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The electronic structure of grain boundaries in polycrystalline CuðIn;GaÞSe2 thin films and their role on

solar cell device efficiency is currently under intense investigation. A neutral barrier of about 0.5 eV has

been suggested as the reason for the benign behavior of grain boundaries in chalcopyrites. Previous

experimental investigations have in fact shown a neutral barrier but only a few 10 meV high, which cannot

be expected to have a significant influence on the solar cell efficiency. Here we show that a full

investigation of the electrical behavior of charged and neutral grain boundaries shows the existence of

an additional narrow neutral barrier, several 100 meV high, which is tunneled through by the majority

carriers but is sufficiently high to explain the benign behavior of the grain boundaries.
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Understanding the impact of grain boundaries (GBs) on
electronic material properties has been a challenge in a
variety of polycrystalline materials, as superconductors
[1,2], perovskites [3], polymers [4], and semiconductors
[5,6]. Despite the abundance of GBs in polycrystalline
chalcopyrite—CuðIn;GaÞSe2 (CIGSe)—thin films, solar
cells based on this materials system reach surprisingly
high power conversion efficiencies of up to 20% [7]. In
contrast, for single crystalline Si and III-V solar cell ma-
terials GBs are known to have a strong detrimental effect
on device efficiencies due to defects located at the GBs and
the related recombination losses.

Currently, different models are proposed to describe the
GB properties in p-type CIGSe [8]. In the classical GB
model it was proposed that charged defects are located in
the GB plane from which a space charge region (SCR)
develops into the grain [9,10]. The resulting band bending
presents a barrier for majority carrier transport. This model
is used to describe GBs in polycrystalline Si and cannot
account for the reduced recombination at GBs in chalco-
pyrites. To explain this benign behavior two models have
been presented. For twin boundaries (�3-GBs [11]) a
Cu depletion in the f112gtet GB plane [12] is assumed
[13,14], similar to the one proposed for f112gtet-oriented
polar surfaces [15,16], which are stabilized by the forma-
tion of Cu vacancies V�

Cu. The reduced Cu content results in

a lowering of the valence band edge [13], thereby forming
a barrier for majority carrier transport of about 0.5 eV.
However, another density function theory (DFT) study on
a �3-GB did not assume Cu depletion and did not confirm
the lowering of the valence band edge [17]. A different
model to explain the benign behavior of CIGSe GBs was
presented for a differently oriented GB along the f11�4gtet
plane in CISe; DFT calculations by Yan et al. [18] provide
evidence for a lattice relaxation around the GB, where
dangling bond defect levels shift from the band gap into
the valence band, thereby reducing GB recombination. The
theoretically predicted neutral transport barrier due to a va-

lence band offset at the �3 twin GB [13,14] could be con-
firmed experimentally using a combination of Hall mobil-
ity and Kelvin probe force microscopy (KPFM) measure-
ments [19]. In the latter study a macroscopic bicrystal
allowed the majority carrier transport measurement across
an individual GB, confirming the presence of a charge
neutral barrier, however of only �30 meV.
The effect of the different GB models on the device

efficiency was analyzed by means of two-dimensional
(2D) device simulations with two main results: (i) the
SCR around a charged GB leads to an enhanced electron
collection at the cost of a loss in open circuit voltage [20];
(ii) in order to effectively reduce GB recombination by
means of a valence band offset, this has to be at least
300 meV [21]. The simulations assume GB widths be-
tween 2 and 20 nm; however, transport across the GBs
via a tunneling process was not included.
In this Letter we present a study on a single charged �9

GB and a single neutral �3 GB in p-type CuGaSe2 ob-
tained by epitaxial growth on GaAs bicrystals. The charge
state of the GBs is obtained from KPFM measurements. In
contrast to the previous interpretation of the electrical
transport measurements, where only the mobility was
taken into account, we model now the resistance of the
GB and find that it is dominated by tunneling through a
barrier of several 100 meV.
To obtain macroscopic CuGaSe2 bicrystals where the

two grains are separated by a single GB, we grew CuGaSe2
on top of GaAs bicrystals by metal organic vapor phase
epitaxy [19]. One GaAs wafer [22] consists of two grains
exhibiting a f536gcub and f525gcub surface [12]. The grains
can be transformed into each other by a rotation of 90�
along the h212icub direction, as confirmed by electron
backscatter diffraction (EBSD) (not shown) [22]; thus,
the grains are separated by a �9 GB [11]. On both grains
successful epitaxial growth was achieved, as confirmed by
EBSD. The GB in the CuGaSe2 film presents a direct
continuation of the GB in the GaAs substrate and the GB
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plane shows a f111gtet orientation. The preparation of
the �3-GB was previously described [19]. The elec-
tronic properties of the GBs were investigated by KPFM
and temperature dependent Hall-effect and resistivity
measurements.

KPFMmeasures the electrostatic interaction between an
atomic force microscope (AFM) tip and the sample and
serves to determine locally accumulated charge. The ultra-
high vacuum (p < 10�10 mbar) KPFM (Omicron) deter-
mines the sample topography in frequency modulation
AFM [23] using an oscillation amplitude of �20 nm at
the fundamental resonance frequency (f0 � 75 kHz) of
the PtIr-coated cantilever (Nanosensors). The contact po-
tential difference (CPD) was measured using the second
oscillation mode of the cantilever (f2 � 470 kHz) apply-
ing an ac bias of Vac ¼ 100 mV [19,24].

For Hall measurements the samples are divided into
three pieces. On two pieces on each side of the GB the
bulk values of resistivity, charge carrier concentration and
mobility are measured by the van der Pauw method. One
piece containing the GB is provided with stripe contacts
(distance ¼ 0:8 mm) for conductivity measurements
across the GB using the four point method. The resistance
and Hall mobility were analyzed according to previously
published procedures [19].

A KPFM measurement of the two grains including the
�9-GB is shown in Fig. 1. Because of a slightly different
growth rate of the CuGaSe2 on the differently oriented
surfaces of the GaAs bicrystal substrate a step of
�100 nm develops at the GB. Along the GB a dip in the
CPD is observed, which amounts to �90 mV. The two
sides of the dip show the characteristic shape of a SCR
extending�280 nm into the grain. Therefore, we conclude
that the�9-GB exhibits the presence of charged defects, in
clear contrast to the previously studied neutral �3-GB
[19]; this is in qualitative agreement with the expected

higher defect concentration at the higher disorder
�9-GB. The SCR shields fixed charges at the GB and
can be described by

�SCRðxÞ ¼ �ch

�
1� jxj

w

�
2
; (1)

where�ch is the potential energy of the charged barrier and

w the SCR width given by w2 ¼ 2�r�0�ch

e2p
. Here, �r ¼ 11

[25] and �0 are the dielectric constant of the semiconductor
and the vacuum, respectively, and e and p are the elemental
charge and the charge carrier concentration of the semi-
conductor, respectively.
The big advantage of a large bicrystal compared to a

polycrystalline sample is the possibility to perform electri-
cal measurements on one specific GB as opposed to aver-
aging over many GBs. The temperature dependent
mobility of majority carriers [19] across the �9-GB is
shown in Fig. 2(a) and can be well described by the
Arrhenius dependence (solid line) for thermally activated
transport across a barrier of�mob ¼ ð100� 10Þ meV. This
value is considerably larger than the one found previously
for �3-GBs [19], but it is in good agreement with the
barrier found in the KPFM measurements (Fig. 1).
In view of this we simulate the transport across the

�9-GB assuming a thermionic emission (TE) mechanism.
Tunneling is not considered for this barrier due to the large
width. Seto [9] described the thermionic emission current
JTE for small applied voltage V:

JTE ¼ e2pV

�
1

2�m�kBT

�
1=2

exp

�
� ��

kBT

�
; (2)

where kB is the Boltzmann constant, p the hole concentra-
tion, m� ¼ 1:2me the effective mass of the carriers [26],
and the considered barrier is �� ¼ �mob � �ch.
Considering the measured temperature dependence of

the hole concentration pðTÞ (not shown) the temperature
dependent resistance across the �9-GB is simulated and
shown (open triangles) together with the actually measured
resistance (solid squares) in Fig. 2(b). It is obvious, that the
transport by TE using the transport barrier determined
from KPFM and Hall mobility is insufficient to explain
the experimental temperature dependent resistance; in fact(a)
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FIG. 1 (color online). KPFM measurement on the CuGaSe2
bicrystal containing a �9 grain boundary. (a) Topography and
(b) CPD showing a dip along the GB. Averaged line profiles
across the GB were extracted in the gray box indicated in the
images for (c) topography and (d) CPD.
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FIG. 2 (color online). (a) Hall mobility of the �9-GB showing
a thermally activated barrier of �100 meV. (b) Temperature
dependence of the resistance for transport across the �9-GB
(solid squares) with fits considering only TE (open triangles) and
TE and tunneling (open circles).
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the discrepancy amounts to more than 4 orders of magni-
tude. We therefore introduce an additional thin barrier,
similar to what has been proposed previously for GB
transport in Si [27] and GaAs [28]; typically, the thin
barrier is assigned to a scattering potential with a width
of a few lattice planes. We assume here the width bb of our
thin barrier to be equal to the distance of 6 lattice planes (3
in each direction of the GB) in the h441itet direction per-
pendicular to the f111gtet GB plane, namely bb ¼ 1:36 nm
[29]. The height of this additional barrier will be extracted
from a fit to the experimental resistance. The resulting
electronic structure of the GB is displayed in Fig. 3. The
transport across this GB barrier will be described by a TE
current and a contribution from tunneling (T) through the
barrier [27]:

Jtotal ¼ JTE þ JT

¼ e2p�V

�
�

2�m�

�
1=2

�Z �ch

0
e��E�SCRðEÞ�bðEÞdE

þ
Z �b

�ch

e��E�bðEÞdEþ
Z 1

�b

e��EdE

�
; (3)

where � ¼ ðkBTÞ�1. The first integral describes the tun-
neling contribution through the SCR and the thin barrier
where the transmission probability is given by the approxi-
mation for a wide barrier:

�SCRðEÞ ¼ exp

�
� 4�

h

Z a

�a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ð�SCRðxÞ � EÞ

q
dx

�
; (5)

where �SCRðxÞ is given by Eq. (1) and a is the classical
turning point of carriers with energy E. The second integral
in Eq. (3) describes the tunneling through the thin barrier
where the transmission probability is given by

�bðEÞ ¼
�
1þ �2

b

4Eð�b � EÞ sinh
2ð�bbÞ

��1
; (6)

with � ¼ ½8�2m�ð�b � EÞ=h2�1=2 [30]. The third integral
in Eq. (3) describes the TE across the whole barrier, for
energies higher than the thin barrier �b.

Using the barrier schematically presented in Fig. 3 and
Eq. (3), the temperature dependence of the resistance of the

GB is simulated and the barrier height �b is extracted. As
shown in Fig. 2(b), the simulated resistance (open circles)
gives an excellent fit to the experimental data (solid
squares), using a charged barrier of �ch ¼ ð93�
10Þ meV and a thin barrier of �b ¼ ð540� 50Þ meV.
The charged barrier height �ch is in excellent agreement
with the values determined by Hall mobility and KPFM.
In our previous characterization of a �3-GB [19] we

found a charge neutral transport barrier of �30 meV. In
view of the above presented analysis, we now reconsider
the electronic structure of this �3-GB and investigate also
its temperature dependent resistance. Figure 4(a) shows
that the simulated resistance considering only TE over a
30 meV barrier (open triangles) is considerably lower (2–3
orders of magnitude) than the experimentally determined
resistance (solid squares). Therefore, we also include an
additional thin barrier at this �3-GB surrounded by the
previously determined small rectangular barrier, leading to
the proposed electronic structure shown in Fig. 4(b). In this
case, we do not assume the presence of a SCR, as KPFM
experiments did not show any evidence of charges at the
�3-GB [19]. We set the width of the high barrier to 6 lattice
planes in the h221itet direction perpendicular to the
GB plane, which corresponds to 1.93 nm [29]. The height
�b of this barrier will be extracted from the fit to the
experimental data. The surrounding barrier width is as-
sumed to be 3 lattice planes on each side (¼0:96 nm) and
its height is fixed to the barrier determined from the
mobility measurements, �0 ¼ 30 meV [19]. Considering
the combined transport by TE and tunneling according to
Eq. (3), the experimental data can be well fitted (open
circles) using �b ¼ ð170� 25Þ meV [Fig. 4(a)].
It is apparent from the analysis of the temperature

dependent GB resistance of the �3- and �9-GBs that the
transport across the GB requires the inclusion of a thin and
high rectangular barrier. Up to now, the presence of such a
potential has not been considered for the electronic struc-
ture of chalcopyrite GBs. For GBs in other semiconductor
materials such a thin barrier is ascribed to a scattering
potential [27,28]; the origin is not clearly understood and
is usually ascribed to the presence of defects and/or impu-
rity atoms. We now discuss the possible origin of the
rectangular barrier at chalcopyrite GBs. In the present
samples consisting in high purity bicrystal samples grown
on GaAs wafers, a large effect due to impurity atoms
should be minimal in comparison to polycrystalline mate-
rial grown on glass substrates. However, chalcopyrites
contain a large amount of intrinsic defects, which could
be present at the GBs. Thus, also in the present case the
origin of the scattering potential could be assigned to
defects. In the case of the �3-GB, the GB plane corre-
sponds to the f112gtet plane, which has been proposed to be
Cu depleted [13,14]. The formation of Cu vacancies
[15,16] results in a steplike valence band offset at the
GB plane, which possibly corresponds to the observed
barrier for majority carrier transport. The theoretically
proposed magnitude of the valence band offset for
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FIG. 3 (color online). (a) Electronic structure model of the
�9-GB, consisting of a rectangular barrier and a SCR, used for
simulating the electrical transport by Eq. (3). (b) Detailed view
of the region close to the GB plane, including an atomistic
sphere model (Cu—medium green, Ga—small gray, Se—large
red).
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CuGaSe2 is �0:5 eV [13] and agrees fairly well with the
barrier height obtained from our experimental fits (0.2–
0.6 eV). These values are also in agreement with a widened
band gap at Cu-poor CIGSe surfaces observed by Heske
et al. [31,32]. Also for other GB orientations the formation
of Cu vacancies (indicated by the weaker colors in the
atomistic models in Figs. 3 and 4) has been shown to be
favorable [18].

We would like to point out, that the observed dip in the
KPFM measurements of the �9-GB is in excellent agree-
ment to results reported for polycrystalline CIGSe films
[33–35]. However, it has to be considered that polycrys-
talline films show the presence of a variety of different GB
types [36]. 2D device simulations considering the effects of
GBs have predicted a negligible influence of GB recombi-
nation only in the case of a GB barrier larger than�0:3 eV
[21]. The above concluded barriers at the �3- and �9-GBs
are in good agreement with this requirement. However, the
effect of tunneling was not included in these simulations.
Nevertheless, a possible recombination of holes at
GB defects should be reduced, as the probability density
of the carriers is considerably reduced in the barrier.
Therefore, the presented results and analysis present a
major improvement of the understanding of the physics
of chalcopyrite GBs and their role in device operation.

In conclusion, we have shown that a sufficiently high
neutral barrier exists at charged and neutral GBs and at
GBs for which Cu depletion is predicted [13] and at such,
where it is not predicted [18]. The barrier height is suffi-
cient to reduce GB recombination; however the models
predicting the necessary barrier height did not include
tunneling. Our results point out the importance of tunnel-
ing transport through GB barriers, as well in chalcopyrite
materials, as in other semiconductors.
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