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CIGS solar cells are characterized by the use of complex multinary materials in the quinary system 
(Cu,Ga,In,Se,S) as absorber layers. There is a need to interpret defect properties in these films and 
their relations to dominant loss mechanisms. For this purpose ab initio calculations can provide useful 
quantitative data, and bring light to some trends associated to changes in, for instance, the 
composition. We can assist at the international level to the development of these approaches [1,2] for 
elucidating complex defect formations and energies, energetics of grain boundaries and surfaces, 
which are issues directly relevant to further improvement of CIGS based photovoltaics. There are 
attempts to integrate directly the data coming for ab initio calculations to complete modelling of the 
device characteristics [3]. Ab initio calculations have been instrumental in the understanding of 
important structural and chemical properties of chalcopyrites, such as non stoichiometry, self 
compensation and stability. The benefit of such methods has been specially important as chalcopyrites 
are a very complex class of semiconductors, in which the interpretation of experiments is far from 
straightforward. The role of point defects in the electronic properties of chalcopyrites has been 
recognized long ago and challenging results have been presented using DFT calculations.[1,2] 
Unfortunately, whereas DFT is well suited for ground state properties (structure, energy of formation, 
lattice vibrations), it is much less so when it comes to computing properties linked to excited states of 
the system (band gap, ionisation energies of defects, optical properties,..).
These shortcomings have been addressed in different ways:  either using semi-empirical 
electron-electron repulsion (LDA+U), or so called hybrid approaches (functionals combining "exact 
exchange" from Hartree-Fock and correlation from other sources) or even computationally intensive 
methods based on a Green’s function description of the many body effects (GW approximation). GW 
calculations are often performed as “one-shot”  corrections to self-consistent Kohn-Sham local density 
approximation calculations. This standard approach has been successful in many applications on solids 
[4].
However, it has been shown that it fails for many compounds with d electrons, where only a self-
consistent (SC) GW scheme allows to recover a good description of the quasi-particle energies. [5]

Ab initio calculations could also be used for the description of interfaces in CIGS cells (CIGS-Buffer, 
grain boundary passivation), although this topic has been little investigated so far. Another important 
issue is that of the control of doping in chalcogenide semiconductors, because the interplay of extrinsic 
and intrinsic doping and the tendency to self-compensation make this difficult to achieve.
These two aspects, interface control and doping control, are two limiting factors for the technological 
progress of chalcogenide thin film solar cells.

Presently, the most advanced calculations done on interfaces and defects in this class of materials are 
based on DFT (Density Functional Theory). Whereas total energy calculations in this framework are 



rather accurate (within 20% or less of experimental data, when these are available ), defect ionisation 
energies and band gaps are not: DFT gives correctly only ground state properties, but Kohn-Sham 
eigenvalues do not simulate those, such as defects ionisation energies, that involve excited states of the 
investigated system.
Indeed, band gaps are usually underestimated by 50 to 100% by DFT whereas other methods, such as 
Hartree-Fock (HF)  lead to an overestimation, with a magnitude of error that can even be larger. In the 
present work we use the  so called "GW" approach based on the description of many body effects 
through the use of Green's functions [6,7]. In this context, the strong localisation and correlation 
effects of "d" orbitals requires specific treatment beyond what has been achieved so far. This is 
especially crucial for the CIGS family, with elements such as Cu and In requiring careful treatment, 
beyond usual approximations.

The objective of the present work is to obtain missing values on fundamental opto- electronic 
properties of semiconductors used for photovoltaic applications, especially chalcopyrite alloys and of 
their main defects, but Si, II-VI and III-V compounds have also been investigated, to feed device level 
modeling. The calculations are based on, and go beyond, density functional theory within the two 
frameworks of all electron and pseudopotential-planewave calculations. We compare standard DFT 
results to hybrid approaches where a fixed amount of exact exchange has been introduced, to LDA+U 
and to partially SC-GW calculations within different approximations. The differences between these 
approaches and their reliabilities will be discussed. Only GW using self-consistency was able to give 
band gaps within 10% error. We calculate effective masses and show the contribution of the GW 
corrections to the band dispersion, as well as their importance for the different types of electronic 
states that are present in these complex compounds.  Finally, we discuss the influence of many-body 
corrections on the defect levels. In this work we will also present results on how the different 
computing schemes affect intrinsic and extrinsic point defect formation energies.

Methods
DFT methods described below were used in their implementation in VASP. Hybrid methods were used 
as implemented in Wien2K. GW methods were used as implemented in Abinit [8-10] Computations 
were made either on a cluster of 16 processors, or a parallel computer of 232 processors.

Results

Band structures
The band structure of undoped and highly boron doped silicon were obtained and were found to fit 
recent results.
The effective mass of the perfect chalcopyrite have been checked and are in good agreement with 
experimental measurements: the electron mass is me = 0.089 (exp. 0.092 ) and the hole mass is mhh = 
0.69 (exp. 0.71 ). They are determined from the curvature of the valence and conduction bands at the Γ
point from a band structure calculation. This changes little within the different methods investigated.

Since the bandgap is described badly  by Kohn-Sham DFT, transition energies of donor states, that 
involve the population of one or several conduction band states by the donor ionisation, are also in 
error. The simplest approach is to add the difference ∆ between the calculated gap energy and the 
experimental value for each electron emitted. This is equivalent to a rigid shift of the unoccupied states 
in the electronic structure by ∆. 
This hypothesis ("scissor model") was tested against experimental data in the case were defect 
positions were known. We chose known semiconductors in the III-V ad II-VI families doped with 
transition metal elements. The correspondence between experimental and calculated values, assuming 
that the rigid shift is to be operated above the last occupied level, yielded a general improvement, 
albeit with a low accuracy and predictability.

It has been claimed that hybrid methods (combining HF methods and DFT) can give better results by 
mitigating the errors generated by each one. Using the code Wien2k, it was found that band gaps of 



known, simple binary semiconductors could not be reproduced accurately with the functionnals used 
also it is sometimes claimed that hybrid functionnals work well for bandgap values. Although 
computed band gaps were closer to experimental values that those obtained with Kohn-Sham DFT this 
was at the cost of introducing an additional parameter, the degree of hybridization of the HF and DFT 
methods.

Finally, we turned to GW, a computationally intensive method that has proven its reliability for 
accurately obtaining the value of the band gap for a large number of semiconductors. It remains to be 
seen if specific challenges for semiconductors with 3d states can be overcome and if point defects 
transition energies can be calculated. For instance, these method require important computational 
resources, far beyond those used for standard DFT methods, and only small size supercells are usually 
considered (8 to 16 atoms). Implementation of advanced techniques were made using the silicon 
material system as it is well known and well characterized. The band structure for highly doped Si 
(with boron) was obtained and found in accordance with recently published results.
A crucial point in the calculations of the excited states was to have sufficiently accurate pseudo 
potentials for Cu and In; these were carefully tuned and validated, and  convergence tests have been 
made. The band gap and band structure of CuInS2 is now well reproduced within the accuracy of the 
method (0.1 eV). The transition energies of electrically active point defects that have been calculated 
will be presented.

Defect formation energies
DFT was used for defect formation energies, both intrinsic and extrinsic, for CuInSe2, the prototype 
member of the chalcopyrite family, using a well established procedure [1,2]. Defect energies were 
computed for single defects (only one intrinsic defect) as well as for pairs of intrinsic defects, and for 
different supercell sizes so as to evaluate the defect-defect interaction (table I) for some representative 
results). Doping by foreign elements was also considered (table II), some of which are likely to occur 
even without intentional incorporation, because of the natural presence of the elements during the 
process. Note that for some defects strongly coupled to conduction band states, there is a strong 
uncertainty as to the formation energy, as some components of its electronic energy is unreliable (since 
the band gap is inaccurate).

Table I:  Intrinsic point defect energies (in eV) in CuInSe2 with various cell size GGA calculations 
(defect formation energies are references to the following chemical potentials:  µCu = µIII= 0 eV).

VCu VIn VSe Cui O Cui T Sei O Sei T Ini O Ini T CuIn InCu CuSe SeCu InSe SeIn

16 at. 0,69 2,61 1,83 2,80 2,67 2,33 2,45 6,02 5,66 1,26 3,48 2,51 4,41 2,85 2,76

32 at. 0,46 2,26 1,93 2,65 2,79 2,21 2,41 5,97 5,57 1,11 3,28 2,58 4,36 2,97 2,67

64 at. 0,38 2,24 1,94 2,66 2,76 2,11 2,29 5,90 5,43 1,12 3,14 2,98 4,50 3,16 2,90

Table II:  Formation energies of Cu(In0.5Fe0.5)Se2 and Zn defects (µCu = µIn = 0 eV, µFe = µZn = 0 eV). 
A band gap correction of 1 eV is applied to the ZnCu antisite formation energy. The formation energy 
without correction is in parenthesis.

FeIn ZnCu ZnIn ZnCu +ZnIn

Reference CuInSe2 – CuFeSe2 Zn, Cu pure Zn, In pure CuInSe2 – ZnSe

GGA (eV) ~ 0 0.98 (-0.02) 0.06 0.02
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