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First-principles modeling of grain boundaries (GB) in CuInSe2 semiconductors reveals that an
energetic barrier exists for holes arriving from the grain interior (GI) to the GB. Consequently, the
absence of holes inside the GB prevents GB electrons from recombining. At the same time, the GI is
purer in polymaterials than in single crystals, since impurities segregated to the GBs. This explains the
puzzle of the superiority of polycrystalline CuInSe2 solar cells over their crystalline counterpart. We
identify a simple and universal mechanism for the barrier, arising from reduced p-d repulsion due to
Cu-vacancy surface reconstruction. This discovery opens up possibilities for the future design of



explanation is based on the recognition that the most
robust characteristic of a GB, beyond any specifics of its
composition, size, and detailed defect chemistry, is its
manifestation of surfacelike structure [2]. Unlike cova-
lent binary semiconductors, the stable surface of chalco-
pyrites is polar [17]. Polar surfaces exhibit [18] universal
reconstruction patterns involving rows of vacancies [17].
We show here via first-principles calculations of model
CuInSe2 GBs that the Cu-vacancy reconstruction always
depresses the valence band at the GB, thus impeding holes
from entering it. Whereas such barriers for hole transport
from the GI to GB are normally thought to have the
adverse effect of impeding grain-to-grain transport
[17,19] by depriving the GB from holes, this also dimin-
ishes electron-hole recombination at the chemical traps
that segregate into the GB, potentially leading to unim-
peded electron transport through the GB. We conclude
that the local reconstruction at the GB expels holes, thus
creating a ‘‘free zone’’ for fast electron transport. Future
design of recombination-free zones via engineering of a
barrier to one carrier type can open the way to the



functions have to decay to zero amplitude in the vacuum.
Therefore, all three states in Fig. 2(a) are rather similar.
The difference, however, is that the hole wave func-
tion at Ev avoids the very outermost Cu-poor surface
layer in contrast with the wave function at Ev � 1 eV.
The central feature of stable polar facets in chalco-
pyrite GBs is the disappearance of the amplitude of
the valence-band-edge hole wave function from the GB
and its displacements into the GI. Hence, there is an
effective barrier for the holes to move from the GI to
the GB.

The reason for the repulsion of holes from the GB
interface region is the presence of a Cu vacancy based
reconstruction. The VBM of bulk CuInSe2 consists of Cu
d orbitals (t2 symmetry) which strongly interact with the
Se p orbitals (also t2 symmetry), forming both the bond-
ing and antibonding states in the valence band. The
Cu; d–Se; p repulsion displaces therefore the antibonding
VBM upwards [24]. Removal of Cu atoms from the GB/
surface region diminishes this repulsion, and thus lowers
the VBM. Therefore, reconstruction of the GB interface
via Cu vacancies lowers VBM at the GBs, thereby repel-
ling the holes from this region. The hole barrier arises
due to the lack of d



thus the Cu-d self-interaction error has no effect on our
conclusions.

We conclude that the creation of a potential barrier at
the GB for one type of carrier will impede electron-hole
recombination at the GB despite the fact that this region


