v(1+, 2) (B.2)

Σc(1, 2) =iG(1, 2)Wp(1
+, 2) (B.3)

Wp =W − v (B.4)

The first contribution is the Fock self-energy that was givenin equation (3.41):

Σx(r1, r2) = −
∑

i

θ(µ− ǫi)φi(r1)φ
∗
i (r2)v(r1, r2) (B.5)

The correlation term in theCOHSEX approximation is given by equation
(3.59):

ΣCOHSEX
c (r1, r2) =

1

2

∑

i

ϕi(r1)ϕ
∗
i (r2)Wp(r1, r2;ω = 0)

×[θ(ǫi − µ)− θ(µ− ǫi)] (B.6)
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With definitions (B.5) and (B.6) the self-energy can be written as:

ΣCOHSEX(r1, r2) = Σx(r1, r2) + ΣCOHSEX
c (r1, r2)

= −
∑

i

θ(µ− ǫi)φi(r1)φ
∗
i (r2)v(r1, r2)

− 1

2

∑

i

θ(µ− ǫi)ϕi(r1)ϕ
∗
i (r2)Wp(r1, r2)

+
1

2

∑

i

θ(ǫi − µ)ϕi(r1)ϕ
∗
i (r2)Wp(r1, r2) (B.7)

On the other hand we defined theSEX self-energy as (eq. (3.62)):

ΣSEX(r1, r2) = −
∑

i

ϕi(r1)ϕ
∗
i (r2)W (r1, r2;ω = 0)θ(µ− ǫi) (B.8)

In theCOHSEX approximation, the self-energy is usually written as the
SEX term plus aCOH term. In order to identify the form of thisCOH term,
we can add an remove

1

2

∑

i

θ(µ− ǫi)ϕi(r1)ϕ
∗
i (r2)Wp(r1, r2)

in relation (B.7) and identify theSEX part and thus obtain:

ΣCOHSEX(r1, r2) = −
∑

i

θ(µ− ǫi)φi(r1)φ
∗
i (r2)W (r1, r2)

+
1

2

∑

i

ϕi(r1)ϕ
∗
i (r2)Wp(r1, r2) (B.9)

The first term is theSEX self-energy, and as we want to write theCOHSEX
self-energy asΣSEX+ΣCOH , the second term is theCOH term whose expression
we were looking for. Using the property (3.16):

∑

i

ϕi(r1)ϕ
∗
i (r2) = δ(r1 − r2) (B.10)

theCOH term can be finally expressed as:

ΣCOH(r1, r2) =
1

2
δ(r1 − r2)Wp(r1, r2;ω = 0) (B.11)
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Independent-particle polarizability

In Sec.3.3.4, equation (3.56), we defined the independent-particle polarizability
χ0 as the product of two Green’s functions in real space

χ0(1, 2) = −iG(1, 2)G(2, 1), (C.1)

which is the random phase approximation. This product in real space and time
can be written in the frequency space as the convolution

χ0(r1, r2, ω) = − 2i

2π

∫

G(r1, r2, ω + ω′)G(r2, r1, ω
′)dω′ (C.2)

The factor 2 accounts for the degeneration in spin. If we apply the defini-
tion of the Green’s function in terms of the Lehmann amplitudes (3.10), and we
impose the Lehmann amplitudes to be the wavefunctionsφ of a non-interacting
system, the independent-particle polarizability reads:

χ0(r1, r2, ω) = − i

π

∑

iki,jkj

∫

φiki
(r1)φ

∗
iki
(r2)

ω + ω′ − ǫiki
+ iηsgn(ǫiki

− µ)

×
φjkj

(r2)φ
∗
jkj

(r1)

ω′ − ǫjkj
+ iηsgn(ǫjkj

− µ)
dω′ (C.3)

where every independent-particle state is labeledi (andj) and is characterized
by ak-vectorki (andkj) and wavefunctionsφiki

are Bloch wavefunctions (see
Sec.5.2). Using theresidue theorem, the integral in frequency in eq. (C.3) can
be solved and the only terms that are non-zero are those for which one state (i or
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j) is occupied and the other one is empty. Occupation numbers will be labeled
from now onfi andfj. This situation describes transitions from occupied states
to empty ones and reversely:

χ0(r1, r2, ω) = 2
∑

iki,jkj

φiki
(r1)φ

∗
jkj

(r1)φ
∗
iki
(r2)φjkj

(r2)

×
[θ(ǫiki

− µ)θ(µ− ǫjkj
)

ω − (ǫiki
− ǫjkj

) + iη
− θ(µ− ǫiki

)θ(ǫjkj
− µ)

ω − (ǫiki
− ǫjkj

)− iη

]

(C.4)

Let us now assume the physical situation of transitions froman occupied state
j, orvalencestate (labeledv from now on), and an empty statei, conductionstate
(labeledc). In this context, the wavefunctions and energies in equation (C.4)
are now calledφv,k (or φc,k′) and ǫv,k (or equivalently,ǫc,k′). The well known
expression for the independent-particle polarizability is then achieved:

χ0(r1, r2, ω) = 2
∑

kv,k′c

(fv − fc)φc,k′(r1)φ
∗
v,k(r1)φ

∗
c,k′(r2)φv,k(r2)

ω − (ǫc,k′ − ǫv,k) + iη
(C.5)
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Crystalline field theory

Crystalline field theory (CFT) is a model that describes the electronic structure of
transition metal compounds depending on the coordination of the TM.

The fived orbitals of a TM, which are degenerate when the atom is isolated,
have instead different energies depending on the surroundings of the TM in a
solid. In CFT, the ligands of the TM in the solid are considered as point charges.
The electrons of the ligand will be closer to some of thed orbitals of the TM
and further from others. This fact breaks the degeneracy that the d levels had
in the free ion. The TM electrons and those of the neighbor atoms repel each
other, resulting in thed electrons closer to the ligands having a higher energy
than those further. Therefore a splitting in energy of thed orbitals is produced.
Fig. D.1 illustrates this splitting.

t2

t2ge

eg

octahedral
field

free ion

tetrahedral
field

free ion

Energy

dxy xzd dyz

Energy

dxy xzd dyz

dz2 dx2− 2y

dz2 dx2− 2y

(a) (b)

Figure D.1: Diagram of d-levels splitting in (a) a tetrahedral and (b) anoctahedral
crystalline field.
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In Fig. D.1(a), the TM is situated in a tetrahedral environment in the solid.
Here, four neighbors form a tetrahedron around the transition metal. Thed or-
bitals split into two groups: the lower energy orbitals,dz2 anddx2−y2 , are called
e, and the higher energy orbitals,dxy, dxz anddyz, are calledt2.

In the case of an octahedral coordination of the TM, Fig.D.1(b), six neighbors
form an octahedron around the TM. Thed orbitals split into two sets: thedxy,
dxz anddyz (called t2g), which are further from the ligands and therefore they
experience less repulsion and are lower in energy; anddz2, dx2−y2 (called eg)
with higher energy. This situation is opposite to the tetrahedral case.

It should be noticed that, as the ligands electrons in the tetrahedral field are
not oriented directly toward thed orbitals of the TM, the energy splitting in that
case is lower than that in the octahedral field.
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Material Science40, 1383 (2005).

[21] P. PALACIOS, J. J. FERNÁNDEZ, K. SÁNCHEZ, J. CONESA, and P. WAHNÓN,
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[127] P. E. BLÖCHL, Phys. Rev. B50, 17953 (1994).

[128] ABINIT code,www.abinit.org.

[129] X. GONZE, J.-M. BEUKEN, R. CARACAS, F. DETRAUX, M. FUCHS, G.-M.
RIGNANESE, L. SINDIC, M. VERSTRAETE, G. ZERAH, F. JOLLET, M. TOR-
RENT, A. ROY, M. M IKAMI , P. GHOSEZ, J.-Y. RATY , and D. ALLAN , Compu-
tational Materials Science25, 478 (2002).

[130] X. GONZE, G.-M. RIGNANESE, M. VERSTRAETE, J.-M. BEUKEN, Y. POUIL-
LON, R. CARACAS, F. JOLLET, M. TORRENT, G. ZERAH, M. M IKAMI ,
P. GHOSEZ, M. VEITHEN, J.-Y. RATY , V. OLEVANO, F. BRUNEVAL, L. REIN-
ING, R. GODBY, G. ONIDA , D. HAMANN , and D. ALLAN , Z. Kristallogr. 220,
558 (2005).

[131] M. FUCHS and M. SCHEFFLER, Comput. Phys. Commun.119, 67 (1999).

[132] M. GAJDOS, K. HUMMER, G. KRESSE, J. FURTHMÜLLER, and F. BECHSTEDT,
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165203 (2009).

[193] H. J. MONKHORSTand J. P. PACK, Phys. Rev. B13, 5188 (1976).

[194] M. METHFESSELand A. T. PAXTON, Phys. Rev. B40, 3616 (1989).

[195] D. E. ASPNESand A. A. STUDNA, Phys. Rev. B27, 985 (1983).

[196] B. ADOLPH, J. FURTHMULLER, and F. BECHSTEDT, Phys. Rev. B63, 125108
(2001).

[197] J. L. P. HUGHESand J. E. SIPE, Phys. Rev. B53, 10752 (1996).

[198] P. Y. YU and M. CARDONA, Fundamentals of Semiconductors, Springer-Verlag.
Berlin Heidelberg New York, 1996.

[199] R. HULSTROM, R. BIRD, and C. RIORDAN, Solar Cells15, 365 (1985).
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Thin Solid Films451-452, 112 (2004).

[227] G. DUPUIS and M. MENU, Appl. Phys. A: Mater. Sci. Process.83, 469 (2006).



List of publications related with the
thesis

PUBLICATIONS (INDEXED IN ISI WEB)

[1]. I. Aguilera , P. Palacios, P. Wahnón,Optical properties of chalcopyrite-type in-
termediate transition metal band materials from first principles, Thin Solid Films
516, 7055-7059 (2008).

[2]. P. Palacios,I. Aguilera , P. Wahnón,Ab-initio vibrational properties of transition
metal chalcopyrite alloys determined as high-efficiency intermediate-band photo-
voltaic materials, Thin Solid Films516, 7070-7074 (2008).

[3]. P. Palacios,I. Aguilera , P. Wahnón, J. C. Conesa,Thermodynamics of formation
of Ti- and Cr-doped CuGaS2 chalcopyrite intermediate band materials, J. Phys.
Chem. C112, 9525-9529 (2008).

[4]. P. Palacios,I. Aguilera , K. Sánchez, J. C. Conesa, P. Wahnón,Transition-metal-
substituted indium thiospinels as novel intermediate-band materials: prediction
and understanding of their electronic properties, Phys. Rev. Lett.101, 046403
(2008).

[5]. R. Lucena,I. Aguilera , P. Palacios, P. Wahnón, J. C. Conesa,Synthesis and Spec-
tral Properties of Nanocrystalline V-Substituted In2S3, a Novel Material for More
Efficient Use of Solar Radiation, Chem. Mater.20, 5125-5127 (2008).

[6]. K. Sánchez,I. Aguilera , P. Palacios, P. Wahnón,Assessment through first-principles
calculations of a novel intermediate band photovoltaic material based on Ti-im-
planted silicon: interstitial versus substitutional origin, Phys. Rev. B79, 165203
(2009).



228 List of publications

[7]. P. Palacios,I. Aguilera , P. Wahnón,Electronic structure and optical properties in
ZnO:M(Co, Cd). Effect of band-gap variation, Thin Solid Film,518, 4568-4571
(2010).

[8]. I. Aguilera , P. Palacios, P. Wahnón,Enhancement of optical absorption in Ga-
chalcopyrite-based intermediate-band materials for highefficiency solar cells, So-
lar Energy Material and Solar Cell,submitted.

[9]. I. Aguilera , P. Palacios, K. Sánchez, P. Wahnón,Theoretical optoelectronic anal-
ysis of MgIn2S4 and CdIn2S4 thiospinels. Effect of transition-metal substitution in
intermediate-band formation, Phys. Rev. B81, 075206 (2010).

[10]. K. Sánchez,I. Aguilera , P. Palacios, P. Wahnón,Formation of a reliable interme-
diate band in Si heavily co-implanted with chalcogens (S, Se, Te) and III-group
elements (B, Al), submitted.

[11]. I. Aguilera , S. Botti, J. Vidal, P. Wahnón, L. Reining,Quasiparticle and dielectric
properties of chalcopyrite CuGaS2, in preparation.

[12]. I. Aguilera , S. Botti, J. Vidal, L. Reining, P. Wahnón,Self-consistent quasiparticle
study of Ti- and Cr- intermediate band in CuGaS2, in preparation.

[13]. I. Aguilera , P. Wahnón,GW study of intermediate-band formation in thiospinels
MgIn2S4 and CdIn2S4, in preparation.

PUBLICATIONS IN PROCEEDINGS

[1]. “Ab-initio modelling of intermediate band materials based on metal-doped chal-
copyrite compounds”.
P. Wahnón, P. Palacios, K. Sánchez,I. Aguilera , J. C. Conesa.
Proceedings of the 2006 IEEE 4th World Conference on Photovoltaic Energy Con-
version, 63-66 ,2006ISBN 1-4244-0016-3

[2]. “Vibrational and optoelectronic properties for intermediate band materials based
on substituted chalcopyrites.”.
P. Palacios, P. Wahnón,I. Aguilera , K. Sánchez, J. J. Fernández
Proceedings of the 22th European Photovoltaic Solar EnergyConference, 377-
380,2007,ISBN 3-936338-22-1

[3]. “Engineering intermediate band materials based on metal-doped chalcogenides
compounds by quantum mechanical calculations.”
P. Wahnón, P. Palacios, K. Sánchez,I. Aguilera , J. C. Conesa



List of publications 229

Proceedings of the 22th European Photovoltaic Solar EnergyConference, 56-
59,2007,ISBN 3-936338-22-1

[4]. “Chalcopyrite-based materials for intermediate bandsolar cells: feasibility assess-
ment based on thermodynamic calculations”.
J. C. Conesa, R. Lucena, P. Wahnón, P. Palacios,I. Aguilera
Proceedings of the 22nd European Photovoltaic Solar EnergyConference, 2323-
2326,2007,ISBN 3-936338-22-1

[5]. “Caracterización ab-initio de materiales de banda intermedia para células solares
de alta eficiencia”.
I. Aguilera , P. Palacios, K. Sánchez, J. J. Fernández y P. Wahnón
Actas XXXI Bienal de F́ısica de la RSEF, 225,2007,ISBN 978-84-690-7298-1

[6]. “Towards an ab-initio characterization of novel intermediate band photovoltaic
materials”.
P. Wahnón, P. Palacios,I. Aguilera , K. Sánchez
Proceedings of the International Conference on ElectronicMaterials, 312-315,
2008,978-1-4244-2717-8/08

[7]. “Synthesis and characterization of transition metal-substituted indium thiospinels
as intermediate band materials for high efficiency sola cells”.
J. C. Conesa, R. Lucena, P. Wahnón, P. Palacios,I. Aguilera
Proceedings of the 23nd European Photovoltaic Solar EnergyConference, 41-44,
2008,ISBN 3-936338-24-8

[8]. “Advanced theoretically engineering of novel photovoltaic intermediate band ma-
terials based on metal doped chalcogenides”.
K. Sánchez, P. Palacios,I. Aguilera , P. Wahnón
Proceedings of the 23nd European Photovoltaic Solar EnergyConference, 2527-
2530, 2008,ISBN 3-936338-24-8

[9]. “Optical properties of novel intermediate band indiumthiospinel materials by
quantum mechanical calculations”.
P. Wahnón,I. Aguilera , P. Palacios, K. Sánchez, J. C. Conesa
Proceedings of the 23nd European Photovoltaic Solar EnergyConference, 283-
286, 2008,ISBN 3-936338-24-8

[10]. “First-principles properties of an intermediate band material based on Ti-implanted
silicon”.
K. Sánchez,I. Aguilera , P. Palacios, P. Wahnón
Proceedings of the 24th European Photovoltaic Solar EnergyConference, 559-
563, 2009ISBN 3-936338-25-6



230 List of publications

[11]. “New complex intermediate band materials for highly efficient photovoltaic cells”.
P. Wahnón, P. Palacios,I. Aguilera , J. C. Conesa, R. Lucena, D. Gamarra
Proceedings of the 24th European Photovoltaic Solar EnergyConference, 187-
190, 2009ISBN 3-936338-25-6

[12]. “First-principles Calculations of Complex Intermediate Band Materials for Photo-
voltaic Devices”.
P. Wahnón,I. Aguilera , P. Palacios, K. Sánchez
Proceedings of the MRS Fall Meeting: Advanced Nanostructured Solar Cells, sub-
mitted.

[13]. “Advanced Computational Design of Intermediate-Band Photovoltaic Material V-
substituted MgIn2S4”.
I. Aguilera , P. Palacios, K. Sánchez, P. Wahnón
Proceedings of the MRS Fall Meeting: Energy Harvesting-From Fundamentals to
Devices, submitted.

CONTRIBUTIONS TO CONFERENCES

In addition to other 25 contributions presented by other members of the group

[1]. “Vibrational properties and thermodynamics of chalcopyrite type promising high
efficiency solar cell materials” (Poster).
I. Aguilera , P. Palacios, J. C. Conesa, P. Wahnón
E-MRS 2007 Spring Meeting: Advanced materials and conceptsfor photovoltaics,
May 2007 Strasbourg, France.

[2]. “Caracterización ab-initio de materiales de banda intermedia para células solares
de alta eficiencia.” (Talk).
I. Aguilera , P. Palacios, K. Sánchez, J. J. Fernández y P. Wahnón
XXXI Bienal de F́ısica de la RSEF, September 2007, Granada, Spain.

[3]. “Understanding chalcopyrite type intermediate band photovoltaic materials from
first-principles.” (Talk).
I. Aguilera , P. Palacios, K. Sánchez, J.J. Fernández, P. Wahnón
Nanoquanta 5th Young Researchers Meeting, May 2008, Modena, Italy.

[4]. ”Optical properties of novel intermediate band indiumthiospinel materials by
quantum mechanical calculations.” (Poster).
P. Wahnón,I. Aguilera , P. Palacios, K. Sánchez, J. C. Conesa



List of publications 231

23nd European Photovoltaic Solar Energy Conference, September 2008, Valen-
cia, Spain.

[5]. “Ab-initio optical properties of novel intermediate band materials based on indium
thiospinels.” (Poster).
I. Aguilera , P. Palacios, K. Sánchez, P. Wahnón
Meeting on Optical Response in Extended Systems, November 2008, Vienna, Aus-
tria.

[6]. “Optoelectronic properties of intermediate-band photovoltaic materials from first-
principles calculations.” (Poster).
I. Aguilera , P. Palacios, K. Sánchez, P. Wahnón
Nanoquanta-ETSF 6th Young Researchers Meeting, June 2009, Berlin, Germany.

[7]. “Electronic structure and band-gap variation in ZnO:M(Co,Cd)” (Poster).
P. Palacios,I. Aguilera , K. Sánchez, P. Wahnón
E-MRS 2009 Spring Meeting: Synthesis, processing and characterization of na-
noscale multi functional oxide films, June 2009, Strasbourg, France.

[8]. “Electronic and chemical properties of thin-film compounds proposed as high-
efficiency photovoltaic materials” (Poster).
P. Palacios, K. Sánchez,I. Aguilera , P. Wahnón, J.C. Conesa
E-MRS 2009 Spring Meeting: Inorganic and Nanostructured Photovoltaics, June
2009, Strasbourg, France.

[9]. “Optical and dielectric properties of intermediate band materials for high effi-
ciency photovoltaics” (Poster).
I. Aguilera , K. Sánchez, P. Palacios, P. Wahnón
E-MRS 2009 Spring Meeting: Inorganic and Nanostructured Photovoltaics, June
2009, Strasbourg, France.

[10]. “First-principles design of complex intermediate-band photovoltaic materials” (Pos-
ter).
I. Aguilera , P. Wahnón, K. Sánchez, P. Palacios
2009 ETSF Workshop on Electronic Excitations, September 2009, Evora, Portu-
gal.

[11]. “Advanced Computational Design of Intermediate-Band Materials for High-Effi-
ciency Solar Cells” (Talk).
I. Aguilera , P. Wahnón, K. Sánchez, P. Palacios
MRS Fall Meeting: Energy Harvesting-From Fundamentals to Devices, December
2009, Boston, USA.





Index

4-point Coulomb interaction,56
4-point polarizability,56

A ,
ABINIT, 59
absorbance,51
absorptance,51
absorption coefficient,49
absorptivity,51
adiabatic local density approximation,

21
all-electron,61
AM1.5G solar spectrum,136, 156
annihilation operator,25, 27
atomic units,13

B,
Bethe-Salpeter equation,10, 45, 56
Bloch theorem,60
Born-Oppenheimer approximation,9
Brillouin zone,9, 52

C,
Cd2TiIn3S8

absorption coefficient,173
absorptivity,177
density of states

GGA, 169
partial absorption coefficient,174

reflectivity, 175
Cd2VIn3S8

absorption coefficient,173
absorptivity,177
density of states

GGA, 169
partial absorption coefficient,174
reflectivity, 175

CdIn2S4

absorption coefficient,167
bands

GGA, 165
density of states

GGA, 169
reflectivity, 167, 175
refractive index,168

chalcopyrite structure,76
chemical potential,25, 28
COHSEX approximation,41
complex refractive index,49
correlation,40, 41
Coulomb hole,36, 41, 43
creation operator,25, 27
crystalline field theory,211
Cu4CrGa3S8

absorption coefficient,156
absorptivity,161
bands



234 Index

LDA, 98
scCOHSEX, 98
scCOHSEX +G0W0, 98

density of states
GGA, 153
LDA, 97
scCOHSEX, 97
scCOHSEX +G0W0, 97

partial absorption coefficient,157
reflectivity, 159
transmittance,161

Cu4TiGa3S8

absorption coefficient,156
absorptivity,160
density of states

GGA, 153
partial absorption coefficient,157
reflectivity, 159
transmittance,160

CuGaS2
density of states

GGA, 153

D,
density functional theory,9, 13

time-dependent,10, 19
density of states,132
dielectric

function,31, 47, 48, 53
diluted magnetic semiconductors,141
direct photoemission,23, 25
double-counting,18
DP code,60

E,
e manifold,212
eg manifold,212
electron-hole

interaction,10
pair,3, 4, 45

electron-hole exchange,56, 57
electronic density,13, 26
exact exchange,18
exchange,35
exchange-correlation,16

kernel,21, 54
potential,16, 17

exciton,45
excitonic

effects,10, 56
peak,10

extinction coefficient,49

F,
face-centered cubic FCC,142
Faleev approximation toGW , 42
Fermi distribution,47
Fermi’s golden rule,48, 54
Fock self-energy,35, 40, 207

G,
G0W0, 40
Ga30P32Cr2

absorption coefficient,147
density of states,147
partial absorption coefficient,148
reflectivity, 149
refractive index,149

Ga30P32Ti2
absorption coefficient,146
density of states,146
partial absorption coefficient,148
reflectivity, 149
refractive index,149

Ga31P32Cr
absorption coefficient,147
density of states,147
partial absorption coefficient,148

Ga31P32Ti
absorption coefficient,146



Index 235

density of states,146
partial absorption coefficient,148

GaP
absorption coefficient,144
reflectivity, 144
refractive index,149

generalized gradient approximation,18
ghost states,63
Green’s function

non-interacting,40
one-particle,25, 30
two-particles,30, 32

ground-state energy,14
GW approximation,10, 39, 55

H ,
Hartree

energy,15
potential,16, 32

Hartree-Fock approximation,34, 40
Hedin’s equations,37, 39
Hohenberg-Kohn theorem,13, 14
homogeneous electron gas,17

I ,
In2S3

absorption coefficient,182
density of states,181
reflectivity, 185
structure,180

independent-electron-hole
polarizability,56

insulator,25
intermediate band,1, 3

material,6, 7
solar cell,4

inverse photoemission,25
irreducible vertex,37

J,

joint density of states,51

K ,
Kohn-Sham,15, 40

eigenfunctions,53
eigenvalues,53
equation,15, 19

Kramers-Kronig,48
Kubelka-Munk transform,187

L ,
LDA+U, 18
Lehmann amplitudes,27, 28, 51, 209
lifetime

of the quasiparticle,40
light confinement,7
linear response,19
local density approximation,18, 40
local-field effects,52–54
long-range contribution,22

M ,
many-body effects,24
many-body perturbation theory,10, 23,

30
Maxwell’s equations,49
metal,25
Mg2TiIn3S8

absorption coefficient,171
absorptivity,176
bands

LDA, 117
scCOHSEX +G0W0, 117

density of states
GGA, 169
LDA, 113, 115
scCOHSEX, 115
scCOHSEX +G0W0, 115

partial absorption coefficient,172
reflectivity, 175



236 Index

Mg2VIn3S8

absorption coefficient,171
absorptivity,176
bands

LDA, 118, 122
scCOHSEX+G0W0, 118, 122

density of states
GGA, 169
LDA, 113, 116
scCOHSEX, 116
scCOHSEX +G0W0, 116

partial absorption coefficient,172
reflectivity, 175

MgIn2S4

absorption coefficient,167
bands

GGA, 166
LDA, 110
scCOHSEX +G0W0, 110

density of states
GGA, 169
LDA, 111, 113
scCOHSEX, 111
scCOHSEX +G0W0, 111

reflectivity, 167, 175
refractive index,168

momentum operator,46
Mott limit, 6, 131
Mott transition,5

N,
non-interacting Green’s function,40
nonlinear core corrections,62
norm-conserving pseudopotentials,62

O,
one-particle Green’s function,25, 30
one-shot GW,40, 42
OPTICS code,59

P,
partial absorption coefficient,7
photoemission,23, 29

direct,23, 25
inverse,25

plane-waves basis,60
plasmon-pole approximation,69
polarizability,20, 30, 52

independent particle,20, 40, 51,
209

irreducible,31, 37
reducible,31, 37

projector augmented waves,63
pseudopotential,61

Q,
quantum dots,9
quasiparticle,33, 35

lifetime, 40
peak,24
wavefunction,28, 33, 55, 68

quasiparticle renormalization factor,66

R,
random phase approximation,21, 40,

51, 52, 54, 209
recombination,5
reflectance,50
reflectivity, 49
refractive index,49

S,
satellites,24
Schrödinger picture,27
scissor operator,55, 65
screened Coulomb interaction,36, 37
screened exchange,41
self-energy,24, 33

exact,37
Fock,35, 40, 207



Index 237

GW, 40
semiconductor,25
semicore orbitals,63, 67
Shockley-Queisser limit,4
silicon

absorption coefficient,135
reflectivity, 135

spectral function,28
spinel structure,102
step function,26

T ,
t2g manifold,212
t2 manifold,212
thermalization,6
thin film, 1, 75, 159, 175, 179
Ti2In14S24

absorption coefficient,182
absorptivity,185
density of states,181
partial absorption coefficient,183
reflectivity, 185

TiiSi216
absorption coefficient,136
absorptivity,138
density of states,133
partial absorption coefficient,137

transmittance,138
time-dependent DFT,19
time-ordering operator,26
two-particles Green’s function,30

U,
ultrasoft pseudopotentials,63

V ,
V2In14S24

absorption coefficient,182
absorptivity,185
density of states,181
partial absorption coefficient,183
reflectivity, 185

VASP,59, 120, 192
vector potential,46

W ,
wavefunction

quasiparticle,28, 33, 55, 68

X ,
XPS,83, 88

Z ,
zincblende,142


	Contents
	Resumen
	Abstract
	Preface
	Introduction
	Intermediate-band concept
	Intermediate-band solar cell
	Recombination: discrete levels vs. a narrow band
	Absorption in an IB material. Partial contributions

	Intermediate-band materials
	Approach to the physical problem and theoretical techniques

	I Background
	Theoretical fundamentals I: Approaches based on electronic density
	Density Functional Theory
	Hohenberg and Kohn theorems
	Kohn-Sham equations
	Approximations to the exchange-correlation potential
	LDA+U method

	Time Dependent Density Functional Theory
	Small perturbing potential Vext(r,t). Linear response
	Approximations for the exchange-correlation kernel


	Theoretical fundamentals II: Many-Body Perturbation Theory
	Photoemission spectroscopy
	Introduction to Green's functions
	The one-particle Green's function
	Spectral function
	Dyson equation
	Self-energy

	Hedin's equations and the GW approximation
	Hartree-Fock approximation to 
	Quasiparticles
	Hedin's equations
	GW approximation
	Screened exchange and COHSEX approximation
	Self-consistency


	Theoretical fundamentals III: Optical properties
	Response to electromagnetic fields
	Relation between dielectric function and optical properties
	Independent-particle polarizability.
	Local-field effects
	Calculations of optical properties
	Optical properties in DFT
	Optical properties in TDDFT
	Optical properties with GW approximation
	Bethe-Salpeter equation


	Computational aspects
	Computer codes
	Bloch theorem and plane-waves basis set
	Pseudopotentials
	Norm-conserving pseudopotentials for abinit calculations
	PAW pseudopotentials for vasp calculations

	Practical details of DFT electronic calculations
	Problem of the band gap in DFT methods.

	Practical implementation of GW and COHSEX approximations
	Convergency parameters
	Effect of the pseudopotential in GW calculations
	LDA states as basis set
	Plasmon-pole approximation



	II Results
	IIa. GW and TDDFT assessment of theoretical methods
	Tetrahedrally coordinated Cr in chalcopyrite CuGaS2
	Computational aspects
	Pseudopotentials
	Structural properties

	CuGaS2 host semiconductor
	Effect of semicore orbitals in the pseudopotential of Ga
	Effect of the internal distortion parameter u
	Electronic properties of CuGaS2
	Dielectric function

	Cr-substituted CuGaS2 as IB material

	Octahedrally coordinated Ti and V in thiospinel MgIn2S4
	Computational aspects
	Generation of pseudopotentials for GW calculations

	DFT characterization of structural properties
	Electronic properties of the host semiconductor
	Electronic properties of intermediate-band materials
	Effect of the structural degree of inversion on the IB

	Rationalization of GW effects on the intermediate band
	Conclusions that can be extrapolated to other IB compounds


	IIb. Optical properties of intermediate-band alloys
	Intermediate-band in Ti-doped silicon
	Computational aspects
	Optical properties
	Pure silicon
	Interstitial Ti in silicon


	Intermediate-band derivatives of GaP
	Computational aspects
	Optical properties of GaP
	Optical properties of GaP IB materials

	Chalcopyrite derivatives
	Computational details
	Absorption
	Effect of the thickness of the absorber

	MgIn2S4 and CdIn2S4 spinels and derivatives
	Computational aspects
	Pure host semiconductors
	Electronic properties
	Optical properties

	Intermediate-band materials
	Electronic properties
	Optical properties
	Effect of the thickness of the absorber


	In2S3: Ti and V substitution to form an intermediate band
	Computational details
	Ground-state electronic properties
	Optical properties
	V2In14S24: Comparison with experimental results.


	Conclusions
	- Influence of many-body effects on the IB electronic structure
	- Optical properties of intermediate-band materials
	- Open issues


	Appendices
	Functional derivative of the Green's function
	Exchange and correlation parts of  and COHSEX approximation
	Independent-particle polarizability
	Crystalline field theory

	Bibliography
	List of publications related with the thesis
	Index

