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ABSTRACT: In this work we present Density Functional Theory calculations (at the standard theory level and
beyond) for metal-containing chalcogenide compounds derived from the chalcopyrite CuGaS, and the spinel
Mgln,S,. The purpose of the work is to develop a material which can be used to create a more efficient photovoltaic
solar cell. This material must have a partially filled band inside the band-gap of an appropriate host semiconductor.

For chalcopyrite alloy materials we have previously made ab-initio calculations using the Density Functional
formalism in the Generalized Gradient Approach for different metals as Ti, V, Cr, and Mn substituting for Ga. For
the Ti and Chromium cases, the observation of an intermediate band seems promising, so we have made now further
calculations using two more advanced methods which handle more accurately the electron correlation and exchange
effects. For Indium thiospinel materials with Vanadium as susbtituent we present here the first standard DFT
calculations, showing that this compound is also a good intermediate band material candidate.
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1 INTRODUCTION

In the search for more efficient solar cells our group
proposed recently, on the basis of quantum mechanical
Density Functional Theory (DFT) studies, novel
materials to implement the intermediate band (IB)
concept, which has been postulated to be able to enhance
the efficiency of photovoltaic (PV) cells. With such IB,
besides the normal electron excitation from the valence
band (VB) to the conduction band (CB) one can have
also two excitations of lower energy from the VB to the
1B and from the IB to the CB, allowing to use a larger
fraction of the solar spectrum and to obtain an increase in
photocurrent without decreasing the photovoltage [1].
This IB concept leads to an ideal solar energy conversion
efficiency limit of up to 632% at maximum
concentration. To realise it, the IB (which should not be a
discrete level) must be partially filled and isolated in
energy from the ordinary VB and CB of the host
semiconductor; these requirements must be fulfilled in
order to have an efficient charge separation and good
absorption coefticients and quantum efficiencies.

In the materials proposed by us, a partially filled 1B
is formed inside the band-gap of an appropriate I1I-V
semiconductor [2 and references therein| or of an I-I1I-
VI, semiconductor [3, 4] by partial substitution of the I1I-
type atoms with some properly chosen transition metal
atoms. The energetics of these substitutions were studied,
using also quantum mechanical DFT calculations, to
ascertain the practical feasibility of formation of these IB
materials [4, 5]. In those works we have calculated
electronic structures for these materials using as
substituents 3d metal elements like Titanium, Vanadium,
Chromium and Manganese at different dilution levels,
and interpreted the effects of this substitution considering
that the metal is in a M*" redox state and the 3d states are
partially filled and splitted in two manifolds as
corresponds to the tetrahedral environment of the metal.

In those first theoretical calculations we used DFT at
the local density approximation (LDA) and the
generalized gradient approximation (GGA) levels
including spin polarization. The calculations at these
levels underestimate band-gap widths and localization

effects; therefore in cases where the IB formation seems
to be clear in this type of materials we have used two
more advanced approaches: the DFT+U method, which
add a Hubbard term to the calculations, and the Exact-
Exchange method (EXX), which improves the exchange
term that is not handled accurately in standard DFT.

In this paper we first present DFT calculations for the
host semiconductor of this type of materials and with
transition metal substitution.

2 MODELS

2.1 Chalcopyrite type materials

I-TT1-VI, type chalcopyrite semiconductors crystallize
in the space group 1-42d, number 122, with four formula
units in each tetragonal centered unit cell. It is a
superstructure of zinc-blende, distorted in the z direction,
where each atom is tetrahedrally coordinated to four
neighboring atoms. The unit vectors of the chalcopyrite
primitive cell are (a,0,0), (0,a,0), (a2,a/2,c/2). The
cations are located at 4a and 4b Wyckoft positions while
anions are located at 8d.

The wunit cell used to model the substituted
chalcopyrite alloy has been constructed from the vectors
(a,b,c) of the tetragonal chalcopyrite cell according to
a’=(atbt+c)/2, b’=(atb-c)/2 and c’=b-a. The resulting
structure has 16 atoms in this unit cell with one Gallium
atom replaced by a transition metal (M). This
CuyGazSgM system (12.5% in Metal) is the primitive of a
centered monoclinic lattice which has C2 symmetry. We
have also studied more diluted system as the CugGa;S;sM
(6.25 % in Metal) as shown in Fig. 1.

2.2 Spinel type materials

II-T1,-VI, spinel semiconductors crystallize in the
cubic space group Fd-3m, number 227, with eight
formula units per face-centered cubic cell. In this
structure the anions form a fcc lattice, in which the
octahedral and tetrahedral interstitial sites (8a and 16d
Wyckoff positions) are occupied respectively by 2/3 and
1/3 of the cations.



We have studied the MgIn,S, system with the direct
spinel structure where the Indium occupies the octahedral
sites and the Magnesium the tetrahedral sites, although it
is known that some degree of inversion (permutation of
both metals between these sites) may exist [6]. For the
spinel derivative we have substituted by a transition
metal one fourth of the Indium atoms. We finally
obtained a Mg,MIn;Sg structure as shown in Fig. 1.
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Figure 1. Structures of the substituted materials
CugGagSsM chalcopyrite (left) and Mg,In;SgM spinel
(right). The light blue balls represent M = Ti, V or Cr.

3 METHODS

3.1 Standard DFT calculations

We have carried out spin-polarized -electronic
structure DFT calculations at the GGA Perdew and Wang
functional (PW91) level using the plane-wave VASP
code with ultrasoft potentials [7] and a plane wave basis
set with an energy cutoff of 233.7 eV for the chalcopyrite
type and 211 eV for the spinel type materials. The
Brillouin zone was sampled using 6x6x6 Monkhorst-
Pack grids with 112 irreducible k-points including the
Gamma point in the calculations. We have relaxed the
ions and the cell until convergences of 0.01 eV/Ang for
the forces and 10E-5 for the self-consistent field cycles.
The atomic radii used for the projected density of states
were 1.60, 1.27, 1.66 and 1.34 Ang for Mg, In, S and V
respectively.

3.2 More advanced calculations; beyond DFT

Standard DFT has a known problem in predicting
band-gaps in semiconductors because it takes into
account the exchange interaction in an inadequate way.
In order to obtain better band-gap results, more accurate
calculations beyond standard DFT have been made for
the parent and the substitute chalcopyrite using the EXX
method as implemented by us in the DFT code SIESTA,
using an atomic basis functions representation [8]. This
method, taking into account the electron exchange
interaction more precisely than standard DFT, was used
successfully in [I-V semiconductors and their metal-
doped variants [9]. In these calculations electron
correlation is not considered.

The effect of electronic correlation is also not well
reproduced by standard DFT, especially when partially
filled 3d levels are present. To improve the prediction
accuracy we have made GGA+U calculations, which
include an effective on-site Coulomb parameter U (a
Hubbard term). In this work the value of U has been
taken from similar cases in the literature [10,11] although
we are also making calculations to obtain it using ab-

mitio methods [12].
4 RESULTS

4.1 CuGaS, chalcopyrite

In order to validate our ab-initio calculations for the
substituted systems, we have studied first the host
semiconductor CuGaS, to compare the results with
experimental data. A band gap width of ca. 1 eV is
obtained; this is lower, as expected for a standard DFT
result, than the 2.4 eV value experimentally known for
this compound [13], and can be compared with the
similar values obtained in other theoretical works [14].
However, the lattice parameter 5.34 Ang found after
geometry relaxation do compare very well with
experimental data [15].

Using the EXX method, we obtain for the
chalcopyrite band-gap a value E,=1.8 eV, closer to the
experiment than that given by the GGA calculation. In
Fig. 2 we compare these EXX results with those of the
GGA calculation, showing this band gap increase. As
expected, the better treatment of the electronic exchange
potential leads to an increased separation between the
filled and empty levels.
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Figure 2: CuGaS, band diagrams as obtained with GGA
(red solid line) and EXX (blue dashed line)

4.2 Chalcopyrite type alloys (Cu,;GazSg)M

Results for these Metal substituted compounds were
obtained after geometry relaxation. It is found that the
local geometry around the Metal is only slightly distorted
from the initial tetrahedral one.

For the metal-substituted compounds the results are
strongly spin-polarized. At GGA-level we only show
here results for the Ti-substituted system, but we have
also made calculations for the Cr, V and Mn cases. In the
case of Ti, for the majority spin curve a relatively narrow
band with two levels, which are due to d-type titanium-
centered orbitals, appears crossing the Fermi level (Fig.
3). The conduction band can be interpreted as formed by
the CB of CuGaS, plus three more empty 3d levels due to
Titanium. We found a small overlap between this new
Titanium band and the CB. For the minority spin the
Titanium-derived states (all of them empty) are located at
higher energy, overlapping with the CB states. For these
systems, if we reduce the concentration of the transition
metal (using a CugGas;S;M cell) the electronic structure
is qualitatively unaltered. Only a small decrease in the 1B
width is found, but the corresponding levels still have a
delocalised band character so we still expect to have an
efficient IB behavior.



EXX calculations have been carried out for this
Titanium alloy system, and observed in them that the
overlap previously shown to appear in GGA calculations
between the CB and the metal-derived band has now
disappeared, thanks to the above mentioned higher
separation between VB and CB. Moreover we notice that
the relative positions ofi the VB and the IB has not
changed from that previously obtained by the standard
DFT calculation. In Figs. 3 and 4 we present the
comparison between the standard DFT-GGA and the
DFT-EXX. In the EXX calculations the (majority spin)
band due to Titanium appears (blue line) well within the
forbidden band; an IB well isolated within the gap has
thus been obtained. In the minority spin curves an
increase in the gap over the GGA result is observed.

Figure 3: GGA (red solid line) and EXX (blue dashed
line) results for the CuyGa;SgTi majority spin band
diagrams.

Figure 4: GGA (red solid line) and EXX (blue dashed
line) result for the Cu,Ga;SgTi minority spin band
diagrams.

GGA+U calculations were also carried out, studying
the effect ofi a better treatment of the electronic
correlation on the results obtained for the substituted
systems and trying to improve the prediction accuracy.
The considered substituents were Titanium and also
Chromium, since GGA level calculations (not presented
here; see [4]) suggested it might be as good as Titanium
for producing an adequate IB. The values for the
Hubbard term U were taken from the literature (2.0 eV
and 5.0 eV for Ti and Cr respectively).

The GGA+U results show a lowering in energy ofithe
filled 3d electron states and a rise in the empty states. For
Titanium we clearly obtain a splitting ofi the metal bands,
leaving a one-electron filled majority spin IB separated

from the CB and the VB, while for Chromium the filled
metal states overlap the VB. Therefore, according to this
more accurate calculation the Chromium system will not
be valid for realizing the IB concept. In Fig. 5 we show
the density of states curves for Ti (red solid line) and Cr
(blue dots) substituted CuGaS, systems obtained at the
GGA+U level.
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Figure 5: Density of states curves computed at the
GGA+U level for Ti-(red solid line) and Cr-doped (blue
dotted line) CuGaS,. Vertical lines mark the Fermi level
for each system.

43 MgIHQS4

As made for the chalcopyrite systems, in order to
validate the results for the substituted systems, we have
made first calculations for the experimentally known
Mgln,S, (assuming it to be a fully direct spinel). After
geometry relaxation the anion positions compare very
well with other theoretical calculations for this system
[16]. The experimental cell parameter 10.71 Ang [17]
shows an increase of 0.07Angs in our GGA calculation.
A band gap width ofi ca. 1.65 eV is observed
theoretically; this is lower than the experimental value ofi
2.1eV [18], but the difference is smaller than that found
for the CuGaS, chalcopyrite and also smaller than in
other theoretical results published for this system [16].
The GGA-obtained total and projected density ofi states
for this material is shown in Fig. 6.
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Figure 6: GGA total and projected density of states for
the MgIn,S, systen.

4 4 Spinel type alloys (Mg,In;Sg)M

One Indium atom is replaced by a Metal in the
Mg,In,Sg system. As the Indium has an octahedral
environment ofi sulphurs, the splitting ofi the 3d metal



levels is different to that appearing in the chalcopyrite
substitutions where the Ill-type atoms environment is
tetrahedral. So the lower energy 3d levels constitute now
a three level branch, not a two-level branch as in the
chalcopyrite case. For this reason Vanadium substitution,
which in the chalcopyrite was not interesting for the 1B
concept since that branch would be fully occupied (and
furthermore turns out to overlap the valence band), can
now produce a partially filled IB. This is also still true for
Titanium, but no longer for Chromium.

After geometry relaxation, as in the chalcopyrite
cases, the local geometry around the metal presents only
a slight distortion from the initial octahedral environment
for these systems. In Fig. 7 we show the total DOS (red
solid line) and atom projected DOS (dashed lines) for the
Vanadium substituted system. In the atom projected
curve it is clearly shown that the new levels forming a
clear IB come from the vanadium 3d orbitals. In this
system, the Fermi level crosses the IB, which is partially
tilled with two electrons and fulfills the desired IB
requirements; it has been thus proposed for use in
efficient photovoltaic systems [19].
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Figure 7. GGA total and projected density of states for
the Mg,In;SgV system.

5 CONCLUSIONS

We have made ab-initio electronic structure calculations
for CuGas, and MglIn,S, systems with the TIT type atom
(Gallium or Indium) partially substituted by a transition
metal (Ti, V or Cr). Some of these systems seem to be
promising materials to realize the intermediate band solar
cell concept. The calculations have been made using
standard DFT methods, as the GGA, and more accurate
ones as the GGA+U and EXX approaches. According to
the results of these latter, a Titanium substituted
chalcopyrite system seems to fulfill the intermediate
band requirements. For the spinel type materials the
Vanadium transition metal substitution at the octahedral
indium site leads also to an isolated intermediate band
and is a good candidate for application in photovoltaics.
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