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ABSTRACT: Novel materials for high efficiency photovoltaic solar cell have been study. Their vibrational and 
optical properties are the main objective of this work. The materials of interest are based on a chalcopyrite-type 
semiconductor (CuGaS2) with some Gallium atoms substituted by a transition metal atom. The insertion of the metal 
gives rise to the formation of an isolated band between the valence band and the conduction band of the host 
semiconductor. Here we present a frozen phonon ab-initio density functional theory calculations of the vibrational 
properties of the host chalcopyrite and the substituted alloys. This study can be used to calculate the phonon 
contribution to the free energy balance of formation and assess their thermodynamic viability. We have also carried 
out a study of the optoelectronic properties of these materials such as optical reflectivity and absorption coefficient. 
We demonstrate that the intermediate band increases the absorption of the material in the main region of the solar 
spectrum, as desired for photovoltaic applications. 
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1 INTRODUCTION 

The intermediate band concept was proposed for 
enhancing the efficiency of photovoltaic solar cells, it is 
based on the presence of a narrow partially filled 
electronic band placed inside the band-gap of a parent 
semiconductor. In practice, this intermediate band would 
allow these materials to be used in high-efficiency solar 
cells because of the absorption of sub-band-gap energy 
photons. This more complete use of the solar spectrum 
could increase the efficiency of a solar cell up to 63.1% 
[1], To be interesting from the photovoltaic point of 
view, the intermediate band must be isolated from the 
valence and the conduction bands to avoid fast de-
excitation as a result of the interaction with phonons that 
are part of the subject of this work. 

The first candidates proposed by us with the 
possibility of having an intermediate band were 
appropriate III-V semiconductors in which some atoms 
were substituted by a transition metal. We have also 
proposed alloy materials based on I-III-VI2 chalcopyrites 
(particularly CuGaS2). The interest in chalcopyrite-type 
semiconductors is increasing thanks to their 
technological applications. The advantages of the 
semiconductor CuGaS2 is that its band-gap lies in the 
visible part of the spectrum and its absorption coefficient 
is high, that makes this material very interesting for 
photovoltaic applications. 

In recent works, calculations of the electronic 
properties of the CuGaS2 with some Ga atoms substituted 
by a transition metal have shown that when the transition 
metal is Ti or Cr, it is of particular interest. The 3d states 
of the metallic substituent form an isolated intermediate 
band. Experimental preparations of the Ti-substituted 
material as thin films have already been initiated. 

The main contribution of the present work is a 
density functional theory (DFT) detailed study of the 
phonon spectra and the absorption coefficients of Ti and 
Cr-doped CuGaS2 as promising high efficiency solar cell 
materials. 

2 MODELS AND METHOD 

The crystal structure of the model of the substituted 
alloy (with stoichiometry Cu4MGa3S8 , M=Ti,Cr) is 
generated by the vectors of the body-centred tetragonal 
CuGaS2 cell (a,b,c), according to the equations 
a '=(a+b+cY2, b'={a+b-c)/2, c '={b-a) [2], 

The electronic ground state of each material was 
calculated using DFT in the local density (LDA) and 
generalized gradient (GGA) approximations, relaxing 
lattice parameters and ionic positions and allowing spin 
polarization. The Brillouin zone was sampled using 
6x6x6 Monkhorst-Pack grids with 112 irreducible k-
points including the Gamma point. All our calculations 
were carried out with the plane-wave code VASP [3], 
using projector augmented wave (PAW) pseudopotentials 
[4] for the calculations of the optical properties and 
ultrasoft pseudopotentials [5] for the vibrational 
properties. 

For the phonon calculations we need to relax the 
nucleus to a mechanical equilibrium. In this equilibrium 
the forces vanish. We found that a tolerance for atomic 
forces of 0.001 eV/Ang is enough to get converged 
results. After that relaxation we compute the interatomic 
constant matrix. Finally, we obtain the vibrational 
frequencies by computing the second derivative of the 
Born-Oppenheimer energy in respect to their nuclear 
positions. 

To obtain the interactions between atoms we have to 
create different size supercells in which the forces vanish 
for distant neighbours. We have made supercells of up to 
3x3x3 (216 atoms) for the CuGaS2, and up to 3x3x2 (288 
atoms) for the Cu4MGa3S8. 

In order to use these phonon spectra to obtain a free 
energy balance of the formation of these compounds, we 
need to calculate the phonon density of states of other 
stable compounds present in their reactions of 
formations. These materials are CuCrS2 [6], Cu2/3TiS2 [7] 
and Cu [8] 



Concerning the optical properties, we need to obtain 
values of the real and imaginary part of the dielectric 
function, from the eigenfunctions of the fundamental 
state of the system. To get converged frequency-
dependent properties, the Brillouin zone has been 
sampled using 12x12x12 Monkhorst-Pack grids 
including the Gamma point, and the integration range 
was 25 eV. Further details on the method used can be 
found in references [9,10], 

Once the dielectric function is obtained, it is 
particularly interesting for photovoltaic purposes to 
calculate the absorption coefficients. 

In this work, we have only considered direct and 
interband transitions, and no local-field effects are 
applied. 

3 PHONON RESULTS 

Since there are no experimental data for the 
Cu4MGa3S8 compounds, we have calculated first the 
phonon spectrum of pure binary compound CuGaS2, to 
compare it with those of the substituted alloys. As we 
said in the last section, we have previously carried out 
structure optimizations. The calculated lattice parameter 
a, is 5.22 Ang for LDA and 5.34 Aug for GGA and the 
distortion parameter n is 1.98 for LDA and GGA. This is 
a very good agreement with the experimental values 
around 5.34 Ang and 1.98 [11], This is important, since 
the phonon branches are very sensitive to the lattice and 
the geometry. Fig. 1. shows the more accurate results we 
have obtained for the phonon dispersion diagram of the 
host chalcopyrite. 

Figure 1: Phonon dispersion diagram of the CuGaS2 

using the GGA approximation. 

In order to assess our results we compared them with 
available experimental Infrared and Raman data and 
other theoretical data. Our ab-initio calculations are 
found to be in good agreement with those data. 

Besides that, we have also determined the phonon 
frequencies and density of states for the substituted 
chalcopyrite systems. In Fig. 2 we can see their total 
phonon density of states as well as the metal 
contribution. 

In the optical branches of both quaternary systems, 
we found new additional isolated high-phonon optical 
modes made up of the metal substituent. This branch 
appears higher in frequency in the case of Cr as 
substituent. However, as there is a greater mass 

difference between Ti and Ga than Cr and Ga, the 
opposite case was expected. The reason for the values 
found may be attributed to the shorter lattice parameters 
in Cu4CrGa3S8 compared with those of the Cu4TiGa3S8, 
since it is known that a shorter lattice parameter increases 
the frequencies. 

Figure 2: GGA total phonon density of states of 
Cu4MGa3S8 and the contribution of the transition metals. 

The new optical phonon branches are found to be 
very sensitive to small changes in the transition metal 
environment and the bonding geometry. 

As we have already said, in order to obtain the 
inclusion of the vibrational entropy contribution to the 
free formation energy of Cu4MGa3S8, we have also 
evaluated at the same degree of precision the phonon 
density of states of the rest of the systems which appear 
in their reactions of formation [12]: 

3CuGaS2 + CuCrS, -> Cu4CrGa3S8 

3CuGaS2 + Cu2/3TiS2 + l/3Cu -> Cu4TiGa3S8 

4 OPTOELECTRONIC PROPERTIES 

To assess the validity of our results we present first a 
detailed study of the optical properties of the host 
semiconductor. 

In order to get the best optical spectra within our 
approach, we need high-quality electronic properties. 
Detailed structural and electronic properties of both the 
host and the metal-substituted chalcopyrite have been 
presented recently by our group in references [2,13], 
Concerning these electronic properties, a value of the 
GGA band-gap around 0.7 eV is computed. It is known 
that the experimental value is about 2.43 eV [14]. This is 
not surprising as it is well known that the LDA and GGA 



do not treat with high precision the excited states of a 
material and so they underestimate the value of the band-
gap of semiconductors. 

Since both the real and the imaginary parts of the 
dielectric function have a high dependence on the value 
of the band-gap, a high-quality description of the optical 
properties would require methods beyond DFT; however, 
DFT can provide optical spectra in qualitative agreement 
with experiments. 

In Fig. 3 we show the absorption coefficient and 
reflectivity of the CuGaS2 host semiconductor, compared 
with available experimental results determined by 
spectroscopic ellipsometry [15]. Since the magnitude of 
the optical properties depends on the polarization of the 
photons and because of the tetragonal structure of the 
materials studied, there are two independent components 
in the optical spectra. The first component corresponds to 
the polarizations along the x and v axes (it is the average 
of the x and v contributions) and the second one is due to 
the polarization in direction z. 

Within the approach used, our results can be 
considered in good agreement with experimental 
measures. A scissor operator has been applied to make 
the band-gap from our calculation match the 
experimental value. 
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Figure 3: DFT-GGA absorption coefficient and optical 
reflectivity of chalcopyrite CuGaS2 in the two 
polarizations. Experimental measurements by Alonso et 
al. [14]. A scissor operator is applied. 

Regarding the reflectivity, due to the problem of 
predicting the band-gap, the reflectivity is higher than the 
experimental. The use of the scissor operator has 
partially solved this problem but as we can see in Fig. 3 
even with this correction, the calculated reflectivity is 
still higher than the experimental one. This may happen 
because we have neglected the local-field effects. 

Because of the lack of experimental results for the 
substituted-alloys, the results presented so far for the 

CuGaS2 will be used to compare with the Cu4MGa3S8 

spectra to validate them. That comparison will also lead 
us to confirm the increase of the absorption of low 
energy photon in which the intermediate-band concept is 
based. 

Hie results for the transition metal-doped compounds 
were obtained using the same procedure. A detailed 
study of their structural and electronic properties was 
carried out and presented in previous works [2,16], 

To understand the effect of the intermediate band in 
the absorption, it is very interesting to determine which 
transitions contribute to each peak in the spectra. With 
that aim, we have made a detailed analysis of these 
partial contributions to the imaginary part of the 
dielectric function. We can see this in Fig. 4 for the cases 
in which the transition metal is Ti and Cr. In both cases 
the transitions from the valence band (VB) to the 
conduction band (CB), represent the main contribution to 
the total imaginary part of the dielectric function and 
transitions inside the intermediate band (IB) are 
responsible for the first peak in the energy range 0-0.4 
eV. The transitions from the VB to the IB and from the 
IB to the CB, have onset energy depending on the 
position of the intermediate band inside the band-gap. 
This figure shows the expected increase in the absorption 
of low energy photons and that the enhancement is 
produced because of the transitions involving the IB. 

Figure 4: Partial contributions of the different kinds of 
transitions to the imaginary part of the dielectric function 
of Cu4MGa3S8; M=Ti, Cr.' 



Fig. 4 helps us in the understanding of the effect of 
the intermediate band on the optoelectronic properties. 

The effect of the transition metal inclusion in the 
parent semiconductor can also be studied by comparing 
the Cu4MGa3S8 spectra with that of the CuGaS2. In Fig. 5 
we present the average of the two components of the 
absorption coefficient of the substituted alloys compared 
with that of the host semiconductor and the solar AMI. 5 
spectrum in arbitrary units. In this case, no scissor 
operator is applied. As we can see, the absorption of the 
metal-doped compounds begins at almost zero energy, as 
a consequence of transitions inside the intermediate band, 
while the spectrum of the host chalcopyrite begins at the 
theoretical value of the band-gap. Even though the 
overall absorption spectrum of Cu4TiGa3S8 is no greater 
than that of the CuGaS2, we get a significantly higher 
absorption for energies lower than about 4 eV. If we 
compare that range with the solar spectrum, this gam in 
the absorption should be considered as a very promising 
result, since this is the base of the intermediate-band 
solar cell concept. 
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Figure 5: Absorption coefficient of the intermediate-
band materials Cu4MGa3S8 compared with that of the 
host CuGaS2 and the solar spectrum. We represent the 
average of the two components of polarization. No 
scissor correction is applied. 

5 CONCLUSIONS 

We have carried out ab-initio vibrational properties 
and optical spectra calculations for interesting 
photovoltaic chalcopyrite-type materials. 

First, results on phonon spectra and phonon density 
of states are presented. These results will allow us to 
study the thermodynamic viability of the formation of the 
Ti and Cr-diluted semiconductors. 

Concerning the optical properties the metal-
substituted compounds present an enhancement of the 
absorption spectra thanks to the efficient use of low 
energy photons on which the intermediate-band solar cell 
concept is based. 

In this work we have only taken into account 
interband and direct transitions and we have not 
considered local-field effects. With the calculations of 
the phonon spectra we will be able to estimate the 
contribution of indirect transitions in further work. 
However, since indirect transitions are process involving 
three particles, the contribution of these transitions to the 
optical properties is expected to be much lower than that 

of the direct ones. In any case, we expect to carry out 
higher accuracy calculations of the frequency-dependent 
spectra and go further in our studies. 

A partial study of the peaks in the imaginary part of 
the dielectric function has been done in the case of the 
intermediate-band materials Cu4MGa3S8 to understand 
the overall contribution of the intermediate band to the 
total optical properties. We have seen that the special 
electronic structure of these materials allows the 
absorption of low energy photons that is forbidden in the 
host semiconductor, thus increasing the absorption 
coefficient in the most intense region of the solar 
spectrum. 
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