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We present absorption properties enhancement for two CuGaS;-based intermediate-band materials, as
promising compounds for high efficiency, lower-cost photovoltaic devices. Previous band diagrams
calculations predicted that these materials present a partially filled localized band within the band gap
of the host semiconductor, which would increase the absorption of low-energy photons, creating
additional electron-hole pairs respect to a conventional semiconductor. This could ideally result in an
increase of the photocurrent of the cell without the fall of the open-circuit voltage. [n this paper we
show, using density functional methods, the effect of this intermediate band on the optical properties of
the derived alloys. We highlight the significant enhancement of the absorption coefficient observed in
the most intense range of the solar emission and we study the reflectance and transmittance properties
of the materials in order to understand the effect of the thickness of the sample on the optical
properties. We compare two different substituents of the Ga atoms in CuGas;, namely, Ti and Cr atoms,

able to form the intermediate-band material, and their interest for photovoltaic applications.

1. Inmtroduction

Very recently, we have presented studies of ab initio optical
properties of the spinel semiconductor [n=S; substituted with
transition metals, such as V and Ti [1]|. Those compounds were
proposed due to the possibility of the 3d electrons of the
transition metals of forming a partially filled narrow band isolated
from the valence and the conduction band of the host semi-
conductor. This particular electronic structure allows the absorp-
tion of sub-band-gap energy photons that would result, in a solar
cell, in the creation of additional electron-hole pairs and in the
increase of the photocurrent without the fall of the open-circuit
voltage. A cell based on such material could reach theoretical
efficiencies up to 63.2% [2].

Later, due to our promising predictions, the V-substituted In,S-
was synthesized by hydrothermal method, being the first time
that a partially flled intermediate-band material, absorbing
across the full solar spectrum range, was synthesized. lts optical
properties were later measured, finding very good agreement
with our theoretical results [3], thus confirming the prediction
capabilities of our methodology.

Following the same method within the chalcopyrite frame-
work, starting from the semiconductor CuGaS:, our group
proposed, for enhanced photovoltaic applications, replacing a
fraction of the Ga atoms by Ti or Cr (at tetrahedral sites) [4-6].

There have also been proposals of transition-metal substitution in
CuGa$; for other uses, such as Mn-doped CuGaS., which was
theoretically predicted by ab initic methods [7.8] and later
synthesized by chemical vapor transport [9].

Nowadays, chalcopyrite-type semiconductors represent one of
the most developed thin-films technologies in the search for more
efficient, lower-cost solar cells. As a consequence of the interest
on these semiconductors, many of their properties are well known
and several experimental [10-12] and theoretical [13,14] data are
available, thus, making them a solid base for this study. Among
the chalcopyrites, we proposed CuGaS; as the best host since its
band gap is wide enough {2.4-2.5eV [15-17]) to accommodate an
isolated narrow intermediate band for photovoltaic applications.

The main purpose of the present work is to compare in detail
the two most promising transition-metal substituents (Ti, Cr) of
Ga in CuGa$; by means of the optical properties of the resulting
compounds. These transition metals were chosen by electronic
considerations in recent works [4-6], but as the optical behavior
is a deciding factor in the quest of an efficient photovoltaic
material, a deeper study and interpretation of optical properties of
intermediate-band compounds is needed.

2. Method

In this work, optical absorption and dielectric properties of
Ti- and Cr-substituted Cu&aS; host semiconductor are obtained by
ab initio calculations. Both studied alloys have a transition-metal



concentration level of 12.5%, with stoichiometry CusMGa;Sg
{M=Ti,Cr). For the ground state, the cells were fully structurally
and electronically relaxed [4], since the structural parameters are
critical in chalcopyrites [13], playing an important role on the
electronic properties of these compounds. Cell geometry, lattice
parameters, and internal anion distortion, were determined
theoretically by minimization of the forces and the total energy,
finding good agreement both with experimental and other
theoretical results of the host semiconductor. The tolerance for
atomic forces in both relaxations was 0.01 eV/A.

The electronic ground state of each material was calculated
with the plane-wave code wvase [18-20), using spin-polarized
density functional theory (DFT) in the generalized gradient
approximation (GGA) with the Perdew-Wang 1991 functional [21].

We obtain the dielectric and optical properties using Fermis
golden rule, as the sum over independent transitions between
Kohn-Sham states, as derived and described by Gajdos et al. [22]
and implemented in the ornic code, using projector augmented
wave (PAW) pseudopotentials [23,24] and without local-field
effects {i.e., neglecting the off-diagonal elements of the dielectric
matrix). We have only considered interband and direct transitions
for the determination of the imaginary part of the dielectric
function. Since indirect transitions are a three particles process
(thus, less probable), we expect the contribution of these
transitions to be much lower than that of the direct ones.

The real part of the dielectric tensor was obtained from the
imaginary part by the Kramers-Krénig relations. To get a
converged frequency-dependent dielectric tensor, the Brillouin
zone was sampled using a 12 x 12 x 12 Monkhorst-Pack grid
including the I'—point and 160 empty bands were used.

The use of PAW pseudopotentials allows for a reduction of the
number of plane-waves required for the calculations, giving the
same accuracy, which is very significant in cases like ours with
localized (d) electrons. The valence configurations used in this
work were: 3d'1%4s! for Cu; 4s24p! for Ga; 3523p™ for S: 3d%4s? for
Ti and 3d’4s" for Cr.

As a reference to understand the optical spectra presented in
the following sections, Fig. 1 shows the density of states (DOS) of
the host semiconductor and the effect of the insertion of the
transition metal. In order to stress the origin of the intermediate
band, the atomic projection of the DOS is also shown.

Since it is well known that standard-DFT underestimates
significantly the band gap of semiconductors, due to the
inaccuracy in treating the excited states, it is necessary for the
proper determination of the optical characteristics presented
hereafter, to apply a correction to the excited states of the
conduction band. In our case, we have found that the most
reasonable correction is a simple shift of the conduction band
eigenvalues to match the experimental band gap of the host
semiconductor. This shift is justified, especially in the case of low
concentrations of the transition metal where the intermediate
band is not overlapping with the conduction band. We have
carried out more accurate calculations, beyond DFT, within the
exact exchange (EXX) approach [25] and we have preliminary
quasiparticles GW [26,27] results, and both have shown that the
correction to the DFT problem can be indeed approximated by a
rigid shift of the conduction band (see Ref. [28]).

3. Results and discussion
3.1. Absorption
Let us now focus on the total absorption coefficients obtained

for the CusMGasSg alloys. [n Fig. 2, we show the absorption
coefficient of CuGaS; compared with the experimental
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Fig. 1. (Color online) Total {solid line} densities of states {DOS) and transition-
metal projections {dotted line) of the (a) CuGas; semiconductor, (b) Ti-substituted
alloy and (¢ Cr-substituted compound {up and down spins). Vertical dotted lines
indicate the Fermi energy.
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Fig. 2. (Color online)} Absorption coefficient of the resulting intermediate-band
compounds, compared to that of CuGaS,. As a reference: the solar spectrum, and
experimental results of Ref. [10].

measurements by Alonso et al. [10] {this result was discussed in
Ref. [29]). that is uwsed here as a reference for the absorptions of
the transition-metal alloys. The AM1.5G solar spectrum is shown
in arbitrary units as a background to prove that the enhancement
in the absorption due to the intermediate band appears mainly in
the most intense part of the spectrum.

The position of the intermediate band inside the band gap
becomes an important factor to be taken into consideration. [n the
case of the Cr as substituent, the intermediate band is very close
to the valence band (0.1 eV) [5], and that implies that the main
increase in the absorption of sub-band-gap photons is found at
around 0.5-1.5eV (Fig. 2}, not coinciding with the maximum of
the solar emission. Nevertheless, since other properties have to be
taken into account, we do not rule out the Cr as a good candidate.

For the Cu,TiGa;S; compound, we know from previous works
[4] that the intermediate band in this compound lies at about
0.7 eV over the top of the valence band, which is close to the ideal
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Fig. 3. Imaginary part of the dielectric function £, multiplied by the frequency w,
of the (a) CuyTiGas5; and (b) CuyCrGass; intermediate-band materials (red-solid
line). Partial contributicns of the different characteristic transitions of these
materials. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

situation [2]. [n terms of the optical absorption this results in the
new peaks lying in the main part of the solar spectrum (at 1.5
and 2.3 eV).

[n order to reveal the precise effect of the partially filled
transition-metal band on the optical spectra, we have carried out
calculations to analyze the character of the transitions contribut-
ing to the main peaks of the spectra in Fig. 2. We explain those
peaks by means of the imaginary part of the dielectric function of
the two compounds.

The results for Ti substituting a Ga atom in the unit cell are
shown in Fig. 3{a). For any intermediate-band material, the first
peak in the absorption is due to transitions between the different
states that form the intermediate band. These transitions,
even though they contribute to the overall dynamic process of
absorption, are not directly used in the generation of photo-
current in the cell, since one of the requirements of an inter-
mediate band is to be isolated from the contacts of the cell and so
the creation of electron-holes pairs in the intermediate band will
not increase directly the photocurrent of the device.

Fig. 3{a) helps us understand all the major features in the
spectrum of Cu,TiGasSs. We can now explain the character of
the main peaks at 1.5 and 2.3 eV seen in Fig. 2. The first one is
principally due to transitions between the valence band and the
intermediate band and thus having onset at around 0.7eV.
The principal peak, at 2.3eV is mainly due to transitions
between the intermediate and the conduction band. The two
peaks are at the energies of the higher solar emission, which was a
region of forbidden absorption for the pure semiconductor.

[n analogy with the interpretation for the Ti, results for the
Cr-alloy are shown in Fig. 3(b). The major low energy contribution
in this case appears from around 0.5 to 1.5 eV, this broad peak is
due to the wider intermediate band. The contribution of
transitions from the intermediate to the conduction bands
happens at energies higher than the solar emission, being not so
relevant for the photovoltaic process. Besides, those transitions
are less favored than those from the valence to the intermediate
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Fig. 4. {Color online) Reflectance of the CuaS; host semiconducteor and the two
intermediate-band materials.

band, while, in the ideal case, they should occur at approximately
the same rate in order to contribute efficiently to the generation
of electron-hole pairs with effect on the performance of the cell.

For both substituents we find a peak at around 2.5eV due to
transitions between the valence band and the conduction band
that did not appear in the absorption of the host semiconductor.
This peak is due to transitions between the valence band and the
bottom conduction, which, in the substituted alloys, have
principally transition-metal d-states character (see projected
DOS in Fig. 1), and therefore this peak is not present in the
spectrum of the pure CuGas..

3.2. Reflectance and transmittance

In the quest of an efficient photovoltaic material, its reflectance
plays also an important role. When combined with the absorption
coefficient, it allows us to study, among other properties,
refractive indexes, extinction coefficients, transmittances and
absorptivities. The reflectance spectra in Fig. 4 show the very
different behavior at low energies between the two substituents
compared to the semiconductor, whereas from 2.5eV
{approximately the gap of the host semiconductor) the three
compounds present similar features. We consider this result can
be interesting for the experimentalists with a view to the growth
process of the intermediate-band alloys.

Making use of the reflectance R and the absorption coefficient
¥, the transmittance of the different compounds was studied,
through relation (1), as a function of the thickness of the sample
and the importance of this parameter was highlighted:

(1 _R)z pow

T[(.O} = 1 _Rze—Qaw

(1)
The thicknesses w were chosen in the range of typical widths of
chalcopyrite absorbers in thin-films solar cells.

As shown in Fig. 5{b) the transmittance of the Cr-alloy is
negligible for thicknesses w larger than 1pm, whereas for the
Ti-compound (Fig. 5(a)) it is almost restricted to the interval of
forbidden absorption (0.5-1eV). [n view of these results, w is a
parameter of which optimization should be taken into account,
because on the one hand by means of the intermediate band, we
achieve an enhancement of the absorption capabilities, but on the
other hand if we do not take into account the optimum width of
the sample, the absorptivity can be reduced and part of the effect
of the intermediate band can be lost. This makes it necessary to
find a compromise between the absorption coefficient and the
thickness of the absorber to be used for photovoltaic purposes.
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Fig. 5. (Color online) Transmittance of the intermediate-band materials as a
function of the width of the sample w: (a) CwyTiGa;55 and (b) CuyCrGasS;.

4. Conclusions

In this work, we have considered interband and direct
transitions for the prediction of the best substituent for CuGas;
in the quest of an efficient intermediate-band material, by means
of the enhancement of their optical absorption.

Ti and Cr-substituted CuGaS: present a particular electronic
structure due to the 3d valence electrons of the transition metal
that form the intermediate band, which produces a significant
enhancement in the absorption coefficient of the alloys. As a
consequence of these characteristics, we propose Ti and
Cr-substituted CuGaS; as the best chalcopyrite-type candidates,
absorbing across the full solar spectrum range, for intermediate-
band solar cells. We have studied their reflectance and transmit-
tance and concluded that the thickness of the material to be used
as an absorber in a cell should be optimized in order not to lose
part of the effect of the intermediate band.

Due to the position of the partially filled intermediate band
inside the gap and because of the features of the absorption
coefficient of the derived alloy, we consider Ti as the optimum
substituent of Ga in CuGas: for photovoltaic purposes.

Experimental preparations of this material have been initiated
and we believe that this work will help in the interpretation and
understanding of future experiments.
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