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First principles density calculations of the band structure, and density of states of the Cu(In;_yGay)Se; in
the chalcopyrite type structure have been carried out using the density functional theory. The relationship
between the band gap and chemical composition in the structure is discussed. The effective masses of
the electrons and holes in the different composition crystals are reported.
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1. Introduction

Record conversion efficiencies of CdS/CIGS thin-film solar cells
are approaching 20%[1-4]. The major advantages of CIGS are due to
its unique combination of properties such as high absorption coef-
ficient, moderate surface recombination velocities and radiation
hardness [5,6]. In CIGS solar cells absorber layers are non-uniform
Ga/In composition versus absorber depth. The effects of this non-
uniformity in Culn;_,GaxSe, are in the form of (1) back grading, (2)
front grading, or (3) double grading. Adding Ga increases the effi-
ciency of the CdS/CIGS thin film solar cells up to a limited value of
Ga substitution. Typical high-efficiency CIGS solar cells have mini-
mum band gaps of 1.1-1.2 eV. The CIGS material has variable band
gap, which can be changed by varying the Ga/(In + Ga) ratio. In gen-
eral, high efficiency CIGS films are grown with a Ga/(In + Ga) content
ratio of about 0.3 and band gap energy of about 1.15 eV. Many CIGS
based solar cells with back grading, front grading and double grad-
ing have been fabricated in the last 15 years, but the actual effect of
such an in-depth variation of the band gap is still not clear. Numer-
ical modeling is necessary in this to contribute (i) the beneficial
effect of grading, (ii) in standardizing thicknesses of the layers, and
(iii) increase cell performance. Recently, it has become possible to
compute with a great accuracy an important number of electronic
and structural properties of solids from first principles calculations.
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This kind of development in computer simulations has opened up
many of interesting and exciting possibilities in condensed mat-
ter studies. It is now possible to explain and to predict properties
of solids which were previously inaccessible to experiments. Wei
and Zunger [7] have theoretically shown that a variation of the
Ga/(In+Ga) ratio will mainly affect the level of the conduction band
minima. In this paper we report the results of computational studies
of the chalcopyrite structures of Culn;_xGaxSe;, especially focusing
on structures, density of states, effective masses and band gap of
Culnq_yxGaxSe,. This quality can be used, not only to optimize the
general band gap level, but also to obtain different band gaps at
different depths in the CIGS film, so-called band gap profiling.

2. Computational method

The calculations were performed within the framework of the
density functional theory (DFT) [8]. The exchange correlation term
was treated by using the functional of LDA-CA PZ [9] and GGA-
PW91 [10,11]. The ultra-soft pseudo-potential was applied to
describe the electron-ion interaction. A plane wave basis set with
a 290eV energy cut-off was used to expand the electronic wave
functions. Reciprocal space integration was performed by k-point
sampling with sets of special points obtained by using the standard
special k points technique of the Monkhorst and Pack. In our case
(i.e. for chalcopyrite CIGS) a 4 x 4 x 2 MP meshes were used, yield-
ing ten k points in the irreducible wedge of the Brillouin zone. CIGS
chalcopyrite structure belongs to P65 symmetry group, which dis-
plays only identity and inversions operations. There are four CIGS
groups (31 atoms) per unit cell. The lattice parameters obtained
from X-ray diffraction [12] are shown in Table 1.
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Table 1
Comparison between experimental and simulated parameters of CIGS chalcopyrite
unit cell.
Molecular formula Experimental data (A) Calculated data (A)
a c a c
Culn0'25G30'75SEZ 5.72 11.63 5.61 11.39
CulngsGagsSe; 5.73 11.66 5.67 11.54
Culng.75Gag.25Se; 5.75 11.69 5.69 11.57

Fig. 3. Chalcopyrite structure of Culng75Gag2sSe;.

Fig. 1. Chalcopyrite structure of Culng2sGag75Ses.

Fig. 4. Simulated XRD pattern of Culng,5Gag7sSe, structure.

Fig. 5. Simulated XRD pattern of CulngsoGagsoSe; structure.

Fig. 2. Chalcopyrite structure of CulngsoGagsoSes.
Fig. 6. Simulated XRD pattern of Culng5Gag2s5Se; structure.
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Fig. 7. Band structure and density of states of Culng,5Gag.75Se; structure (LDA).

Fig. 8. Band structure and density of states of Culng5Gag75Se, structure (GGA).

Fig. 9. Band structure and density of states of CulngsGagsSe, structure (LDA).
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Fig. 10. Band structure and density of states of CulngsGagsSe; structure (GGA).

Fig. 11. Band structure and density of states of Culng7sGag2sSe, structure (LDA).

Fig. 12. Band structure and density of states of Culng75Gag2sSe, structure (GGA).
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Table 2
Band energy gap of CIGS.

Molecular formula  Band gap Effective mass (me.)
LDA (eV) GGA(eV) Electrons Holes
LDA GGA LDA GGA
Culng,5Gag75Se; 1.2 0.8 0.089 0.089 0.69 0.68
Culng5GagsSe; 0.9 0.8 0.088 0.087 0.68 0.67
Culng75Gag2sSes 0.8 0.7 0.086 0.085 0.67 0.66

3. Results and discussion
3.1. Structural optimization

The crystal structure and locations of the particular atoms of
the CIGS chalcopyrite structure have been determined from X-ray
diffraction data [12-14] as a starting point for total energy mini-
mization. The chalcopyrite structure of CIGS of three combinations
such as CUIHO.25C;3.0.75 Sez, CU]H0.50630.50562, and CUIHO.75C13.0.25 562
with the lattice parameters (Table 1) are constructed as shown in
Figs. 1-3. After obtaining convergence, the final lattice parameters
were obtained and tabulated as shown in Table 1. The cut off energy
was assumed in the plane wave basis set. Optimization (relaxation)
of the atomic positions and crystal cell parameters was performed
before the main calculations of the electronic characteristics; total
electronic energy, band energy dispersion, density of electronic
states and optical properties. The lattice parameters obtained in
the LDA and GGA calculations are 3% smaller than the experimental
values. The simulated XRD spectra of the CIGS unit cell of different
combinations are as shown in Figs. 4-6.

3.2. ab initio studies of electronic properties

The calculations of electronic characteristics; total electronic
energy, band energy dispersion, density of states of CIGS struc-
tures are simulated for the optimized crystal structures. For
Culng25Gag 75Ses, 144 electrons (72 up spins and 72 down spins)
and 76 bands are as chosen as electronic parameters. The total
energy per atom convergence, eigen energy convergence toler-
ance, smearing width and Fermi energy convergence tolerance
are taken as 0.2 x 103 eV, 0.4 x 106eV, 0.1eV and 0.4 x 107 eV,
respectively, are taken as electronic minimization parameters.
Band structure of the crystal is calculated of 76 bands of the Bril-
louin zone with band convergence tolerance of 0.1 x 10~% eV and 4
k-points are considered for Brillouin zone sampling. The obtained
band structures and density of states are displayed as shown in the
Figs. 7 and 8. The same procedure is repeated for the other two

structures and their band structures and density of states are sim-
ilar to each other as shown in Figs. 9-12s. Band energy gap and
effective mass of the electrons and holes of the different structures
are determined from the graphs and the values are as shown in
Table 2.

4. Conclusions

Our present paper reports a systematic study of the structural
and electronic properties of Culng;s5Gag75Se;, CulngsgGagsoSes,
and Culng75Gag25Se; structures using LDA and GGA. The ground
state properties like equilibrium lattice constants obtained from
our calculation agree with the available experimental val-
ues. For the electronic properties the calculations provides an
excellent description of the band structures for all the CIGS
where we found they have direct band gap. The band struc-
ture details presented could be useful for further experimental
investigations.
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