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The classic grain-boundary (GB) model concludes that GBs in polycrystalline semiconductors create
deep levels that are extremely harmful to optoelectronic applications. However, our first-principles
density-functional theory calculations reveal that, surprisingly, GBs in CulnSe, (CIS) do not follow the
classic GB model: GBs in CIS do not create deep levels due to the large atomic relaxation in GB regions.
Thus, unlike the classic GB model, GBs in CIS are electrically benign, which explains the long-standing
puzzling fact that polycrystalline CIS solar cells with remarkable efficiency can be achieved without
deliberate GB passivation. This benign electrical character of GBs in CIS is confirmed by our scanning
Kelvin probe microscopy measurements on Cu(In, Ga)Se, chalcopyrite films.
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Polycrystalline semiconductors generally exhibit poor
optoelectronic properties compared to their single-crystal
counterparts due to the existence of grain boundaries con-
taining dislocation cores, which typically create deep lev-
els and act as effective recombination centers, as the classic
grain-boundary (GB) model concludes [1,2]. Thus, for
polycrystalline solar cells, GB passivation is extremely
important to suppress the harmful effects of GBs [3.4].
Surprisingly, however, without special GB passivation, the
efficiency of polycrystalline Cu(In, Ga)Se, (CIGS)-based
solar cells is now approaching 20% [5], surpassing their
single-crystal counterparts (~13%) [6]. Therefore, under-
standing GB behaviors in CulnSe, (CIS) chalcopyrite films
has attracted great attention for many years. Although
extensive studies have been reported [7-16], to date, an
unambiguous conclusion on the physics of GBs in CIS thin
films is still lacking.

For a long time, GBs in polycrystalline CIS thin films
have been explained by the classic electronic GB model
because direct scanning Kelvin probe microscopy (SKPM)
measurements have clearly shown that GBs in CIS and
CIGS are charged [7-10]. However, the classic electronic
GB model cannot explain the remarkable performance of
polycrystalline CIS-based solar cells. A recent theoretical
study has proposed that GBs in CIS could be significantly
Cu poor, act as hole barriers, and are charge neutral [12]. A
more recent study [16] argued that if the GB is Cu poor,
then a type-II band alignment between the GB regions and
grain-interior (GI) regions should form [17]. Thus, the GB
not only behaves like a hole reflector, but also as an
electron sink; therefore, it reduces the electron-hole recom-
bination at the GB. However, these new theories are not yet
definitively confirmed by experimental evidence.

Note that the new theories on GBs in CIS were not
derived from real GB structures, but rather, are based on
the characteristics of the CIS (112) polar surface, which is
usually Cu poor. It is necessary to study the physics of
realistic GB structures with dislocation cores in CIS to
understand the role of GBs in the extraordinary perform-
ance of polycrystalline CIS-based solar cells.
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In this Letter, we report on a first-principles density-
functional theory study of GB structures with dislocation
cores in CIS. We find that, contrary to the classic model,
GBs in CIS do not create deep levels due to the large
atomic relaxation in GB regions. Thus, they are electrically
benign and not harmful to solar cell performance. We
further find that Na segregates strongly into GBs in CIS
and exhibits electrical potentials, which helps carrier sepa-
ration. The electrically benign character of GBs in CIS and
electrical potentials resulting from Na segregation are
further confirmed by our SKPM measurements on poly-
crystalline CIGS chalcopyrite films grown on Na-free and
Na-containing substrates. Thus, our results explain the
long-standing puzzling fact of why polycrystalline CIS
solar cells with remarkable efficiency can be achieved
without deliberate GB passivation.

The first-principles total-energy calculations are based
on the density-functional theory, using the Vienna ab initio
simulation package (VASP) [18]. We used the local density
approximation (LDA) and ultrasoft Vanderbilt-type pseu-
dopotentials as supplied by Kresse and Hafner [19]. The
cutoff energy for the plane-wave basis was 320 eV. The
GBs were modeled using a 96-host-atom supercell. In all
calculations, all atoms were allowed to relax to reach the
minimum energies until the Hellmann-Feynman forces
acting on them became less than 0.02 eV/A.

Obtaining the atomic structures of GBs in polycrystal-
line films is a very difficult task. To date, no atomic GB
structure with dislocation cores in CIS-related polycrystal-
line films has been determined. However, a realistic atomic
GB structure can be adopted from other materials with
similar structures. CIS possesses a chalcopyrite structure,
which has the same fundamental structural characteristics
of CdTe (zinc blende); i.e., they can be described as two
interpenetrating face-centered cubic (FCC) cation and
anion lattices [20]. Thus, the atomic structures of GBs
determined in CdTe can be adopted for CIS. We have
experimentally determined the atomic structure of GBs in
CdTe [21]. These GBs comprise dislocation cores, con-
taining dangling bonds, wrong bonds, and wrong bonding
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angles, which are the fundamental features of GBs respon-
sible for deep levels. Thus, these GBs are well suited for
studying GB physics in CIS.

Figures 1(a) and 1(b) show the atomic structures of two
GBs in CIS adopted from CdTe [21]. The structures are
fully relaxed by our density-functional total-energy calcu-
lations. These two GBs have the same geometry and dis-
location core structure, but with different bonding
configurations. For example, in Fig. 1(a), the Se atom
marked by Sel has one extra bond, but in Fig. 1(b), the
cations marked by Cul and Inl have one extra bond. In
Fig. 1(a), Se atoms marked by Se2 have dangling bonds,
but in Fig. 1(b), the In atoms indicated by In2 have wrong
bonds. Our previous study reveals that in CdTe these
dangling bonds, wrong bonds, and extra bonds create
deep levels [21,22]. Therefore, it is important to know if
these principles would also apply to GBs in CIS.

Surprisingly, however, we find that the same GB struc-
tures in CIS behave dramatically different from those in
CdTe. It is energetically unfavorable for Se atoms to form
Se-Se wrong bonds. This leads to large atomic relaxation at
the GB regions and results in significant GB expansion—
about 1.3 A for the structures shown in Figs. 1(a) and 1(b),
respectively. As a result, the dangling bonds, wrong bonds,
and extra bonds in the GBs in CIS do not create deep levels.
Figure 2 shows calculated site projected density of states

FIG. 1 (color online). Atomic structure of GBs containing
dislocation cores adopted from GB structures determined in
CdTe with (a) Se dangling bonds and (b) cation dangling bonds.

(PDOS) of Cu [Fig. 2(a)], In [Fig. 2(b)], and Se [Fig. 2(c)]
atoms around the dislocation core shown in Fig. 1(a),
which contain dangling bonds, wrong bonds, and extra
bonds. For comparison, the sum of PDOS from one Cu,
one In, and one Se atom in a perfect region is shown in the
figure (marked by CIS), which serves as a guide when
looking for possible deep levels created by atoms around
the dislocation core. Cul, Inl, and Se2 atoms in Fig. 1(a)
have a dangling bond, whereas Sel has an extra bond.
However, as seen in Fig. 2, these atoms do not create any
deep levels. Similar results (not shown) are found for the
GB structure shown in Fig. 1(b). Thus, the GB structures
shown in Fig. 1 are expected to be electrically benign.
Because dangling bonds, wrong bonds, and extra bonds
represent the general features of dislocations and GBs, our
results should be general and can be applied to all GB
structures in CIS-based polycrystalline films. Hence, our
results suggest that, unlike in typical polycrystalline semi-
conductors, GBs in CIS are not recombination centers,
explaining the long-standing puzzling fact: polycrystalline
CIS-based solar cells with remarkable efficiency can be
achieved without deliberate GB passivation.

The absence of deep levels in GBs in CIS is truly an
exception from the classic GB model. It also differs sig-
nificantly from the recently proposed hole-barrier model.
Our previous calculations showed that the same GBs in Si
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FIG. 2 (color online). Calculated PDOS of (a) Cu, (b) In, and
(c) Se atoms around the dislocation core in the relaxed GB
shown in Fig. 1(a).
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and CdTe create deep levels. In CdTe, the deep levels can
be passivated by Cl or I [22]. We find that the absence of
deep levels in GBs in CIS is attributed to the large atomic
relaxation in the GB regions. To confirm this, we have
calculated PDOS of the same GBs without relaxation.
Figure 3 shows the calculated PDOS for Cu, In, and Se
atoms around the dislocation core shown in Fig. 1(a). It is
clearly seen that the Cu, In, and Se atoms with dangling
bonds, wrong bonds, and extra bonds create deep levels in
the GB without atomic relaxation. We have also calculated
PDOS (not shown) for the GB shown in Fig. 1(b) without
atomic relaxation, and deep levels are also found. A com-
parison of Figs. 2 and 3 clearly shows that after the large
atomic relaxation, the deep levels seen in Fig. 3 move into
the valence bands and end with a clean band gap, as seen in
Fig. 2. These results confirm that the absence of deep levels
in GBs in CIS is attributed to the large atomic relaxation in
the GB regions. We find that Se-Se wrong bonding is
energetically very unfavorable, due to their large electro-
negativity. The strong repulsions between Se atoms result
in the large atomic relaxation in the GB regions.

In a recent theoretical investigation [12], an extremely
Cu-poor condition in GB regions is suggested. Therefore,
we calculated the energy difference between a Cu vacancy
located in the GB region and in the perfect region. We find
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FIG. 3 (color online). Calculated PDOS of (a) Cu, (b) In, and
(c) Se atoms around the dislocation core in the GB shown in
Fig. 1(a) without atomic relaxation in the GB region.
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that the formation energy is about 0.2 eV smaller for both
GB structures in GB regions than in perfect regions, in-
dicating that the concentration of Cu vacancies is slightly
higher in the GB regions than in the perfect regions. Our
results therefore suggest that GBs in CIS should not create
significant neutral hole barriers, but only small barriers,
which is consistent with the recent experimental results
[14].

It is known that to achieve high efficiency, CIS-based
films must be grown on soda-lime glass substrates, where
the diffusion of Na into CIGS films from the substrates
improves the device performance [23-25]. We therefore
study the segregation behavior of Na in GBs. Na atoms in
CIS prefer interstitial sites and are shallow donors. We find
that Na prefers an interstitial site in GBs and bond with two
Se atoms with dangling bonds—namely, two Se2 atoms in
the structure shown in Fig. 1(a) and two Sel atoms in the
structure shown in Fig. 1(b). We calculate the segregation
energy of Na at GBs by

E; = Etot(NaGB) - Etot(Naperf)J (1
where E,,(Nagg) is the total energy of the supercell with a
Na located in the GB, and E,(Na,) is the total energy of
the supercell with a Na located in a perfect region. The
calculated segregation energies are —2.2 and —2.4 eV /Na
for GBs shown in Figs. 1(a) and 1(b), respectively. Thus,
our results indicate that significant Na segregation in GBs
in CIS films grown on soda-lime glass is expected. Indeed,
Auger electron spectroscopy, photoelectron spectroscopy,
and x-ray emission spectroscopy studies have clearly re-
vealed that Na in CIGS does segregate into grain bounda-
ries [26,27]. Na atoms in the GBs are also shallow donors.
Consequently, in p-type CIS films, Na atoms in GBs are
always positively charged, which should exhibit observ-
able electrical potentials.

Our theoretical results conclude that unlike in typical
semiconductors, GBs in CIS create no deep levels and are
charge neutral; thus, they exhibit no electrical potentials.
For CIS grown on soda-lime glass, Na segregates into GBs;
as a result, GBs are positively charged and exhibit poten-
tials. This distinct difference is directly confirmed by our
SKPM study of polycrystalline CIGS films grown on Mo-
coated soda-lime glass and Mo-coated borosilicate glass.
The two films are grown side by side, so they have similar
morphology. X-ray diffraction measurements reveal that
both films have the [220]/[204]-preferred orientation.
Figures 4(a) and 4(c) show the topography images of the
surfaces of the CIGS films grown on Mo-coated soda-lime
glass and Mo-coated borosilicate glass, respectively. It is
seen that they are similar, confirming that the structures of
these two films are similar. Their corresponding SKPM
images with the same gray scale of 200 meV are shown in
Figs. 4(b) and 4(d), respectively. Unlike the topography
images, the SKPM images show distinctly different fea-
tures. The GBs are clearly identified in Fig. 4(b), but
Fig. 4(d) is almost featureless. The SKPM images are the
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FIG. 4 (color online). Topography images of surfaces of the
CIGS films grown on Mo-coated soda-lime glass (a) and Mo-
coated boron silicate glass (c) and their corresponding SKPM
images (b),(d) with the same gray scale of 200 meV. (e) Potential
line profiles measured along the dotted lines shown in (b) (upper
curve) and (d) (lower curve).

mapping of measured work functions across the surfaces.
The brighter contrast along the GBs shown in Fig. 4(b)
indicates higher electrical potentials and smaller work
functions at GBs than in nearby surface regions.

The difference is seen even more clearly in the potential
profiles [Fig. 4(e)] measured along the dotted lines shown
in Fig. 4(b) (upper curve) and Fig. 4(d) (lower curve). We
see that the potential profile of the film grown on the
borosilicate glass (lower curve) is almost featureless,
with only small potential variations (<~ 30 meV), which
may originate from a topographic effect. However, GBs in
the film grown on soda-lime glass (upper curve) exhibit
clear electrical potentials (150-200 meV). These results
provide direct evidence confirming that GBs in pure CIGS
are electrically benign and Na segregation into GBs in CIS
is responsible for the measured electrical potentials. Note
that interstitial Na atoms in GBs and perfect regions in CIS
are shallow donors and not recombination centers. The
electrical potentials created by Na segregation at GBs
should repel holes and attract electrons, which should
help carrier separation. Thus, Na-segregated GBs could
be beneficial to performance in CIS-based solar cells,
which is consistent with the fact that CIS-based solar cells

must be grown on soda-lime glass substrates to achieve
superior efficiency.

In conclusion, we have studied the atomic and electronic
structure of GBs in CIS by density-functional theory cal-
culations. We found that GBs in CIS are electrically benign
and therefore are not very harmful to optoelectronic
applications.
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