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ABSTRACT 

Quantum mechanical techniques on the basis of 
density functional theory have been used to design several 
novel photovoltaic materials characterized by an isolated 
metallic intermediate band (MIB), with the potential of 
achieving an efficiency of 63.2 %. A series of alloy 
semiconductors of the type: MGa„Asm or MGa,,Pm where 
M represents a transition metal atom, have been already 
identified as MIB material. Light absorption in such 
materials is direct and indirect. Our purpose here is to 
characterize, using first principles calculations, the matrix 
elements, the corresponding optical transitions and the 
phonon dispersion curves for this kind of intermediate 
band solar cell. 
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Fig. 1 Intermediate band model. 

1 INTRODUCTION 

In recent work the idea of a solar cell, based in the 
properties of an intermediate band material, has been 
proposed [1]. 

This solar cell presents efficiencies higher than that 
established by the limit of Shockley and Queisser in 1961 
for conventional cells [2]. The main characteristic that the 
material must have, is to exhibit an intermediate half-filled 
electronic band (BI). This band must be isolated from both 
the valence band (BC) and the conduction band (BC). 
This electronic structure allows in the solar cell to absorb 
and to emit low energy photons. This effect will contribute 
to enlarge the efficiency of the cell. As it is shown (see 
Fig. 1), using the BI as a midway step, an electron 
interacting with a low energy photon, can be promoted 
from the BV to the BI and then another low energy photon 
can promote other electron from the BI to the BC. 
Moreover, the usual process of excitation an electron from 
the BV to the BC is also possible. 

In order that all these processes occur, the BI has to 
satisfy three main requirements. First, this band has to be 
absolutely isolated from the conduction and the valence 
bands. If this requirement is not full-filled, the electron-
phonon interaction can produce thermal relaxation due to 
the interaction between the electrons and the phonons 
coming from the lattice. Second, the BI must have a finite 
width. This band cannot consist of some localized levels 
within the bandgap in the host semiconductor, to avoid as 
much as possible, non-radiative recombination processes. 
Third, the BI has to be partially filled. It allows that the 
material may absorb photons of low energies to promote 
electrons from the BV to the half filled BI and from this 
one to the BC. 

Our purpose in this work, is to characterize, using 
quantum mechanics methods through density functional 
theory , the optical transitions for this type of intermediate 
band solar cell in order to produce a new higher efficiency 
photovoltaic device. 

To achieve this task we study, by first principles 
calculations, the optical transitions for this new type of 
photovoltaic material, characterized by an isolated metallic 
intermediate band located in the semiconductor energy 
band gap. 

In a previous work [3], using an accurate First 
Principles method for calculation of band diagram and 
material parameters, we have proposed several alloys 
semiconductors containing a transition metal atom, of the 
type: MGa^Cm with X-As or P, and M=Sc, Ti... that 
present isolated half filled intermediate band and both 
direct and indirect band-gaps in their structures. The 
cristallyne structure of this material is showed (See Fig. 
2). 

To reach that, we use the wave functions previously 
obtained in ground state calculations, for the transitions 
matrix elements and phonons dispersions curves 
determined also by first principles calculations. 

2 THEORETICAL STUDY 

In order to determine the properties of such material 
is necessary to do precise quantum mechanical 
calculations of its structural properties and dispersion 
band diagrams. Nowadays one of the most used theoretical 
tools for studying the structural properties of the quantum 
mechanical systems is the Density Functional Theory 



(DFT). In spite of its approximations, this theory is one of 
the few that allows the study of large systems such as 
crystalline solids. This theory is also the only one that is 
able to obtain realistic results for real materials with many 
electrons. 

R ~ n,a, + n1a2 + n3«3 (2) 

Fig. 2 MGa„X„ structure. 

For determining the band structure and direct 
transitions, we have used the SIESTA code [4], This code 
uses norm conserving non-local pseudopotentials to 
reproduce the core of the atoms, thus reducing the 
computational cost. We have used the Perdew, Burke and 
Ernzerhof [5] parametrization for Generalized Gradient 
Approximation (GGA) and the Local Density 
Approximation (LDA) [6] to introduce the exchange and 
correlation potential into the calculation. Pseudopotentials 
are constructed using the Trouiller and Martins scheme [7] 
to describe the valence electron interactions with the 
atomic core and the nonlocal components of the 
pseudopotentials are expressed in the fully separable form 
of Kleinman and Bylander. 

The wave function for a solid = O a ( r ) , where 

the j index label the band and k represent a point of the 
Brillouin Zone (BZ), is built as a linear combination of 
localized orbitals in different atomic positions <t>„p ( ? ) . 

These orbitals are known to be the basis of the 
representation for the wave function. The wave function 
has to include the translation symmetry of the solid, this 
is, it has to satisfy the Bloch's Theorem. To satisfy this 
requirement, the wave function is represented as: 

p 

1 k , p , n r ) = j - Z * M 4 . r ( r - R - x r ) 
(1) 

where, p is an index that labels every atom contained in 
the unit cell of the solid, np labels every basis function 
belonging to the atom p, tp represents the position of the 
p^ atom within the unit cell, N is the number of cells 
under consideration, CjJ is an expansion coefficient and 

R is a lattice vector representing the position of each cell 
within the solid: 

In the last expression n's are integers and the a, 's are the 
lattice vectors. 
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Fig. 3: Bands diagrams for several MGa„Asn compounds. 

Within this framework we have found several different 
ternary alloys. These compounds were studied by doing 
substitutions in host III-V semiconductors with several 
transition metals in different position of the lattice. The 
determined alloys present an stable and well isolated 
intermediate band within the bandgap of the host 
semiconductor [3]. The resulting structure after the 
electronic and nuclear relaxations is almost cubic. The 
lattice parameter of the resulting alloy is higher than the 
original lattice parameter for the host semiconductor and 
the resulting atomic coordinates are slightly displaced 
from their original positions. We present some dispersion 
band diagrams for a series of compound having the 
stoichometrical pattern MGa„X„ ,(see Fig. 3) where X 
represents a transition metal atom. This figure shows a 
perfectly isolated intermediate band crossed by the Fermi 
level, i.e. partially filled, for the situations where X is Ti 
or Sc. An analysis of the electronic density [8] reveals an 
intermediate band mainly formed by the dxy, d u and d„ 
orbitals belonging to the transition metal. 

One of the problems of the DFT theory is that the 
electronic exchange and correlation terms have to be 
approximated as it has been previously said. In order to 
improve the calculation and to enhance the study of the 
optoelectronic properties is necessary to characterize 
correctly the direct an indirect transitions. In order to 
obtain the optoelectronic properties in a realistic way, we 
have developed and implemented [9] new theoretical 
methodologies. First at all, we have to mention the 
development and implementation of the Exact Exchange 
(EXX) in order to substitute the usual LDA and GGA 
exchange terms. The use of the EXX in calculation of the 
properties of several III-V semiconductors yields bandgap 
results very close to the experimental values. 

3 MATRIX ELEMENTS RESULTS 

The matrix elements of the electron-photon interaction 

between the |v ,kj and |c ,kj states, ^v,kjH=_p |c,kJ, are 

proportional to the matrix elements of the momentum 

operator ^v,k|p|c,k^ [10], Using the wave function of 



equation (1), the matrix elements between these states 
have the form: 

1 P nr 4 

From this expression it is possible to observe that the 
matrix elements depend on several factors: the atomic 
basis of functions used ( 0 ), the expansion coefficients 

of the band in the chosen k point (C*'* ), the number of 

cells used in the calculation and the integral containing the 
product of two basis functions. Each basis function is 
located in different atom within different cells placed R 
with respect to the reference cell. 

This sum on R is infinite. However, R only appears 
in the integral connecting two different basis functions by 
means of the momentum ( p ) operator. If we apply this 
expression for two different functions that are quite distant 
from each other, this integral will vanish. Moreover, this 
effect is stressed when using confined basis functions. In 
this scheme, if the separation between the two functions is 
greater than the sum of the two confinement radius of the 
localized orbitals, the integral will be negligible. 
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Fig 4 Direct transitions matrix elements for the GaJVI i 
system between BV to BI, BV to BC and BI to BC. 

In Figure 4, we show the characterization of direct 
transition matrix elements average over the different 
polarization of the photon [11], corresponding to the 
transitions from the valence band (BV, label as 13) to 
intermediate band, formed by three sub-bands (BI, label as 

14, 15 and 16), from the intermediate band to the 
conduction band (BC, label as 17) and directly from BV to 
BC. This figure shows a large variation in the matrix 
elements along the different directions of the inspected 
Brillouin zone. As a consequence of these results, we can 
expect higher transition probabilities in the zone close to 
the point K, where the minimal energy difference between 
the initial and final states is found. 

4 ABSORPTION COEFFICIENT 

The absorption coefficient can be calculated using the 
Kubo formula [12]: 

where m and e are the mass and charge of electron 
respectively, c is the light velocity in the vacuum, n is the 
refraction index of the material, Q. is the volume the 

sFD Brillouin Zone (BZ), J v ^ are the occupation numbers 

and h ( 0 is the photon energy. 
In the results of this calculation (see Fig. 5) we 

observed in the representation of the separated band 
absorptions, that the energy for which the material begins 
to absorb is smaller than the corresponding gap of the host 
semiconductor (GaP). Therefore, this compound is able to 
absorb photons of lower energy than the host-
semiconductor (GaP), in order to promote electrons from 
BI to BC. 
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Fig 5 Partial and total absorption coefficient for the 
Ga4P,Ti system using the BV, BI and BC. 



5 PHONON RESULTS 

In order to determine indirect transitions, phonon 
dispersion diagrams must be computed first and therefore 
the electron-phonon Hamiltonian included. We have first 
obtained test calculations on AsGa and PGa to reproduce 
experimental values of phonons displayed in the main 
direction of the corresponding first Brillouin zone of a 
face center cubic structure. Then for the new alloy 
compounds, for example for TiP3Ga4 we have determined 
the corresponding vibration diagrams, as it is shown in 
Fig. 6. This result shows an isolated new optical phonon 
band, compared with the corresponding PGa phonon 
bands, attributed to the correlated vibration of Ti atoms. 

6 CONCLUSIONS 

We have determined with high precision all the 
parameters of the electronic band structure for MGa,„X„ 
compounds that present an isolated metallic intermediate 
band. Moreover, we have used the wave functions of the 
corresponding states for each alloy, to determine the 
corresponding matrix elements for the optical transitions. 

For direct transitions, the matrix elements exhibit 
noticeable values in a wide range of k-points in the 
Brillouin zone. We also have demonstrated that the 
magnitude of the matrix elements depends on the 
polarization of the photons. From their, analysis, we can 
conclude that the presence of the IB band allows this 
material to absorb photons having lower energy than the 
photons usually absorbed in host semiconductor materials. 

To include the indirect transition matrix elements, will 
be necessary to take into account the electron-photon-
phonon interactions. As a necessary first step to get these 
matrix interactions, we have determined by ab-initio 
calculations the corresponding phonon dispersion curves. 
As it is a process in which three different particles are 
involved, we expect the contribution of the indirect 
transition matrix elements to be much lower than the 
contribution coming for the already studied direct 
transitions. 
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