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Thin-film solar cells based on polycrystalline Cu(In,Ga)Se2 absorbers exhibit record conversion effi-
ciencies of up to 22.6%. There is still a lack of a quantitative connection between the grain-boundary
character distribution (GBCD) and the corresponding electrical and optoelectronic properties. The pre-
sent work uses microstructural data from a CuInSe2 thin film acquired by electron backscatter diffraction
(EBSD) to evaluate the GBCD. The most prominent features of the GBCD of CuInSe2 are S3 twin
boundaries and the S9 and S27a symmetric tilt grain boundaries. Moreover, combining EBSD with
electron-beam-induced current and cathodoluminescence (measurements on the same identical area)
on a CuInSe2/Mo/glass stack provide the means to relate the grain-boundary character with the corre-
sponding electrical and optoelectronic signals across the grain boundary. In part, determining this
relationship is accomplished by means of correlation analysis using measurement data from more than
100 grain boundaries. However, the crystallographic, electrical and optoelectronic data showed no strong
correlations, which is attributed to atomic reconstruction found in atomic planes adjacent to planar
defects in polycrystalline CuInSe2 thin films and corresponding reductions of excess charge densities at
these defects.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Thin-film solar cells based on Cu(In,Ga)Se2 absorbers exhibit
record conversion efficiencies of up to 22.6% [1]. Cu(In,Ga)Se2 thin
films are polycrystalline and have average grain sizes of about
0.5 mm at film thicknesses of 2e3 mm (for the Cu(In,Ga)Se2 record
devices) [2]. Copious scientific work has already been dedicated to
elucidate the microstructural origins for the outstanding device
performance (see reviews in Refs. [3,4]). When investigating only a
few random grain boundaries on a cross-sectional specimen of a
Cu(In,Ga)Se2 solar cell, the local short-circuit current measured by
electron-beam-induced current (EBIC) analysis exhibited only
slight reductions of 5e10% at the positions of the grain boundaries,
with recombination velocities determined to about 103e104 cm/s
[5]. Moreover, the radiative recombination probed locally by cath-
odoluminescence (CL) images has been found to be reduced
.de (D. Abou-Ras).
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considerably at random grain boundaries [6]. In contrast, no sub-
stantial changes of either EBIC or CL signals have been detected at
(most) twin boundaries in Cu(In,Ga)Se2 thin films [5,6].

In spite of the reports already available in the literature
(reviewed by Refs. [3,4]), there is still a lack of a detailed, micro-
structural analysis of grain-boundary properties correlated with
corresponding electrical and optoelectronic characterization,
which is based on a sufficiently large number of grain-boundaries
to provide good statistics. It is noteworthy that a statistical evalu-
ation of results from correlative structural, electrical, and opto-
electrical characterization of grain boundaries is not even available
for well-studied semiconductor materials such as multicrystalline
Si (e.g., Ref. [7]).

The present work deals with the assessment of grain-boundary
character distributions (GBCDs) by the evaluation of microstruc-
tural data from a CuInSe2 thin film acquired by electron backscatter
diffraction (EBSD). CuInSe2 thin films, which do not exhibit any
compositional gradients of the matrix elements, in contrast to
Cu(In,Ga)Se2 layers (that have considerable In/Ga gradients
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perpendicular to the substrate) were chosen for the present study
in order to avoid corresponding influences on the EBSD measure-
ments. Moreover, combined EBSD with EBIC and CL measurements
on the same identical area of a CuInSe2/Mo/glass stack provide the
means to relate the grain-boundary type with the corresponding
electrical and optoelectronic signals across each grain boundary.

2. Experimental details

The CuInSe2/Mo/glass stacks were fabricated by co-evaporation
of about 2 mm thick CuInSe2 thin films on Mo-coated glass sub-
strates. Details of this process are published elsewhere [8]. A part of
this stack was further processed to complete solar cells by the
deposition of a CdS buffer and a ZnO:Al/i-ZnO bilayer as front
contact. These solar cells reached conversion efficiencies of about
12e13%. After deposition of a graphite layer (serving as diffusion
barrier for Ag in the epoxy glue) on the i-ZnO/ZnO:Al front contact,
the solar-cell stack was glued by use of Ag epoxy glue to an Al
sample holder. The backside of the Cu(In,Ga)Se2 absorber layer was
exposed by lifting off the Mo-coated glass substrate. In order to
passivate the CuInSe2 (back) surface and to enhance the conduc-
tivity, a graphite layer (nominal thickness of 4e5 nm) was evapo-
rated on top.

The EBSD and EBIC analyses were conducted using a Zeiss
UltraPlus™ scanning electron microscope, equipped with an Ox-
ford Instruments NordlysNano™ EBSD camera and an EBIC ampli-
fier by Point Electronic GmbH. The EBSD maps were acquired at
15 kV and 55 nA by means of the AZtec software suite. In the
present analysis, the tetragonal chalcopyrite structure of CuInSe2
was assumed to be the cubic sphalerite structure; i.e., we use in
what follows {111} (cubic) instead of {112} (tetragonal). This is
because the chalcopyrite structure can be visualized as two
sphalerite units stacked along the c axis. Because the ratio of the
tetragonal lattice constants, c/a, deviates only slightly from 2 (about
0.2% [9]), the diffraction is not sufficiently different from the cubic
structure to be distinguished in a high-rate EBSD experiment.

The reconstructed grain boundary line segments for the ste-
reological GBCD calculation were extracted from the cleaned up
EBSD maps using the TSL/OIM™ software. In this process, the grain
boundary positions are first approximated as straight lines con-
necting all of the triple junctions. If these line segments deviate by
more than two pixels from the actual grain boundary position on
the map, the segments are subdivided to match the path of the
grain boundary towithin the required precision [10]. The procedure
resulted in more than 136,000 grain boundary line segments. The
procedures used to calculate the grain boundary character distri-
bution from these line segments are described elsewhere [11,12]
and have been applied to many other materials in the past
[13e21]. All calculations were carried out under the assumption of
cubic symmetry using Fortran programs [22].

The beam energy and the beam current for the EBIC measure-
ments, 8 kV and 100 pA, were kept low, in order to provide good
spatial resolutions on the one hand and to avoid high-injection
conditions at the same time. Further details on the EBIC measure-
ments are described in a previous report [23].

CL images were obtained at 8 kV and 250 pA using a JEOL SEM
6490 microscope and a Gatan monoCL3 system with a mono-
chromator and an (In,Ga)As photomultiplier Hamamatsu R5509-
73, which was cooled to 193 K. The sample was placed on a
liquid-He-cooled cryo-stage, leading to sample temperatures of
about 8 K. From the EBIC and CL images, profiles were extracted
across grain boundaries, which were located and categorized by
means of the EBSDmaps. The profiles used for the evaluation of the
EBIC and CL signals are averages of each 15 individual profiles
across the grain boundaries.
Pairs of (sets of Bunge) Euler angles were analyzed to obtain the
angle of disorientation (i.e., misorientation with minimum rotation
angle), the Rodrigues vector of each disorientation, the scalar
product between the rotation axis and 〈100〉, 〈110〉 and 〈111〉 axes
(normalized), as well as the three components of the disorientation
axis expressed in the sample frame. Canonical correlation analysis
(CCA) [24,25], which is a variant of the much better known prin-
cipal component analysis (PCA) [26], was used to analyze the
aforementioned data. In brief, the CCA aims to identify linear
combinations of variables that maximize the cross-correlation be-
tween the variables. It differs from PCA in that the variables are split
into two groups, an “input” group (“predictor set”) and an “output”
group (“criterion set”), and covariance matrices are constructed
within each group and between the two groups. Product matrices
are then combined together in a block form and an eigenanalysis is
performed. The square roots of the corresponding eigenvalues are
the canonical correlations and the associated eigenvectors provide
the coefficients of the canonical variates, along with canonical
loadings from the correlation matrix. The first pair of canonical
variates is always chosen to explain the largest part of the variance
in the data, i.e. is most predictive. The correlation between an
observed variable and the corresponding synthetic variable is
known as a structure coefficient (or loading). Squared canonical
structure coefficients indicate the proportion of variance shared by
an observed variable with the associated canonical variate and can
be used to decide the relative importance of the variables. The idea
behind quantifying the disorientation axis against the 3 basic di-
rections was to check whether or not either electrical signal was
correlated with the axis itself. The idea behind including the
sample-frame disorientation axis was, specifically for the twin
boundaries, to test whether the inclination of the boundary was
significant; e.g., a twin boundary oriented perpendicular to the
surface must have its common 〈111〉 axis lying in the section plane.

Misorientations were computed in the standard fashion [27]
using Dg ¼ fOggAjBg�1

BjAfOg, where O signifies the group of (cubic)
symmetry operators and g represents the orientation [28] adjacent
to a boundary. The particular choice of operator and AB

�!
versus BA

�!
is governed by identifying the disorientation, i.e., locating Dg in a
fundamental zone. Proximity to a given axis was computed as the
magnitude of the dot product between the axis (as a unit vector)
and the misorientation axis (as a unit vector). The misorientation
axis in the sample frame was computed from the skew-symmetric
part of g�1

AjBgBjA, normalized to make it a unit vector. The output of
the analysis was used as input for the CCA and all the quantities
associated with grain boundaries were regarded as input variables.
Version 3.2.1 of the R software suite [29], with the car and yacca
packages [30], was used to perform the CCA and to plot the results.
The EBIC and CLweights were assigned as the “output” variables for
the CCA, according to the procedures described in Refs. [24,25].

3. Results and discussions

3.1. Grain-boundary character distribution

For all grain boundary line segments in the EBSD map (Fig. 1),
which was acquired on the CuInSe2/Mo/glass stack, the disorien-
tationwas calculated and discretized in bins with a 1� width (using
the program disor) [22]. The results are illustrated in Fig. 2 and
compared with a random distribution [31]. Note that a disorien-
tation cut-off of 5� was used to define grains in the clean-up pro-
cedure, i.e., the values below 5� are zero. Overall, the disorientation
angle distribution follows the same trend as the random distribu-
tion, except for three noticeable peaks, which are located at 32�,
39�, and 60�.

To learn more about the boundaries that make up these local



Fig. 2. The disorientation angle distribution for CuInSe2, computed with 1� resolution
(red circles). The distribution of disorientation angles for a randomly oriented cubic
material is included for comparison (blue line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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maxima, the distribution of disorientation axes was computed at
these three disorientation angles. The calculation was carried out
(Fortran program graph_ax_ang [22]) using eleven discrete bins per
90� of misorientation space, or a resolution of about 8.2�. The re-
sults, shown in Fig. 3, illustrate the distribution of disorientation
axes at these angles. In each case, the distribution peaks at a low
index direction, indicating that the majority of the grain boundaries
have this disorientation axis. The units are in multiples of a random
distribution (MRD), which is a measure of the fractional length of
such boundaries divided by the fractional length that would be
expected in a random distribution of grain boundaries. At 32�, at
39�, and at 60�, themaxima are at [101], at [101], and at [111]. In the
coincident-site lattice terminology [32], these are S27a, S9, and S3
grain boundaries (see Fig. 4).

We consider the distribution of grain boundary planes at these
disorientations, because there are local maxima in the grain
boundary population at S27a, S9, and S3. The grain-boundary
character distribution was calculated with the same resolution as
the axis-angle distribution (Fortran program graph_gbcd) [22]. The
distribution of grain boundary planes for the S27a boundaries is
maximized along the zone of tilt boundaries (those boundary plane
orientations which are perpendicular to the [110] disorientation
axis). The distribution maximizes at the ½115� orientation, which is
consistent with the orientation of one of the symmetric tilt
boundary. The other symmetric tilt in this distribution, at ð552Þ, is a
minimum of the distribution. The distribution of grain boundary
planes for the S9 boundary is similar: most boundaries have tilt
character and the distribution maximizes at the position of the
ð114Þ symmetric tilt. One important difference is that the popula-
tion of the S9 symmetric tilt boundaries (68 MRD) is significantly
larger than the S27a symmetric tilt boundaries (8 MRD). The dis-
tribution of grain boundary planes for the S3 boundary is strongly
peaked at the (111) positions, i.e., the grain boundary planes are
perpendicular to the [111] disorientation axis and they are twist
boundaries. This corresponds to the common twin-boundary
configuration found in many cubic materials [33]. Boundaries
with this character make up about one quarter of all of the
boundaries in the CuInSe2 thin film.

The most prominent features of the grain boundary character
distribution of CuInSe2 are the twin boundaries (60�/[111]) and the
S9 and S27a symmetric tilt grain boundaries. It is very likely that
the S9 and S27a boundaries are a geometric consequence of the
high concentration of S3 boundaries. For any triple line where two
S3 grain boundaries meet, there must be a S9 boundary [34]. We
can estimate how many would be formed in this way if we assume
Fig. 1. a) Plan-view EBSD orientation-distribution map of the CuInSe2 thin film, on which th
boundaries are highlighted by white lines. b) Magnified section of the EBSD map from the po
color in this figure legend, the reader is referred to the web version of this article.)
that triple junctions are constructed by randomly sampling the
distribution of disorientations. If so, the probability of choosing two
S3 boundaries and producing a S9 is (0.26)2 ¼ 0.068; the measured
number fraction of S9 boundaries is 0.05.

Similarly, when a S9 and S3 meet, they produce a S27a. The
probability of this occurring is 0.26 � 0.05 ¼ 0.013; the measured
number fraction of S27a boundaries is 0.018. When comparing the
estimates with the measured numbers, it should be noted that the
measured number fractions are influenced strongly by the exact bin
positions. Considering this fact, the similarity of the estimates from
random combinations and the measured fractions suggest that
many of the S9 and S27a boundaries are a consequence of the high
concentration of S3 boundaries.

The material with the most similar structure that has been
studied is Si, with the diamond cubic structure [21]. Multicrystal-
line Si has also been found to exhibit a high concentration of S3
twin boundaries and S9 boundaries, but S27a boundaries were not
detected in significant concentrations; by contrast, the local max-
ima in the disorientation angle distribution in multicrystalline Si
were assigned to S5, S11, and S29a boundaries [21]. Furthermore,
the S9 grain-boundary plane distributions in CuInSe2 and Si are
very different. In Si, the maximum is at the ð221Þ symmetric tilt
e GBCD is based. The local orientations are given by false colors (see legend). S3 twin
sition highlighted by a dotted black square in a). (For interpretation of the references to



Fig. 3. The distribution of disorientation axes at the disorientation angles of (a) 32� , (b) 39� , and (c) 60� , corresponding to S27a, S9, and S3 grain boundaries. The distribution is
plotted in a standard stereographic projection, and the units are multiples of a random distribution.

Fig. 4. Grain boundary plane distributions at fixed disorientations. (a) 31.6�/[110], (b) 38.9�/[110], and (c) 60�/[111]. The distributions are plotted on stereographic projections and
the [110] direction is in the plane of the page, denoted by the arrow.

Fig. 5. (a) EBSD pattern-quality maps with S3, S9, and S27a twin boundaries highlighted by red, white, and yellow lines. (b) EBSD orientation-distribution map with S3, S9, and
S27a twin boundaries highlighted by black, white, and yellow lines. The local orientations are given by false colors (see legend). Selected random grain and S3 twin boundaries are
indexed by black and white numbers. (c) Monochromatic CL image, acquired at 1280 nm, 5 K, and 8 kV. (d) EBIC image, acquired at 8 kV and room temperature. In (c) and (d),
selected random grain boundaries are indexed by yellow numbers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. Profiles (a) across a random grain boundary and (b) across a S3 twin boundary
(TB), both extracted from the CL image in Fig. 5c. The grain boundary in (a) is posi-
tioned at the local minimum of the profile, while the position of the TB is indicated by
the dashed line in (b), as determined from EBSD map acquired at the same identical
position (Fig. 5a).

D. Abou-Ras et al. / Acta Materialia 118 (2016) 244e252248
orientation and in CuInSe2, it is at the ð114Þ symmetric tilt. It is not
too surprising that CuInSe2 with three different atom types in the
crystal structure prefers different interfaces than Si. The added
constraint of creating feasible atomic coordinations between unlike
atoms at the grain boundaries may be a factor that contributes to
the selection of the most common grain boundary structures.

In materials for which grain boundary energies have been
measured or calculated, it has been found that the grain boundary
plane distribution is inversely correlated to the grain boundary
energies, at least in cases where the microstructure has undergone
some normal grain growth [35]. Therefore, one may assume that
the most highly populated grain boundaries are also the lowest in
energy. For the S3 twin grain boundary in CuInSe2 with {111} twin
plane, this would seem to be a safe assumption. In fact, the calcu-
lated energy of this boundary is about 0.03 J/m2 [36], which is
similar to the values published for multicrystalline Si [21].

In contrast, the results for the S9 and S27a grain boundaries
have to be interpreted with caution. As discussed above, the dis-
orientations of these boundaries are probably a geometric conse-
quence of the high concentration of S3 boundaries and might not
be linked to the average energy of these disorientations. However,
among possible boundaries with these disorientations, the prefer-
ence for ð114Þ and ð115Þ symmetric tilt configurations for the S9
and S27a boundaries is a strong indicator that these are the lowest
energy grain boundaries for these disorientations.

3.2. Correlation of structural grain-boundary properties with
electrical and optoelectronic signal changes across grain boundaries

3.2.1. Evaluation of EBIC and CL signals across various grain
boundaries

In order to correlate directly structural with electrical and op-
toelectronic properties of individual grain boundaries, EBSD, EBIC,
and CL data acquired at the same identical position on the back
surface of a CuInSe2/CdS/ZnO stack (Fig. 5) were evaluated. All grain
boundaries were localized by the zero-solutions in the EBSD maps
and transferred to the EBIC and CL images via superposition of EBSD
map and EBIC/CL images. In contrast to a recent report [23], which
treats this (same identical) EBSD/EBIC/CL dataset rather qualita-
tively, in the present work, EBIC and CL profiles were extracted
across 113 random and 14 S3 twin boundaries (indexed in Fig. 5).

All CL profiles across the selected random grain boundaries
exhibit a local minimum at the position of the grain boundary (see
Fig. 6 for an example), which is also the case for most (95%) EBIC
profiles (see Fig. 7 for an overview). This behavior can be attributed
to enhanced, nonradiative recombination via defect states at grain
boundaries. The steps visible in some of the EBIC profiles (also
present in some of the CL signals) are due to substantially varying
EBIC (and CL) signals in neighboring CuInSe2 grains [6,23] (in some
cases, even in different regions within the same grain), which can
be attributed to different hole densities [37], affecting both
collection (EBIC) and radiative recombination (CL).

All CL profiles and those EBIC profiles which exhibit a local
minimum were modeled successfully by using the approaches
described in Refs. [23,38]. The average recombination velocities
determined at about 100 random grain boundaries by this simu-
lationwere for the CL and also the EBIC measurements consistently
about 0.5e2� 104 cm/s, which can be considered to be rather small
values and agree well with values given in earlier reports [5,39].
Local maxima in EBIC profiles across grain boundaries, as the ones
detected at two random grain boundaries in the analyzed CuInSe2
layer (Fig. 7b), have been reported also for n-type Ge in Au/Ge
Schottky barriers by Tabet et al. [40]. These authors attributed the
increased EBIC signals at grain boundaries to passivation in Ge
involving Sb impurities.
For the present case of polycrystalline CuInSe2 thin films, a
geometric origin for enhanced EBIC signals at random grain
boundaries may also be possible. These thin films are known to
exhibit roughnesses ranging from few tens of nm up to few hun-
dreds of nm (depending on the growth recipe applied), forming
troughs at the positions of grain boundaries. Therefore, assuming
similar widths of the space-charge region for grain interiors and
grain boundaries, as well as grain boundaries oriented perpendic-
ular to the substrate, the collection along a grain boundary may be
more effective than in the grain interior, and hence the EBIC value is
larger. Whether or not a maximum in the EBIC signal is measured
may depend on whether the recombination activity at the corre-
sponding grain boundary is substantially larger than in the grain
interior.

In contrast to random grain boundaries, EBIC and CL signals at
most S3 twin boundaries do not exhibit a strong impact on the
short-circuit current or the radiative recombination (Figs. 6b and
7g). This is also the case for the few S9 twin boundaries detected
in Fig. 5a (see Fig. 8). In contrast, S27a boundaries (Fig. 9) show a
similar behavior to that observed for random grain boundaries.

Fig. 10 gives the resulting statistics concerning the contrasts of
these profiles, which was determined with respect to the lowest
signal level measured in the grain adjacent to the twin or grain
boundary. Apparently, the CL contrast at most GBs (40e60% of the
maximum value) is smaller than the EBIC contrast (80e100% at
most random grain boundaries), which can be traced back to the
fact that CL was conducted at 8 K, whereas EBIC was performed at
room temperature.



Fig. 7. Profiles extracted across various grain boundaries in the EBIC image in Fig. 5d. The correlation with the EBSD data showed that the grain boundaries are positioned at the
local minima (or maximum) of the EBIC profiles in (a)e(f) (highlighted by arrows in the viewgraphs). The steps in the profiles can be explained by differences in the local doping of
neighboring grains or, at times, even of regions within individual grains (see Ref. 37). EBIC profiles across various S3 twin boundaries are given in (g), where the positions of the twin
boundaries are indicated by arrows.
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The differences between S3 twin and random grain boundaries
can be explained by the much smaller (expected) density of
dangling bonds at the twin interfaces. For a few twin boundaries,
substantially smaller CL contrasts were detected. For these twins, it
can be expected that the twin planes deviate slightly from the
symmetry planes, increasing the densities of dangling bonds and
correspondingly enhancing nonradiative recombination.



Fig. 8. Profiles extracted across a S9 twin boundary from the (a) EBIC and (b) CL
images in Fig. 5(c) and (d). The position of the S9 twin boundary is highlighted by
arrows. The decrease visible in the CL signal (b) for larger position values (in the region
of 0.6e0.9 mm) is due to a random grain boundary in the vicinity.

Fig. 9. Profiles extracted across a S27a boundary from the (a) EBIC and (b) CL images in
Fig. 5(c) and (d). The position of the S27a boundary is located at the local minimum in
each profile, as verified by the EBSD measurement.
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3.2.2. Results from canonical correlation analysis results
Using the EBSD, EBIC, and CL data from 111 random grain

boundaries (two less than the 113 shown above because of
incomplete values in the data file) and 14 twin boundaries (total of
125 boundaries) in the studied CuInSe2 thin film, a statistical
analysis was performed to reveal possible correlations between the
crystallographic properties and the EBIC and CL signals at these
planar defects. Specifically canonical correlation analysis (CCA) was
used, for which the data was divided into output variables, namely
the CL and EBIC signals, and input variables, namely various
quantities related to grain boundary character. The output versus
the input for the first pair of canonical variates is shown in Fig. 11,
and the equivalent plot for the second pair in Fig. 12. The co-
efficients and loadings for the input group of variables, as well as
the coefficients and loadings for the output group of variables are
given in Tables 1 and 2. The CCA showed that a reduction in the
complexity of the variables is possible. The output canonical vari-
ates, “Y Canonical Variate 1j2”, are combinations of CL (strong
loading) and EBIC (weak loading) where CV1 is dominated by the
CL signal and CV2 is largely the EBIC signal. The input variates, “X
Canonical Variate 1j2”, combine disorientation angle (angle1), the
three Rodrigues vector components (rf1, rf2, rf3) and the measures
of closeness to 100 (near100), 110 (near110) and 111 (near111). Note
that the range of all input variables is of order unity except for the
disorientation angle (angle1), which ranges up to approximately
62�. Thus, the coefficient values suggest that the disorientation
angle (angle1) and the third Rodrigues vector component
contribute most strongly to CV1, whereas near111 and near100
dominate CV2 (inputs).

In Fig. 11, the boundaries close to the exact twin (i.e., S3) are
colored red and a few boundaries that are not as close, green. The
plot shows that, although there is a reasonably strong correlation of
0.6, the relationship between the pair is obviously non-linear and
that, within the twin boundary set (red points), there is consider-
able variation in the CL signal for negligible variation in the input
variate.

A weak correlation between the EBIC and the inclination of the
grain-boundary planewith respect to the sample surfacewas found
(not shown). One difficulty, however, in understanding possible
correlations with the EBIC signals stems from the fact that the EBIC
measurements were performed at room temperature, resulting in
only shallow minima (by contrast to the CL signals acquired at 8 K).
We also considered the relevance of the grain-boundary trace.
However, while for the determination of the disorientation of a
grain boundary, a small error of 1e2� may be assumed and the
corresponding error for the trace angle is much larger (about
5e10�). Accordingly, it was not surprising that the trace angle did
not exhibit any correlationwith either signal. Enhanced insight into
this aspect strongly motivates a future effort to acquire three-
dimensional EBSD, EBIC, and CL data from the CuInSe2 layer.

The absence of a strong correlation between the crystallo-
graphic properties of a grain boundary (determined by evaluating
the EBSD data) with the EBIC/CL data can be explained by the



Fig. 10. EBIC and CL signal changes in percent, with respect to the neighboring grains,
for the selected 113 random grain boundaries, (a), and 14 S3 twin boundaries, (b).

Fig. 11. Plot of the output (vertical) versus the input for the first pair of canonical
variates. This shows that the CV1-Y (mostly CL) and CV1-X (mostly angle1 and rf3) are
moderately correlated (coefficient ¼ 0.6) but that the relationship is clearly non-linear.
Points corresponding to twin boundaries are marked in red and near-twin boundaries
are in green. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 12. Plot of the output (vertical) versus the input for the second pair of canonical
variates. This shows that the CV2Y (mostly EBIC) and CV2-X (mostly near111 and
near100) are negligibly correlated (coefficient ¼ 0.1). Points corresponding to twin
boundaries are marked in red and near-twin boundaries are in green; by contrast to
CV1, there is nothing that distinguishes the twin boundaries in this plot. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Coefficients and loadings for the input group of variables.

Variable CV1_coeff CV2_coeff CV1_loading CV2_loading

angle1 [0e62�] 0.1828995 0.1450985 0.6951312 0.48620127
rf1 [<0.414] 4.6249566 �6.3459798 0.9028087 0.29102259
rf2 [<0.414] �1.4191416 0.1769137 0.6650313 0.33580515
rf3 [<0.33] �22.1872932 �9.7370901 0.3058378 0.62226837
near100 [<1] 1.0372669 13.4487680 �0.6132051 �0.04266259
near110 [<1] �0.3968742 5.0331263 �0.5884295 �0.02078862
near111 [<1] �2.5063845 13.4979920 0.6401628 0.28911428

Table 2
Coefficients and loadings for the output group of variables.

Variable CV1_coeff CV2_coeff CV1_loading CV2_loading

CL [<1] 0.05338720 �0.02189764 0.9886071 �0.1505189
EBIC [<1] 0.01188089 0.07803364 0.3794851 0.9251978
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atomic reconstruction mechanism at CuInSe2 grain boundaries,
which has recently been reviewed [4]. This mechanism is based on
the fact that CuInSe2 is a substoichiometric compound, which
contains a larger density of Cu vacancies on the corresponding
lattice sites. Also, a large number of other point defects can be
formed, either those related to the matrix elements or those
induced by impurity elements such as Na, K, and O, which diffuse
from the glass substrate into the CuInSe2 layer during growth and
segregate to (random) grain boundaries. In case of excess charge
densities present at grain boundaries, the atomic reconstruction of
the neighboring atomic planes adjacent to the grain boundaries
effectively reduces these excess charge densities, which influences
the collection as well as the recombination of charge carriers
considerably. For multicrystalline Si, for which no such recon-
struction mechanism is available, the EBIC and CL signals can be
expected to correlate much stronger with the crystallographic
properties of a grain boundary.

4. Conclusions

The present work provides detailed insight into the crystallo-
graphic properties of grain boundaries in CuInSe2 thin films as well
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as their correlations with the electrical and optoelectronic prop-
erties. The disorientation angle distribution from a dataset con-
taining 136,000 grain-boundary segments exhibits maxima at 32�,
39�, and 60�, which were assigned to S27a, S9, and S3 grain
boundaries. The maximum populations at these disorientations are
8, 68, and 3500 MRD. From EBSD, EBIC, and CL data, all acquired at
the same identical position of a CuInSe2 thin film, correlations of
the crystallographic data with the electrical and optoelectronic
properties of about 100 random grain boundaries and 14 twin
boundaries were analyzed. While most of the random grain
boundaries exhibited enhanced recombinationwith recombination
velocities of about 0.5e2 cm/s, most of the twin boundaries do not
exhibit a substantial reduction of the EBIC or CL signals. Statistical
evaluation by means of CCA of the crystallographic, electrical and
optoelectronic data showed no strong correlations of the various
quantities. Based on the first pair of canonical variates, the disori-
entation angle and the third Rodrigues vector component
contribute most strongly to the CL signal; from the second pair,
there is a weak correlation between near111 and near100 and the
EBIC signal. The absence of a strong correlation with grain bound-
ary character may be explained by the atomic reconstruction at
planar defects in CuInSe2 thin films, which act as a mechanism to
reduce effectively excess charge densities and hence affect sub-
stantially the electrical and optoelectronic properties.
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