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A R T I C L E I N F O A B S T R A C T 

The Fe-doped CuInS2 could have important applications for photovoltaic or spintronic applications. This 
material has been analyzed from first principies with the local density and the generalized gradient 
approximation, as well as with a Hubbard term. The effect on the electronic and magnetic structure 
has been carried out for both ferromagnetic and antiferromagnetic spin alignments. The results compare 
well with the experimental ones. 

1. Introduction 2. Calculations 

Considerable interest has been shown in the chalcopyrite 
compounds as a result of their important technological applica
tions in nonlinear optics, light-emitting diodes, and solar cells 
[1]. Cu(Ag, In, Ga)X2 systems have recently attracted much atten-
tion [2], because these materials have direct band gaps in the range 
desirable for applications in solid state lighting and high-efficiency 
solar cells. It can be grown using thin film technology and is one 
promising solutions for the production of photovoltaic energy 
[3]. In particular, CuInS2 is a promising absorbing material for the 
production of high-efficiency solar cells, because of its well suited 
band gap and low preparation cost of polycrystalline thin films. 

Chalcopyrite type I—III—VI2 compounds are considered capable 
of containing transition elements, since the chalcopyrite mineral 
(antiferromagnetic CuFeS2) has Fe as its constituent element. Tran
sition atom impurities have been known to introduce deep levéis 
into the band gaps of semiconductors, which not only control a 
concentration and a type of conducting carrier but also act as acti-
vators [4] or killers of luminescence. In recent years, chalcopyrites 
and other compounds doped with transition atoms are attracting 
interest as magnetic semiconductors for next-generation spin-
electronics device applications [5-7]. 

Experimentally, the optical absorption spectra of single CuInS2 

crystals doped with Fe, where the In atom is substituted by Fe, 
present a sub-gap absorption band with a threshold at 0.8 eV [8]. 
This absorption band has been associated with the photoionization 
transition from the valence band (VB) to the unoccupied impurity-
related deep level. 

Thus it is interesting to analyze the electronic and magnetic 
properties of Fe doping in the copper indium sulfide chalcopyrite 
and to compare it with the experimental results in the literature. 
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In order to obtain the electronic properties, we have used the 
density-functional theory (DFT) [9]. The standard Kohn-Sham 
(KS) [10] equations are solved self-consistently [11]. For the ex-
change and correlation term, the local-spin density approximation 
(LDA) has been used with the Perdew-Zunger parametrization to 
the Ceperley-Alder numerical data [12], and the generalized gradi
ent approximation (GGA) in the form of Perdew et al. [13]. The 
standard Troullier-Martins [14] pseudopotential is adopted and 
expressed in the Kleinman-Bylander [15] factorization. The KS 
orbitals are represented by using a linear combination of confined 
pseudoatomic orbitals [16]. An analysis of the basis set has been 
carried out using from single-zeta to double-zeta with polarization 
basis sets for all atoms and varying the number of the special k 
points in the irreducible Brillouin zone. We have used 16-, 32-
and 64-atom supercells. In all of the results presented in this work 
a double-zeta with polarization functions basis set has been used 
with periodic boundary conditions with 64-atom supercells. 

Because of the electronic properties of the systems analyzed, 
with an IB, the local correlation effects could be very important. 
The gap underestimation is also well-known when LDA and GGA 
are used. Therefore, a more profound study of these materials with 
respect to the correlation effect is carried out. We use the LDA/ 
GGA + U method described in Ref. [17] in order to improve the 
description of the states of the IB. 

3. Results and discussion 

The copper indium sulfide CuInS2 chalcopyrite have tetragonal 
structure obtained from the cubic II—VI structure by occupying 
the group-II atom sites alternatively with group-I (Cu) and 
group-III (In) atoms. Each anión (S atom) is coordinated by four 
cations (two Cu and two In atoms), whereas each catión is tetra-
hedrally surrounded by four anions. The experimental lattice 
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parameters are: a = 5.52 Á, c\2a = 1.006 and u = 0.214 [18,19], the 
experimental gap is 1.48-1.55 eV [20], and the In-S distance is 
2.34 Á. 

With our calculations, the gap obtained for the host chalcopy-
rite CuInS2 is 0.9 and 0.6 eV with GGA and LDA, respectively. These 
valúes are lower than the experimental ones (1.48-1.55 eV [20]) 
because of the GGA/LDA gap underestimation. The gaps in the lit-
erature obtained with different methodologies, basis sets and dif-
ferent exchange-correlation functionals are: -0.14 eV [21], 
0.01 eV [22], 0.812 eV [23], approximately zero [24], and 0.02 eV 
[25]. Therefore, the results compare well with others in the litera-
ture. We later show that by using GGA/LDA + U, the gaps increase 
to 1.55 and 1.50 eV, respectively, which compare well with the 
experimental ones. 

The Fe substitution by In (Fein substitution) distorts the host 
structure. The relaxation of both the atomic positions and the lat-
tice constants without symmetry constraints has been carried out 
for smaller cells. The relaxation has been considered accomplished 
when the forces on the atoms were lower than 0.004 eV A-1. After 
relaxing the lattice parameters and all atoms in the cell, the new 
lattice parameters are a = 5.528 A and c\2a = 0.979, and the four 
distances Fe-S are different: 2.34, 2.29, 2.33 and 2.31 A. 

We have carried out first principies calculations for the ferro-
magnetic (FM) and antiferromagnetic (AFM) Fe-doped CuInS2 chal-
copyrite using both, LDA and GGA. The energy differences per Fe 
atom between the AFM and FM configurations are -0.01 and 

0.02 eV. These results are similar to those obtained in Ref. [7] for 
the Fe-doped CuInSe2: from -0.02 to +0.02 eV. At lower Fe concen-
tration, both FM and AFM states have cióse energies and may coex-
ist. Thus a mix of both AFM and FM states could be expected, i.e. no 
ordering of the magnetic moments is present. 

One of the main effects of substituting In host atoms by Fe in 
the electronic structure of the host chalcopyrite is to genérate a 
band (IB) above the VB fairly cióse to the conduction band (CB). 
Increasing the Fe concentration creates more and more new levéis 
above the VB. For the FM state only an IB with spin-down character 
is present, whereas for the AFM state, both spin characteristics are 
present due to the symmetry of the up and down components. The 
Fermi energy is between the VB and the IB indicating that the IB is 
empty. Therefore this IB has an acceptor character. Nevertheless, 
because of the LDA/GGA gap underestimation, the IB band overlaps 
with the CB. 

A study of the density of states (DOS) indícate that this IB is 
made up by the d-Fe orbitals. In order to analyze the structure of 
this IB the projected DOS on the d-Fe orbitals corresponding to 
one Fe atom with anti parallel ahgnment is represented in Figure 
1 for the FM and AFM components, and with LDA and GGA. For 
the AFM ahgnment, half of the Fe atoms have a projected DOS with 
opposed sign to that shown in the figure. A band between 0.55-
1.3 eV above the VB is present for the FM and AFM ahgnment for 
both, GGA and LDA. These valúes compare well with the experi
mental ones [8] (0.8 eV above VB). The lower part (in energy) of 
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Figure 1. Projected DOS on the d-Fe orbitals: (a) FM spin ahgnment using LDA, (b) FM spin ahgnment using GGA, (c) AFM spin ahgnment using LDA, and (d) AFM spin 
ahgnment using GGA. The VB top energy has been chosen as zero energy in the figure. 



this band is made up of the dz2- and the dx2_y2-Fe orbitals, whereas 
the component with larger energy is made up of the dxy-, d^- and 
dyz-Fe orbitals. 

Additionally, the number of states (r¡) with energy lower than £, 
i.e. the integrated DOS, is plotted in Figure 2 for the majority-and 
minority-spin channels. Note that for the AFM order there are Fe 
atoms with the spin components exchanged in respect to the fig
ure. The panels (a) and (b) correspond to the total and Fe inte
grated DOS. The GGA and LDA, and the FM and AFM results in 
Figure 2 are very similar and almost indistinguishable. 

For the FeIn substitution each Fe impurity atom adds five addi-
tional electrons to the majority-spin VB. The total magnetization of 
the unit cell is 5 ¡ÁS per Fe atom for the FM order. The number of 
spin-down valence states (and electrons) is not changed by the 
Fe impurity with respect to the number of VB spin-down states 
of the host chalcopyrite (Figure 2a). Therefore, the total number 
of valence electrons for the minority-spin component is half of 
the total number of valence electrons in the host chalcopyrite. 

The Fe charge of the two spin components at the VB are 
q(¿'(FeIn) = 5.9 and q(^'(FeIn) = 1.8 electrons, respectively (Figure 
2b). These populations correspond to the number of states of the 
Fe atom for the Fermi energy. The Fermi energy is between the 
VB top (zero energy) and the IB in Figure 2. As the acceptor d-Fe 
IB is above the Fermi energy, these bands have no charge. Thus 
the total Fe charge is that corresponding to the VB charge. In fact, 
a population analysis using the Mulliken and Lówdin schemes 
leads to similar valúes for the atomic charges of the Fe with LDA 
and GGA. According to the Mulliken and Lówdin schemes the Fe 
atom has 5.9 electrons for the spin-up component and 1.8 elec
trons for the spin-down. 

From the previous results, the total magnetic moment of the 
cell is not located strictly on the Fe atoms. Indeed, the magnetic 
moment of the Fe atom is ~4.1-4.2 ¡AB, whereas the total magnetic 
moment of the cell is 5 ¡ÁS per Fe atom for the FM order. The Fe 
atom induces small negative moments on the first-nearest neigh-
bor S atoms, which have a local magnetic moment of ~0.1 ¡ÁB. 
The other atoms carry much smaller magnetic moments (1.3 ¡ÁS be
tween 59 atoms for the 64-atom supercell) and can be ignored. 

In order to correct the level positions for isolated defects, it is 
usually assumed [26] that the energy levéis of the acceptor-like de-
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Figure 3. Projected DOS on the d-Fe orbitals using GGA + U with (a) FM spin 
alignment, and (b) AFM spin alignment. The VB top energy has been chosen as zero 
energy in the figure. 
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fects follow the VB edge and are thus unchanged while donor-like 
defect levéis follow the edge of the CB and are thus shifted upward 
by the same amount as the band gap. Therefore, for the FeIn substi
tution the states associated with Fe would not be affected for the 
well-known gap underestimation and they would have similar 
energies with respect to the states of the VB. 

In order to verify the previous assumption for this case, we have 
carried out the calculations using the GGA/LDA+ U formalism de-
scribed in Ref. [17] with U = 5 eV The gaps obtained with GGA+ U 
and LDA+U are 1.55 and 1.50 eV, respectively, which compare 
well with the experimental ones (1.48-1.55 eV). The Fe states in 
the gap present small modification (Figure 3) compared with the 
GGA/LDA (Figure 1). The AFM and FM energy difference per Fe 
atom (-0.02 eV) is also similar to the GGA/LDA. Therefore, the 
GGA/LDA reproduces the position of the acceptor d-Fe band rea-
sonably well for the Fein substitution and the AFM and FM energy 
difference. In addition, the GGA/LDA + U lócate the d-Fe band and 
the gap more closely to experimental results [8]. 

4. Conclusions 

Figure 2. Total (a), and Fe (b) integrated DOS r¡ per Fe atom for the spin-up (+) and 
spin-down (-) alignments. The zero origin in the energy axis is the VB top energy. 
For the total integrated DOS (panel a), the r¡ axis origin is the number of states of the 
host chalcopyrite at the VB top. 

In summary, we report the results of the electronic and mag
netic properties of the Fe-doped chalcopyrite CuInS2 using first 
principies GGA/LDA and GGA/LDA + U calculations. The calcula-



tions nave revealed structures of different complexity. In both 
cases an IB made up of the d-Fe orbitals is present in the gap. 
The Fein substitution behaves like an acceptor with an IB empty 
in the gap above 0.8-1.0 eV from the VB. These results agree very 
well with the experimental results. In particular, with the experi
mental photoionization transition from the VB to the acceptor-re-
lated Fe deep level. The FM and AFM states have cióse energies and 
may coexist. 

The main effect of GGA/LDA + U is to remove the gap underesti-
mation of the GGA/LDA. Although GGA/LDA results place the d-Fe 
band in agreement with experimental results, the GGA/LDA + U 
still lócate it next to the experimental results. 
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