
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


First principles study of point defects in SnS

Brad D. Malone,1 Adam Gali,2, 3 and Efthimios Kaxiras1, 4

1School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, 02138, USA
2Institute for Solid State Physics and Optics, Wigner Research Centre for Physics,

Hungarian Academy of Sciences, Budapest, POB 49, H-1525, Hungary
3Department of Atomic Physics, Budapest University of Technology and Economics, Budafoki út 8, H-1111, Budapest, Hungary
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Photovoltaic cells based on SnS as the absorber layer show promise for efficient solar devices
containing non-toxic materials that are abundant enough for large scale production. The efficiency
of SnS cells has been increasing steadily, but various loss mechanisms in the device, related to
the presence of defects in the material, have so far limited it far below its maximal theoretical
value. In this work we perform first principles, density-functional-theory calculations to examine
the behavior and nature of both intrinsic and extrinsic defects in the SnS absorber layer. We focus on
the elements known to exist in the environment of SnS-based photovoltaic devices during growth. In
what concerns intrinsic defects, our calculations support the current understanding of the role of the
Sn vacancy (VSn) acceptor defect, namely that it is responsible for the p-type conductivity in SnS.
We also present calculations for extrinsic defects and make extensive comparison to experimental
expectations. Our detailed treatment of electrostatic correction terms for charged defects provides
theoretical predictions on both the high-frequency and low-frequency dielectric tensors of SnS.

I. INTRODUCTION

Tin sulfide (SnS) has emerged as an interesting candi-
date for efficient absorber material in photovoltaics be-
cause it fulfills several crucial requirements for large-scale
production:1–6 it has strong absorption near the optical
absorption edge of ∼1.3 eV1,7, it is stable in the presence
of water and oxygen8, and it is made out of abundant
and non-toxic elements.9 Devices based on SnS as the
absorber currently exhibit efficiencies much less than the
theoretical maximal efficiency of ∼25%2,8; the record ef-
ficiency currently realized for a SnS-based device is only
around 4.4%8. However, the efficiencies have been climb-
ing rapidly, more than tripling in the past two years.4,8

This rapid advancement is cause for optimism that fur-
ther increases are possible if the various loss mechanisms
can be controlled.

Much of the recent progress in increasing the efficiency
of SnS-based devices is due to the reduction of interface
recombination. This was achieved through enlarged grain
sizes and through the adjustment of neighboring mate-
rials in order to optimize the band offsets2,8,10. Further
improvements along these lines are being pursued, in-
cluding theoretical work on band offsets11,12. A different
approach for optimizing device performance is to under-
stand the role of defects in SnS. This understanding is
crucial in assisting experimental efforts to optimize the
preparation conditions and to clarify whether the mate-
rials used in the preparation or the interfaces themselves
introduce defects detrimental to device performance.

The aim of this work is to employ first-principles den-
sity functional theory (DFT) calculations to investigate
a large number of point defects which could potentially
affect the properties of SnS and limit its photovoltaic
potential. Vidal et al.

13 recently carried out a first-
principles study of the intrinsic defects, vacancies, self-

interstitials, and antisites. We extend this study by
examining potential dopants of SnS. These include the
group-V elements N, P, As, and Sb, as well as elements
that are of interest because of their doping properties
or because of their presence at the interfaces of the SnS
absorber or in the preparation environment, namely, O,
Cl, Cu, Na, In, Cd, and Zn. For each of these elements
we evaluate the stability in both Sn and S substitutional
positions as well as in interstitial sites.

II. METHODS

Our DFT calculations are performed using the plane-
wave projector augmented-wave (PAW) method as im-
plemented in the VASP code14–16, with the Perdew,
Burke, and Ernzerhof (PBE) functional for exchange and
correlation17. We explicitly include the Sn d-electrons
in the valence manifold, and use a 450 eV energy cut-
off for the wavefunction expansion in order to get well-
converged energies and forces. Using these parameters,
we obtain lattice constants of SnS of a=4.42 Å, b=4.03
Å, and c=11.41 Å, which are in good agreement with
the experimental values of a=4.334 Å, b=3.987 Å, and
c=11.20 Å.18,19 The band gap of the relaxed SnS struc-
ture is found to be indirect, at 0.90 eV, which underesti-
mates the zero-temperature band gap of ∼1.25 eV11, as
expected for DFT calculations.
In order to evaluate defect formation energies and min-

imize spurious defect-defect interactions, we construct
large 256-atom supercells of SnS that gives a reason-
able approximation of the isolated defects. The supercell,
shown in Fig. 1, corresponds to a a 4× 4× 2 multiple of
the 8-atom primitive SnS unit cell. We sample the Bril-
louin zone of the supercell with a fine grid of 2 × 2 × 2
divisions rather than using the Γ point only as is typical
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getically low-lying VSn acceptor defect is responsible for
the intrinsic p-type conductivity of SnS. For the extrin-
sic defects, we make extensive comparison with experi-
mental expectations of the nature of these defects. Our
calculations shed new light on the role of the substrate
in SnS photovoltaic devices. The NaSn acceptor occurs
with very low formation energy and thus can work in tan-
dem with the VSn intrinsic defect in making SnS p-type.
Alternatively, Mo substrates do not contribute to p-type
doping and might act to compensate some of the intrinsic
p-type character, though the existence of deep transition
states can introduce traps for carriers. Regarding the
stability of SnS in air, an important characteristic for
PV applications, we find that oxygen is not harmful as
its low-energy defects are electrically inactive. We also
find support for the interesting experimental suggestion
that P, under S-rich conditions, prefers to substitution-
ally occupy the Sn site rather than the S site.5 In this
configuration P acts as a donor, providing theoretical ev-
idence for the claim that by using P as a dopant in SnS
nanowire arrays, n-type behavior can be obtained, which
had proven difficult due to the apparent robust nature

of the p-type conductivity in SnS. We find support for
the experimental claim that Sb acts as a donor when in-
troduced into SnS and that it is incorporated as SbSn in
a S-rich environment.35 Other defects may also serve to
increase the Fermi level in p-type SnS under various envi-
ronments, including AsSn, ClS, MoSn, Nai, NaS, Cui, Cdi,
CdS, Zni, and ZnS, providing avenues to further tune the
carrier concentration of the SnS photovoltaic device.
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