
Chapter 4
Optical properties of semiconductors

Maria Isabel Alonso and Miquel Garriga

Abstract In this chapter we present basic concepts which are relevant to link the re-
sults obtained from ellipsometry data analysis with fundamental properties of semi-
conductors for photovoltaic applications. The linear optical properties of semicon-
ductors are best discussed in terms of the relationship between the dielectric function
ε and the band structure.

4.1 Introduction

The subject of this chapter is so broad that we shall not attempt to give here a
comprehensive and theoretically rigorous description. Alternatively, we will focus
on some aspects which are helpful to bridge the gap between basic concepts and
more complete textbooks beyond the scope of this contribution.[1–4] We shall pay
particular attention to topics relevant for the understanding and interpretation of el-
lipsometry spectra of semiconductors in the essential spectral range for photovoltaic
(PV) applications, i.e., the optical energy range.

In terms of the linear optical properties of a material and from an experimental
perspective, we can distinguish a semiconductor by quite structured optical func-
tions in the optical energy range. The spectra of both insulators and metals are
comparatively featureless. However, insulators are transparent and exhibit low re-
flectivity whereas metals display high absorption and high reflectivity. We find the
origin of these properties in the different electronic structures of the diverse ma-
terials and it is possible to understand them based on electronic band theory. The
dielectric function ε for some crystalline Silicon-Germanium alloys with different
compositions is displayed in Fig. 4.1. The overall shape of the various ε is alike,
but even for so similar semiconductors, the details are quite different. The specific
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features reveal critical points (CPs) due to Van Hove singularities and the labels of
the CPs (i.e., E�

0, E1, E1 +Δ1, E�
1, and E2) are related to the band structures. The

connection between all these elements will be elaborated in this chapter.

Fig. 4.1 Real and imaginary parts of the dielectric function of SiGe alloys measured by
ellipsometry.[5] The critical points observed in this spectral range are labelled with the standard
notation according to their assignments. The curves are shifted vertically for clarity, as indicated.

4.2 Electronic band structures

The electronic structure of a crystalline solid originates from the interactions be-
tween atoms. It is important to notice that there are two kinds of contributions to
these interactions. First, the nature of the atoms determines their strength and, sec-
ond, the spatial order introduces a modulation that promotes or restricts that strength
depending on the symmetry of the arrangement. Both contributions determine which
is the most stable structure and are reflected in the electronic band structure, that is,
the possible electronic energy states as a function of the wavevector.

4.2.1 Energy considerations

Energy bands evolve from atomic energy levels when individual atoms interact to
build the solid. The bonds between atoms are mainly formed by the outer valence
electrons because the inner electrons are more strongly attached to the nucleus. We
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may then consider the solid as composed of cores and valence electrons. To describe
most PV semiconductors we consider as example the C atom. Its valence electronic
structure is (2s)2(2p)2. Having 4 outermost electrons, C atoms can crystallize in a
diamond structure with covalent bonding in tetrahedral arrangement by means of
the sp3 hybridization of the valence orbitals in the bonding process which is the
basis of most inorganic semiconductors, among them Si, Ge, and also compound
semiconductors of the zinc blende, wurtzite, and chalcopyrite structures. Diamond
is an insulator and is metastable; the most stable binding among C atoms occurs
in graphite by the sp2 hybridization that results in a planar disposition of bonds.
The non-hybridized p orbitals from neighboring C atoms overlap forming π bonds
and allow for delocalization of electrons, that is, conjugation. This kind of bonds
is fundamental for organic semiconductors. In graphite there is no band gap and
therefore, the material is conductor. The conducting vs. insulating behavior is due
to the presence vs. absence of π-electrons. The C–C bond length is quite short in
both cases, around 1.42 Å for the sp2 and 1.55 Å for the sp3 bond. Therefore, the
energy difference between filled binding and empty anti-binding hybrid orbitals is
quite large. At larger bond lengths this energy is smaller, accordingly Si (2.35 Å)
and Ge (2.45 Å) are semiconductors whereas α-Sn (2.81 Å) is a semi-metal. For
compound semiconductors like GaAs, AlAs, ZnSe (examples of zinc blende) or
CdS, CdSe, CdTe (wurtzite) not only the length but also the ionicity of the bonds
makes a contribution. For compounds with the same bond length, like in Ge and
GaAs, the latter has a larger gap due to the bond ionicity contribution in GaAs. In
ternary compounds like Cu(In,Ga)Se2 (examples of chalcopyrite) the energy schema
is also mainly given by sp3 bonds, although d-valence electrons from Cu modify the
energy balance.

Concerning the π bonds, the dominant factor that determines the bandgap is the
bandwith given by the number of interacting C atoms. In graphite a very large num-
ber of atoms participate in the conjugated system; on the other extreme, in small
molecules the energy difference between the highest occupied π molecular orbital
(HOMO) and the lowest unoccupied π� molecular orbital (LUMO) is larger. As
a rule, the band gap is reduced when the size of the conjugated system increases.
For example, in the series of polyacene molecules, the band gap decreases when
the number of C rings increases, from ∼4.8 eV in benzene down to visible ener-
gies such as ∼2.1 eV in pentacene. In crystals made from these molecules, the in-
teraction among them is usually of the van-der-Waals type which is much weaker
than the intra-molecular covalent bonds. Hence, each molecular identity is well-
preserved and with it the semiconducting properties. Interaction among molecules
gives also rise to bands, which are narrower than those of sp3 connected inorganic
crystals. Even if there are extended bands for electrons in molecular crystals, in
most practical situations the conjugated π-electron systems are still mostly restricted
to molecular sites. This is due to the strong interaction between the electrons and
the vibrations that scatter electrons at each molecular site even in ideal molecular
crystals.[6, 7]

Detailed description of methods to calculate the energy bands are beyond the
scope of this Chapter, however, in Sect. 4.2.3 we will briefly mention some of the
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methods that describe the energies of electrons in the extended band regime. These
methods are remarkably successful to describe inorganic semiconductors but are
insufficient for organics in which inclusion of the interaction with molecular vibra-
tions (and disorder) is necessary to accurately describe the electronic levels. Further
insight into particularities of inorganic and organic semiconductors will be given in
Sects. 4.4 and 4.5, respectively.

4.2.2 Symmetry considerations

Symmetry plays an essential role in many aspects that determine the resulting en-
ergy bands. To begin with, the atomic energy states possess characteristic symme-
tries and obviously, the combinations of these states in a solid will reflect them in
a certain way. A collection of symmetry operations form a group, a mathematical
structure providing us with tools to take advantage of symmetry.[8] One of the most
important consequences is that every electron state will always transform as one of
the group’s irreducible representations (irreps). Thus, electron states can be labelled
according to the irrep they obey. To examine the atomic energy states, let’s consider
the hydrogen atom as example. Due to its spherical symmetry, its eigenstates can
be constructed making use of the spherical harmonic functions Ylm, i. e., these func-
tions are basis of the irreducible representations of the group of rotations in space,
and the quantum numbers l and m are good labels for the atomic eigenstates. The
orbital angular momentum l = 0 describes s states, whereas l = 1 describes p states.
The irreducible representations not only encode the symmetry operations but also
simplify the insight into the system’s behavior. For example, when a perturbation is
applied to the atom, p energy levels can split into three components, but not s levels.
The group of spherical symmetry also describes other important systems in solids
like impurities and excitons.

Molecular orbitals that result from the process of bonding display different sym-
metries but, in general, bonding orbitals are symmetric with respect to the inter-
change of the two atoms and antibonding orbitals are antisymmetric. Inversion is
just one of the possible symmetry elements where a point is kept fixed, in this case
the inversion center. We refer to these operations as point group symmetries and
besides inversion (I) there may be mirror planes (σ ), rotations (Cn), and rotation-
inversions (Sn), where n = 1,2,3,4,6 indicates rotation by an angle of 2π/n radians.
Crystals formed by different arrangements of tetrahedral sp3 bonds result in crys-
tal structures with different point symmetries, as displayed in Fig. 4.2: In diamond
and zinc blende the tetrahedra are oriented in a staggered configuration along �111�
generating cubic structures. In wurtzite, an eclipsed configuration of tetrahedra pro-
duces an hexagonal crystal structure.

Within group theory, every point symmetry operation can be specified by a lin-
ear transformation called representation, described by a matrix that performs the
symmetry operation. For practical purposes in spectroscopy, the information needed
from groups is gathered in the table of characters, which are the traces of the ma-
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Fig. 4.2 Comparison of the conventional unit cells of zinc blende (cubic) and wurtzite (hexagonal),
showing that the different relative orientation of sp3 tetrahedral units (staggered vs. eclipsed) gives
rise to crystals of different crystal systems.

trices that describe the irreducible representations. Any set of complete functions
can be used as a basis to describe the electronic states but, in general, the group
representations generated by those functions are reducible and can be decomposed
into a direct sum of irreducible representations. The number and dimensions of the
irreducible representations are characteristic of each symmetry group.[9] Therefore,
like for the hydrogen atom, the irreducible representations are suitable as labels of
physical properties including the electronic energy levels.

An additional unique symmetry that defines a crystal is its invariance under
specific translations (translational symmetry). The point operations plus the lattice
translations form the space group of the crystal. The three primitive lattice vectors
a1, a2, a3 span the direct lattice forming a commutative group. In such a group all
irreducible representations are one dimensional with a matrix given by eikr, where
the wavevector k provides a good quantum number to label the electronic energy
states of the crystal in the band structure. The possible values of k are restricted to
those within the first Brillouin Zone (BZ) of the reciprocal lattice generated by the
vectors bi = 2π(aj ×ak)/[a1 · (a2 ×a3)]. For each k we have different states with
additional labels coming from the point group symmetries, cf. Sect. 4.3.1. Points
and lines of high symmetry within the BZ are designated by greek or roman letters
when they are inside or at the border of the BZ, respectively. Significant points are
indicated in Fig. 4.3 for the BZs of the two related crystal structures zinc blende and
chalcopyrite. Because chalcopyrite can be viewed as a superstructure of zinc blende,
the larger BZ of the latter can be folded into the smaller BZ of the former. The zone-
folding concept provides approximated dispersions of electronic states starting from
known parent materials.
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For completeness, we mention that sometimes space-group operations may in-
volve a fractional translation (smaller than a primitive one). These operations are
screw rotations or glide reflections and give rise to non-symmorphic space groups in
which the crystal, such as diamond, is not globally invariant under the point group.
Crystals with symmorphic space symmetry, such as zinc blende, are globally invari-
ant under the point group.

Fig. 4.3 Brillouin zones of the zinc blende and chalcopyrite crystal structures and their relation-
ship. All BZs are truncated octahedra, the main labels refer to high-symmetry points of the smaller
chalcopyrite BZ, and the subindices denote the related points of the larger zinc blende BZ. Adapted
from Ref. [10].

4.2.3 Band structure diagrams

Electronic band structure diagrams combine the elements that we have described
in the preceding pages, in Sects. 4.2.1 and 4.2.2, giving a representation of al-
lowed electron energies in the semiconductor together with their transform prop-
erties, obeying both translational symmetry, described by the wavevector k, and
point group symmetry, given by the specific irreducible representations to which the
electron states belong. Most methods to calculate band diagrams consider the semi-
conductor as a periodic arrangement of static atom cores surrounded by the valence
electrons and reduce the problem to solving a one-electron Schrödinger equation:
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H1eΨn(r) =
�

p2

2m
+V (r)

�
Ψn(r) = EnΨn(r), (4.1)

where V (r) is a periodic potential and Ψn(r) = eikrΦ(r) is a Bloch wave function
with Φ(r) also periodic. In this simplification, the strongly interacting valence elec-
trons are replaced by weakly interacting quasi-electrons with effective mass m. The
differences between theoretical approaches arise from the definition of V (r) and the
basis functions proposed to solve the Schrödinger equation by variational methods.
It is illustrative to consider the simplest solution of Eq. (4.1) when V (r) = 0, re-
ferred to as empty lattice model. In this case, the electronic bands are paraboloids
Ek = h̄2k2/2m folded into the first BZ, as displayed in Fig. 4.4 for zinc blende and
chalcopyrite crystals. The zone-folding relationship between electronic bands is ev-
ident in the empty lattice simplification.

Fig. 4.4 Empty lattice electronic bands along high-symmetry lines of the Brillouin Zone of chal-
copyrite (left) and zinc blende (right). The points N and T of chalcopyrite are indicated on the zinc
blende scheme to illustrate the zone-folding relationship between both structures. A corresponding
band for each direction is highlighted with thicker lines.

Obviously, a realistic description of the band structures and band gaps requires
to consider V (r) �= 0. In the following, we give short descriptions of band energy
calculations methods that are usually applied to describe the optical properties of
semiconductors.

Tight-binding calculations are similar to the method of Linear Combination of
Atomic Orbitals (LCAO). The electronic wavefunctions of the solid are built as a
linear combination of wavefunctions at each atomic site. Appropriate relative phases
between the atomic states are considered to ensure the required translational sym-
metry. It is assumed that interactions between atomic states are limited to a few
nearest neighbors. Thus, a small number of physically sound overlap parameters,
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with explicit dependence on bond length, provides a quite good description of the
valence band structure for a variety of similar compounds.

The k·p method uses perturbation theory to obtain details of the band structure
near a k point in the BZ (usually the center, Γ ) starting from the energy gaps and the
matrix elements of p at that specific k point. The method is quite useful to describe
optical properties as it provides gaps, oscillator strengths and effective masses. It can
also be easily extended to include spin-orbit interaction and the effects of external
perturbations such as stress or electric and magnetic fields.[11]

In the Pseudo-potential approach, the complicated interaction of nucleus and core
electrons with the valence electrons is replaced by a smoother effective pseudo-
potential that allows to use a much smaller basis function set to solve for valence
electron eigenstates. Translational symmetry allows to describe the pseudo-potential
as a Fourier series with a coefficient for each reciprocal space vector g. Usually,
about three Fourier coefficients per atom are sufficient since their value decays with
increasing g length. These coefficients can be obtained either empirically, by ad-
justing calculated properties to experimental data, or calculated within an ab initio
density functional method.[1]

Density functional theory (DFT) has progressed in parallel with the increasing
availability of computing power. Several ab-initio methods have been developed to
obtain very detailed and precise electronic band structures. Those methods replace
the correlation and exchange interactions between many electrons by a one-electron
problem described by a functional of the local electron density (local density ap-
proximation, LDA). Available codes differ in the problems they are designed to
solve, going from simple basis functions and potentials that allow to calculate sys-
tems with very large numbers of atoms to very accurate models of the exchange
and correlation potentials that include functionals of electron density gradient (gen-
eralized gradient approximations, GGA). In the framework of these sophisticated
models, the interaction of electrons with lattice vibrations, neglected in Eq. (4.1),
can also be considered, either as a perturbation or dealing with electrons and vibra-
tions on a same footing, the latter usually needed for molecular semiconductors.

Whichever calculation method is chosen, zone-folding remains helpful to ascribe
electronic transitions based on parent compounds. In establishing this relationship,
electronic levels may be not merely folded but also shifted and splitted by the lower
superstructure symmetry, usually referred to as crystal field. A different source of
splittings is due to the fact that quasi-electrons are fermions with half-integral spin
angular momentum. In many semiconductors there is a significant interaction of the
particle spin with its motion (spin-orbit coupling). Considering the spin requires a
new point group symmetry operation Ē, a 2π rotation that changes the sign of the
spin functions. As a consequence, the number of group elements is doubled and the
identity operation E of the double group becomes a 4π rotation. The electron states
must be labelled with the additional irreducible representations of the double group
which carry the spin symmetry. However, in many cases the spin interaction is a
perturbation and the symmetry traits of the single group approximately prevail. Fig-
ure 4.5 represents the correspondence between single and double group symmetries
for the electronic states that are important for the band gap of chalcopyrite semicon-
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ductors, occurring at the Γ point (cf. Fig. 4.3). This correspondence may be inferred
from the table of characters of all point group operators,[9] listed in Table 4.1. The
relationship to the zinc blende parent symmetry is also indicated. This example will
be further developed in the rest of this Chapter.

Fig. 4.5 Schematic diagram of the gap energy states at the Γ point of zinc blende and correspon-
dence to chalcopyrite without (single group labels) and with inclusion of spin-orbit interaction
Δso �= 0 (double group). Solid (dashed) arrows represent transitions allowed by symmetry in E⊥c
(E�c) polarization. The ordering of the topmost valence bands depends on the sign of the crystal
field Δc f , positive for CuInSe2 (CIS) and negative for CuGaSe2 (CGS).

Table 4.1 Character table of the double D2d point group. Notice that in this case both unbarred
and barred two-fold rotations and reflection symmetries have the same characters, i.e., belong to
the same class. The correspondence between single-group and additional representations may be
deduced by considering the characters for the J=1/2 spin operator (D1/2) leading to the direct
product relations Γ4 ⊗D1/2 = Γ7 and Γ5 ⊗D1/2 = Γ6 ⊕Γ7.

D2d E 2Sz
4 Cz

2 2C2 2σd Ē 2S̄z
4

C̄z
2 2C̄2 2σ̄d

Γ1 1 1 1 1 1 1 1
Γ2 1 1 1 –1 –1 1 1
Γ3 1 –1 1 1 –1 1 –1
Γ4 1 –1 1 –1 1 1 –1
Γ5 2 0 –2 0 0 2 0
Γ6 2

√
2 0 0 0 –2 −

√
2

Γ7 2 −
√

2 0 0 0 –2
√

2
D1/2 2

√
2 0 0 0 –2 −

√
2
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4.3 Dielectric function

The relationship between band structure and dielectric function is a two-way street.
The experimental knowledge of the dielectric function, extracted from measure-
ments after data analysis as described in Chapter 3, is a source of information of
fundamental physical parameters, among them, those of the band structure. Like-
wise, according to the physical properties of the studied materials, their dielectric
function can be parametrized using suitable models as will be shown in Chapter 5.
To formulate the basic links we must consider the interaction between light and the
electrons in the solid.

The interaction of the electrons with the electromagnetic field of a plane wave
can be calculated by writing the electron momentum p of Eq. (4.1) as p+eA, where
A = êA0 exp(iqr−ωt) is the vector potential of the electromagnetic field with light
wavevector q and frequency ω , and ê its polarisation vector. The resulting Hamilto-
nian contains the unperturbed term and two time-dependent extra terms that describe
the interaction between the radiation and the electrons. To obtain the linear optical
response, we keep the dominant term (eA ·p)/m and neglect the smaller quadratic
term e2A2/(2m).

Using time-dependent perturbation theory, the transition probability per unit time
W for an electronic transition from the valence state |vk� to the conduction state |ck��
is:[2]

W (v,c,k) =
e2A2

0
m2

��Mcv(k,k�)
��2 2π

h̄
δ (Eck� −Evk − h̄ω),with

Mcv(k,k�) = �ck�| ê ·peiqr |vk� .
(4.2)

Equation (4.2) is known as Fermi golden rule. Evaluation of the matrix element
Mcv(k,k�) is facilitated by applying the space group selection rules. For instance,
translational symmetry requires wavevector conservation k� = k+ q+ g, where g
is a reciprocal lattice vector. Because in the optical range the light wavevector q is
≈ 10−4 times smaller than the reciprocal lattice vectors, we have k� � k in Eq. (4.2).
This condition gives rise to direct interband transitions. In some semiconductors,
(f. i., Si and Ge) the fundamental absorption edge is given by processes in which
phonons participate. For those indirect interband transitions k� = k+q±Q+ g, i.
e., k� � k±Q, where Q is the wavevector of the absorbed or emitted phonon. On
the other hand, the particular symmetries of the electronic levels allow to predict
if two states can be connected by the dipolar interaction operator (in this case p)
and also assign the relative weight in case of splitting, either by a crystal field or
spin-orbit interaction. The matrix element is nonzero, that is, �Ψc|p|Ψv� �= 0, only
if the representation of p appears in the direct product of the representations of the
two interacting states. This enunciate is known as matrix-element or Wigner-Eckart
theorem and specifies the selection rules. Note that, since p is a vector, it changes
sign under inversion. Consequently, if the symmetry group of the crystal contains
the inversion, all allowed transitions must connect states of opposite parity.

The absorbed energy per unit time and unit volume is obtained by multiplying
the transition rate by h̄ω and adding over all transitions between filled |v� and empty
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|c� states for all k vectors of the BZ. The result of dividing this sum by the incident
energy is the absorption coefficient α(ω) from which the imaginary part of the
dielectric function can be calculated:

ε2(ω) =
πe2

3ε0m2ω2 ∑
cv

�

BZ

2dk
(2π)3 |Mcv(k)|2 δ (Eck −Evk − h̄ω). (4.3)

Equation (4.3) can be evaluated from the electronic structure theory methods
and further, the Kramers-Kronig relations give the complete dielectric function. The
δ function in Eq. (4.3) transforms the volume integral over the BZ into a surface
integral over the surface of constant energy difference h̄ω = Eck −Evk. Considering
the contribution to ε2 of a small interval of the BZ, the matrix element Mcv can be
taken as constant. Then, ε2(ω) is proportional to the Joint Density of States (JDOS):

ε2(ω) ∝ Jcv(ω) =
2

(2π)3

�

Eck−Evk=h̄ω

dS
|∇k(Eck −Evk)|

(4.4)

that has large values (singularities) at energies where the valence and conduction
bands are parallel. Those singularities give rise to structures in the dielectric func-
tion.

4.3.1 Critical points

According to Eq. (4.4) a Critical Point (CP) appears at every k, for which ∇k(Eck −
Evk) vanishes. Most features of the dielectric function of semiconductors can be
identified with CPs, also denominated Van Hove singularities. The structures ob-
served in the optical spectra are labelled according to the position of the corre-
sponding CP at the BZ. The labels E0, E0+Δ0, E�

0 and E�
0+Δ �

0, are used for inter-
band transitions located at or near the BZ center, the Γ -point. The singularities that
occur at the L-point or along �111� are labelled E1, E1+Δ1, E�

1. The labels E2 are
used for interband transitions along �100� or occasionally, other parts of the BZ.

The strength of a CP is given in first approximation by the JDOS, that is, by the
volume of the BZ that contributes to each structure, provided that the transition is
not symmetry forbidden, i.e., the matrix element |Mcv(k)|2 is not zero. The con-
tributing volume is given by the k-dependence of the energy difference between the
valence and the conduction band. A series expansion of this difference around the
wavevector k0 of the CP gives:

Eck −Evk ≈ Eg +
h̄2

2

�
(kx − k0x)

2

µx
+

(ky − k0y)
2

µy
+

(kz − k0z)
2

µz

�
, (4.5)

where µx,µy,µz are the principal components of the reduced inverse effective mass
tensor:
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↔
1

µi j
=

1
h̄2

∂ 2

∂ki∂k j
(Eck −Evk) . (4.6)

It follows from Eq. (4.5) that the values of µi determine the JDOS at the CP and
with it its strength. From Eq. (4.4) it is obvious that a small relative curvature of the
bands (i.e., larger reduced effective mass) means an increase of electronic interband
transitions with energy Eg and therefore a stronger structure in ε2(ω). Further, when
one mass is large compared to the others the corresponding term in Eq. (4.5) does
not contribute and the energy difference in that direction shows practically no dis-
persion. As a consequence, the JDOS increases and originates stronger structures in
the spectra. The number of contributing terms gives the dimensionality of the CP.
Besides, the signs of the different µi determine the form of the surface of constant
energy and therefore the kind of CP.

There are four kinds of three dimensional (3D) CPs in which the masses are
of similar values: a minimum (M0), two kinds of saddle points (M1, M2), and a
maximum (M3) characterized by 0, 1, 2, and 3 negative masses, respectively. The
constant energy surfaces are ellipsoids (M0 and M3) or hyperboloids (M1 and M2).
For two-dimensional (2D) CPs one of the masses is much larger than the other
two. We have then a minimum, a saddle point or a maximum when 0, 1, or 2 of
those two masses are negative, respectively. The constant energy surfaces are ellip-
tic cylinders when both masses are of the same sign and hyperbolic cylinders for the
saddle point. When one of the masses is much smaller than the other two, the CP is
one-dimensional (1D), either a minimum or a maximum if that mass is positive or
negative, respectively. The constant energy surfaces are parallel planes whose dis-
tance increases (minimum) or decreases (maximum) with the energy difference to
the CP. Finally, zero-dimensional (0D) CPs are also possible when within a certain
finite volume of the BZ the change in the energy difference between conduction and
valence bands vanishes or is very small, that is, the bands are quite flat and parallel.
Such 0D CPs also describe the lineshape of excitonic transitions. The fact that the
energy band diagram is periodic in the reciprocal space imposes strong restrictions
on the number and kind of critical points, so that a minimum number of determined
singularities must appear in the optical JDOS of a semiconductor.[1]

Inserting Eq. (4.5) in Eq. (4.4) and performing the surface integration in the
BZ region close to a CP, a general expression for the most resonant term contri-
bution of an interband transition to the imaginary part of the dielectric function is
obtained.[12] As a result, the dielectric function due to a CP can be written as:

ε(ω) =C−Aeiϕ(h̄ω −Eg + iΓ )�. (4.7)

Here, � = d/2− 1 where d is the dimensionality of the CP and the phase angle ϕ
is a multiple of π/2 that distinguishes between kinds of CPs, A is the amplitude, Eg
the transition energy, and Γ a phenomenologic lifetime broadening. The parameter
C describes a constant background. Fitting experimental data to Eq. (4.7) allows to
obtain the parameters that describe the lineshape of the involved electronic interband
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transition. If several CPs are close, a sum of lineshapes can be fitted, one term for
each CP.

Because Eq. (4.7) only describes the most resonant term of the CP contribution to
the dielectric function, the rest adds a background with a much weaker variation with
energy. Thus, to improve the fitting of CP parameters it is advantageous to perform
numerical derivatives of the experimentally obtained dielectric function and fit them
to an extension of Eq. (4.7) to the nth derivative of ε(ω) with respect to energy:

dnε(ω)

dωn =− f Aeiϕ(h̄ω −Eg + iΓ )�

with �= d/2−1−n and f = ∏n
j=1

j �=d/2
(d/2− j).

(4.8)

For the case d = 2,n = 0 the polynomial function is the natural logarithm ln(h̄ω −
Eg + iΓ ). Figure 4.6 shows as example the line shapes associated to minima with
different dimensionalities.

Fig. 4.6 Critical point lineshapes of minima with different dimensionalities. Upper row: Dielectric
function. Lower row: Second derivatives.

Therefore, derivatives eliminate the background and at the same time CP struc-
tures become more pronounced. Modulation spectroscopies are based on this fact.
In those techniques, applying a periodically modulated external perturbation to the
sample and using lock-in detection techniques results in a signal proportional to
derivatives (f. i., 1st in piezoreflectance and 3rd in electroreflectance) of the optical
response with respect to energy. In spectroscopic ellipsometry there is no external
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modulation but current experimental equipments provide measurements with a sig-
nal to noise ratio large enough to allow numerical derivatives up to at least second or
third order, with the advantage of the absence of possible spurious effects of the ex-
ternal perturbation. The lineshape function of Eq. (4.8) has more zero crossings and
sharper structures for increasing derivative order n as well as for lower dimensional-
ity, as shown in Fig. 4.6. There are several methods to perform numerical derivatives
of SE spectra. The main goal of those methods is to obtain the nth derivative of the
spectra without significant distortion of spectral features while at the same time to
smooth out as much as possible the experimental noise. The smoothing polynomi-
als method [13, 14] consists in taking a set of 2r+1 consecutive experimental data
points (r before and r after a specific point) and then, a polynomial of m-degree is
fitted to the ε values at those points. The nth derivative at that point is calculated
as the value of the nth derivative of the fitted polynomial at the central position.
The process is repeated for all points in the spectra. In practice, when the interval
between spectral points is constant, the process is equivalent to a convolution of the
spectra with a smoothing kernel. The polynomial degree m and the number 2r+1 of
considered points can be chosen to control the smoothing effect. Usually increasing
r and decreasing m accounts for larger noise suppression but care has to be taken
to not distort the spectral features with too much smoothing. The optimum r and
m depend on the spectral energy step and the sharpness of the specific CP to be
analyzed.

Another method of performing numerical derivatives is by using cubic smooth-
ing splines[15, 16] A series of cubic smoothing splines with increasing level of
smoothing is fitted to experimental spectra, and their derivatives evaluated from
the spline coefficients. The optimal derivative spectrum is that in the series which
shows maximum noise reduction while keeping the amplitude of spectral features
unaffected. The appropriate smoothing level can be chosen either subjectively by
visual comparison of derivative spectra or estimate it numerically with a general-
ized cross validation [17] or similar methods. When properly used, the smoothing
spline method gives similar results to those of smoothing polynomials and has as
advantage that the same smoothing level can be used for the whole spectrum.

Usually, the second derivative is built and a regression analysis of the numerical
experimental derivative with the theoretical lineshapes of Eq. (4.8) gives insight into
the dimensionality of the CPs and the parameters of interest. The fit of nonlinear
functions is done with the Levenberg-Marquardt algorithm, obtaining as result the
best fit parameters and their error bars. The true error bars may sometimes be larger
due to systematic errors, but not all parameters are affected in the same way. The CP
energy Eg is nearly insensitive to systematic errors, like f.i., a poorly built derivative,
and is therefore the best determined parameter. A difficult case is when the JDOS
near the CP is very asymmetric because then the energy can depend on the order of
the derivative. A higher derivative is preferred because it represents a smaller region
of the BZ. The broadening Γ is strongly correlated with the amplitude A and if the
derivative is too smoothed the fit tends to overestimate Γ and underestimate A. To
minimize the correlation it is useful to choose fit parameters of similar magnitude,
usually multiplying Γ by a factor or choosing Γ −1 as fit parameter. The phase angle
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ϕ distinguishes between different kinds of CPs of the same dimensionality and in
Eq. (4.7) takes only values which are multiples of π/2. However, the fits improve
when ϕ is taken as freely varying parameter.

The deviation of the phase from standard values is mainly due to two causes:
Systematic errors in the evaluation of the spectrum and many-body effects. A com-
mon systematic error is due to the influence of overlayers. For example, a thin oxide
layer causes a mixture of the real and the imaginary part of the dielectric function
which depends on the oxide thickness. Exactly the same effect is obtained by a
change in the phase angle. Another factor to keep in mind is that Eq. (4.7) is only
valid in the close vicinity of the CP and the tails of the structure should be given a
smaller weight in the fit but not eliminated because they are important to distinguish
between different dimensionality. By minimizing these errors, changes in the phase
can be ascribed to many-body (or excitonic) effects in optical interband transitions
related to the generated electron-hole pairs. In the one-electron approximation to
calculate the dielectric function it is assumed that between the excited electron and
the corresponding hole there is no interaction. This approximation cannot explain
many experimental details of the spectra for which the Coulomb and the exchange
interactions must be included.

The model of Mott-Wannier excitons describes those effects with a weakly at-
tractive potential between the electron and hole. These effects are most evident near
the bandgap, where a discrete excitonic spectrum appears just below the interband
continuum. However, they are important also for CPs above the gap, where the ex-
citon states are superimposed with the continuum of band states. A description of
the interaction between localized exciton and delocalized band states is possible
with the aid of simple approximations. The interaction with the continuum leads
to a broadening of Mott-Wannier excitons larger than their binding energy. There-
fore, details in the shape of the interaction are of secondary importance. It is mainly
important that there is an attractive potential between the electron and hole. The
simplest model is the Slater-Koster contact exciton. It assumes that there is only an
attraction if the electron and the hole are on the same lattice site. This kind of inter-
action can modify amplitudes, for example it leads to an increase for a M1 CP and
a decrease for a M2 CP. For all kinds of lineshapes the many-body interaction leads
to a line shape that is a mixture of two adjacent types of CPs so that the mixture can
be modelled as a change in the values of ϕ taking non integer multiples of π/2. The
values of ϕ can then be used to investigate the change of the many-body interac-
tion with the temperature or the doping, for instance. In the particular case of a 0D
lineshape, the phase angle can be related to the asymmetry parameter q of the Fano-
Breit-Wigner profile that describes the interaction between a discrete excitation and
a continuum, being q =−ctgϕ − sin−1ϕ .

An alternative approach to obtain relevant information on the electronic interband
transitions is the reciprocal-space analysis.[18] In this method, the dielectric func-
tion spectra are Fourier transformed and analyzed in reciprocal space (RS) where
the baseline contribution, interband transitions information, and experimental noise,
are given by the low, intermediate, and high index Fourier coefficients, respectively.
Best results are obtained when the starting spectrum is uniformly spaced in energy
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and suitable procedures to eliminate endpoint discontinuity artifacts are adopted.
Recent developments suggest that a combined approach with RS used to suppress
noise and baseline contributions transformed back to direct space derivative spectra
can provide further improvement in CP’s parameter determinations. [19]

Fig. 4.7 Second derivative spectra of CuGaSe2. Experimental points are plotted by symbols and
their best fits are given by lines. (a) Ordinary and (b) extraordinary components. Arrows mark the
fitted critical point energies and their assignments. Adapted from Ref. [10]

As an example, second derivative spectra of CuGaSe2 are plotted in Fig. 4.7. The
ordinary (E⊥c) and extraordinary (E�c) spectra were obtained from point-by-point
analysis of experimental measurements. Then, numerical derivatives were calcu-
lated by smoothing polynomials of degree m = 5. The number of correlated points
2r+ 1 were chosen depending on the density of experimental points (energy step)
and the intensity and sharpness of the structures. The transitions of the extraordi-
nary polarization, Fig. 4.7(b), were more intense than those of the ordinary one,
Fig. 4.7(a). In both cases r = 4 was chosen for the sharp band gap transitions, al-
though the energy steps were different: ΔE = 10meV for (a) and ΔE = 2meV for
(b). For the higher transitions, energy steps of ΔE = 20meV were suitable for both
cases, with r = 9 for (a) and r = 6 for (b). Best fits were obtained with 0D transi-
tions for all three E0 components (A, B, and C), indicating excitonic character. For
the other strong structures, E1 and E2, 2D line shapes provided the best fits. Then,
for weaker structures for which dimensionality was ambiguous, 2D lineshapes were
used as well. From this analysis, precise energies and polarizations of transitions
were obtained. Some transitions are present in only one polarization whereas others
are polarization insensitive. These symmetry properties are very helpful to look for
plausible assignments for the observed transitions.

4.4 Inorganic semiconductors

In inorganic PV semiconductors the strong bonds connecting all atoms and the long-
range order allow for delocalization of the electronic states into wide bands and re-
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sult in low binding energy of the electron-hole pairs and high mobility of the free
carriers. The one-electron picture considered in Sect. 4.2.3 describes rather well
their electronic structures. For applications, different morphologies of the materials
are required, from single crystalline to micro- or nano-crystalline to amorphous. Al-
though the actual optical behavior of the semiconductor materials used in devices
depend on the particular structural arrangements, the basis to understand their opti-
cal properties is the extended crystalline structure.

4.4.1 Crystalline

As illustrative example of crystalline symmetry we will further consider the chal-
copyrite (CH) structure, in particular the ternary Cu-III-Se2 compounds. Polycrys-
talline alloy thin films of Cu(In,Ga)Se2 are employed for PV application, discussed
in detail in Ch 9. Here, we focus on the symmetry properties of the electronic bands
of CH, with tetragonal space symmetry D12

2d (I4̄2d) and their relationship to the zinc
blende (ZB) binary parent compounds of symmetry T 2

d (F4̄3m). The body-centered
elementary cell of CH contains eight atoms (Cu2-III2-VI4) and is four times larger
than that of ZB. Consequently, both Brillouin zones can be related by zone-folding,
as was depicted in Fig. 4.2. Sets of four different wavevectors of ZB fold into a
single point of the CH Brillouin zone. The main symmetry points of CH are (in
units of π/a): ΓCH(000) with ZB states originated from Γ (000), X(002), W (201),
and W (021); TCH(001) with states from Δ(001), Δ(001̄), X(200), and X(020);
and NCH(110) with states from L(111), L(1̄1̄1), Σ(11̄0), and Σ(1̄10). The relation-
ship between point symmetries of the tetragonal vs. the cubic structures are D2d
at ΓCH vs. Td(Γ ),D2d(X),S4(W ); D2d(TCH) vs. C2v(Δ),D2d(X); and C2v(NCH) vs.
C3v(L),C1h(Σ). Figure 4.8 shows the correspondences. Forced degeneracies or split-
tings when passing from one symmetry to another can mostly be deduced from the
character tables, taking into account the multiple foldings. In this case the CH space
group is non-symmorphic as expected from the presence of more than one atom of
the same kind per point of the Bravais lattice. Then, the relationship for points at the
Brillouin zone boundary is less straightforward than for points within the zone such
as the Γ point, shown as example in Table 4.2.

Table 4.2 Character tables of the Td and D2d point group symmetries, valid at the Brillouin zone
center. The top valence band states at the zone center are related using the character tables for Td
and D2d symmetries: Γ15 → Γ4 ⊕Γ5

Td E 6S4 3C2 8C3 6σd basis
Γ1 1 1 1 1 1 xyz
Γ2 1 -1 1 1 -1
Γ12 2 0 2 -1 0
Γ25 3 1 -1 0 -1
Γ15 3 -1 -1 0 1 x,y,z

D2d E 2Sz
4 Cz

2 2C2 2σd basis
Γ1 1 1 1 1 1 xyz
Γ2 1 1 1 -1 -1
Γ3 1 -1 1 1 -1
Γ4 1 -1 1 -1 1 z
Γ5 2 0 -2 0 0 x,y
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Fig. 4.8 Schematic representation of energy levels and their symmetry in ZB and CH structures.
The main transitions of ZB that map onto CH are indicated. The superscripts in parentheses indicate
the number of states. Adapted from Ref. [10].

The observed splittings and polarizations are mostly originated in the symmetry
lowering from cubic to tetragonal, as depicted in Fig. 4.8. The spectral dependence
of the optical functions and the critical point analysis of compounds of the same
family, taking into account appropriate selection rules, allows to assign the most
important transitions, corroborated by results from band structure calculations.[20]
In the case of Cu(In,Ga)Se2, despite the influence of Cu-3d states on the electronic
band structure, the main transitions in the optical range originate between hybridized
sp3 bands, bearing a rather close relationship with their ZB parent compounds.

The effect of spin-orbit splitting is practically only important at the fundamental
band gap transitions, justifying the general labelling by single-group notations. At
the bandgap region, this simplified view leads to considering the two lowest tran-
sitions E0(A) and E0(B) as a crystal-field-split gap, with the higher-lying E0(C) a
spin-orbit split component. The crystal field Δc f corresponds to the tetragonal distor-
tion of the unit cell given by the difference between the lattice parameters a and c/2.
For III=In the distortion is positive and small. For III=Ga, c/2 < a gives Δc f < 0,
which is reflected in the different selection rules of the band gap levels that were
indicated in Fig. 4.5. The final assignments for the case of CuGaSe2 are depicted in
Fig. 4.9.

In general, the spectra of polycrystalline films are less resolved than those of
single crystals, not only because they contain all possible transitions coming from
differently oriented domains with slightly disordered boundaries, but also because
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Fig. 4.9 Optical transitions observed in CuGaSe2 in the optical range, depicted on a generic band
structure using the single group notation. Dark and light arrows represent optical transitions al-
lowed in E ⊥ c and E � c, respectively. Adapted from Ref. [10].

when the crystallite size is reduced the meaning of the wavevector and with it the k-
conservation is progressively ”relaxed” as the size of the crystallites decreases. This
is also true in well-ordered heterostructures and superlattices in which the transla-
tional symmetry in one dimension is lost. In a nanocrystal (NC) the translational
symmetry is lost in all three dimensions of real space for the atoms which are at
or near the surface. But even a rather small nanocrystal of several nm average size
contains thousands of atoms, too large to calculate their electronic structure in a
totally realistic structure. A common practice to introduce modifications of period-
icity, also due to other causes such as defects or alloying, is to consider an enlarged
cell called supercell as elementary cell of the system, maintaining standard periodic
boundary conditions. The larger the supercell, the smaller is the first Brillouin Zone
and the more bands get folded into it. In the limiting case of very small NCs, the
large number of folded segments resemble the density of states, leading to an in-
creasing broadening of the transitions. The use of supercells avoids the problem of
dangling bonds at the NC surface. In realistic calculations of small clusters, surface
atoms are considered bonded to H atoms to avoid the dangling bonds.

The optical spectra of small nanocrystals are not only broadened compared to
the bulk but display also two main effects: Quantum and dielectric confinement. The
first entails a blue shift of the spectrum and the second, which is due to the dielectric
mismatch between the NCs and the surrounding medium, has as a consequence the
change of absolute dielectric function value. In Si NCs embedded in SiO2 both
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effects have a huge impact on the optical spectra, as shown in Fig. 4.10. Above NC
sizes around 5nm the dielectric function of the crystallites is reminiscent of the bulk
with broad but clear E1 and E2 CPs. Below this size, the E1 transition becomes quite
broad and weak and tends to disappear. The remaining broad structure for smaller
NCs seems related then to E2. Curiously, about 5–6 nm is around the size for which
the number of atoms in the volume is about the same as at the surface of a spherical
crystallite so that surface effects start to dominate the bulk effects.

Fig. 4.10 Dependence on the nanocrystal diameter of (a) the imaginary part of the dielectric func-
tion and (b) the observed transition energies of nc-Si embedded in SiO2. Adapted from Ref. [21].

4.4.2 Amorphous

Amorphous inorganic semiconductors, such as a-Si, still consist of sp3 bonded units
with certain short-range order but lacking long range order. The loss of translational
order means that k is no longer a good quantum number and, as in the nanocrystals,
the changes in electronic spectra in an amorphous structure can also be viewed as
folding of bands and still be related to the electronic structure of a parent crystallyne
structure. This is because in these amorphous semiconductors the majority of the va-
lence and conduction states still form delocalized states, i.e., the one-electron picture
applies. In this case the supercell approach is useful to contain a sufficient represen-
tative number of local configurations,[22] in other words represent the distortion of
the perfect tetrahedral structure, then the optical spectrum of the amorphous is simi-
lar to the JDOS of the crystal with some additional inhomogeneous broadening. The
distortion of the structure implies that there are some dangling bonds which act as
defects and induce localization. In addition, disorder itself always leads to localiza-
tion (Anderson localization). Localized states have somewhat larger binding energy,
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inducing states into the gap. The distribution of these localized states is exponential
and the separation between extended and localized states gives rise to a mobility
edge.

4.5 Organic semiconductors

Organic semiconductor materials contain mainly carbon and hydrogen atoms and a
few other atoms such as sulfur, oxygen, and nitrogen. Other carbon-based com-
pounds associated with organic semiconductors are fullerenes and carbon nano-
tubes. The semiconducting behavior of organic semiconductors is quite different
from inorganic ones. One of the main causes is that, being composed of light atoms
and having smaller packing densities, their dielectric constant ε1 takes lower values,
leading to low dielectric screening of the interactions between electrons. Hence, the
Coulomb interaction and the exchange energy between electron pairs with parallel
or antiparallel spin is much stronger in organic compared to inorganic semiconduc-
tors. In contrast, intermolecular interactions are typically weak. Consequently, the
HOMO and LUMO bands are narrow, a few 100 meV, and the optical properties of
the solids approximately preserve those of a molecule.[4, 6, 7]

4.5.1 Molecules

In a simple picture, absorption of light in a semiconducting molecule takes place
by promoting one of the electrons from the HOMO to the LUMO, thus creating
an excited state of the molecule. A better description of the excited state including
electron-electron interactions is represented by the combination of several possible
one-electron transitions in which the predominant term is the mentioned one elec-
tron in the HOMO, one in the LUMO. In addition, the relative spins of these elec-
trons also define different excited states which must be considered to account for
the exchange interactions. In the simple mentioned case, anti-parallel spins result in
s=0 (singlet state) and parallel spins mean s=1 (triplet state), the latter having lower
energy due to the exchange term. To reflect these combinations, the energy diagrams
drawn for molecules do not usually represent single-electron levels but configura-
tions, that is, many-electron states. The rate of an electronic transition, and thus the
intensity of the resulting absorption can be calculated from the Fermi golden rule
[cf. Eq. (4.2)] and the selection rules given by the symmetry of the wavefunctions
and the point group of the molecule apply. In most cases there is an even number
of π-electrons and the ground state is totally symmetric (1Ag). Allowed transitions
from this even state can only reach excited states of odd parity (u) of the centrosym-
metric molecule. Since the exchange interaction is strong, the spin wavefunction
also imposes a selection rule, the conservation of spin. This means that allowed
transitions must connect either singlet S or triplet T states. However, spin-forbidden
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transitions also known as intersystem crossing may occur. The main mechanism that
can flip the spin and cause admixture between singlet and triplet states is spin-orbit
coupling, especially important in molecules containing relatively heavy atoms such
as Br or I. The transition rate of such a T −S transition will be small but is observ-
able for instance in the case of phosphorescence, being the lowest energy radiative
transition of the molecule from the lowest triplet to the singlet ground state T1 → S0.

Fig. 4.11 Configuration diagram of the two first singlet states and schematic illustration of the
Franck-Condon progression.

In conjugated molecules the electronic transitions are significantly coupled with
vibrations, that is, the electronic transition is accompanied by a distortion of the
molecule. Then, the vibrational normal modes are also included in the configuration
diagram, as depicted in Fig. 4.11. The energies of the states are then represented
as a function of normal mode coordinates Qi for each normal mode with vibration
energy h̄ωi and the superposition of configurations giving the absorption spectra is
known as Franck-Condon progression. Several normal modes usually contribute to
the coupling but it is not always possible to resolve them in the experimental spec-
tra. Frequently, a mean effective mode energy is observed. In Fig. 4.11 the electronic
transitions are drawn as vertical arrows in virtue of the Franck-Condon principle that
considers the Qi coordinates fixed during the electronic transition. The rate of the
electronic transitions, and thus the intensity of the resulting absorption or emission
signal, depends on the spatial overlap between initial and final state wavefunctions.
This is reasonably large for π −π∗ transitions between orbitals which are delocal-
ized over a similar area of the molecule. The overlap is reduced when the π HOMO
and the π∗ LUMO are located on different regions of the molecule, as is the case
for a charge transfer (CT) transition. Also, the intensity distribution of transitions
depends on the molecule distortion. The transition probability from the 0th vibra-
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tional level of the ground state to the mth vibrational level of the excited state, I0−m,
usually corresponds to a Poisson distribution given by I0−m = (Sm/m!)e−S, where
S is the Huang-Rhys parameter that indicates the number of quanta involved in the
vibrational excitation. The dominant transition is the 0-0 (or S0−1 ← S0−0) only
when the molecule distortion is small. Note that the spectral shape of the emission
spectrum corresponds to the same formula, leading to mirror symmetry from the
absorption to lower energies about the zero-phonon line, as depicted in Fig. 4.11.

4.5.2 Solids

Optical spectra of molecular crystals resemble those of their constituent molecules
although generally shifted and broadened by the weak intermolecular interaction.
Some examples are presented in Chapter 15. In molecular crystals, we define
Frenkel excitons as the excited states (quasi-particles) which upon absorption of
light are created in an individual molecule and delocalize over the crystalline array
forming a narrow exciton band E(k), whereas the ground state is dispersionless be-
cause there is no excitation. In an ideal crystal, excitons with a definite value of k
are coherent over the entire crystal. Interaction with phonons and defects change the
momentum k and break this coherence. A measure of the coherence time of excitons
is the inverse optical linewidth. During its coherence time τ the exciton remains in
its k-state and it travels a distance L, its coherence length. One refers to coherent
excitons when L is large compared to the lattice constant a. When L ≤ a, exciton
motion is an incoherent hopping from one lattice site to another. Strictly speaking,
when the propagation is incoherent, the quasi-particle is no longer an exciton. How-
ever, the denomination exciton is adopted also in this case.

Even if the spectra have strong molecular character, the crystalline order has in-
fluence on the symmetry of the electronic transitions. In crystals with multiple (Z)
non-translationally equivalent molecules per unit cell, there is a splitting of the ex-
citon levels, which is known as Davydov splitting, due to interaction of the physical
Z-mer which constitutes the unit cell. The Davydov components of the spectra dif-
fer in their polarisation. For example, in monoclinic aromatic crystals with Z = 2
(dimer), like anthracene, one of the transitions connects the Ag ground state with
the Au and the other with the Bu state, resulting in a Davydov component polar-
ized parallel to the monoclinic axis and another perpendicular to it. Other splittings
originate in degeneracy breaking of levels because of lower symmetry of the crys-
tals compared to the molecules. The symmetry change from molecule to crystal can
also change the selection rules and activate some transition. For example, the pure
electronic transition S0−1 ← S0−0 is forbidden in the benzene molecule and becomes
allowed in benzene crystals.

Molecular solids frequently crystallize in low symmetry systems and they dis-
play quite anisotropic optical properties. These anisotropies, concerning both dis-
tinct energy positions of electronic transitions and different values of the dielectric
tensor components, tend to be reduced in less ordered solids. In this regard, molec-
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ular semiconductors other than crystals may show different degrees of disorder and
hence, of anisotropic optical behavior. In general, the molecular character of the ab-
sorption features prevails but the shifts and broadenings of the spectra depend on
the particular arrangements and distributions of molecules. Comparing to molecular
spectra, the optical spectra in these solids display an inhomogeneously broadened
average due to different orientations and variable distances between molecules. A
particular case most relevant for OPV is that of polymers. We can consider a poly-
mer chain like an ensemble of molecules with a certain length distribution and a cer-
tain degree of coherence given by an effective coherence or conjugation length. Over
this length L, in average, delocalized coherent excitons may exist. The molecular na-
ture of the absorption features is manifested as a Franck-Condon progression, and
the transition energy shift evolves with the average length in rough agreement with a
particle-in-a-box model. The polymer is built from such conjugated segments which
gradually loose coherency after such average distance. The conjugation length in-
creases with the structural regularity of the chain and its planarity, and decreases
when disorder and irregularities such as bends and kinks that disturb the electronic
coupling appear. The proximity of neighboring chains or segments may promote in-
teraction between them and develop a certain degree of crystallinity that implies an
additional delocalization of the π-electron system. All these factors affect the opti-
cal properties and it is quite complex to decouple the different contributions. Even
in the case of crystalline polymers, these systems always have a certain degree of
disorder. We may distinguish between crystalline polymers in which there are crys-
talline domains and amorphous polymers in which no such ordered domains exist.
As in the case of inorganic semiconductors, disorder leads to localization. How-
ever, the excitations in an organic semiconductor are already localized. In this case,
further localization means reduction of conjugation which in principle leads to an
increase of the band gap in the amorphous polymer compared to the crystalline one.
In many cases, a tail to lower energies in the optical spectrum of the amorphous ma-
terial is evident. The origin of this tail is not related to Anderson localization like in
amorphous inorganic semiconductors but to the larger inhomogeneous broadening
characteristic of these materials.

4.6 Summary

In this chapter, we have reviewed some fundamental concepts that are important to
understand the relationship between the dielectric function of a semiconductor and
its electronic band structure. Physical properties that determine the linear optical
properties can be deduced from spectroscopic ellipsometry experimental data. Key
ingredients to delve into this way are the analysis of experimental dielectric function
spectra and band structure diagrams, where symmetry properties are an essential
aspect.

As semiconductors applied in solar cells have usually complex structures, sim-
plifications to understand their optical properties are useful. For inorganic materials,
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the starting point is knowledge of the properties of perfect crystals to which nanos-
tructured or amorphous structures are related. Likewise, the study of superstructures
benefits from their relationship to simpler parent crystals. For organic or molecular
semiconductors, a good starting point are the optical properties of the constituent
molecules. Different strength of the interactions in organic crystals leads to con-
trasted semiconducting behavior compared to inorganic ones. One of the most im-
portant differences is the resulting dielectric function as reviewed in this chapter.
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