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Abstract 

Intermediate Band Materials (MIB) have been proposed in previous works as a new kind of 
photovoltaic materials. These materials are principally characterized by an intermediate 
partially occupied band, isolated from the valence and conduction bands of the host 
semiconductor. These materials have a theoretical efficiency greater than that of conventional 
solar cells because they can absorb photons with a lower energy than the bandgap of the 
original host semiconductor. However, although the operation of these solar cells has been 
described, it is necessary to use a method to be able to propose the material which has these 
properties. In this work, a theoretical study of the electronic and optoelectronic properties 
using quantum-mechanics calculations is presented. The results confirm that MIB are able to 
absorb photons of lower energy than the host semiconductor. 

Keywords: Intermediate Band materials; Efficiency; Properties 

1. Introduction 

In previous works, the importance of intermediate band materials in the field of 
solar energy has been stressed [1]. The operat ing model of the this solar cell and a 
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Fig. 1. Model of the Intermediate band solar cell. In the figure A£yi, A£ic and A£yc are the gaps between 
the VB-IB, IB-CB and VB-CB, respectively, A i s the band width of the IB and £p is the Fermi energy. 
The arrows represent the possible transitions in this material. 

diagram of them are shown in Fig. 1. It can be seen in this figure that this MIB can 
absorb photons with lower energy than the bandgap of the original host 
semiconductor to promote electrons f rom the valence band (VB) to the intermediate 
band (IB), and from this to the conduction band (CB). The conventional process of 
transition f rom VB to CB also takes place. 

The solar cells based on this MIB have several characteristic shown in Fig. 1. 
Between them, the presence of IB can be highlighted, isolated f rom the CB and VB 
bands. If this requirement is not fulfilled, the electron-phonon interaction can 
produce thermal relaxation due to the interaction between the electrons and the 
phonons coming f rom the lattice. Moreover, the IB must have a finite width to 
avoid, as much as possible, processes of non-radiative recombination and has to be 
partially filled to be able to absorb low-energy photons that promote electrons from 
the VB to the half filled IB and f rom this one to the CB. 

This kind of solar cell presents efficiencies higher than those established by the 
Shockley limit [2], as has been demonstrated in the previous work of Luque and 
Marti [1]. They show that the efficiency is increased based on thermodynamic 
arguments and the operation of this kind the cell. Quantum dots [3] have been 
proposed to engineer the intermediate band and [4] have synthesized intermediate 
band materials f rom II -VI diluted oxides. 

Our purpose in this work, is to analyse, f rom a microscopic level and with 
quantum-mechanic methodology, some of the proposed materials that have an 
intermediate band. Moreover, this methodology will be applied to determining the 
electronic and optical properties. 

To achieve this task, we will first describe the approximations and methodology 
used to obtain the electronic properties. In the second part we show some of the 
results of optical properties obtained from the electronic properties, using these 
quantum-mechanic tools. 



2. Electronic properties 

2.1. Methodology 

For determining the electronic properties of M I B materials, the Schrodinger 
equat ion is solved [5] using the Born-Oppenheimer approximation. In this approach 
the electronic energy is obtained f r o m a frozen nuclear configurat ion and it acts as a 
potential for the nuclear movement . 

Other approximat ion used in solids is the pseudopotent ial [6] approximat ion to 
reproduce the core of the atoms, based on the small contr ibut ion of core electrons in 
the bonds. This approximat ion has the advantage of reducing the computa t ional 
cost, because the number of electrons is drastically reduced. Only the valence 
electrons are considered. 

The following step is to use the density funct ional theory ( D F T ) that allows us to 
m a p the interacting many-body problem onto a one-body problem using the 
K o h n - S h a m (KS) method [7]. In this method at tent ion is focused on the electron 
density p ( f ) , defined as 

p(r) = E l^^l2' W 

where ijj are the wave funct ions of the system of non-interacting electrons whose 
electron density is p. These orbitals are the solution to the K S equation: 

( - ^ V 2 + F K s = (2) 

where F k s is the effective potential of the one electron problem. 

F k s M - V(r) + f - ^ X - d ? + VXC[PI (3) 
J \r — r'\ 

This potential is the sum of the ionic potential acting on the electrons, the average 
potential of the electron density, the so-called Har t ree potential , and the exchange-
correlation potential . 

The main problem of this theory is that the exchange-correlation potential is 
unknown. If this potential were known, the solution would be exact. Unfor tuna te ly 
we must have an approximat ion. Some of the more extensively used f u n c t i o n a l are 
the local density approximat ion (LDA) and the generalized gradient approximat ion 
(GGA) . 

To introduce the exchange and correlation term we used the Perdew, Burke and 
Ernzerhof [8] parameterizat ion for G G A and the Ceperley-Alder [9] parameteriza-
tion for L D A . 

In spite of its approximations, this theory is one of the few that allows the study of 
large systems such as crystalline solids and allows us to obtain realistic results for 
many electron systems. However, L D A and G G A approximat ions have the problem 
of underest imating the band gaps. Nevertheless, some methods to avoid this 
inconvenience have been proposed [10]. 



Typically, plane-waves D F T methods have been used to carry out quantum 
molecular calculations. These methods are very powerful but they require thousands 
of plane waves to correctly compute the bands. In our case, the KS equations are 
solved using the SIESTA code [5] with a basis set of localized functions to represent 
the KS orbitals, in other words, to approximate the KS orbitals as a linear 
combination of localized functions. In any case, it is convenient that this linear 
combination satisfies Bloch's theorem when used for solids. With a localized basis set 
the intermediate band is better described because it is more localized than the 
conduction band. If the representation of the KS orbitals has translational 
symmetry, the orbitals will have a new index k to indicate a point in the Brillouin 
zone (BZ). With this choice, the KS orbitals for the solid tyjjffl are built as a linear 
combination of localized orbitals adapted to the translational symmetry 

i/,JJc(r) - [ f , k) = J 2 J 2 C ' i "«>' W 
li nu 

where the j index labels the band and k represents a point in the BZ. Each one of 
these adapted symmetry functions |k, u, «„) is formed by combinations of functions 
localized at different atomic positions 4>„ (r) that satisfies Bloch's Theorem 

| k, u, n„) = V e ^ ^ ( r - R - f„), (5) 
V N R 

where u is an index that labels every atom contained in the unit cell of the solid, nu 

labels every basis function belonging to the atom u, t„ represents the position^ of the 
zrth atom within the unit cell, N is the number of cells under consideration, C{fn is an 
expansion coefficient and R is a lattice vector representing the position of each cell 
within the solid 

R — n\a\ + nicli + n^a^. (6) 

In the last expression n s are integers and the are the lattice vectors. The 
functions </> are known as the basis set of the representation for the wave function. 
Within of the Born-Oppenheimer approximation the total energy, sum of the nuclei 
energy and the electronic energy of a frozen nuclear configuration, is minimized. The 
variables implied in this minimization are the coefficients C{f . 

2.2. Results 

Using the previous methodology, we have found several different materials that 
have the intermediate band. These compounds were found by substituting some 
transition metals in host I I I -V semiconductors [11]. The resulting structure after the 
minimization of the total energy is almost cubic as shown in Fig. 2. 

The final lattice parameter of the resulting alloy is higher than the original lattice 
parameter for the host semiconductor and the resulting atomic coordinates are 
displaced slightly from their original positions. 



Fig. 2. Crystalline structure of materials proposed. 
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Fig. 3. Band diagrams for some compounds analyzed in several directions in the Brillouin zone. 

In Fig. 3 we present some band diagrams for a series of Ga 4 P 3 M compounds, 
where M represents a transition metal atom. This figure shows a perfectly isolated 
intermediate band (highlighted in the figure) for the situations where M is Ti or Sc. 
The Fermi level in these cases cross the intermediate bands. When M is V, the 
compound is a semiconductor and when it is Cr we have a metallic material. An 
analysis of the projected density of states and the electronic density [12] reveals that 
the intermediate band for M — Ti and Sc is mainly formed by the ?2g (dxv, clx: and 
dv j orbitals belonging to the transition metal. 
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Fig. 4. Contribution to DOS (g(E)) of the sub-band 13 (last sub-band of the VB), 14, 15, 16 (sub-bands of 
the IB) and 17 (first sub-band of the CB). 

The contribution to the density of states (DOS) of the last sub-band (labeled as 13) 
of the YB is represented in Fig. 4, the three sub-bands (labeled in increasing order of 
energy as 14, 15 and 16) form the IB and the first sub-band (labeled as 17) of the CB. 
Notice that with pseudopotential approximation we consider the valence electrons of 
the Ti (3d24s2), Ga (4s24p !) and P (3s23p3). Therefore, 

in the cubic cell shown in 
Fig. 2 there are 31 electrons. In Fig. 3 these electrons occupy the first 13 sub-bands 
with 26 electrons and 5 electrons in the IB formed by the 14, 15 and 16 sub-bands. 

The origin of energies in Fig. 4 is the Fermi energy. Therefore, the sub-bands 
below the origin will be full, like is the sub-band 13 of the YB, and above the origin is 
empty like the first sub-band 17 of the CB. One sub-bands of the IB, the labeled as 14 
is full and the 15 and 16 are partially full. This projected DOS in the sub-bands, 
obtained f rom electronic properties, will be important when the optical properties 
are analyzed. 

3. Optical properties 

The optical properties are related to the electronic properties, characterized 
principally by the energies ( E b £) of the different bands in the BZ and the 
corresponding occupation numbers and the matrix element of the momentum 
operator [13]. For example, the optical conductivity can be calculated using the 
Kubo formula [14]: 

a { a ) = 2 p L y ^ V / dk \(v,k\P\c,k)\2 

m 2 c n < x > J B Z 

X \fv,k -fcJ&Wct ~ Ev,k - hc0)' 



where m and e are the mass and charge of the electron respectively, c is the speed of 
light in a vacuum, n is the refraction index of the material, Q is the volume of the 
Brillouin Zone ( B Z ) , / £ are the occupation numbers and hco is the photon energy. 

From analyses of the projected DOS on the sub-bands shown in Fig. 4, the optical 
transitions between the sub-bands 13 to 14 do not happen because of the different 
occupations in the sub-bands. The sub-band 13 and 14 in Fig. 4 is situated below the 
Fermi energy (zero energy). Thus, these sub-bands are full and the occupation term 
in the conductivity \f £ — / is zero. The occupation factor for the transitions 
between sub-bands 13 to 15 and 13 to 16 is similar because of the projected DOS of 
the sub-bands 15 and 16 are similar for above the Fermi energy. Of course, the 
transition 13 to 15 is a little more intense because the DOS for sub-band 16 is a little 
greater than sub-band 15. The difference between the maximum of the projected 
DOS between the sub-bands 13-15 and 13-16 is around 1.5-1.6 eV. Therefore, the 
contributions of these transitions to the optical properties, as the absorption 
coefficient and the optical conductivity, are this energy range. This fact is shown in 
the Fig. 5, where the contribution of the conductivity from the different sub-bands is 
represented. In Fig. 5, we have only considered the states at the top the VB (sub-band 
13), at the bot tom the CB (sub-band 17) and the states in the IB (sub-bands 14-16). 

For the transitions between the 13-17 and 14-17 sub-bands, the occupation 
factors are similar. The 13 and 14 sub-bands are full (below zero in Fig. 4) and 17 is 
empty (below Fermi energy in Fig. 4). However, these transitions are different with 
respect to the energy range contribution and the relative intensity contribution to the 
optical properties. The difference between the energy ranges of the projected DOS in 
sub-bands 13 and 14 with respect to sub-band 17can be seen in Fig. 4. Therefore, the 
contribution to the optical properties of sub-bands 13-17 has greater energies than 
the 14-17 transition. This fact is confirmed in Fig. 5. Moreover, the contribution of 
the 14-17 sub-band transition is more intense because of the greater DOS 
corresponding to sub-band 14. There are more accessible states in sub-band 14 to 
carry out the transition. This intensity difference is reflected in Fig. 5. 

Fig. 5. Contribution to total conductivity (eVQ ') for the Ga4P3Ti system of the sub-bands 13 to 17. 



Moreover, f rom the previous analyses and in Fig. 5, it can be seen that the energy 
at which the material begins to absorb photons, corresponding to the transition of 
the IB to the conduction band CB, is smaller than the corresponding to the 
transitions from the VB to CB. In fact, the absorptions of the VB to IB also 
correspond to a lower energy than the VB to CB. Therefore, this compound is able to 
absorb lower-energy photons than the traditional VB to CB to promote electrons 
f rom IB to CB and the VB to IB. For this reason, the total conductivity higher to 
lower energies than the semiconductor host (GaP). 

4. Conclusions 

We have described and applied some theoretical methods for studying the 
electronic and optical properties of solids. These application have focused on various 
materials, some of them exhibiting a partially full intermediate band, of great 
importance in solar cells. With this methodology, we have obtained the relaxed 
nuclei positions and the KS orbitals using a basis set of localized functions adapted 
to the symmetry. 

After obtaining the electronic properties, we have calculated some optoelectronic 
properties, such as the optical conductivity, focussed on the contributions of the 
principals sub-bands of the VB, IB and CB. For this, we have chosen the Ga 4P 3Ti 
system, one the materials, to present an intermediate band. 

One of the problems of the methodology used in D F T is that the electronic 
exchange and correlation terms have to be approximated as has been previously 
explained. We have developed and implemented [10] new theoretical methodologies 
in order to substitute the usual L D A and G G A exchange terms in the calculation of 
the electronic properties. With this new methodology the well known problem of gap 
underestimation will be avoided. 
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