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The crystal structure of SbaSes gives rise to unique properties that cannot otherwise be
achieved with conventional thin-film photovoltaic materials, such as CdTe or Cu(In,Ga)Sex.
It has previously been asserted that, grain boundaries can be made benign provided only the
weak van der Waals forces between the (SbaSee), ribbons are disrupted. Here it is shown that
non-radiative recombination is suppressed even for grain boundaries cutting across the
(SbsSee)n ribbons. This is due to a remarkable self-healing process whereby atoms at the
grain boundary can relax to remove any electronic defect states within the band gap. Grain
boundaries can however impede charge transport due to the fact that carriers have a higher
mobility along the (SbsSes)n ribbons. Because of the ribbon misorientation certain grain
boundaries can effectively block charge collection. Furthermore, it is shown that CdS is not a
suitable emitter to partner Sb2Ses due to Sb and Se inter-diffusion. As a result a highly

defective SboSes interfacial layer is formed that potentially reduces device efficiency through

interface recombination.



1. Introduction

Traditional thin-film photovoltaics, such as CdTe and Cu(In,Ga)Se> (CIGS), are limited by
grain boundaries that act as non-radiative recombination sites "*!. This can be linked to the
crystal structure of these adamantine-based compounds, where termination of the periodic,
3D atomic bonding at the grain boundary plane gives rise to deep band gap states associated
with dangling bonds. To circumvent this problem Tang and co-workers ! proposed the use
of absorber materials consisting of covalently bonded ‘structural units’ in the form of ribbons
or layers that are held together by van der Waals forces. Provided the structural units lie
parallel to the grain boundary plane only the weak van der Waals forces are disrupted; since
there are no dangling bonds the grain boundary is assumed to be electrically passive. There
are many semiconductor compounds that satisfy the dual requirements of ideal optical
properties (i.e. Shockley-Queisser band gap and high absorption coefficient) and mixed
covalent-van der Waals crystal structure that are potential new absorber materials for thin-
film photovoltaics. For example, devices based on SnS!®!, BiSI'”! and Sb,Sesl> #13! have been
reported in the literature. Of these SbaSes, with ribbon-shaped structural units, has shown
much promise by achieving record cell efficiencies of 7.6% for planar configurations!'!! and

9.2% for core-shell nanorod assemblies!!*! in only a few years.

Despite the rapid increase in efficiency there is still no clear evidence to support the claim
that SbaSes grain boundaries in real thin-film devices are in fact benign. High performance
SbaSes devices consist of (211) and/or (221) oriented columnar grains[s’g'm (here the Pbnm
space group classification is adopted!'*, where the (Sb4Ses)n ribbons are parallel to the crystal
c-axis). For this grain texture the (SbsSes)n ribbons are at an angle of 37° (211) and 44° (221)

from the film thickness direction, so that a high density of dangling bonds are expected at the



grain boundaries. Furthermore, the carrier mobility in SbaSes is highly anisotropic, with the
[001] ribbon axis being the preferred direction for charge transport [°!. The crystallographic
misorientation between two grains means that grain boundaries can be barriers to
photocurrent extraction. Understanding the precise nature of the inter-granular charge
transport and recombination requires uncovering the atomic scale structure of grain

boundaries in Sb>Ses thin-film devices.

Another interesting feature is the high defect density at the interface between Sb2Ses; absorber
and CdS emitter layer. The interfacial defect density, measured using capacitance techniques,
is in the range 10'°-10'? cm™ ['113], Sych a large interfacial defect density could be due to
lattice mismatch and/or chemical inter-diffusion. The difference in crystal structures for CdS
(hexagonal) and Sb,Ses (orthorhombic) suggests that significant lattice mismatch must be
present at the Sb2Se3-CdS interface. In certain cases, most notably CdTe thin-film
photovoltaics ['®!, chemical inter-diffusion can lower the local lattice mismatch and thus the
interfacial defect density as well. Several different diffusion mechanisms have been reported
in the literature for SbaSes-CdS devices, such as Cd "'1!71 Sb 131 and Se ! inter-diffusion. It
is important to understand the precise role of inter-diffusion on lattice mismatch and therefore
the interfacial defect density, so that strategies to further improve SbaSes device efficiencies

may be proposed.

In this study aberration corrected- scanning transmission electron microscopy (AC-STEM)
coupled with density functional theory (DFT) is used to characterize the structural and
electronic properties of SbaSes grain boundaries. It is shown that significant structural
relaxation can take place at the grain boundaries, thereby removing any band gap states due

to dangling bonds. The self-healing nature of SbxSes suggests that grain boundary



recombination may not be as harmful as previously thought. At the same time evidence is
found for an unfavourable ribbon orientation giving rise to photocurrent blocking at grain
boundaries. Inter-granular charge transport, rather than non-radiative recombination,
therefore appears to be the device limiting factor for SboSes grain boundaries. Furthermore,
AC-STEM analysis of the SbaSes3-CdS interface shows that inter-diffusion of Sb and Se into
the CdS layer causes break down of the SbaSes crystal structure over a few nanometer thick
region. Highly defective SbaSes has band tail states that increase the interfacial defect
density, potentially giving rise to lower efficiency. For higher deposition temperatures the

18] at the interface.

accelerated inter-diffusion gives rise to significant Kirkendall voiding
Inter-diffusion is therefore an important limitation governing the performance of Sb2Se3-CdS

devices. Alternative emitter layers that suppress inter-diffusion, such as TiO "?! and ZnO !,

are required to achieve a device free of interfacial defects.

2. Results and Discussion

2.1 Grain morphology and texture

The electrical properties of SbaSes devices characterised in this study are summarized in
Table 1, while device fabrication is outlined in the Experimental Methods Section. SbaSes-
CdS devices where the Sb2Ses is grown using close space sublimation (CSS) and thermal
evaporation (TE) methods are examined; these growth techniques are capable of fast thin-
film deposition rates and are therefore suitable for industrial scale up. Furthermore, we also
examine a Sb>Ses-TiO, device grown using a two-stage CSS process °!. This involves CSS
depositing a SbaSes seed layer prior to film growth, resulting in a more uniform thin-film

with larger grain size . The Sb,Ses-TiO» device had the highest efficiency at 6.18%, while



the performance of the SbaSes3-CdS devices were inferior (i.e. 2.85% for the TE device and
1.44% for CSS). The Sb2Ses3-CdS and Sb2Ses-TiO: device structures are schematically

illustrated in Figure 1.

Figure 2 shows plan-view scanning electron microscopy (SEM) images of the grain structure
for the different Sb2Se; absorber layers, namely the CSS Sb.Ses-CdS device (Figure 2a), TE
SbSes-CdS device (Figure 2b), CSS SbzSes seed layer on TiOz (Figure 2¢) and two-stage
CSS SbzSes-TiO; device (Figure 2d). For SbaSes grown on CdS the CSS method produces
larger grains compared to TE deposition due to the higher growth temperature and use of a N2
inert gas atmosphere!!. The grain coverage in CSS is sufficiently uniform to produce a
continuous film, although small pin holes are still visible, especially at the grain boundary
triple points. However, cross-sectional imaging using focused ion-beam (FIB) microscopy
revealed that these pin holes did not extend through the entire film thickness, but rather had
the effect of increasing the surface roughness, in some cases quite dramatically (see
Supporting Information (i)). For SbaSes deposited on TiO: using the two-stage CSS process
the grain size of the seed layer (Figure 2c¢) is significantly smaller than the complete thin-film

(Figure 2d) indicating a lack of correlation between the two microstructures.

Figure 3 shows cross-sectional scanning transmission electron microscopy (STEM) images of
the devices, with the individual layers and Sb2Se; grain boundaries being clearly resolved.
The CSS SbaSes-CdS device (Figure 3a) has large voids that extend through almost the entire
length of the Sb2Ses-CdS interface. Although STEM can only image a small region the same
interfacial voiding was observed in FIB cross-sectional images taken from random areas of
the sample (see Supporting Information (1)), indicating that it is a more general phenomenon

for this device. It is due to chemical inter-diffusion at the Sb2Ses;-CdS interface giving rise to



Kirkendall voids ! (see section 2.3 for more details). The interface voids lead to a
significant drop in short circuit current density for the device (Table 1). The TE deposited
SbaSes layer shows small voids within the grain interiors as well as at the Sb,Se3-CdS
interface (Figure 3b) but not to the same extent as the CSS sample. Incomplete densification
of the Sb,Se; film during low temperature TE growth is thought to give rise to the voiding
within the grain interiors. These voids will lower device efficiency through reduced light

absorption and by increased series resistance of the Sb2Ses absorber layer.

The SbaSes grain structure for the two-stage CSS Sb2Ses-Ti0O; device (Figure 3d) does not
show any evidence of the starting seed layer (Figure 3c), indicating significant grain re-
structuring during film growth. Electron diffraction combined with imaging in a TEM can be
used to determine the [001] ribbon orientation of individual Sb,Ses grains relative to the
substrate (see Supporting Information (i1) for more details). In Figure 4a the ribbon
orientation is plotted as a function of grain ‘height’, i.e. the grain dimension measured along
the film thickness direction, for the two-stage CSS Sb2Ses-TiO2 device. A 0° orientation
corresponds to ribbons oriented normal to the substrate and is the preferred grain texture.
There is a clear correlation between grain height and orientation, such that the taller, more
columnar grains also have more favorable orientations. On the other hand the equivalent
grain orientation plot for the CSS Sb,Ses;-CdS device (Figure 4b) shows no strong correlation
between grain height and orientation. X-ray diffraction showed that both the two-stage CSS
Sb2Ses3-TiO2 and CSS SbaSes-CdS devices had a predominantly (211)/(221) texture, with the
(002) peak being slightly stronger in the former (see Supporting Information (iii)). Figure 4a
indicates that [001] is a fast crystal growth direction and leads to more columnar grains,
although overall the film tends to adopt a (211)/(221) texture, presumably due to surface

energy minimization. Fast grain growth along [001] is not however observed in the CSS



SbaSes-CdS sample (Figure 4b). This is likely to be due to the opposing effect inter-diffusion
of the Sb>Se; layer at the SbaSes-CdS interface has on grain growth (see Figure 3a and

section 2.3).

2.2. Grain boundary structural relaxation

Atomically resolved AC-STEM bright field (BF) and high angle annular dark field (HAADF)
images of an individual grain boundary in the CSS Sb2Ses;-CdS device are shown in Figure 5a
and Figure 5b respectively. The grain boundary is located close to the SbaSes film free
surface, with the protective carbon layer used for TEM sample preparation visible in the top
region of each micrograph (note that the FIB TEM lamella was extracted from an area
outside the metal back contact). A Fourier filtered HAADF image, shown in Figure 5c,
provides a clearer view of the boundary structure. Using Fourier transforms and the atomic
structure of the HAADF image the orientation of the grain to the left of the grain boundary
was found to be [100], while the right hand grain is close to a [211] orientation. The
projected direction of the [001] oriented ribbons within each grain is annotated in Figure Sc,
with the ribbons for the left grain being in-plane. For hole collection at the metal back contact
the overall direction of hole transport must be in the vertical direction with respect to the AC-
STEM images in Figure 5a-5c. The mobility is however highest along the [001] ribbon
direction 3. The orientation of the ribbons either side of the grain boundary means that on
crossing the grain boundary holes cannot reach the back contact unless some amount of inter-
ribbon charge hopping takes place. Inter-ribbon charge hopping is much less efficient
compared to transport along the ribbon, so that in this particular case the grain boundary

impedes collection of the hole current. This phenomenon is due entirely to the anisotropy of



the SbaSe;s crystal structure, and therefore similar considerations apply to grain boundaries

and electron transport towards the space charge region.

The grain boundary plane in the AC-STEM images is indexed as (041) and (273) in the
crystal coordinates of the left and right hand grains respectively. Figure 5d is an enlarged
view of the grain boundary region extracted from the filtered HAADF image (Figure 5c¢). The
grain boundary plane is not atomistically flat and contains several (001) steps. Simulating the
full grain boundary using DFT is computationally demanding since the absence of simple
periodic boundary conditions requires an extremely large supercell. As a compromise DFT
calculations are performed on (001) and (041), (273) free surfaces, which are taken to
represent the grain boundary steps and average grain boundary plane respectively. It is not
possible to accurately represent a grain boundary by a free surface when there is coupling
between atoms on either side of the boundary. In Sb2Se; though the strong covalent bonding
is confined to the [001] ribbons, and for the grain boundary in Figure Sc the ribbon
orientation changes by 74° on crossing the grain boundary plane (here the out-of-plane
component of the ribbon direction in the right hand grain has been taken into account). Since
the ribbon directions are close to orthogonal the coupling is likely to be weak, thus justifying

the use of free surfaces in the simulation.

Supercells of single crystal SbaSes were constructed to determine the electronic density of
states (DOS) at the free surface and the bulk of the crystal respectively. The free surface DOS
was calculated before and after atom relaxation using the HSEO06 hybrid functional together
with the D3 Grimme dispersion correction to describe the Van der Waals interactions
between the (SbsSes)n ribbons (HSE+D3) 2%, The band gap and lattice constants of Sh>Ses

can be accurately predicted and the pseudopotential has also been previously used in SbaSes



defect calculations [*!1. Figure 6a shows the supercell for the (001) free surface viewed end-
on along the [100] direction. The bulk and surface DOS were extracted from atoms within the
box regions in Figure 6a and are shown superimposed in Figure 6b. As expected there are no
electronic states within the band gap for the ‘perfect’ bulk crystal. The unrelaxed (001) free
surface has electronic states that are close to the middle of the band gap and are therefore
potential non-radiative recombination defect levels **!. These deep defect states are due to
dangling bonds at the free surface. Shallower donor states are also present but are
comparatively benign to device performance. Surprisingly structural relaxation completely
eliminates all defect states within the band gap, even though many of the broken bonds still
remain. In fact structural relaxation is so strong that the coordination of some of the sub-
surface atoms are also altered as a result. Furthermore, there is no shift in the valence band
maximum or conduction band minimum at the relaxed free surface compared to the bulk.
This means that there is no energetic barrier to electron or hole transport, unlike, for example,
grain boundaries in CulnSe> which are thought to be hole barriers due to a valence band
offset between grain boundary and grain interior ©*!. Similar trends are also observed for the
(041) free surface (Figure 6¢,d). The supercell for a (273) free surface has too many atoms to
simulate using HSE06+D3, and therefore a computationally faster, but less accurate, PBE
functional was used for optimization. Even here it was found that deep defect states were
removed after surface relaxation (see Supporting Information (iv)). This was also true for a
(041) symmetric tilt boundary simulated using the HSEO6 functional (see Supporting
Information (iv)). These results suggest that the covalent bonding in (SbaSee)n ribbons can
accommodate large amounts of strain, allowing for significant self-healing of the grain
boundary and removal of electronic defect states. This contradicts the commonly held view

that only grain boundaries that disrupt the weak van der Waals bonding in SbaSes are benign.



In fact anisotropic charge transport across the grain boundary appears to have a more

important effect on device performance than grain boundary recombination.

2.3. Inter-diffusion at the Sb2Se3-CdS interface

In photovoltaic heterojunctions, chemical stability of the partner materials is crucial for the
proper working of the device. In this section it will be shown that the Sb2Ses;-CdS interface is
highly unstable, leading to a structural breakdown of the Sb2Ses; layer and in extreme cases
the formation of interfacial voids. First consider the CSS Sb>Se3-CdS device with the SbaSes-
CdS interfacial voids (Figure 3a). The distribution of chemical elements around the SbxSes-
CdS interface region was mapped using energy dispersive X-ray (EDX) spectroscopy in the
STEM. The region selected for chemical mapping had clear interfacial voiding and the results
are shown in Figure 7. Se and Sb are both present in the CdS layer with the latter having a
higher concentration towards the CdS-ZnO high resistive layer interface. The observation of
residual Sb signal in the fluorine doped SnO> (FTO) transparent conducting oxide layer
(Figure 7c) 1s a data processing artefact arising from the overlap of the Sn and Sb L-
characteristic X-ray peaks. There is no evidence for appreciable Cd or S in the SbaSes layer,
implying faster diffusion kinetics from Sb2Se; into CdS compared to diffusion in the opposite
direction. Similar trends were also observed in regions where the Sb>Ses-CdS interface
remained intact, such as the circled area in Figure 3a (see Supporting Information (v)). For
vacancy assisted diffusion mechanisms an asymmetry in the diffusion rate across a junction
creates pores, known as Kirkendall voids 8], that form on the side that has the larger
diffusion flux, which in this case is SbaSes. This is likely to be the origin of the Sb2Ses;-CdS
interfacial voiding. For example, in samples where the inter-diffusion is suppressed, either

through a lower SbaSes deposition temperature or by using an inert emitter layer such as

10



Ti0», extensive interfacial voiding is not present (see below). Furthermore, it is unlikely the
interfacial voids could have arisen through film delamination, since the network of interfacial
voids in Figure 3a has a convoluted geometry that resembles the grain structure of the SbxSes

film, which is unlike interfacial delamination where a more planar breakage is expected.

Figure 7i is an EDX linescan of the elements across the CSS Sb2Se3-CdS interface. The
results were acquired along the line annotated in Figure 7a and the maximum EDX signal for
each element was normalized for visual clarity. The relative Se concentration within the CdS
layer is highest towards the Sb,Ses side. A clear separation of Se and S profiles is visible in
this region and suggests that the local Se concentration may be sufficiently high to form a
separate CdSe layer alongside the Cd(S,Se) inter-diffused region. Further evidence for this is
obtained by noting that the Cd map (Figure 7d) appears thicker than the S map (Figure 7e).
Formation of CdSe or Cd(S,Se) is not unexpected !'?! since it has the same crystal structure
(i.e. wurtzite) as CdS and furthermore Se has a high solubility in CdS '**!. In Figure 7i the
inter-diffused Sb has the highest concentration in approximately the same region as S, which
could suggest the formation of a Sb2S3 layer at the CdS-ZnO interface. However, there is no
direct correlation between the Sb (Figure 7¢) and S (Figure 7e) maps which eliminates this
possibility. The fact that the Sb is concentrated towards the ZnO interface suggests that it is

not very soluble in Cd(S,Se).

EDX maps and linescans were also acquired from the TE Sb2Se3-CdS device. This sample
had a lower SbaSes deposition temperature and only minor interface voids (Figure 3b). The
EDX results (see Supporting Information (vi)) did not show any evidence for inter-diffusion
to within the measurement sensitivity and spatial resolution of the microscope, which was a

non-corrected, field emission gun transmission electron microscope (FEG TEM). AC-STEM
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can however produce atomic sized beams > and therefore has a higher resolution and
sensitivity. Figure 8a shows a medium angle annular dark field (MAADF) image of the TE
SbaSes-CdS interface acquired using an AC-STEM microscope. The SbaSes region in the
image consists of a single grain in the [110] orientation. The lattice structure of the CdS
region is also visible. In between these two crystalline layers there is a ~8 nm thick region
with no resolved atomic structure, labelled ‘intermediate layer’. The distribution of Sb and
Cd over the entire region in Figure 8a was mapped using electron energy loss spectroscopy
(EELS) spectrum imaging ?*!. From the area maps line profiles for Sb and Cd were obtained
by integrating the EELS signal in the horizontal direction, i.e. parallel to the Sb2Se3-CdS
interface, and are shown superimposed in Figure 8b. There is a peak in the Sb signal (vertical
arrow) at the interface between the ‘intermediate layer’ and CdS; the location of this peak is
indicated by the horizontal white line in Figure 8a. The ‘intermediate layer’ contains Sb but
not Cd, indicating that it was initially part of the [110]-oriented Sb>Ses grain. The absence of
[110] atomic resolution contrast in the ‘intermediate layer’ implies that the crystal structure

has broken down due to diffusion of Sb (and possibly Se) towards CdS.

Although the lower deposition temperature of the thermal evaporation process had largely
eliminated Kirkendall voiding there is still some diffusion that takes place, giving rise to a
highly defective SbaSes intermediate layer few nanometers in thickness. This is consistent
with previous electrical measurements !!13] that reported a high interfacial defect density for
SbaSes-CdS devices. The defective Sb2Ses layer can result in higher rates of interfacial
recombination, thereby reducing device efficiency. Our results demonstrate that CdS is not a
suitable emitter layer for Sb2Ses, since even under favorable conditions the inter-diffusion is
unlikely to be fully suppressed at the atomic scale. Empirically it has been shown that device

performance can be improved by using TiO: as either a barrier layer [!*! or to fully replace
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CdS as the emitter layer '?!. EDX maps and linescans (Figure 9) have been acquired from the
CSS SbaSes-TiO2 device using a non-corrected FEG TEM and show no evidence for inter-
diffusion to within the sensitivity and resolution of the technique. For example, the Sb and Se
line profiles (Figure 9g) show strong overlap at the Sb2Ses-TiO: interface (the subsequent
increase in Sb signal is a processing artefact due to overlap of the Sb and Sn X-ray peaks
from the FTO layer). The lack of any observable inter-diffusion is consistent with the higher
reported efficiencies of SbaSes-TiO; devices (see also Table 1), although higher resolution
AC-STEM measurements are required to confirm that the interface region remains defect free
even at the atomic scale. Another strategy to reduce the deleterious effects of interfacial
recombination is to use multiple emitter layers with systematic conduction band offsets, such
that a cascading energy landscape is created for electron transport, such as in, for example, a

double TiO»/CdS emitter paired with mixed anion Sba(S,Se)s absorber layer 26281,

3. Conclusions

A combined electron microscopy and DFT study has revealed several unexpected properties
about SbzSe; thin-film photovoltaic devices. The first is the self-healing property of SbaSes
grain boundaries, where electronic states deep within the band gap due to dangling bonds are
removed by grain boundary atom relaxation. The assumption of rapid recombination at grain
boundaries where the covalent bonding along the (SbaSee), ribbons is disrupted must
therefore be revised. However, grain boundaries can still influence device performance
through anisotropic charge transport which occurs predominantly along the (SbsSe¢)a ribbons.
Misorientation of the ribbons either side of the boundary means that certain grain boundaries
impede charge transport to either the space charge region (electrons) or back contact (holes).

The ideal film texture therefore consists of (001) oriented grains. [001] is shown to be a fast

13



crystal growth direction and results in columnar grains, although in practice most Sb2Ses thin-
films are found to have a (211)/(221) texture. Strategies to promote (001) grain texture are
therefore a direct route to optimizing device efficiency. It has also been demonstrated that
CdS is not a suitable emitter material due to rapid inter-diffusion of Sb and Se from Sb»Ses.
Even when the diffusion is largely suppressed, such as by lowering the deposition
temperature, a highly defective interfacial layer of Sb2Ses can form on the atomic scale. The
increased interfacial recombination results in lower device efficiencies. Achieving high
efficiencies would therefore require a diffusion barrier layer between the CdS and Sb2Ses or

the use of alternative, chemically inert emitter layers.

4. Experimental Method

Device fabrication: For the CSS Sb2Se3-CdS device a high resistive ZnO layer was used in
between the FTO and CdS so that a thinner CdS layer could be deposited, which has the
effect of reducing parasitic absorption of high energy photons. Both ZnO and CdS were
deposited by sputtering. The conditions were 150 W power for 50 minutes at room
temperature (ZnO) and 60 W for 15 minutes at 200°C (CdS). CSS deposition of SbaSes took
place for 15 minutes with a source temperature of 460° under 13 mbar N> atmosphere. In
order to halt film deposition the pressure was increased to 400 mbar and the heating switched
off. The TE SbxSe3-CdS samples were deposited on sputtered CdS (with no underlying ZnO
layer) with the unheated substrate under vacuum (5x107 mbar) and a source-substrate
distance of 20 cm. The resulting absorber layer was of poor quality and therefore had to be
hot plate annealed under N> atmosphere in a glove box at 350°C for 30 minutes. For the two-
stage CSS SbaSes-TiO:2 device the TiO2 was spin coated at 3000 rpm for 30 s using a 0.15 M
and 0.30 M titanium isopropoxide in ethanol solution with drying at 120°C for 10 minutes in

N; after each deposition. The TiO2 was then sintered in air at S00°C for 30 minutes. The two-
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stage CSS growth first involved depositing a SbaSes seed layer with source and substrate
temperatures of 340° and 390°C respectively under 0.05 mbar N> for 2 minutes. The seed
layer was annealed for 10 minutes with the N> pressure increased to 260 mbar. The second
stage of Sb2Ses deposition took place for 15 minutes under 13 mbar N> pressure with the
source temperature increased to 460°C. All devices were grown on NSG TEC10 glass.
Further details can be found in [9], [12] and [29-30].

Electron Microscopy: TEM cross-section samples were prepared using an FEI Helios 600
Nanolab dual-beam FIB.!! The Sb,Ses layer back surface was carbon coated to minimize
charging followed by platinum layer deposition to prevent gallium ion-beam damage during
milling. A 2 kV ion-beam voltage was used for the final thinning of the TEM lamellae. The
FIB was also used to acquire plan-view and cross-sectional SEM images at 3 kV electron
beam voltage. TEM/STEM characterisation was carried out in a JEOL 2100F FEG TEM
operating at 200 kV and Oxford Instruments X-Max 65T silicon drift detector for EDX
analysis. High resolution AC-STEM analysis was carried out in a Nion UltraSTEM 100 MC
Hermes Microscope at the SuperSTEM facility, Daresbury UK. The operating voltage was 60
kV and the STEM probe convergence semi-angle was 31 mrad. The detector inner and outer
angles were 55, 82 mrad for MAADF imaging and 82,180 mrad for HAADF imaging. EELS
spectra were acquired on a Gatan Enfinium spectrometer with 0.2 eV/channel dispersion and
44 mrad spectrometer collection semi-angle. Standard power law fitting*?! was used to
subtract the background from core loss edges.

DFT simulations: Spin polarized density functional theory calculations were carried out using
the projector augmented wave method and a plane wave basis as implemented in the Vienna
Ab initio Simulation Package (VASP) ¥-**, We employ the HSE06 hybrid functional
together with the D3 Grimme dispersion correction to describe the Van der Waals

interactions between the (SbaSee)n ribbons (HSE+D3) 2% 31, The bulk crystal was optimized
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using a 350 eV plane wave cut off and a 2x2x6 gamma-centered k-point grid for Brillouin
zone sampling, yielding lattice constants of a = 11.52 A, b=11.91 A and ¢ =3.98 A. Surface
supercells were constructed based on the optimized structure at the HSE+D3 level and
including a vacuum gap of at least 10 A. For the (001) and (041) surface we sample the
Brillouin zone with a 1x3x3 k-point grid and for the (273) we employ a 1x2x1 k-point grid.
The Hartree-Fock kernel is sampled at the gamma point only in the surface calculations. The
(001) and (410) surface supercells are optimized at the HSE+D3 level until all forces are less
than 0.05 eV/A. The (273) surface supercell is instead optimized using the PBE exchange
correlation functional however keeping the supercell dimensions corresponding to the
HSE+D3 optimized bulk until cell. All surface structures were visualized using the VESTA

code B3¢,

5. Supporting Information

Includes (i) FIB cross-sectional images of devices, (i1) Measuring the orientation of SbzSes
ribbons relative to the substrate, (ii1) X-ray diffraction plots, (iv) Electronic Density of States
(DOS) for the (273) free surface and (041) tilt boundary, (v) EDX chemical mapping across
an intact CSS Sb2Se3-CdS interface, and (vi) EDX chemical mapping across the TE SbaSes-

CdS interface.
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Table 1. Sb2Ses thin-film devices and their electrical properties (Voc is the open circuit

voltage and Js. is the short circuit current density). ‘CSS’ and ‘TE’ are abbreviations for close

space sublimation and thermal evaporation.

Device Efficiency Voe Jsc Fill factor

(%) V) (mA/cm?) (%)
CSS Sb.Ses- CdS 1.44 0.42 7.57 45.48
TE SbzSe;- CdS 2.85 0.38 20.20 37.10
Two-stage CSS 6.18 0.40 31.44 49.20
szSGs-TiOg

Sb,Se;
TiO,
glass glass
g { g light { g light
(@ (b)

Figure 1. Schematic illustration of (a) Sb2Se3-CdS and (b) Sb2Ses-TiO> device structures.
The individual layers are not drawn to scale. Devices are fabricated in the superstrate

configuration with the light entering through the glass.
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(c) (d)

Figure 2. Secondary electron SEM images of the SbaSes absorber layer back surface. The
devices are (a) CSS SbSes-CdS, (b) TE SbaSes-CdS, (c) seed layer CSS Sb>Ses3-TiO:2 and (d)
two-stage CSS SbSes3-TiO2, where CSS is close space sublimation and TE is thermal

evaporation.
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Figure 3. STEM bright field images of Sb2Ses thin-film photovoltaics. The devices are (a)
CSS SbySes-CdS, (b) TE SbaSes-CdS, (c) seed layer CSS Sb2Ses-TiO; and (d) two-stage CSS
SbaSes-TiO2, where CSS is close space sublimation and TE is thermal evaporation. The
carbon and platinum layers are protective layers used in FIB TEM sample preparation. Note

the differences in scale between images.
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Figure 4. Orientation of (Sb4Ses), ribbons plotted as a function of grain ‘height’, i.e. grain
dimension along the Sb,Ses film thickness direction. A 0° orientation corresponds to the

(SbsSee)n ribbons lying normal to the substrate. The results for the two-stage CSS SbaSes-

TiO2 device are shown in (a) while (b) corresponds to the CSS Sb2Ses-CdS device, where

CSS is close space sublimation.
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Figure 5. AC-STEM images of a SbaSes grain boundary in the close space sublimated
SbaSes-CdS device. The simultaneously acquired bright field and HAADF images are shown
in (a) and (b) respectively. The carbon protective layer, used for TEM sample preparation, is
annotated with the letter ‘C’. The Fourier filtered image of (b) is shown in (c) with the red
lines representing the projected direction of the (Sb4See)n ribbons either side of the grain
boundary. (d) is an enlarged image of the grain boundary region in (c) where the presence of

(001) steps is indicated by the white line segments.
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Figure 6. (a) The structure of the (001) Sb>Ses free surface (shown in [100] projection)

before and after geometry optimization at the HSE+D3 level. The box regions enclose the

atoms used for extracting the bulk and surface DOS respectively. (b) shows superimposed

spin polarized DOS plots for the (001) free surface (before and after relaxation) and the bulk.

(c) and (d) show the same information for (041) free surface.
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Figure 7. EDX chemical maps acquired across the SbaSe3-CdS interface in the close space
sublimated Sb>Se3-CdS sample. The STEM bright field image is shown in (a) with the
individual layers labelled (FTO denotes fluorine doped SnOz). EDX maps for Se, Sb, Cd, S,
Zn, O and Sn are shown in (b)-(h) respectively. An EDX linescan was also acquired along the
white line in (a) and plotted in (i) with the maximum EDX signal for each element
normalized. The approximate regions of the different layers are indicated in (i), with

Cd(S,Se) denoting the inter-diffused CdS layer.
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Figure 8. (a) MAADF image of the Sb>Se3-CdS interface in the thermal evaporated Sb2Ses-
CdS device. The uneven intensity in the image is due to small fluctuations in the STEM
probe current. (b) shows the EELS line profiles for Sb and Cd obtained from chemical maps
of the same region as (a). When plotting (b) the EELS intensity was integrated in the
horizontal direction, i.e. parallel to the Sb2Se3-CdS interface. The maximum EELS intensity
for each element is normalized for a direct visual comparison. The location of the Sb peak

intensity (vertical arrow in (b)) is indicated in (a).
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Figure 9. EDX chemical maps acquired across the Sb2Ses-TiO: interface in the close space
sublimated SbySe3-TiO; sample. The STEM bright field image is shown in (a) with the
individual layers labelled (FTO denotes fluorine doped SnO>). EDX maps for Se, Sb, Ti, O

and Sn are shown in (b)-(f) respectively. An EDX linescan from a different region is plotted

31



in (g) with the maximum EDX signal for each element normalized. The approximate regions

of the different layers are indicated.
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