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Grain boundaries play an important role in the efficiency of thin-film photovoltaics, where the absorber
layer is invariably polycrystalline. Density-functional-theory simulations have previously identified a
“self-healing” mechanism in Sb,Se; that passivates the grain boundaries. During “self-healing,” exten-
sive structural relaxation at the grain boundary removes the band-gap electronic defect states that give
rise to high carrier recombination rates. In this work, lattice imaging in a transmission electron micro-
scope is used to uncover evidence for the theoretically proposed structural relaxation in Sb,Ses. The strain
measured along the [010] crystal direction is found to be dependent on the nature of the grain-boundary
plane. For a (010) grain boundary, the strain and structural relaxation is minimal, since no covalent bonds
are broken by termination of the grain. On the other hand, strains of up to approximately 4% extending
approximately 2 nm into the grain interior are observed for a (041) grain boundary, where grain termina-
tion results in significant structural relaxation due to the ideal atomic coordination being disrupted. These
results are consistent with theory and suggest that Sb,Se; may have a high level of grain-boundary-defect

tolerance.

DOI: 10.1103/PRXEnergy.3.013006

I. INTRODUCTION

Sb,Se; and its sulfur-alloyed variant Sb,(S, Se)s are
promising absorber-layer materials for thin-film photo-
voltaics, having achieved efficiencies slightly above 10%
through a variety of deposition methods [1,2]. Apart from
the earth abundance and nontoxicity of the constituent
elements, a unique feature of Sb,Se; is its crystal struc-
ture, which consists of [SbsSeg], ribbons oriented along
the [001] direction of the orthorhombic unit cell (Pbnm
space group [3]). The ribbons are held together by weak
van der Waals bonding. As first noted by Zhuo et al. [4],
electrically benign grain boundaries that are free of dan-
gling bonds are produced for grain-boundary planes that
pass through the van der Waals gap between the ribbons.
This condition is, however, quite restrictive and difficult
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to achieve in practice, with the preferred grain texture
tending to be either (211) or (221) [5-9], which inevitably
results in the ribbon covalent bonding being disrupted at
the grain-boundary plane. Therefore, grain boundaries can
still potentially reduce the efficiency of Sb,(S, Se)s thin-
film photovoltaics, although there are likely to be other
contributing factors as well, such as highly anisotropic
charge transport [10], a nonideal window, back contact
layers, deep-level intrinsic point defects, etc. [11].

Recent density-functional-theory (DFT) simulations
have, however, reported a dramatic “self-healing” mech-
anism in Sb,Se; and Sb,S; free surfaces [12,13]. In par-
ticular, short intra-ribbon and long inter-ribbon bonds are
newly formed, such that the coordination number of the
surface Sb and S(e) atoms are at least equal to the min-
imum value in the bulk [13]. Surface reconstructions are
known to occur in a wide variety of materials, includ-
ing metals, semiconductors, and oxides [14]. However,
Sb,S(e); is unique because the band-gap electronic defect
states are completely eliminated by the surface recon-
struction for all surfaces [13]. This property is termed
“self-healing.” DFT simulations on a (041) symmetric
tilt boundary indicate that self-healing applies to grain
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boundaries as well [12]. Therefore, there is a theoretical
possibility that all Sb,S(e); grain boundaries are electri-
cally benign, irrespective of the orientation of the grain-
boundary plane with respect to the ribbons. This would
be a significant advantage, since grain boundaries can
severely limit the efficiency in inorganic thin-film photo-
voltaics, especially CdTe [15-17].

Characterization techniques such as low-energy electron
diffraction (LEED) and scanning tunneling microscopy
(STM) have traditionally been used to analyze the crys-
tallography of surfaces [18]. Since grain boundaries are
buried interfaces, the detection of any structural relaxation
poses a unique set of challenges (see below). In this work,
we use lattice imaging in a transmission electron micro-
scope (TEM) to find evidence for structural relaxation
at SbySe; grain boundaries in a real photovoltaic device
structure. Structural relaxation is not detected when the
grain-boundary plane passes through the van der Waals
gap but is significant otherwise (i.e., approximately 4%
maximum strain) and can extend a few nanometers into
the grain interior. While the measurements do not directly
provide electronic structure information, the experimental
results are consistent with DFT predictions of Sb,S(e)s
undergoing large deformations to reduce its interfacial
energy and point to grain-boundary behavior that is unique
among inorganic photovoltaic materials.

II. EXPERIMENTAL AND SIMULATION
METHODS

Grain boundaries in two close-space-sublimated Sb,Se;
devices were analyzed. One of the devices had a CdS win-
dow layer, while in the other device, the window layer was
Ti0O,. The fabrication and performance of these devices are
reported in Ref. [9]. Significant interdiffusion occurs at the
CdS-Sb,Ses interface [12], although the grain boundary
analyzed in this work is toward the Sb,Se; back surface
and can therefore be regarded as being a “pure” Sb,Se;
grain boundary. Cross-section TEM samples were pre-
pared using a FEI Helios 600 focused-ion-beam (FIB)
microscope, with the gallium ion-beam voltage progres-
sively reduced to 5 kV to minimize surface damage [19].
The back surface of the Sb,Se; absorber layer was carbon
coated to minimize charge build-up in the FIB microscope.
High-resolution electron microscopy (HREM) images of
Sb,Se; grain boundaries in the TiO,-Sb,Se; sample were
acquired in a JEOL 2100F field-emission-gun TEM operat-
ing at 200 kV. The energy-dispersive X-ray (EDX) chemi-
cal composition across the grain boundaries was measured
using an Oxford Instruments X-Max 65 T silicon drift
detector, with the microscope operating in scanning TEM
(STEM) mode. Grain-boundary imaging for the CdS-
Sb,Se; sample was performed using the Nion UltraSTEM
100 MC Hermes microscope at the SuperSTEM facil-
ity in Daresbury. This is an aberration-corrected STEM

operating at 60 kV and 31-mrad probe semiconvergence
angle. High-angle annular dark-field (HAADF) images of
the grain boundary were acquired with 82-mrad inner and
180-mrad outer angle annular detector. To analyze the
structural relaxation, the grain boundary must be tilted
“end-on” and should ideally be straight, with very little
projected width. Since images are acquired in projection,
only the structural-relaxation component that is normal to
the grain-boundary plane can be detected. Furthermore,
HREM images in an uncorrected TEM show lattice fringes
instead of “point” intensity maxima for most zone axes
in SbySe;. Consequently, lattice fringes must ideally be
parallel to the grain-boundary plane to simplify the inter-
pretation of any structural relaxation. These conditions
are difficult to satisfy simultaneously, so that multiple
samples (>12) had to be prepared to find suitable grain
boundaries.

Spin-polarized DFT calculations were carried out using
the Vienna ab initio simulation package (VASP) [20,21].
Consistent with our previous work on extended defects in
Sb,Se; [12,13], we employed the HSE06 hybrid functional
[22] and the D3 Grimme dispersion correction [23]. The
bulk crystal was optimized using a 350-eV plane-wave cut-
off and a 2 x 2 x 6 I'-centered k-point grid for Brillouin-
zone sampling, leading to lattice constants corresponding
to the Pbnm space group of a=11.520 A, b=11.912 A,
and ¢=3.976 A. The (001) surface was described using
a supercell containing a two-dimensionally periodic slab
of 12 repeats of the bulk unit cell (approximately 46 A
thick) and an approximately 16 A vacuum gap. The super-
cell was optimized (constant volume) with HSE06 + D3
until all forces were less than 0.01 eV/A.

Supercells for modeling the (010)(041) asymmetric
grain boundary were constructed from the optimized bulk
structures using the GBMaker code [24], with grain thick-
nesses of 2030 A. A small mismatch in lattice parame-
ters parallel to the grain boundary is accommodated by
applying a small (<0.1%) strain shared equally between
the grains in order to make them commensurate. Opti-
mization is performed for different intergrain translation
states (using a 5 x4 grid) in order to identify stable
grain-boundary structures. Due to the large size of the
supercell, optimization (with respect to the position of all
atoms and the length of the supercell perpendicular to the
grain-boundary plane) is performed using the PBE 4+ D3
functional and 2 x 1 x 1 k-point grid. The stability of dif-
ferent models is compared by computing grain-boundary
formation energies (F¥):

EGgg — ) _;milk;

Ee=
f 24

(1

where Egp is the total energy of the grain-boundary super-
cell, 4 is the cross-section area of the grain boundary, n;
is the number of atoms of each species i in the supercell,
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and u; is the corresponding chemical potential. For
stoichiometric supercells, the formation energy depends
on the total (free) energy per formula unit of Sb,Ses.
For nonstoichiometric supercells, the formation energy
depends on the chemical potential of Sb or Se and is com-
puted between Se-poor (defined by pure Sb) and Se-rich
(defined by pure Se) limits. Following this procedure, two
low-formation-energy grain-boundary structures are iden-
tified: a Se-rich structure with a formation energy ranging
from 0.49 J/m* (Se-poor) to 0.37 J/m? (Se-rich) and a

carbon

FIG. 1.

stoichiometric structure with a formation energy of
0.40 J/m?. All supercell structures were visualized using
the VESTA software package [25].

II1. RESULTS AND DISCUSSION

Figure 1(a) is an aberration-corrected STEM HAADF
image of a Sb,Se; grain boundary located close to
the back surface of the absorber layer. The amorphous

(a) A raw HAADF image of a grain boundary close to the Sb,Se; back surface. The carbon coating at the top is deposited

during TEM-specimen preparation. The image is adapted from Ref. [12]. Reproduced with permission; copyright American Chem-
ical Society. (b) The same HAADF image after Fourier filtering. Strain analysis is performed on 12 [SbsSes], ribbons numbered in
ascending order from left to right (for clarity, only a few of the numbers are shown). The approximate end positions of the ribbons are
annotated, as well as the box region used to estimate the reference Sb-atom column pair spacing in the “bulk” crystal. (c),(d) Enlarged
views of the regions where ribbons terminate at the Sb,Se; back surface and grain boundary, respectively.
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R.A. LOMAS-ZAPATA et al.

PRX ENERGY 3, 013006 (2024)

carbon layer at the top is deposited during TEM
specimen preparation (Sec. II). The image was acquired
from the CdS-Sb,Se; device and has been previously
reported in Ref. [12]. The left-hand grain is tilted to the
[100] zone axis, while the right-hand grain is close to the
[211] orientation. The grain-boundary plane is indexed as
(041) in the crystal coordinates of the left-hand grain [12].
The Fourier-filtered image [Fig. 1(b)] shows the atomic
structure of the [SbsSeg], ribbons more clearly in the
left grain. Due to the strong atomic number contrast in
HAADF images [26], only the heavy Sb atoms are visible,
while the signal-to-noise ratio is not sufficient to observe
the lighter Se atoms. The Sb-atom columns are paired on
the (002) planes and show a zig-zag arrangement along
the ribbon direction. Strain analysis of neighboring Sb col-
umn pairs along the [001] ribbon direction was performed
on 12 [Sb4Ses], ribbons, as labeled in Fig. 1(b). Ribbons
1-9 extend to the Sb,Ses back surface (i.e., the interface
between the Sb,Se; layer and the carbon coating), while
the other ribbons terminate at the grain-boundary plane.
The HAADF intensity line profile across the full length
of a given ribbon was extracted and a Gaussian function
fitted to individual intensity maxima, in order to obtain
more accurate Sb pair positions. The Sb pair spacing along
[001] in the “bulk” region, away from the back surface
and grain boundary, was also measured to provide a ref-
erence value for the undistorted crystal. The annotated box
region in Fig. 1(b) was used for this purpose. Apart from
the mean Sb pair spacing in the “bulk,” the standard devia-
tion and standard error were also calculated to quantify the
measurement error.

The Sb pair spacing along the [001] direction as a func-
tion of the pair index is shown for each of the 12 ribbons in
Fig. 2. The pair indices refer to the numbering scheme used
to identify Sb column pairs on neighboring (002) planes.
Smaller pair indices are located deeper within the Sb,Ses
grain interior and the minimum and maximum values for
a given ribbon depend on its end positions in the HAADF
image. The mean pair spacing in the “bulk” crystal and
the measurement error (i.e., the standard deviation and the
standard error) are also superimposed in each plot. Rib-
bons 1-9, which terminate at the back surface, do not show
pair spacings significantly above the standard deviation
apart from the Sb column pairs closest to the back sur-
face. There is a loss of HAADF contrast close to the back
surface [Fig. 1(c)], which has some curvature and is there-
fore not perfectly end-on. Hence Sb column pairs close
to the back surface will be at different specimen depths,
which lowers the HAADF contrast due to a nonoptimal
image defocus [27]. It is believed that the larger variation
in Sb pair spacing close to the back surface is an arti-
fact of the lower contrast rather than a genuine feature
of the specimen. This is even more apparent for ribbons
10—12, which terminate at the grain-boundary plane. Large

variations in Sb pair spacings are observed over an appre-
ciable distance from the grain boundary (Fig. 2). Apart
from any grain-boundary curvature, there is also overlap
with the weak crystalline contrast from the neighboring
grain [Fig. 1(d)], which introduces further errors in the
peak fitting (note that for ribbons 1-9 there is only a uni-
form background from the amorphous carbon layer, which
is removed during Fourier filtering).

The experimental results for ribbons 1-9 can be com-
pared with the DFT simulations for a (001) Sb,Ses; free
surface. Supercells for an unrelaxed and relaxed (001) free
surface are shown in Fig. 3(a). Significant displacement
of the surface Sb atoms is observed due to formation of
intra- and inter-ribbon bonds during relaxation. Using the
unrelaxed crystal as a guide, it is possible to track the
average position of the Sb-atom pairs in a single (002)
plane; a few example (002) planes are labeled in Fig. 3(a).
Sb-atom pair spacings along [001] in the relaxed super-
cell can therefore be determined and compared directly
with experiment. A plot of the Sb-atom pair spacing ver-
sus the pair index for the DFT supercell is shown in
Fig. 3(b). The graph has mirror symmetry due to peri-
odic boundary conditions in DFT. The Sb pair spacing
shows an oscillatory behavior, with large deviations from
the perfect crystal value occurring close to the free sur-
face. The strain at the free surface is 32% but decreases
rapidly to a negligible value within only ten (002) planes
away from the free surface, equivalent to approximately
2 nm. Since the strain is highly localized and oscillatory,
its detection via HAADF imaging would require a per-
fectly flat free surface, which unfortunately is not the case
for Fig. 1. Furthermore, the experimental Sb,Ses back sur-
face is in contact with an amorphous carbon layer, rather
than vacuum, as assumed in DFT. The role of amorphous
carbon on (001) surface relaxation is unknown but any
changes to the structural relaxation must be confined to
the near-surface region, since no significant strain was
experimentally measured within the grain interiors (rib-
bons 1-9, Fig. 2). It could be argued that the two free
surfaces of a thin TEM specimen could also alter the
strain profile. Furthermore, despite careful control of the
FIB TEM specimen preparation procedure (Sec. II), the
free surfaces will invariably be modified by Ga implan-
tation and ion-beam damage, potentially up to a depth
of a few nanometers, although the exact value depends
on the material and precise experimental conditions [28].
Electron-energy-loss-spectroscopy (EELS) measurements
nevertheless indicate that the thicknesses of the TEM
samples are approximately 45—60 nm (see the Supplemen-
tal Material [29]), which is sufficiently thick to display
bulklike behavior. Furthermore, projected TEM or STEM
images cannot detect the out-of-plane strain component,
which is likely to be the most affected by the TEM foil-free
surfaces.
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FIG. 2. The Sb-atom column pair spacing (v axis, expressed in nanometers) along [001] as a function of the pair index (x axis)
for each of the 12 ribbons in Fig. 1(b). The pair indices increase in ascending order from the grain interior to the back surface—grain
boundary. The range of pair indices for a given ribbon depends on the start and end positions for that ribbon in Fig. 1(b). The mean
pair spacing for the “bulk™ crystal, as well as the standard deviation and standard-error limits, are superimposed in each plot. The
standard-error limits are close to the mean and therefore difficult to distinguish in the figure.

The HAADF image can also be used to measure any
grain-boundary relaxation along the [010] direction. An
intensity line scan across a given (002) crystal plane was
used to measure the inter-ribbon distances along [010];
the ribbon position is defined as the average position of
its two Sb atoms in the (002) plane. Four such line scans
are shown in Fig. 4(a) and the corresponding results for
inter-ribbon distances as a function of the ribbon pair
index are plotted in Fig. 4(b). Larger ribbon pair indices

are located closer to the grain boundary. The mean inter-
ribbon distance for the “bulk,” as well as the standard
deviation and standard-error limits, are extracted from the
yellow box in Fig. 1(b). In general, there is a system-
atic increase in the inter-ribbon distance toward the grain
boundary. The increase is larger for line-scan rows 3 and
4, which are located further away from the Sb,Se; back
surface. It is therefore assumed that rows 3 and 4 are more
indicative of true grain-boundary behavior. The systematic
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(a) Unrelaxed and relaxed DFT supercells for a Sb,Se; (001) free surface. Sb and Se atoms are displayed in brown and

green shading, respectively. A few near-surface (002) planes have been labeled to highlight the structural relaxation. (b) The Sb-atom
column pair spacing along [001] as a function of the pair index for the DFT relaxed supercell. The graph is symmetrical due to periodic
boundary conditions and contains an identical free surface at both extremes. The horizontal line is the Sb pair spacing in the unrelaxed

supercell.

increase in rows 3 and 4 takes place over approximately
three inter-ribbon distances, i.e., approximately 2 nm along
the [010] direction. The maximum strain is estimated to
be approximately 4%. The lower atomic contrast at the
grain boundary [Fig. 1(d)] could introduce some artifacts,
such as the anomalous decrease in the last data point
(i.e., ribbon pair index 12) for line-scan row 4. Never-
theless, the systematic increase in the inter-ribbon spacing
over physical distances well away from the grain-boundary
plane suggests that genuine structural relaxation is present,
likely caused by the [SbsSeg], ribbons terminating at the
grain-boundary plane. The resulting dangling bonds and
electronic defect states are expected to be “healed” via
structural relaxation in a manner similar to free surfaces.
Previous DFT simulations have predicted self-healing in
a (041) symmetric tilt boundary [12]; a similar calcula-
tion on the lower-symmetry grain boundary in Fig. 1 is,
however, difficult to perform due to the large number of
atoms in the supercell.

The structural relaxation along a given crystallographic
direction (e.g., [010]) is highly dependent on the nature

(b) oss0-

of the grain-boundary plane. To illustrate this, consider
the HREM image of the Sb,Se; grain boundary shown
in Fig. 5(a), which was acquired from the TiO,-Sb,Se;
device. The right-hand grain was tilted to the [100] major
zone axis, which leaves the left-hand grain close to the
[102] orientation [fast Fourier transforms for the two
grains are shown in Figs. 5(b) and 5(c), respectively]. (020)
lattice fringes, which can be used to measure the strain
along [010], are common to both grains. For the left grain,
the (020) fringes are parallel to the grain-boundary plane,
while in the right grain they intersect the grain boundary at
an angle of 26°. The grain-boundary-plane Miller indices
are therefore (010) and (061) in the crystal coordinates
for the left- and right-hand grains, respectively. Unlike
HAADEF, strain analysis in HREM images is complicated
by contrast reversals due to changes in specimen thickness
and TEM foil bending [30]. To detect small changes in
contrast, the HREM image was displayed on a color scale,
as shown in Fig. 5(d). The left-hand grain has near-uniform
contrast and is ideal for strain analysis. Strain analysis
was also attempted on the right-hand grain, which showed

I
w
N
a

0.570 4

Inter-ribbon distance (nm)

0.550 4

Row 1
Row 2
Row 3
Row 4
Mean
Mean + SD
Mean + SE

FIG. 4.

4 6 8 10 12
Ribbon pair

(a) The same HAADF image as Fig. 1(b), showing the four line-scan rows used for calculating the inter-ribbon strain along

[010]. (b) The [010] inter-ribbon distance as a function of the ribbon pair index for each of the rows in (a). The pair indices increase
in ascending order from the grain interior to the grain boundary. The mean inter-ribbon distance for the “bulk” crystal, as well as the
standard deviation and the standard-error limits, are also superimposed.
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FIG. 5.

(b)

5 1/nm

(d)

(a) An HREM image of a Sb,Se; grain boundary. The fast Fourier transforms for the left- and right-hand grains are shown

in (b) and (c), respectively. (d) The same HREM image plotted on a color intensity scale to highlight subtle changes in the contrast.

nonuniform contrast, but the results were highly variable
and no consistent trends were observed.

To quantify the [010]-direction strain in the left grain,
the HREM image was first Fourier filtered, retaining only
the (020) reflections for that grain [Fig. 6(a)]. Integrated
line-intensity profiles along [010] were then extracted from
selected box regions close to the grain boundary [see the
annotated red boxes in Fig. 6(a)]. The (020) lattice fringe
positions were determined by fitting Gaussian profiles to
the intensity maxima. Multiple smaller box regions were
chosen instead of a single large box, since the grain bound-
ary is not perfectly straight and because it allows the
reproducibility of any observed structural relaxation to be
checked. A region away from the grain boundary was also
chosen to measure the mean, standard deviation, and stan-
dard error of the (020) fringe spacing in the “bulk” [see
the annotated yellow box in Fig. 6(a)]. Figure 6(b) shows
the (020) lattice fringe spacing as a function of the fringe

pair index for the three grain-boundary box regions in
Fig. 6(a), labeled “top,” “center,” and “bottom,” respec-
tively. Smaller fringe pair indices are located deeper within
the grain interior and the estimated grain-boundary posi-
tion is marked with a vertical dashed line in Fig. 6(b). For
all regions analyzed, the (020) fringe spacings lie close
to the mean value for the “bulk” and are well within the
standard deviation of the measurement. This indicates an
absence of [010] strain for the left-hand grain.

The (010) grain-boundary plane is parallel to the
[SbsSeg], ribbons in the left-hand grain and can there-
fore occupy the van der Waals gap. Since no covalent
bonds in the left grain are broken, any structural relax-
ation will be minimal. However, it is possible that there
is structural relaxation with the neighboring right-hand
grain, which has its [SbySeg], ribbons terminating at the
grain-boundary plane [Fig. 5(a)]. This is clear from the
DFT results for the stoichiometric (010)[(041) asymmetric
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FIG. 6. (a) The Fourier-filtered image of Fig. 5(a), showing only the (020) lattice fringes in the left-hand grain. The red boxes indicate
regions used for grain-boundary strain analysis, while the yellow box was used to analyze the “bulk” crystal. (b) The (020) lattice fringe
spacing as a function of the fringe pair index for the “top,” “center,” and “bottom” grain-boundary box regions in (a). The pair indices
increase in ascending order from the grain interior to the grain boundary. The vertical dashed line is the estimated position of the grain-
boundary plane. The mean (020) fringe spacing for the bulk crystal, as well as the standard deviation and standard-error limits, are
also superimposed. (c) The DFT supercell of a stoichiometric (010)|(041) asymmetric grain boundary, showing intergrain structural
relaxation (a few intergrain bonds are circled). (d) Traces of the (041) and (010) planes in a Sb,Ses crystal, viewed in projection along

[100]. The box is an outline of a single unit cell. Sb and Se atoms are displayed in brown and green shading, respectively.

grain boundary in Fig. 6(c), where the [SbsSes], ribbons
for the left grain are parallel to the grain boundary but
are misoriented at an angle of 37° in the right-hand grain.
Despite no covalent bonds being broken in the left grain,
there are new bonds being formed between the two sets
of ribbons either side of the grain boundary. Intergrain
bonds were also observed for the nonstoichiometric (i.e.,
Se-rich) (010)|(041) asymmetric grain boundary (see the
Supplemental Material [29]). It was not possible to simu-
late the grain boundary in Fig. 5(a) due to the large number
of atoms in the DFT supercell. However, it is likely that
the intergrain structural relaxation observed for the sim-
ulated grain boundary [Fig. 6(c)] is also present in the
experimental grain boundary [Fig. 5(a)]. From Fig. 6(c),
the intergrain relaxation is largely confined to the rib-
bon closest to the grain-boundary plane and therefore not
detected in the strain analysis [Fig. 6(b)] due to the limited

sensitivity of the measurement and/or artifacts arising from
any grain-boundary curvature.

The grain-boundary results can be summarized with the
aid of Fig. 6(d). Here, the traces of the two grain-boundary
planes analyzed, i.e., (041) and (010), are superimposed
on the Sb,Se; perfect crystal structure in [100] orienta-
tion. It is possible to select a (010) grain-boundary plane
that lies entirely within the van der Waals gap. Since no
covalent bonds are broken, this is presumed to be the
lowest-energy configuration, and the structural relaxation
is therefore minimal, consistent with the experimental
results [Fig. 6(b)]. The (041) grain boundary will, however,
always pass through some [SbsSec], ribbons and there-
fore structural relaxation was experimentally observed,
as expected [Fig. 4(b)]. We have also performed HREM
strain analysis on (110) and (120) grain-boundary planes
(see the Supplemental Material [29]). The HREM images

013006-8



GRAIN-BOUNDARY STRUCTURAL RELAXATION ...

PRX ENERGY 3, 013006 (2024)

show contrast reversals and are not ideal for strain anal-
ysis. Nevertheless, the results provide some evidence for
strain relaxation, consistent with the breaking of [Sb4Se¢],
ribbon covalent bonds at the grain boundary. Further-
more, EDX chemical analysis suggests that there may also
be a change in stoichiometry at these grain boundaries.
Nonstoichiometric grain boundaries have previously been
reported in CdTe [31] and Cu(In, Ga)Se; [32] thin-film
photovoltaics. Segregation of vacancy and antisite-atom
point defects at the grain boundary will inevitably have
some effect on the structural relaxation. Further work, pos-
sibly using aberration-corrected electron microscopy, is
required to unambiguously confirm any nonstoichiometry
at Sb,Se; grain boundaries.

IV. SUMMARY AND CONCLUSIONS

HAADF and HREM imaging were used to test the struc-
tural relaxation theoretically predicted to occur at Sb,Ses
free surfaces and grain boundaries. Structural relaxation of
[SbsSe¢], ribbons at a (001) surface could not be detected
due to curvature of the absorber-layer back surface. Relax-
ation along the [010] direction was also analyzed for (041)
and (010) grain-boundary planes, respectively. Strain due
to structural relaxation was observed for the former but
not the latter. These observations are consistent with the
(010) grain-boundary plane lying within the van der Waals
gap, while the (041) grain-boundary plane will inevitably
disrupt some of the [SbsSeg], ribbon covalent bonds.
While the measurements confirm the presence of struc-
tural relaxation, they cannot provide any direct information
on “self-healing,” where electronic defect states within the
band gap are eliminated in the relaxed grain boundary or
free surface (scanning tunneling spectroscopy [18] could
potentially be used to measure the electronic density of
states, provided that a suitable specimen is used for such
analysis). In particular, the structural relaxation is driven
by total energy minimization, rather than a consideration
of only the electronic energy levels. Nevertheless, it is rea-
sonable to speculate that the two are often interrelated, in
the sense that any structural relaxation is accompanied by
removal of at least some of the deep electronic states. This
has important implications for Sb,Se; as a thin-film pho-
tovoltaic material. It suggests that polycrystalline Sb,Ses
is intrinsically tolerant to grain boundaries, unlike other
materials such as CdTe, where the grain boundaries must
be extrinsically passivated by chlorine doping. Finally,
it should be pointed out that the structural relaxation in
Sb,Se; has an important role beyond free surfaces and
grain boundaries. For example, recent DFT simulations
have predicted negative-U vacancy defects [33] and bipo-
larons [34] that can impact the intrinsic doping and charge
transport properties, respectively. In both cases, structural
relaxation of the Sb,S(e); bonds is essential for stabilizing
the defects or quasiparticles.

All data relating to the DFT calculations created during
this research are available on request from the University
of York Research database and at Ref. [35].
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