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ABSTRACT

Bournonite (CuPbSbS;) and enargite (Cu3AsS,) have recently been used as absorber layers in thin-film photovoltaic devices due to their
ideal bandgap and ferroelectric properties. An understanding of the ferroelectric domain structure in these materials is required so that
the benefits of the internal depolarizing electric fields can be fully exploited. Here, the atomic structure and electronic properties of
domain walls (DWs) are elucidated through a combined aberration-corrected scanning transmission electron microscopy and density
functional theory study. ~90° and 180° DWs are observed in bournonite. As the 180° DW is charge neutral, it cannot contribute to the
anomalous photovoltaic effect that leads to high open circuit voltages. The ~90° DW shows a slight offset across the boundary, but
the contributions of this to the anomalous photovoltaic effect are negligible. The DWs are also electrically passive, i.e., they do not
result in significant recombination and do not block charge carrier transport. A high density of stacking faults (SF) was, however,
observed in enargite. The SFs have a large number of defect states within the bandgap, which would lower the device efficiency through
Shockley-Read-Hall recombination.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0095091

I. INTRODUCTION

Ferroelectrics are a subset of pyroelectric materials that

absorber layers in thin-film p-n junction photovoltaics (PV) is a
relatively new concept and, among other factors, is motivated by

exhibit a net electric dipole moment in the unit cell and, hence, a
spontaneous polarization." This means ferroelectric materials
have a non-centrosymmetric unit cell, limiting the number of pos-
sible crystallographic point groups to 10 out of the 32 available.”
In addition to this, the polarization is reversible under an applied
electric field and becomes zero above a certain temperature (the
Curie temperature, Tc). The use of ferroelectric materials as

the presence of an additional internal electric field for charge
separation.

The internal electric field is due to a discontinuity in polariza-
tion, such as at a free surface, interface, or domain wall (DW)
boundary. Apart from charge separation, the internal field can also
modify the Schottky energy barrier at metal-ferroelectric semicon-
ductor interfaces,” thus potentially enhancing charge extraction
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from the device, as well as enable photocurrent switching when an
electric field above the coercive field is applied.’

A further unique property of photo-ferroelectric, or “photofer-
roic,” materials is the observation of an above bandgap open circuit
voltage (Voc), sometimes greater than 10 V.° In the literature, this
is referred to as the anomalous photovoltaic effect (APV). In a con-
ventional semiconductor, V. is limited by the bandgap, but for the
APV effect, V,. is linearly dependent on electrode spacing.”
Several mechanisms have been proposed to explain the APV effect,
such as a built-in asymmetry in scattering and absorption centers
for a non-centrosymmetric crystal.’i’“ Measurements on epitaxial
BiFeO; (BFO) metal-ferroelectric-metal (MFM) devices suggested
that DWs may be responsible for the APV effect.” It was proposed
that the strong internal electric field at the DW separated photo-
generated electrons and holes before they could recombine, thereby
generating a 10 mV photovoltage across the DW.*’ Series addition
of the photovoltage across parallel DWs can, therefore, lead to
unusually high values for the V.. Although the DW mechanism
for APV is debated,” the prospect of large V. values for photofer-
roics could potentially reverse the trend of relatively large V.. defi-
cits observed in traditional thin-film PV materials, such as CdTe,"’
Cu(In,Ga)(S,Se),,"" and Cu,ZnSn(S,Se)s,"” which is currently limit-
ing the achievement of high-efficiency devices.

Early photoferroic material devices include BaTiO5; (BTO) and
BFO, but these still do not show commercially viable efficiencies.”
This is mainly due to bandgaps that exceeded the ideal Shockley-
Queisser value (on the order of 3.2eV for BTO" and 2.5€V for
BFO'") and intrinsically low bulk conductivities for efficient photo-
conversion. It is, therefore, worth investigating other polar materials
that have a more optimal bandgap. Inspired by naturally occurring
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minerals, Wallace et al.'” highlighted two candidate ferroelectric
materials, bournonite (CuPbSbS;) and enargite (Cu;AsS,), which
have optical properties suitable for PV applications. To our knowl-
edge, the polarization switching by an electric field has not been
experimentally demonstrated in either bournonite or enargite, but we
shall nevertheless still refer to these materials as being ferroelectric,
consistent with the terminology used in Ref. 15. Bournonite and
enargite are of space group Pmn2,, with orthorhombic unit cells and
have direct bandgaps of ~13'"° and 1.4 €V, respectively [see Figs. 1(a)
and 4(a) for corresponding unit cell structures]. The ferroelectric
nature of both of these materials originates from the relative ion
positions of their respective unit cells. Wallace et al. calculated spon-
taneous polarization values of 1.83uCcm™ for bournonite and
67.8uC cm ™ for enargite.” Recent work on bournonite and enargite
has focused on the synthesis'“”" and the electronic structure.”' =
The first solar cell using a bournonite absorber layer was made by
Tang and co-workers in 2020 with a champion efficiency of 2.23%,”
which their group has since increased through improved crystallinity
to 2.6%.”” The first enargite solar cell was made by McClary et al,
and while its performance was poor at 0.18%, there are promising
results regarding its photogenerated carrier lifetime (~1.4ns).”"”
Using density functional theory simulations, Liu et al. also showed
that the point defects with lowest formation energies in bournonite
are all shallow states, suggesting that the material is defect tolerant as
far as point defects are concerned.”

To our knowledge, there has been no study on possible DWs
in bournonite or enargite. Theoretically, the permissible DW
planes can be deduced by knowledge of the paraelectric phase and
polarization direction using the criterion of mechanical compatibil-
ity, i.e. there should be no residual mechanical stress across the

FIG. 1. (a) Unit cell of bournonite pro-
jected along the [100] axis with Pb:
gray, Cu: blue, Sb: brown, and S:
yellow. (b) HREM image of defect-free
bournonite in the [110] orientation, and
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DW boundary.”’ However, taking bournonite as an example, the
Curie temperature is unknown and thermogravimetric data”® indi-
cate that the material decomposes before any potential transition to
a paraelectric phase. Furthermore, bulk samples quenched from
673 K to room temperature indicate no change in the crystal struc-
ture.”” Therefore, the nature of ferroelectric domains must be
experimentally characterized for these materials. The domain con-
figuration is fundamental to device performance, since it governs
charge separation, charge extraction through electrical contacts,
photocurrent switching, and (potentially) APV effects.

In this paper, we use aberration-corrected scanning transmis-
sion electron microscopy (STEM) to characterize the atomic struc-
ture of ferroelectric DWs and other planar defects, notably stacking
faults, observed in bulk samples of bournonite and enargite.
Density functional theory (DFT) simulations are used to calculate
the bandgap states at planar defects, thus enabling a qualitative
assessment of the impact of defects on Shockley-Read-Hall (SRH)
recombination. The APV and SRH recombination have opposing
effects on the V.. A detailed structural and electronic characteriza-
tion of the domain structure is important for designing solar cells
that utilize ferroelectricity to improve efficiencies beyond standard
thin-film semiconductor devices.

Il. EXPERIMENTAL DETAILS

Mineral samples of bournonite (Rio Tinto Mine, Andalucia,
Spain) and enargite (Butte, Montana, USA) were acquired from the
Natural History Museum collection in London. X-ray diffraction
(XRD) plots for these minerals can be found in Fig. Sl in the
supplementary material and are in agreement with the reference
spectra for bournonite and enargite, indicating largely phase pure
material. Transmission electron microscopy (TEM) samples were pre-
pared by crushing the material in a mortar and pestle before dispers-
ing in isopropyl alcohol and depositing on a holey carbon grid. A
JEOL 2100F field emission gun TEM, operating at 200 kV, was used
to check the chemical purity of the sample using energy-dispersive
x-ray (EDX) analysis. This microscope was also used for convergent
beam electron diffraction (CBED) measurements of the sample polar-
ity. Aberration-corrected STEM imaging of the bournonite sample
was carried out using the University of Glasgow JEOL ARM 200CF
microscope operating at 200kV, while the enargite sample was
imaged at 60kV using the Nion “Hermes” microscope at the
SuperSTEM facility in Daresbury.

Spin-polarized DFT calculations were carried out using the
projector-augmented wave method as implemented in the Vienna
Ab initio Simulation Package (VASP).”>** For enargite, the follow-
ing electrons were treated as valence electrons: Cu (3p, 3d, 4s), As
(4s, 4p), and S (3s, 3p), and for bournonite: Cu (3p, 3d, 4s), Sb (5s,
5p), Pb (5d, 6s, 6p), and S (3s, 3p). The bulk unit cell of bournonite
was optimized using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional with a 3x3x3 gamma centered
k-point grid for Brillouin zone sampling, a 520 eV plane wave
cutoff, and a force tolerance for geometry optimization of
0.01eV A", The optimized lattice constants of bournonite were
obtained as a=7.851 A, b=8.292 A, and c¢=9.018 A, in reasonable
agreement with experiment (within 4%). The bulk unit cell of enar-
gite was optimized using the HSE06 hybrid functional®” with a
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4 x 4 x 4 gamma centered k-point grid for Brillouin zone sampling,
a 520 eV plane wave cutoff, and a force tolerance for geometry opti-
mization of 0.01 eVA™". The optimized lattice constants of enargite
were obtained as a=7.398 A, b=6.432 A, and c =6.141 A, in excel-
lent agreement with experiment (within 0.3%). Structures and
band-projected electron densities were visualized using the VESTA
package.”

Supercells for modelling extended defects were constructed
from the optimized bulk structures using our freely available
GBMaker code.”” The approach follows that described in our previ-
ous studies of extended defects in a wide range of materials includ-
ing MgO,38’59 TiO,,"" HfO,,"" TiN,** Sb,Se;,” and lead halide
perovskites.”* For bournonite, domain wall defects were created on
(010) and (011) planes for 180° and near 90° domain walls, respec-
tively. For enargite, various supercells corresponding to different
stacking faults on the (001) plane were constructed. All prospective
defect models were fully optimized with respect to the position of
all atoms and the supercell dimension in the direction perpendicu-
lar to the extended defect. The k-point grids were reduced to
3x3x1 and 4x4x1 for bournonite and enargite, respectively.
The stability of the extended defects is quantified by evaluating the
formation energies,

_ Eep — Epun
2A

Ey ,
where Epp is the total energy of the supercell containing the
extended defect, Ep,j is the total energy of the same number of
formula units of perfect bulk crystal, and A is the cross sectional
area of each of the extended defects in the supercell. Formation
energies were calculated with respect to a bulk supercell of compa-
rable dimensions to the extended defect supercell (to minimize
errors associated with comparing the energy of supercells of differ-
ent sizes). To accurately model the electronic properties of the most
stable optimized structures, the HSE06 hybrid functional was used
(without further geometry optimization for bournonite).

I1l. RESULTS AND DISCUSSION
A. Bournonite

DFT simulations (see supplementary information in Ref. 15)
have shown that polarization in bournonite is along the c-axis,
which is also a 2, screw axis. The polarity of a crystal can be deter-
mined using the CBED technique,”” which has previously been
applied to ferroelectrics, such as BTO."® The method relies on
detecting intensity asymmetries in Friedel pairs (i.e., hkl and hkl
reflections) due to dynamical electron diffraction. Tanaka et al¥’
have classified the suitable crystal orientations for the CBED analy-
sis of polarity; for the Pmn2; space group of bournonite and enar-
gite, the required crystal orientations have Miller indices of the
form (uv0). Figure 1(b) shows a high-resolution electron micros-
copy (HREM) image of bournonite oriented along [110]. The
imaged region is free from any crystal defects. A CBED pattern was
acquired from this region and is shown in Fig. 1(c). The 001 and
001 reflections are weak due to the extinction rules for a 2; screw
axis."® Furthermore, the intensities of the 002/002 Friedel pair is
asymmetric, as indicated in the intensity profile plot of Fig. 1(d).
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FIG. 2. (a) HREM image of [100]-oriented bournonite with a 180° DW plane along (010). Red arrows show orientation of the polarization vector on either side of the DW.
The domains extend to the edges of the particle and are tens of nanometers across. (b) HREM intensity profile along (001) extracted from the box regions in (a) from
above the DW (top) and below the DW (bottom). The profiles show alternating peaks. (c) DFT model of the 180° DW, with the red dashed line showing the DW plane in
the middle of the supercell (Pb: gray, Cu: blue, Sb: brown, and S: yellow). (d) Local DOS of bulk bournonite and 180° DW regions. The VBM in the bulk is arbitrarily
assigned as zero energy level.

Strictly speaking, Friedel pairs that do not correspond to the polari- The polar nature of bournonite suggests the formation of
zation direction can also show CBED intensity asymmetries.*”"’ domains, and indeed several DWs were observed. Figure 2(a)
Our results are, therefore, consistent with the polar nature of bour- shows an HREM image of [100]-oriented bournonite, with a (010)
nonite, but is not a rigorous verification of its polarization planar defect that also contains the (001) polarization vector. A fast
direction. Fourier transform (FFT) of the image did not reveal any “extra”
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reflections, indicating that coherency is maintained across the
planar defect. The HREM lattice fringe intensity along the (001)
direction was extracted from box regions on either side of the
defect, as shown in Fig. 2(a). The extracted intensity is integrated
in a direction normal to the planar defect, and the resulting line
profiles for top and bottom crystal regions are plotted in Fig. 2(b).

The profiles consist of periodically repeating pairs of peaks
with high and low intensities (for the top profile, the low-intensity
peak appears as a “shoulder”). The distance between high-intensity
peaks, ie., the periodic repeat distance, is 8.84 +0.09 A, as mea-
sured using Gaussian curve fitting, which is similar to the 8.7 A
c-axis lattice parameter. The high and low intensity peak pair sepa-
ration for the bottom crystal is 4.42 £ 0.05 A, i.e., half the measured
periodic repeat distance. As discussed previously, the 001 reflec-
tions are kinematically forbidden in bournonite due to the 2; sym-
metry axis. This would result in different intensities for (002) and
(001) crystal planes in HREM and is likely to be the origin of the
high- and low-intensity peak pairs observed in the image.
Comparing the profiles in Fig. 2(b), it is clear that there is a switch-
ing in the peak pair orientation.

This suggests that the planar defect could be either a SF with a
¢/2 shear on the (010) plane or, alternatively, a 180° DW with a
reversal in the polarization direction on either side of the defect
boundary. The former is unlikely due to the relatively large shear
vector (~4.4 A), as well as the reduced symmetry of orthorhombic
bournonite, which may result in a large number of wrong bonds.
Switching the polarization direction will reverse the asymmetry of
the 002/002 Friedel pair intensity [Fig. 1(c)], which can be shown
to give rise to a HREM contrast reversal (see supplementary
material). As polarization is oriented parallel to the 180° DW, there
is no change in the polarization component normal to the defect,
and hence, the DW is “uncharged.”

The absence of bound charge at the 180° DW means that no
local electric field is generated, and therefore, these DWs are not
expected to contribute to the APV effect.” However, DWs may also
create defect energy states within the bandgap, thereby reducing the
photovoltage through SRH recombination. To investigate this further,
the electronic structure of the DW was simulated using DFT.
Unfortunately, aberration-corrected STEM images of the 180° DW
are not available, and therefore, no data exists for the DW atomic
structure, particularly its termination layer. In order to preserve peri-
odic boundary conditions, a supercell was created with two equivalent
180° DWs in the middle and at the ends along the b-axis [Fig. 2(c)].
The simulated DW terminates at the Pb/Sb cation planes, as shown
by the red dashed line in Fig. 2(c). The formation energy of the DW
following full geometry optimization was low (E;=0.10 Jm™2), con-
firming that the termination considered is reasonable. Furthermore,
the analysis of atomic displacements following supercell relaxation
showed that the DW width was ~20 A, with the largest displacement
no more than 0.5 A (see Fig. S2 in the supplementary material). The
local density of states (DOS) for the DW region and bulk bournonite
are shown superimposed in Fig. 2(d). No bandgap states are observed
at the DW, which is consistent with the high degree of lattice coher-
ency observed in Fig. 2(a). Furthermore, there is no energy misalign-
ment of the valence band maximum (VBM) or conduction band
minimum (CBM) between the DW plane and the perfect crystal
region. Hence, there is no energy barrier to electron or hole transport
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across the DW; this should be compared to DWs in BFO, which have
higher conductivity than the perfect crystal,” or grain boundaries in
CulnSe,, where valence band misalignment causes the grain boun-
dary to act as a hole barrier.” Figure 3(a) shows an annular dark
field (ADF) image of [100]-oriented bournonite acquired using an
aberration-corrected STEM. The ADF detector inner angle is suffi-
ciently large to give atomic number contrast, such that heavy atoms
have higher intensity in the image. For [100]-bournonite, the Pb/Sb
columns, therefore, appear bright, while the Cu containing columns
have much weaker intensity, and the S columns are below the
signal-to-noise. In Fig. 3(a), a faint vertical band of higher intensity
contrast, spanning several atoms in width, is observed. This suggests
the presence of a planar defect, with the higher contrast potentially
due to strain associated with the defect (see below). The FFT acquired
from the box region containing the planar defect is shown in
Fig. 3(b). The Bragg reflections appear in pairs, one example of
which is highlighted. FFT patterns acquired from either side of the
planar defect were indexed as being along the [100]-orientation.
However, the b and c-axes were reversed between the two regions,
indicating a rotation of the crystal axes on crossing the planar defect.
This implies that the planar defect is a ~90° DW, and the Bragg
reflection pairs are due to the different values for b and c-lattice
parameters (8.15 and 8.70 A, respectively).”' Several other ~90° DWs
were found (as seen in Fig. S3 in the supplementary material), which
also reversed the b and c-axes between domains. For a 90° rigid body
rotation, a given set of Bragg reflection pairs in the FFT must lie
along a straight line passing through the unscattered beam. This is,
however, not observed in Fig. 3(b), and the relative positions of Bragg
reflection pairs are more consistent with a 87° rotation.

The atomic resolution detail in Fig. 3(a) enables a model
structure of a near 90° DW to be constructed for DFT modelling.
We consider an extended defect forming on a (011) plane with
crystal polarization mirrored on either side of the defect. Due to
the slight mismatch between b and c lattice parameters, this corre-
sponds to a 85.2° domain wall, close to the experimentally observed
value. The ADF-STEM image of the DW clearly shows that Pb-Sb
layers from each grain meet at the DW forming a chevron pattern
when viewed along the [100] direction (seen more clearly in Fig. S4
in the supplementary material). This observation constrains the
possible intergrain translation vectors. Six different prospective DW
supercells were constructed, consistent with the observed chevron
pattern, and fully optimized. The most stable geometry optimized
DFT supercell (Ef= 7mJm™2) is shown in Fig. 3(c) and overlayed
with the ADF image in Fig. 3(d). There is good agreement with the
experimental image, indicating that many of the essential features
have been correctly reproduced in the model. The local DOS for
the bulk and DW regions are shown superimposed in Fig. 3(¢). No
bandgap defect states are observed at the DW, and therefore, any
SRH recombination is expected to be low. The energy alignment of
the VBM and CBM also indicate that the DW does not impede
electron or hole charge transport. Furthermore, the DW is not fully
charge neutral due to the small offset from perfect 90° misorienta-
tion. However, due to the small nature of the offset, any charge
build-up will be negligible. In contrast, the DW APV effect
reported in Yang et al.” had 71° DWs where there is a much larger
change in polarization component normal to the DW. The opto-
electronic properties of the ~90° DW are, therefore, very similar to
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the 180° DW. Characterization of multiple grains did not reveal
any other DW types, which suggests that ~90° and 180° DWs are
the lowest energy DWs in bournonite.

B. Enargite

For enargite, also of space group Pmn2;, the polarization is
expected along the c-axis as well (see supplementary information
in Ref. 6) Although enargite is orthorhombic, its crystal structure
has many similarities with the hexagonal, wurtzite unit cell.”* This is
evident from the [100] projection of enargite, where the (001) planes
follow the AB stacking sequence of the hexagonal basal planes in
wurtzite [Fig. 4(a)]. To confirm the polar nature of enargite, CBED
patterns were acquired from a defect-free region along the [100]
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FIG. 3. (a) ADF image of a ~90° DW
in  [100]-oriented  bournonite. Red
arrows show the orientation of the
polarization vector on either side of the
DW. (b) FFT of the region indicated by
the red square in (a). Many of the
Bragg reflections appear in pairs, an
example of which is highlighted. (c)
Geometry optimized DFT model for
~90° DW (Pb: grey, Cu: blue, Sb:
brown and S: yellow), which is over-
layed with the experimental image in
(d). The red dashed line indicates the
DW plane. (e) The calculated local
DOS for the bulk and ~90° DW (the
VBM of the bulk region is arbitrarily
assigned zero energy).

zone axis [Fig. 4(b)]. Similar to bournonite, the 002/002 Friedel pair
reflections show an intensity asymmetry [Figs. 4(c) and 4(d)], as
required for a non-centrosymmetric crystal structure. Unlike bour-
nonite however, many of the enargite grains showed high-density
planar defects. An example is shown in Fig. 5(a), which is an HREM
image of [210] oriented enargite with several end-on planar defects
parallel to (001) planes. To confirm the nature of these defects,
CBED patterns were acquired from either side of the defect, as
shown in Figs. 5(b)-5(e). Since there is no reversal in the 002/002
Friedel pair intensity asymmetry, the polarity does not change on
crossing the planar defect. Therefore, the planar defects cannot be
DWs, but some other defect type, such as stacking faults (SF).
Stacking faults and regions with cubic stacking sequence have
previously been reported in enargite.”> No polarity inversion was
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FIG. 4. (a) Enargite viewed close to [100] projection, with S: yellow, Cu: blue, and mixed columns of Cu and As in green. The crystal has an AB stacking sequence along
the c-axis (b). HREM image of a defect-free region of enargite in the [100]-orientation and (c) the corresponding CBED pattern. (d) Intensity profile extracted from the red
dashed box region in (c) with Bragg reflections labeled.

observed on either side of the defect 1regions,52 consistent with our consists of “dumbbells,” where each dumbbell corresponds to two
results. To determine the SF atomic structure, aberration-corrected closely spaced atom columns. Comparing with Fig. 5(a), each
STEM ADF imaging was performed on [100]-oriented enargite. dumbbell consists of a column of either pure Cu or mixed Cu/As

Figure 6(a) shows a single SF in the field of view. The ADF image bonded to S.
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FIG. 5. (a) HREM image of [210] oriented enargite showing several SFs (dashed lines indicate the SFs, red arrows show the direction of polarity). CBED patterns were
acquired from the top and bottom box regions positioned on either side of a single SF and are shown in (b) and (d), respectively. The intensity profiles acquired along the
dashed boxes in (b) and (d) are shown in (c) and (e), respectively.
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In the bulk regions, away from the SF, the dumbbells are ori-
ented in a chevron pattern, signifying the AB stacking sequence along
the c-axis. At the SE, however, the stacking sequence is ABBA. This
shear could originate from dumbbell pairs of same type matching
(ie, Cu to Cu dumbbells or Cu/As to Cu/As dumbbells), which
would result in similar intensities on either side of the SE. Instead, it
is seen in the inset to Fig. 6(b) that doublet peaks on either side of
the SF correlate to columns of mixed Cu/As dumbbells (high inten-
sity) and columns of pure Cu dumbbells (low intensity). This
sequence can be generated by removing a B layer and shearing the
top half of the crystal by a %[010] vector [Fig. 6(c)]. This process is
similar to generating a low-energy intrinsic SF in hexagonal crystals,
where a basal plane is removed and the top half of the crystal is
sheared by a non-lattice translation vector.”” Similar to hexagonal
crystals, the SF in enargite also preserves the nearest neighbor cations.

For enargite, various supercells corresponding to different
stacking faults on the (001) plane were constructed. The two most

PDOS
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stable were the ABBA stacking fault observed experimentally
(Ef=0.43 Jm™) and an ABAB stacking fault with in-plane trans-
lation of %b (Ef=0.44 Jm™2). We note that while these formation
energies may appear high compared to SFs in some metals, they
are low compared to grain boundaries and twins in non-metallic
compounds. The relatively low energy is likely a result of preserv-
ing the nearest neighbor cations across the SF. Figure 6(d) shows
the local DOS calculated for the SF and bulk region of enargite.
The latter was calculated for supercell regions further away from
the SF. Defect states are observed in the DOS that reduce the
bandgap near the SF. These states are associated with interfacial
ions and have primarily Cu 3d and S 3p character (see Fig. S5 in
the supplementary material). The hole states near the VBM are
shallow, but the deep electron states 0.2 eV below the CBM could
significantly affect recombination of photogenerated charge carri-
ers. This is undesirable, especially since the enargite was found to
contain a high density of SF defects. Our TEM results did not

)
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FIG. 6. (a) ADF image of [100]-enargite showing a single SF along a (001) plane (arrowed). (b) Enlarged view of the SF with inset intensity profiles taken across the SF
at locations of red boxes. (c) SF model tilted to show Cu/As and pure Cu columns, viewed close to [100] projection. (d) Local DOS of the SF and a bulk region not contain-

ing an SF in enargite.
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find any evidence of DWs in enargite, although their presence
cannot be ruled out.

IV. CONCLUSIONS

The ferroelectric domain configurations of prospective pho-
toferroic materials bournonite (CuPbSbS;) and enargite
(CusAsS,) were characterized using aberration-corrected STEM.
The polar nature of both materials was confirmed using CBED.
Both 180° and ~90° DWs were found in bournonite. The former
had a high degree of coherency and was uncharged, meaning it
cannot contribute to the APV effect. The ~90° DW showed a
slight offset along the boundary due to the difference in b and ¢
lattice parameters, and although this would lead to bound
charges, any contribution to the APV effect would be negligible.
Supercell models of DWs for DFT simulations were constructed
using the experimental data as a guide. The calculated DOS for
both DWs did not reveal any bandgap defect states, and further-
more, there was no band offset for the VBM and CBM between
bulk and DW regions. This indicates that the DWs are not strong
SRH recombination sites and do not act as blocking layers to
charge carrier transport. Although there is no APV effect, the
domain configuration can still play an important role in PV
device performance. For example, the internal electric field of a
poled ferroelectric can be used to enhance charge separation and
modify any Schottky energy barrier at a ferroelectric-metal elec-
trode interface. To maximize the internal electric field, the polari-
zation vector must be oriented along the ferroelectric thin-film
thickness direction, so that the material should ideally have a
c-axis texture. The orientation of polarization is also important.
As an example, for efficient charge separation, the polarization
vector must point toward the p-n junction, so that minority
carrier, photogenerated electrons within the p-type ferroelectric
can drift toward the space charge region. In the presence of a
180° DW, some of the domains would, therefore, enhance charge
separation, while others would hinder the process.

For enargite, a high density of SFs was observed on the (001)
planes. Although enargite is orthorhombic, its crystal structure
can be derived from the hexagonal unit cell. In this scheme, the
enargite SFs are equivalent to basal slip. STEM images of the
atomic structure suggested removal of a ¢ plane followed by a
%[010] shear. The DFT-simulated SF energy (0.43 Jm™2) is moder-
ate, largely due to preserving the nearest neighbor cation configu-
ration. DFT also indicated bandgap defect energy levels,
particularly below the conduction band minimum. The high
density of SFs is, therefore, likely to lead to significant SRH
recombination, thereby lowering the V. of the PV device. SFs
have hindered other promising solar absorbers such as CdTe,
where investigations into the source of the SFs altered the synthe-
sis methodology to prevent their formation.””” Identifying these
SFs early in the development of enargite solar cells could aid in
improved device synthesis.

SUPPLEMENTARY MATERIAL

See the supplementary material for XRD plots of mineral
samples of bournonite and enargite, an outline of HREM contrast
reversal across a 180° DW, DFT calculated absolute atomic

ARTICLE scitation.org/journalljap

displacements within the supercell for a 180° DW in bournonite, a
HREM image of the distribution of ~90° DWs in bournonite, the
Pb-Sb layer structure at ~90° DWs in bournonite, and the electron
density isosurfaces for enargite stacking faults.
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