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Abstract

In the present Letter, we report on a combined ab-initio density functional theory calculation,
multislice simulation, and electron holography study, performed on a 39 grain boundary (GB) in
a CuGaSes bicrystal, which exhibits a lower symmetry compared with highly symmetric X3 GBs.
We find an electrostatic potential well at the 39 GB of 0.8 V in depth and 1.3nm in width, which
in comparison with results from 33 and random GBs exhibits the trend of increasing potential-well
depths with lower symmetry. The presence of this potential well at the 39 GB can be explained
conclusively by a reduced density of atoms at the GB. Considering experimental limitations in

resolution, we demonstrate quantitative agreement of experiment and theory.
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Research and development of polycrystalline Cu(In,Ga)Se; (CIGSe) based thin-film solar
cells has improved their conversion efficiencies to more than 20 % on glass substrates [1] and
18.7% on flexible polymer substrates [2] in the past few years. This makes these solar cells
the most efficient among all polycrystalline thin-film solar cells [3]. Owing to the complexity
of the material, the impact of grain boundaries (GBs) in the polycrystalline CIGSe absorber
layer on the electronic properties of the solar cells is not understood sufficiently.

In the case of other polycrystalline thin films applied as absorbers in solar cells, such as Si
and GaAs, charges at GBs result in band bending and are known to enhance recombination
and reduce the conductivity of these thin films by effectively reducing the charge carrier
mobility [4-6]. In the case of CIGSe, the presence of charges has been reported as well [7—
10]. However, also valence-band offsets resulting in charge-neutral hole barriers have been
suggested based on density-functional theory (DFT) calculations [11, 12], which take the
particular defect [13] and surface properties [14, 15] of CIGSe materials into account. Such
a barrier preventing charge carrier recombination at GBs was also found experimentally
at a X3 GB in a CuGaSe, (CGSe) bicrystal [16]. Other DFT calculations propose an
atomic relaxation at GBs, leading to a shift of deep-level defects into the valence band [17].
Experimental evidence for a lower density of states in the band gap at the GBs was provided
by Ménig et al. [18]. Electrical transport studies combined with local charge measurements
on CGSe bicrystal samples have led to the picture of thin (few nm) and high (up to about
500 meV) transport barriers at GBs [19]. However, no physical origin for these transport
barriers was given by these authors.

In earlier studies, it has been demonstrated that GBs in CIGSe must be discriminated by
their symmetry [20-24], which can be expressed by their X value [25]. Regarding ab-initio
DFT calculations, so far, the main focus has been on highly symmetric ¥3 GBs [11, 17].

In the present Letter, we report on a combined ab-initio DFT calculation, multislice
simulation, and electron holography study, performed on a ¥9 GB in a CGSe bicrystal (the
same already studied by Hafemeister et al. [19]), which exhibits a lower symmetry compared
with highly symmetric X3 GBs treated in various recent reports [11, 12, 16, 19]. We find
an electrostatic potential well at the X9 GB of 0.8V in depth (in contrast to about 0.2V
at a X3 GB [22]) and 1.3nm in width. Abou-Ras et al. [26] report that potential wells at
GBs correlate with the presence of stoichiometry variations [27]. Here, we show by DFT

calculations and multislice simulations that the presence of a potential well at the 39 GB can
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be explained conclusively by a reduced density of atoms at the GB. Considering experimental
limitations in resolution, we demonstrate quantitative agreement of experiment and theory.

To obtain a single X9 GB in CGSe as a model system for our investigations, a CGSe
bicrystal (thickness ~ 200nm) was grown on top of a GaAs bicrystal containing a single
¥9 GB by metal organic vapor phase epitaxy [19]. Owing to the epitaxial growth, the
orientation relation of the two crystals in GaAs was transferred to the crystal lattices of the
two grains of the CGSe bicrystal, as verified by electron backscatter diffraction [28]. The
transmission electron microscopy (TEM) sample of the CGSe X9 GB was prepared by use of

a Zeiss GEMINI 1540 CrossBeam focused ion beam and a final ion-milling treatment with
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FIG. 1. (a) BF-TEM image of a 39 GB in a CGSe bicrystal and (b) corresponding gray-value map
of the phase of the object wave function. (c) Measured line profile of differences in the electrostatic
potential, extracted from the white box in the phase map. The electrostatic potential in the grain

interior was chosen as zero point.

The electrostatic potential at the X9 GB in CGSe was investigated by means of inline
electron holography in TEM [29]. Local differences in the electrostatic potential within
the specimen were determined from local phase differences Ap in the (two-dimensional)
object wave function of the electron beam after the interaction with the specimen. The
reconstruction of the object wave function is based on the acquisition of a through-focal
series with a set of 15 images at a LIBRA 200FE transmission electron microscope with an
acceleration voltage of U = 200kV, followed by the computational procedure described in
Ref. [29]. For details, see Ref. [30].

For the acquisition, the plane of the GB was tilted parallel to the optical axis of the

microscope. However, it was not possible to acquire high resolution TEM images of both



grains at the same time. Therefore, we concluded that the 39 GB plane deviated slightly
from the ideal {111} plane, which impeded a perfect edge-on configuration during the mea-
surement. We estimated the deviation from the edge-on configuration from the GB contrast
in bright-field TEM (BFTEM) images and the local specimen thickness to be in the range
of about £1 — 2°.

The grain boundaries are modeled by an orthorhombic supercell with dimensions of a =
12.13A, b =8.06 A, and ¢ = 36.77 A (sce Fig. 2(a) below). It contains 38 Cu, 38 In/Ga and
76 Se atoms. To accomodate the polarity sequence, the supercell contains two oppositely
oriented GBs. One of those GBs exhibits a cation-rich (cation core) and the other one an
anion-rich (anion core) dislocation core. The boundary planes are formed by rotating the
two sides by 90°, so the boundary planes are (100) on one side and (001) on the other. The
local total potential was calculated using the all-electron WIEN2K [31] code. The muffin-
tin radii of Cu, In/Ga, and Se atoms were chosen to be the same, 1.06 A. We used eight
k-points with (3 x 5 x 1) division for k point sampling. The parameter of RKMAX [31] is
chosen to be 7, which determines the size of the basis set for the matrix. Mesh-grid points of
(100 x 72 x 300) were used in the orthorhombic cell to calculate the total potential at each
point. The potential profile along the ¢ direction was calculated by averaging the potentials

over the (a, b) plane.

A BFTEM image of the single X9 GB in CGSe and the corresponding relative phase
Ap(z,y) of the object wave function within the region of interest, highlighted by a black
box, are shown in Fig. 1(a) and (b). It is apparent that the phase of the object wave function
is lower at the GB compared with the grain interior. The highlighted stacking faults and the
fact that the GB does not appear as straight line indicate that there is or was stress acting
on the crystal lattices. Further TEM images suggest the presence of a void or a non-contact
region of the adjacent grains on the right-hand side of the label ”¥9 GB” in Fig. 1(b). This

region has therefore not been evaluated in the present work.

In the framework of the phase object approximation [32], the two-dimensional electro-
static potential V,(x,y) within the specimen, which is obtained by averaging the three-
dimensional electrostatic potential V' (z,y,2) along the path of the electrons through the
specimen (here: z axis, corresponding to the optical axis), is linked to the phase of the

object wave function by [32]



o(z,y) = o (U) / Ve, 2) dz = o(U)t(z, y)Va(z. y), (1)

path
where ¢(z, y) is the local specimen thickness and o(U) is an acceleration voltage dependent
interaction constant (0(200kV) & 7.3 x 10°V~"'m™!). The z and y axes in Eq. 1 are both
chosen perpendicular to the z axis. Maps of the local specimen thickness were obtained by

[33]

t($7y) = )‘mean ln(]t(x,y)/lo(x,y)), (2>

where Apcan is the inelastic mean free path of beam electrons within the specimen,
I;(z,y) is the intensity distribution of an unfiltered TEM image, and Iy(x,y) is the in-

tensity distribution of a zero-loss filtered TEM image. The inelastic mean free path of CGSe
2\CGSe

mean

130.4nm was estimated by use of an algorithm given in Ref. [33]. With this value,
the specimen thickness in the region of interest (white box in Fig. 1(b)) was determined to
47 £ 2 nm.

From the phase and the thickness map, we extracted approximately 50 individual line
profiles perpendicular across the GB (highlighted by the white box in Fig. 1(b)) and averaged
them to obtain the corresponding line profile of differences in the electrostatic potential
AV, (z,y) according to Eq. 1, see Fig. 1(c). The error in the electrostatic potential of
about 150mV was estimated from the standard deviation within the flat potential of the
grain interior, more than 20 nm away from the GB. Note that the electrostatic potential we
measure is caused by all charges within the sample, including atomic nuclei, core electrons,
and free charge carriers. The electrostatic potential is about 0.8V lower at the GB core
and the full width at half minimum of this potential well is about 1.3nm. The presence
of electrostatic potential wells at GBs in polycrystalline CIGSe thin films has been found
previously for other types of GBs [22, 34]. In good agreement with these earlier reports,
the full widths at half minimum in the present work are equally about 1 nm. While highly
symmetric ¥3 GBs exhibit much smaller depths of the potential wells (about 200 mV [22]),
substantially larger values have been found at random GBs (> 1V [22, 26, 34, 35]). Thus,
the measured electrostatic potential wells have exhibited so far a trend of increasing depth
with lower symmetry.

Surface sensitive Kelvin probe force microscopy (KPFM) measurements [19] at the iden-
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tical X9 GB as studied in the present work suggested the presence of positively charged
donors at the GB and a resulting space charge region, where the correlated potential dis-
tribution (depth ~ 100mV) extends over a few hundred nm. We note that while KPFM
only measures the long-range electrostatic potential owing to a redistribution of free charge
carriers, which is caused by charged defects at the GB core, electron holography is in gen-
eral also sensitive to a local redistribution of nuclei and core or valence electrons on much
smaller length scales of a few A. However, determined by the maximum defocus of about
6 pm, only phase relations within approximately 20 nm are meaningful in the present work,
and therefore, long-range potentials extending over hundreds of nanometers as measured
by KPFM can not be detected. Nevertheless, strong electrostatic potential fluctuations of
more than 150 mV around the GB, which may be correlated with band bending, were not
detected in the present work.

In order to investigate the occurance and the magnitude of the measured potential well,
we performed ab-initio DFT calculations on a crystal model containing two 39 GBs in CGSe.
Due to the slight deviation of the GB plane from the optimal {111} plane, it was not possible
to acquire a high-resolution TEM image showing the crystal lattice of both adjacent grains
of the GB at the same time. Therefore, we considered the theoretical structures given in
Fig. 2(a) (based on X9 GBs determined in SiC), which shows the fully relaxed crystal model
with two different GB structures, the cation core and the anion core, as obtained by the
ab-initio calculations.

A profile of the differences in the electrostatic potential along the ¢ dimension, averaged
in the planes parallel to the GB, was determined from the ab-initio DFT calculations, see
Fig. 2(b). This profile clearly exhibits potential wells at the position of both GB cores. A
similar potential distribution was obtained across corresponding anion and cation GB cores
in CulnSe, (see Ref. [30]).

The two-dimensional valence-charge density distribution extracted from the DFT calcu-
lations (see Ref. [30]) exhibits no substantial differences in the valence and core electron
distribution of atoms at the GB and in the grain interior. Therefore, it can be expected that
the potential wells at the GB cores are mainly due to the reduced atomic densities visible
in Fig. 2(a).

To gain a better insight into the scattering of the electron beam at the CGSe bicrystal

and thus the interpretation of the potential well found by electron holography, we performed
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FIG. 2. (a) Crystal model of the CGSe 39 GB cores after ab-initio DFT calculations. (b) Calculated
electrostatic potential profile by ab-initio DFT calculations across the GB cores. (c) Potential

profile from multislice simulations on the fully relaxed crystal model in (a).

multislice simulations on the fully relaxed crystal model by use of the simulation software
JEMS [36]. The [110] direction of the CGSe crystal was oriented in parallel to the electron
beam and the specifications of our microscope (accelaration voltage, aberrations of the lens,
energy spread) were used for the multislice simulations. Scattering factors of neutral atoms
(since that for Se*” is not given in the literature) according to Refs. [37, 38] were employed.
We determined the averaged electrostatic potential across the GBs (Fig. 2(c)) from the

simulated object phase wave function of the electron beam by application of Eq. 1.

Although the potential profiles in Figs. 2(b) and (c) differ slightly in the grain interiors,
the widths and depths of the potential wells at the cation and anion GB cores agree well.
The difference can be explained by the fact that the DFT calculation accounts for the exact
electron density, while the multislice simulation takes into account only the position and

the scattering factors of the constituent atoms, which are considered neutral. The depths
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(8 = 10V) of the potential wells at the GB cores are much larger, while the widths (about
0.2 nm) are much narrower compared with the measurement. One reason for this discrepancy
may be the limited spatial resolution of the TEM measurement.

In order to make the potential profile from the multislice simulation comparable to the
measured one, we applied a fast Fourier transform low pass filter on the two-dimensional
potential image with the spatial cut off frequency of the same value as the size of the objective
aperture during the image acquisition. Also, the average value of the simulated potential
profile was set to 0 V. The resulting potential profile is shown in Fig. 3(a). Although the
lattice structures are equivalent in the case of the anion and the cation core, the atomic
species involved in the binding across the GBs are different. Hence, bonding lengths and
charge densities are expected to be different in both cases, and likewise the potential well
depths. Since the scattering factor of Se is larger than that of Cu and Ga [37, 38|, one would
expect a smaller potential well depth at a core with a higher density of Se atoms, i.e., the

anion core, as found in the present study.

N
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FIG. 3. (a) Multislice-simulated, electrostatic potential profile from Fig. 2(c) after application of

a fast Fourier transform low pass filter, corresponding to the objective aperture size during TEM

image acquisition. (b) Multislice-simulated, electrostatic potential profiles across the anion and

cation GB cores after a tilt of 1.5°, and the measured potential profile from Fig. 1(c).

Finally, we also take the tilted GB plane into account, assuming a tilt of the supercell with

respect to the electron beam of 1.5°. For this estimation, we approximated the analyzed



region of the specimen by a stack of 58 supercells, to account for its thickness of about 47 nm
as measured by TEM (see above). Each supercell is displaced with respect to the others
according to the applied tilt angle. Fig. 3(b) shows that our experimental data coincide
well with the simulated values of the anion and cation GB cores. Therefore, our results
indicate that the potential well we measured at the 39 GB in CGSe forms primarily due to
a reduced local atomic density, which is found at the fully relaxed GB cores. This reduced
atomic density may be correlated with the presence of a neutral barrier of about the same

width that was proposed by Hafemeister et al. [19] for the very same GB.

Note that compositional changes at GBs as found by Abou-Ras et al. [26] may also con-
tribute to the measured potential well. However, the absence of any compositional change in
our present calculation and simulation showed that the depth and the width of the potential
well can be solely explained by the lower atomic density at the GB. In turn, a lower local
atomic density may also give a substantial contribution to potential wells measured at other

GBs [22, 34].

In conclusion, we showed by application of electron holography in TEM that the electro-
static potential at a 39 GB in a model-type CGSe thin film exhibits a well of about 0.8V in
depth in a confined region of about 1.3nm around the GB core. This result fits well in the
trend of deeper electrostatic potential wells for lower GB symmetries. By DFT calculations
and multislice simulations, we were able to reproduce the experimental results. Our work
showed that one major contribution to the potential well is the reduced density of atoms at

the cation and anion GB cores.
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