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The substitution of some transition atoms in III–V-type semiconductors may give rise to a type of
high-efficiency photovoltaic material with an isolated intermediate narrow band in the middle of the
band gap, capable of absorbing photons of low energies. We have carried out a comparative analysis
of the nature and possibility of formation of the intermediate band in two compounds Ga4P3Ti and
Ga3P4Ti in terms of density of states, electronic density, and atomic and orbital populations. We
found that the intermediate band is formed only in one of these compounds. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1535744#

During the last decade many attempts have been made to
increase the efficiency of solar cells based on indirect band-
gap semiconductors. In particular, Luque and Martı´1 have
demonstrated the possibility of increasing the efficiency of
ideal semiconductor solar cells, exceeding the thermody-
namic limits established by Shockley and Queisser.2 They
proposed a material capable of absorbing photons with ener-
gies lower than the semiconductor band gap, using an inter-
mediate band situated inside this band gap. In the intermedi-
ate band, some of their states must be empty or half-filled in
order that an electron from the valence band can be promoted
to this intermediate, from which then another electron can be
excited to the conduction band. In this way, two photons of
low energy could produce an electron–hole pair of high free
energy.3 In a recent work,4 using first-principle calculations,
we have identified a kind of semiconductor compound that is
a candidate for a high-efficiency photovoltaic material. These
compounds of the type Ga4X3M with X5As or P, andM
5transition metal, are formed by substituting some atoms in
several III–V semiconductors with transition metal atoms.
Some of these compounds show an intermediate, isolated,
narrow band in the middle of the semiconductor band gap.
Several factors such as width values of the intermediate band
and the two band gaps, photon absorption coefficients or
nonradiative recombination must account for the effective-
ness of the processes.5

The main purpose of the present work is to carry out a
detailed comparison of two compounds, namely Ga4P3Ti and
Ga3P4Ti, with apparently similar characteristics but different
behaviors. We found from our calculations that one of them
exhibits an isolated, half-filled intermediate band, whereas
the other does not. We show that the states of the half-filled
intermediate band originate mainly from the transition metal
atom. We explain these results in terms of bonding, density
of states~DOS!, and characteristics of the atomic and orbital
populations.

We use Density Functional Theory first-principles
calculations6 to analyze the intermediate band formation and
the microscopic properties of the semiconductor compounds
in bulk conditions. The calculations have been done with the

SIESTA code,7 using the generalized gradient approximation
~GGA! of Perdew, Burke, and Ernzerhof.8

We have used the nonlocal pseudopotential approach. It
has been constructed using the Troullier–Martins scheme9

and Kleiman–Bylander10 factorization. The reference con-
figurations used in this work have been 4s24p03d2 for Ti,
4s24p34d0 for As, 3s23p33d0 for P, and 4s24p14d0 for Ga.
We have tested them over a range of cutoff radii.

The code uses a numerical implementation of the
pseudoatomic basis set.11 Our calculations were carried out
specifically for two systems, Ga4P3Ti and Ga3P4Ti, with an
eight-atom simple cubic unit cell and a set of atomic orbital
bases of doublez plus polarization quality for all the atoms.

We have carried out a comparative study of both systems
in order to explain the formation of the intermediate band,
including an analysis of energy band structure, effect of the
basis set,k-point mesh, and structural parameters.

The initial crystalline structure used in this letter for both
Ga4P3Ti and Ga3P4Ti are the GaP zinc-blende structure,
where we have substituted either a P or a Ga atom with Ti
~one hole or one electron more, respectively!. However, it is
worth noting that in all our calculations, the crystalline struc-
ture parameters are obtained by a minimization of the total
energy relaxing the atomic positions and the unit cell. In our
case, the residual atomic forces were less than 0.04 eV A21

and the stress tolerance was less than 0.1 GPa. We have also
studied a cubic cell, but with a different lattice parameter and
atomic positions, since lowering of symmetry due to the sub-
stitution leads to small distortions with respect of the initial
positions of the zinc-blende structure. In the Ga3P4Ti struc-
ture, the Ti is surrounded by four P, the Ga by four P,
whereas P is surrounded by one Ti and three Ga. In the
Ga4P3Ti structure, the Ti is surrounded by four Ga, the P by
four Ga, and the Ga by one Ti and three P. Theab initio
energy band diagrams the two compounds Ga4P3Ti and
Ga3P4Ti ~Fig. 1!, show that only the first exhibits an isolated,
half-filled intermediate band that can absorb low-energy pho-
tons.

We now focus on the results obtained in the GGA cor-
rections. The difference in electronic density between the
total crystalline and the superposed atomic densityDr5r
2ratomis shown in Fig. 2 for the~110! plane. This differencea!Electronic mail: ctablero@etsit.upm.es
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can be positive or negative, and highlights the different be-
havior of the two compounds.

In Fig. 2, we observe a decrease in the charge density
(Dr,0), both for Ga3P4Ti and for Ga4P3Ti in the nonbond-
ing directions for the Ga and P atoms, and an increase in the
charge density (Dr.0) in the bonding directions of Ti–P
and P–Ga. However, the behavior of the Ti atom in both
compounds is quite different. For Ga3P4Ti Fig. 2~a! shows a
decrease in the charge density in the nonbonding directions
corresponding to thedxy , dxz , anddyz orbitals, and an in-
crease in the charge for these same orbitals, but in the Ti–P
bonding direction, where a maximum of the charge density is
exhibited. Figure 2~a!, on the other hand, shows a nonbond-
ing charge density increase in thez direction around the Ti
atom. In summary, we can say that the Tidxy , dxz , anddyz

orbitals make bonds with the correspondingspof the P atom,
and that the other two Tidz2 and dx22y2 orbitals are non-
bonding and contain the remaining electronic charge.

The situation for the Ga4P3Ti compound is completely
different, the substitution of one P atom by a Ti creates a hole
related to the GaP host semiconductor. Figure 2~b! shows a
significant decrease in the charge density of the Tidz2 orbit-
als and an increase in the Ti–Ga direction, but without reach-

ing any maximum value. This charge accumulation, around
the Ti and the Ti–Ga direction is mainly a nonbonding
charge, which means that the Ti does not really make a bond
with the tetrahedric orbitals of Ga arranged around it.

In order to understand the formation of the isolated in-
termediate band in the semiconductor compounds and the
atomic composition of their states, the total DOS and the
projected DOS on atoms and in thed orbitals of Ti have been
calculated.

The DOS for Ga4P3Ti and Ga3P4Ti are shown in Fig. 3.
The ~a! and ~c! panel of this figure summarize the partial
DOS projected on each atom, and the~b! and ~d! panels
display the partial density projected ondxy ,dxz ,dyz anddz2,
dx22y2 Ti orbitals.

Because of the approximate tetrahedric symmetry
around the Ti atom that the crystalline structure exhibits, the
d orbitals break their degeneracy forming two groups. One
component is formed by thedz2 and dx22y2 orbitals
(eg-group! and the other by thedxy , dxz , and dyz

(t2g-group!. The t2g-components are oriented along the di-
rections of the first and second neighbors, and they make part
of the bond when they are formed. However, the
eg-components will not form bonds because they do not have
the appropriate symmetry. They are either empty or filled
with nonbonding electrons.

A first analysis of Fig. 3~c! shows, in the case of the
Ga4P3Ti, a half-filled intermediate band near and below of
the Fermi level~taken as zero energy!, as well as the two
energy gaps around it. This intermediate band presents a
rather sharp peak, a characteristic of a narrow band. This
band is formed mainly by the contribution of the Ti orbitals,
as is shown in the figure. Moreover, it can be seen in the Fig.
3~d! that the intermediate band is formed mainly by orbitals
of the t2g-group. An analysis of the wave function shows that
the p orbitals from the closest P atoms contribute very little
to the formation of this intermediate band. Theeg-group or-
bitals of Ti @Fig. 3~d!# lie above the Fermi level and are
empty.

In the case of the Ga3P4Ti system, no isolated interme-
diate band appears, although the atom that makes a main
contribution to the DOS at the Fermi level is also the Ti

FIG. 1. Band dispersion for Ga4P3Ti and Ga3P4Ti in some directions of
reciprocal space. In the figure, BV is the valence band, BI is the intermediate
band, and BC is the conduction band.

FIG. 2. Difference between the crystalline and superposed atomic charge
densityDr5r2ratom at the~110! plane for~a! Ga3P4Ti and ~b! Ga4P3Ti.

FIG. 3. ~a! Projected DOS on each atom for Ga3P4Ti. ~b! Projected DOS on
t2g-group (dxy , dxz , and dyz) and eg-group (dx22y2 and dz2) orbitals for
Ga3P4Ti. Similar legend for~c! and ~d! for Ga4P3Ti.
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atom. We note that some orbitals of thet2g-group are present
near the Fermi level@Fig. 3~b!#. Therefore, some bonding
betweent2g-components andp orbitals of the P are formed.
However, theeg-group @Fig. 3~b!# presents a rather sharp
peak around the Fermi level and contains the nonbonding
electronic charge in excess.

Mulliken analyses have been carried out in order to have
a quantitative comparison for atoms and orbital populations.
In Table I, we see that the atomic charge in Ti is very similar
for both Ga3P4Ti and Ga4P3Ti systems. However, for the
t2g-group of orbitals, the populations are very different in the
two systems studied. In Ga3P4Ti, the difference between the
two groups is small. This result is consistent with the previ-
ous analysis of the electronic charge density and the DOS,
where the orbitals of thet2g-group form bonds with the clos-
est four tetrahedric P atoms, whereas the orbitals of the
eg-group have an electronic density with a nonbonding char-
acter. For Ga4P3Ti, however, the associated electronic charge
for theeg-group is very small, and thet2g-group has a charge
bigger than in the previous system. These last results, with
no quasi bond between Ti–Ga, but very weak bonds with the
second neighbors~P atoms!, are in accordance with the
analysis carried out previously. Most of the charge of the
t2g-group belongs to a nonbonding electronic density.

On the other hand, we can also see from the table that
the atomic charge associated with P and Ga atoms is bigger
in Ga3P4Ti than in the GaP host semiconductor. This is due
mainly to the excess electrons of Ga3P4Ti compared to the

cubic cell of GaP. However, the orbital population distribu-
tion in the p orbitals of Ga and P are similar for both sys-
tems, which is consistent with the semiconductor property
obtained for Ga3P4Ti in contrast to Ga4P3Ti, for which the
orbital population distribution is very different from GaP.
Moreover, in the case of Ga4P3Ti, the atomic population of
the P atom is smaller than in the GaP semiconductor, due
mainly to the hole. However, the electronic charge on Ga is
greater, due to the nonbonding formation with Ti.

In conclusion, we have investigated the electronic prop-
erties of Ga4P3Ti and Ga3P4Ti in order to identify the nature
and possibility of forming an isolated intermediate band in
the middle of a host semiconductor band gap, a prerequisite
for a high-efficiency photovoltaic material. For this task, we
used anab initio periodic density functional method which is
solved fully self-consistently with the local and semi-local
density approximation. In our results, we found that it is
theoretically possible to design new photovoltaic materials
with an isolated intermediate band using a host semiconduc-
tor of the zinc-blende structure, but only in the case in which
the transition metal Ti replaces one of the P atoms, but not
one of the Ga atoms. In the former case, holes are formed in
the intermediate band states and no bonds are formed be-
tween the Ga–Ti. Moreover, from our study, we can deduce
that the substitute atom must haved orbitals, which can form
a bond with P to accommodate the nonbonding electrons of
the system.
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TABLE I. Mulliken population analyses for Ga3P4Ti, Ga4P3Ti, and Ga4P4

systems.p1 , p2 , andp3 are, alternately, thepx , py , andpz orbitals.

Ga3P4Ti (Qtot533.000)
Atom Qatom s t2g eg

Ti 2.930 0.503 0.454 0.532
s p1 , p2 p3

Ga 2.857 1.285 0.533 0.506
P 5.375 1.663 1.237 1.237

Ga4P3Ti (Qtot531.000)
Qatom s t2g eg

2.940 0.558 0.778 0.024
s p1 , p2 p3

3.110 1.417 0.564 0.564
5.206 1.670 1.169 1.199

Ga4P4 (Qtot532.000)
Atom Qatom s p1 , p2 , p3

Ga 2.741 1.156 0.528
P 5.259 1.572 1.229
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