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1 INTRODUCTION

Self-healing of broken bonds and deep gap states in
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Broken bonds introduced at extended defects in covalently-bonded semiconductors generally introduce deep elec-

tronic states within the gap, negatively impacting performance for applications in electronics, photochemistry and

optoelectronics. Here it is shown that Sb2Se3 and Sb2S3, which are showing exceptional promise for photovoltaic

and photoelectrochemical applications, exhibit a remarkable ability to self-heal broken bonds through structural

reconstructions, thereby eliminating the associated deep electronic states. Unusually, these materials appear in-

trinsically resilient to the formation of dangling bonds at extended defects which should be advantageous for wide

ranging applications. This novel behaviour is connected with particular structural and chemical features of Sb2Se3
and Sb2S3 and a number of other materials that may be expected to exhibit similar effects are identified.

1 Introduction

Antimony selenide (Sb2Se3) along with the related sulfide and selenosulfide phases are emerg-
ing as very promising materials for thin film photovoltaic (PV) and photoelectrochemical
applications.[1–7] They are stable, earth abundant, non-toxic and exhibit strong optical ab-
sorption with band gaps in the optimal range for harvesting solar energy.[8] Furthermore,
the band gap and film morphology can be tuned by anion mixing with antimony seleno-
sulfide solar cells very recently reaching a certified efficiency of 10%.[7] These high efficien-
cies reached in a relatively short period of time have been suggested to be connected to
the unique structure of Sb2Se3, which involves one-dimensional (1D) (Sb4Se6)n ribbons
oriented along the [001] direction (Pbnm space group).[1, 5, 9] The expectation is that ex-
tended defects (such as grain boundaries) will form more easily between the ribbons —
due to the weaker nature of the inter-ribbon bonds (with significant Van der Waals charac-
ter) — hence they should only weakly perturb electronic properties. However, Sb2Se3 thin
films grow with preferential (211) or (221) texture meaning that the ribbons are inclined
with respect to the substrate.[3, 4, 9] Therefore, the presence of dangling bonds due to ter-
mination of ribbons at extended defects would seem inevitable in polycrystalline films. In-
deed, such grain boundaries have recently been observed directly in Sb2Se3 by aberration-
corrected scanning transmission electron microscopy.[10] Since dangling bonds usually in-
troduce deep levels inside the band gap of semiconductors, leading to non-radiative recom-
bination and loss of performance, it would seem on first sight that the particular structure
of Sb2Se3 should not convey any special grain boundary tolerance. The impact of such
dangling bond defects on performance of CdTe PV devices, for example, is well appreci-
ated and post-deposition treatment with metal chlorides has proved essential to achieve
acceptable performance.[11–13] However, unexpectedly initial density functional theory (DFT)
calculations suggest that at least some extended defects involving broken ribbons do not
present problematic deep states in the gap either.[10] The origin and generality of this ef-
fect is a key open question.
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2 RESULTS

Here, we present a computational study of the structure, relaxation and electronic proper-
ties of a series of low- and high-index surfaces in Sb2Se3 and Sb2S3, each of which involve
perturbation of the 1D ribbon structure to different degrees. Our DFT calculations em-
ploy the HSE06 hybrid functional together the DFT-D3 correction method of Grimme for
description of dispersion interactions[14, 15] (hereafter HSE+D3, see Methods for details)
that has previously been applied successfully to model intrinsic point defects in Sb2Se3.

[16]

Such calculations are computationally expensive for the types of system we consider here
(with supercells containing well over one hundred atoms) but is important for accurate
prediction of structure and electronic properties. We find that for all surfaces that have
1D ribbons oriented at an angle to the surface, the breaking of bonds leads to deep states
in the gap. The surface formation energies of the initially cleaved surfaces (before relax-
ation) are found to correlate with the number of broken intra-ribbon bonds. However, fol-
lowing a full geometry optimisation there is significant relaxation with formation energies
are reduced by more than 50% . Importantly, the undercoordinated surface atoms relax to
form new inter- and intra-ribbons bonds in such as way as to maintain bulklike coordina-
tion of all atoms at the surface. Correlated with these significant surface reconstruction,
the deep states within the band gap are removed. Similar effects have been observed pre-
viously for the (110) surfaces of III-V semiconductors,[17] but what is more extraordinary
here is that the surface reconstructions seem to be effective for all surface terminations
considered. Very similar results are found for the sulfide phase, which has slightly higher
surface formation energies owing to the smaller unit cell volume (hence reduced density of
broken intra-ribbon bonds). These results suggest that surfaces in Sb2Se3 and Sb2S3 have
an intrinsic ability to self heal, removing deep dangling bond states from the gap, due to a
remarkable flexibility in the structure allowing broken intra-ribbon bonds to be healed by
formation of new inter- and inter-ribbon bonds. We discuss the origins of this effect from a
materials perspective and suggest other materials that may display similar effects.

2 Results

Sb2Se3 and Sb2S3 are sesqui-chalcogenides with the stibnite crystal structure (space group
Pnma, or equivalently Pbnm). For the band structures and surfaces that follow we adopt
the Pbnm setting (which differs from Pnma only by a rotation) to be consistent with pre-
vious literature. The crystal structure involves 1D ribbons of (Sb4[Se/S]6)n oriented along
the [001] direction (Figure 1). The experimentally determined lattice constants for Sb2Se3
are a = 11.6288 Å, b = 11.7758 Å and c = 3.9763 Å[18] and for Sb2S3 are a = 11.3107 Å
b = 11.2285 Å and c = 3.8363 Å.[19] At the HSE+D3 level of theory the calculated lattice
constants, a = 11.51984 Å, b = 11.91167 Å and c = 3.97574 Å (Sb2Se3) and a = 11.38577
Å, b = 11.20971 Å and c = 3.79893 Å (Sb2S3), are in very good agreement with experi-
ment (within around 1 %). The band gaps predicted at the HSE+D3 level of theory (Fig-
ure 1) for both Sb2Se3 and Sb2S3 (1.4 and 2.1 eV) are also in reasonable agreement with
experiment (1.2 eV and 1.7 eV) albeit slightly overestimated.[18, 20–22]

To help analyse and interpret the structural and electronic perturbations induced by sur-
faces in Sb2Se3 and Sb2S3 it is useful to have a quantitative means to describe the under-
coordination of atoms induced by surfaces (bond breaking). However, the definition of co-
ordination in these materials is not straightforward as there is a mixture of short strong
bonds as well as longer weaker bonds with significant (but not entirely) Van der Waals
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2 RESULTS

Figure 1: Structure, band structure and density of states of (a) Sb2Se3 and (b) Sb2S3 calculated using
the HSE+D3 method. Sb atoms are depicted as brown spheres and Se atoms by green spheres in this and
subsequent figures.

3



2 RESULTS

Table 1: Calculated surface formation energies (Ef) for the (010), (001), (041) and (273) surfaces of
Sb2Se3 and Sb2S3. Formation energies are determined for the unlrelaxed (unrel) and the fully optimised
(rel) surface structures and the difference (∆) is also shown. The number of broken bonds per unit area
(∆Z/A) for the as cleaved surfaces are also given in the Table.

PBE+D3 (Jm−2) HSE+D3 (Jm−2)
∆Z/A (nm−2) Ef (unrel) Ef (rel) ∆ Ef (unrel) Ef (rel) ∆

Sb2Se3
(010) 0.0 0.36 0.23 0.13 0.27 0.25 0.02
(001) 8.7 0.76 0.42 0.34 0.83 0.42 0.41
(041) 8.7 0.99 0.46 0.53 1.10 0.48 0.63
(273) 8.7 0.96 0.48 0.48 - - -
Sb2S3
(010) 0.0 0.44 0.24 0.20 0.27 0.25 0.02
(001) 9.4 0.87 0.40 0.47 0.92 0.35 0.57
(041) 9.4 1.16 0.51 0.65 1.27 0.50 0.77
(273) 9.3 1.13 0.48 0.65 - - -

character.[23] For example, taking the HSE+D3 optimized structure of Sb2Se3 one can iden-
tify two Sb sites. Sb(1) has 6 neighboring Se sites at distances d = {2.658, 2.670, 2.670,
3.188, 3.188, 3.216} Å. The closest 5 Se are in the same 1D ribbon as the Sb (hence they
form intra-ribbon bonds) while the most distant form an inter-ribbon bond. Sb(2) has 7
neighboring Se sites at d = {2.592, 2.786, 2.975, 2.975, 2.975, 3.517, 3.517} Å. The clos-
est 5 form intra-ribbon bonds while the two most distant form inter-ribbon bonds. For
Sb2Se3 in the analysis below we take d < 3.0 Å as the definition of a bond (thereby focus-
ing on the strongest bonds that are likely to have the most significant effect on electronic
properties when broken). In this case for the ideal bulk Sb2Se3 crystal we define Sb(1) as
3-coordinated, Sb(2) as 5-coordinated and Se sites as 2- or 3-coordinated (with all bonds
intra-ribbon). The corresponding site distances for Sb2S3 are for Sb(1) d = {2.493, 2.515,
2.515, 3.110, 3.110, 3.179} and for Sb(2) d = {2.439, 2.652, 2.652, 2.811, 2.811, 3.415,
3.415}. Notably the length of the inter-ribbon bonds in Sb2S3 are very similar to those
in Sb2Se3 (about 2% shorter) while the intra-ribbon bonds are around 6% shorter. For
the analysis of coordination in Sb2S3 we therefore use a correspondingly reduced cut-off
of d < 2.9 Å. While one could employ more advanced approaches to analyse bonding the
usefulness of this simple definition is demonstrated below in its ability to act as a simple
semi-quantitative predictor of surface formation energy and perturbation of the electronic
structure. Since very similar results are obtained for the structure and relaxation of Sb2Se3
and Sb2S3 we focus the presentation of results on Sb2Se3 but summarise all results in Ta-

ble 1 and provide all structures in the Supporting Information.
First we consider the (010) which has the 1D ribbons oriented parallel to the surface. Since
no intra-ribbon bonds are broken when cleaving the bulk crystal it is anticipated the sur-
face formation energy will be relatively low and that the perturbation of the electronic
structure will be minimal. Therefore, this surface provides a useful reference for the more
perturbing surface orientations that will follow. Indeed, we find that the HSE+D3 com-
puted surface formation energy (SFE) is 0.25 Jm−2. The difference between the unrelaxed
SFE (i.e. the formation energy of the as-cleaved surface) and the fully optimized surface
(∆) is a useful measure of the degree of relaxation. For this surface ∆ is extremely small
(0.02 Jm−2) reflecting the very small distortion in structure near the surface (Figure 2a-
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2 RESULTS

b).
We next consider the (001) surface which has the 1D ribbons oriented perpendicular to
the surface. As a consequence the coordination of all atoms in the outermost layers are
reduced relative to the bulk. Most significantly the coordination of two surface Se atoms
on each surface are reduced to 1 and the coordination of two surface Sb atoms are reduced
to 2 (both lower than the minimum coordinations found in the bulk crystal). Correlated
with this significant disruption the unrelaxed SFE is found to be much higher than that of
the (010) surface: 0.83 Jm−2. However, there is a significant reconstruction of the surface
following structural optimisation (Figure 2c-d, Figure S1). The 2-coordinated surface
Sb atoms distort shortening one of the longer intra-ribbon bonds from 3.188 Å to 2.652 Å
and thereby increasing their coordination from 2 to 3. Surface Sb atoms distort to form
strong inter-ribbon bonds (d = 2.647 Å) with the under-coordinated surface Se atoms rais-
ing their coordination from 1 to 2. By forming these bonds the coordination of the Sb site
is reduced (from 5 to 3) and neighboring Se are also reduced in coordination from (3 to
2). However, after this surface reconstruction all Se have coordination of at least 2 and all
Sb at least 3 (i.e. the same minimum coordinations found in the bulk). In the outermost
two layers (within 2 Å of the surface) there are significant changes in bonds lengths even
for sites that do not change their coordination (up to 10%). There is also considerable dis-
tortion of bonds due to strain propagating below surface reflected in a significantly lower
relaxed SFE (∆ = 0.41 Jm−2). For the (001) surface where the ribbons are aligned perpen-
dicular to surface the number of surface atoms can be defined fairly unambiguously (i.e. all
atoms within the outermost layers). In this case one can calculate the formation energy in
terms of the excess energy per surface atom which for Sb2Se3(001) is 0.26 eV per surface
atom and for Sb2S3(001) is 0.28 eV per surface atom (at the HSE+D3 level). However, for
the other surfaces considered in this manuscript defining the number of surface atoms is
less straightforward.
The (041) surface has the 1D ribbons oriented at an angle to the surface normal (Figure 3a)
and is associated with a very similar number of bonds per unit area (Table 1). As a result
the unrelaxed SFE is again large (1.10 Jm−2). However, on structural optimization there is
considerable reconstruction with formation of new intra- as well inter-ribbon bonds (Figure 3b)
as well significant changes in bond lengths. Once again, the net result is that there are no
atoms in the surface with coordination lower than the minimum coordinations found in
the bulk. This is reflected in a significantly lower relaxed SFE of 0.48 Jm−2, very similar
to the relaxed SFE for the (001) surface.
Finally, we consider the (273) surface which again has the 1D ribbons inclined at an angle
to the surface normal (Figure 3c-f). The supercell required to model this surface is very
large (400 atoms) and so it is not feasible to perform the structural optimization at the
HSE+D3 level. However, we note for all the surfaces considered above the atomic struc-
tures and formation energies calculated the the PBE+D3 level are very consistent with the
HSE+D3 results (Table 1) therefore we will employ PBE+D3 alone for this surface. The
density of broken bonds for this surface is again very similar to the previous surfaces that
involve tuncation of the 1D ribbons (Table 1) and as a result the unrelaxed SFE is found
to be rather similar (0.96 Jm−2). One again the reconstruction following geometry opti-
mization involves formation of new intra- and inter-ribbons bonds as well as significant
changes in bond lengths. The net result is that almost all atoms in the surface have co-
ordination equal or greater than the minimum coordinations found in the bulk. The one
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2 RESULTS

Figure 2: Structures of the Sb2Se3(010) surface (a) before and (b) after structural optimization and the
Sb2Se3(001) surface (c) before and (d) after structural optimization.
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Figure 3: Structure of the Sb2Se3(041) surface (a) before and (b) after structural optimisation using
HSE+D3. Structure of the Sb2Se3(273) surface (c) before and (d) after structural optimisation using
PBE+D3. Alternative views oriented along the length of the Sb2Se3 ribbons are shown in (e) before relax-
ation and (f) after relaxation. The Sb2Se3 ribbons are highlighted by the shaded areas.
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2 RESULTS

exception is two Se sites on each surface that strictly according to our chosen definition
has a coordination of 1. This significant relaxation is reflected in the fact the relaxed SFE
(0.48 Jm−2) is again comparable to the other surfaces that disrupt the 1D ribbons.
We find very similar trends for Sb2S3 (see Table 1), however SFE are slightly higher in
Sb2S3 consistent with the reduced area and therefore increased density of broken bonds.
Both materials demonstrate a remarkable ability to easily form new intra- and inter-ribbon
bonds to compensate for broken bonds at the surface and restore atom coordinations to
bulklike values. This is reflected in surprisingly low relaxed SFEs for any surface that leads
to the cleavage of 1D ribbons (around 0.4-0.5 Jm−2). This is only slightly larger that the
SFE for the (010) surface that has the 1D ribbons running parallel to the surface (0.25
Jm−2) and exhibits almost no relaxation on cleavage.

Figure 4: Electronic density of states projected onto the bulk-regions of the surface slabs (bulk), the sur-
face regions of the unlrelaxed surface slabs (surface unrelaxed) and the surface regions of the relaxed
surface (surface relaxed). (a) Sb2Se3(010), (b) Sb2Se3(001), (c) Sb2Se3(041) and (d) Sb2Se3(273). (e)
Cross-section of the electron density on a (100) plane cutting through the Sb(2) surface site for bulk crys-
tal and the reconstructed Sb2Se3(001) surface.

We now turn to the electronic properties of surfaces in Sb2Se3. In the following we will
present and discuss electronic densities of states for both the unrelaxed (as cleaved) and
relaxed surfaces and in each case we will show projected densities of states (PDOS) for the
surface and bulk regions of the slabs (details of the regions used for projections are given
in the Supporting Information together with PDOS figures for Sb2S3, Figure S2). Note
that all calculations are performed including spin-polarization so as not to bias the opti-
mization unduly and all PDOS figures are therefore shown for both spin channels. How-
ever, for all but one of the surfaces the predicted electronic ground state is predicted to be
non-spin-polarized. For the (010) surface (Figure 4a) we see that the surface PDOS for
the unrelaxed surface is almost identical to that of the relaxed surface and gives rise to no
states in the gap. This is consistent with the very small SFE and the fact that no bonds
and broken and is in line with previous reports. However, as anticipated the unrelaxed
(001), (041) and (273) surfaces all present significant gap states due to broken bonds (Fig-
ure 4). These gap states have mixed Se- and Sb-p character (Figure S3 and Figure S4

in Supporting Information). Band decomposed charge densities for individual states in the
gap of the unrelaxed surfaces show they have primarily Se-p and Sb-p character and are
associated with undercoordinated atoms near the surface. (Figure S5, Figure S6 and

8



3 DISCUSSION AND CONCLUSIONS

Figure S7 in Supporting Information). For the (273) these gap states are so significant
the surface essentially becomes metallic. However, for all three surfaces on relaxation the
gap states are almost entirely eliminated. Even shallow states appear to be absent. There
is a small feature in the PDOS for the (273) surface but this is also found in the bulk re-
gion and is an small artefact due to the finite slab thickness. The degree to which these
results are unexpected should not be understated. Some surfaces in some materials show
an ability to heal broken bonds and leave the gap largely free of deep gap states. However,
it is unprecedented to find materials that can so-effectively heal broken bonds (for a wide
range of surfaces) and remove almost all traces of surface-related gap states.
To provide some insight into the possible role of the Sb lone pair on surface reconstruction
we also analyse the total electron density for the Sb2Se3(001) surface. Figure 4e shows
a cross-sections of the electron density through a (100) plane passing through the Sb(2)
surface site. For reference we first show the electron density for a bulk supercell with the
same dimensions and orientation as the surface supercell. The lone pairs on Sb can be recog-
nised by the crescent-like features and in the bulk crystal project into the gaps between
the 1D ribbons. For the (001) surface the distortion of the five-coordinated Sb atom to
form a bond with the one-coordinated Se atom is apparent involving a significant reori-
entation of the lone pair so that it projects towards the centre of the slab. The lone pair
on the two-coordinated Sb atom is also slightly reoriented as are those on other Sb atoms
deeper into the slab reflecting long strain that propegates far from the surface. Analysis of
the orbital-projected DOS (Figure S3 and Figure S4 in Supporting Information) shows
that in the bulk the Sb s-states involved in the lone pair mainly fall in a region within
around 1 eV of the valence band maximum. For the unrelaxed (001) surface there is a no-
table broadening of these states and a more localized feature at the valence band maxi-
mum. However, following optimization the Sb s-projected DOS is very similar to the bulk.

3 Discussion and Conclusions

In order to fully appreciate the uniqueness of the self-healing behavior observed for Sb2Se3
and Sb2S3 it is useful to review what is known about the surface structure and electronic
properties of other compound semiconductors. In particular, surfaces of GaAs surfaces
have been the focus on many previous studies driven by both fundamental interest and ap-
plications of GaAs-based devices. First principles calculations predict the unrelaxed GaAs(110)
surface exhibits surface states related to anion and cation dangling bonds deep within the
bulk band gap.[24, 25] The relaxation of this surface involves a bond-length-conserving ro-
tation relaxation in which the cation relaxed outwards and the anion inwards (with max-
imum atom displacements of around 0.3-0.4 Å). Although this represents a significant re-
laxation we note it is not as dramatic as the intra-ribbon bond forming relaxations ob-
served for Sb2Se3 and Sb2S3 (with many atoms within 5 Å of the surface exhibiting dis-
placements larger than 0.3 Å and maximum atom displacements of up to 1.4 Å). Associ-
ated with this relaxation the anion-related gap states are moved below the valence band
maximum and the cation-related gap states move to just below the conduction band mini-
mum. Therefore, the gap is largely (but not completely as in the case of Sb2Se3 and Sb2S3)
cleared of gap states. These predictions are consistent with experimental data from low-
energy electron-diffraction analyses, scanning tunnelling microscopy, photoemission and
inverse-photoemission.[17, 24,26] The (110) surfaces in structurally similar materials such
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3 DISCUSSION AND CONCLUSIONS

as GaP, InP, InAs and β-SiC undergo a similar relaxation however deeper gap states re-
main.[24, 25] The GaAs(001) surface has various proposed reconstructions, many of which
are As-rich. First principles calculations predict most of these surfaces exhibit gap states
even after reconstruction although in the case of the β2(2x4) reconstructions these are
rather shallow.[27] Likewise GaAs(111) surfaces also predicted to exhibit significant gap
states and various schemes for pasivation (such as with S or Se).[28]

The results above demonstrate that Sb2Se3 and Sb2S3 are able to readily heal broken bonds
at surfaces that would otherwise give rise to deep states within their band gaps. For ap-
plications in photovoltaics and photoelectrochemistry this is highly beneficial as it should
make them intrinsically resilient to the harmful effects of broken bonds at extended defects
such as increased recombination and open circuit voltage deficit. In many ways Sb2Se3 and
Sb2S3 could be considered as the salamander of the materials world; since they too demon-
strate the impressive ability to self-repair when cleaved. The natural question that arises is
why these particular materials exhibit this effect when so many others do not. What is it
in the DNA of these materials that activates this trait and could it be found in other ma-
terials?
Analysis of the surface reconstructions suggests a key feature is the coordination environ-
ment of Sb sites which involve a number of short (strong) intra-ribbon bonds as well as
longer (weak) intra- and inter-ribbon bonds. When short bonds are broken the structure
can distort to replace them by shortening the distance of one of the (previously) long bonds.
The presence of lone pair electrons on Sb, which increases the flexibility of bond angles
and reduces strain energy, is also likely an important factor in explaining the ability to
readily reconfigure in response to cleaved bonds. However, one should be cautious about
viewing this as a feature of the cation alone since the electronic properties of lone-pair cations
cannot be fully separated from the anion.[29] Furthermore, the 1D ribbon structure with
more open spaces between is also likely to help reduce strain energies associated with the
necessary distortions compared to a three-dimensional covalently bonded material. All
these features come together in Sb2Se3 and Sb2S3 to enable the observed self-healing.
The above characteristics are most probably not unique to these materials. In fact, recent
experimental and theoretical work suggests that many chalcogenides exhibit similar bond-
ing features. The term “metavalent” has been coined to indicate bonding that is some-
where between metallic and covalent.[23] Striking differences in bond rupture processes
in chalcogenides compared to conventional metallic, ionic, and covalently bonded materi-
als have also been revealed by atom probe tomography providing support for this idea.[30]

Quantum chemical calculations have shown that strong metavalent character is correlated
with other unusual properties (in particular large Born effective charges, high optical di-
electric constants, low Debye temperatures and large lattice anharmonicity).[31] Sb2Se3
and Sb2S3 fall into this class as well as a number of other chalcogenides such as AgBiSe2,
AgBiTe2, AgSbTe2 and SnTe. Beyond chalcogenides, given the vast configuration space
of possible materials there are bound to be many other materials that exhibit self-healing
raising the tantalising prospect of engineering materials that are electronically resiliant to
extended defects for wide ranging applications in electronics, photochemistry, optoelectron-
ics and energy materials.

10



4 COMPUTATIONAL METHODS

4 Computational Methods

Spin polarised density functional theory calculations were carried out using the projec-
tor augmented wave method and a plane wave basis as implemented in the Vienna Ab
initio Simulation Package (VASP).[32, 33] We employ the HSE06 hybrid functional[14] to-
gether with the D3 Grimme dispersion correction to describe the Van der Waals interac-
tions between the ribbons.[15] This approach has recently been applied to model intrin-
sic point defects in Sb2Se3.

[16] The bulk crystal was optimized using a 350 eV plane wave
cut off and a 2×2×6 gamma-centered k-point grid for Brillouin zone sampling. The den-
sity of states were calculated using an increased k-point sampling grid of 4×4×12. The
Sumo python package used to determine the paths in reciprocal space for the band struc-
ture plots and also to produce some of the figures in this manuscript.[34] Surface super-
cells were constructed based on the optimized structure at the HSE+D3 level and include
a vacuum gap of at least 10 Å (see Supporting Information for full details). All surfaces
are first optimized at the PBE+D3 level (including spin polarization) with lattice con-
stants fixed to values appropriate for HSE+D3 until all forces are less than 0.05 eVÅ−1

and then re-optimized at the HSE+D3 level. Using this approach the possibility of more
stable reconstructions that could be separated from the local minima we identify by an
energy barrier cannot be excluded. For the initially cleaved (unrelaxed) and fully relaxed
surface structures the surface formation energy is calculated as,

Ef =
Esurf − Ebulk

2A
,

where Esurf is the total energy of the surface supercell, Ebulk is the total energy of a bulk
supercell of the same dimensions as the surface supercell (identical settings such as k-point
sampling are employed for consistency) and A is the cross-sectional area of each surface in
the supercell. All surface structures and cross-sections of the charge density were visual-
ized using the VESTA package.[35]

Supporting Information

Supporting Information available: Alternative view of the structural relaxation of the Sb2Se3
(001) surface, information on the surface supercells employed, electronic properties of Sb2S3

surfaces, orbital projected densities of states, band decomposed charge densities and VASP
POSCAR structure files for all supercells. Supporting Information is available from the
Wiley Online Library or from the author.
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