PCCP

Accepted Manuscript

st s s s 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

‘z?@ﬁs&é%: 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.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/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/

Page 1 of 9

Physical Chemistry Chemical Physics

First principles study of point defects in SnS

Brad D. Malone,® Adam Gali,>3 and Efthimios Kaxiras™4

1School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, 02138, USA
2 Institute for Solid State Physics and Optics, Wigner Research Centre for Physics,
Hungarian Academy of Sciences, Budapest, POB 49, H-1525, Hungary
8 Department of Atomic Physics, Budapest University of Technology and Economics, Budafoki 1t 8, H-1111, Budapest, Hungary
4 Department of Physics, Harvard University, Cambridge, MA, 02138, USA
(Dated: October 16, 2014)

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:' 6 it has strong absorption near the optical
absorption edge of ~1.3 eV!7, it is stable in the presence
of water and oxygen®, and it is made out of abundant
and non-toxic elements.’ Devices based on SnS as the
absorber currently exhibit efficiencies much less than the
theoretical maximal efficiency of ~25%28; 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.*®
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 offsets®819. Further
improvements along these lines are being pursued, in-
cluding theoretical work on band offsets!!:!2. 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.'3 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 code'* !0 with the Perdew,
Burke, and Ernzerhof (PBE) functional for exchange and
correlation'”. 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 A, b=4.03
A, and ¢=11.41 A, which are in good agreement with
the experimental values of a=4.334 A, b=3.987 A, and
¢=11.20 A.'®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 eV!!, 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 x 4 x 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 x 2 x 2
divisions rather than using the I" point only as is typical
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FIG. 1. The SnS supercell, outlined in black lines and con-
taining a total of 256 bulk atoms, used for the calculation of
the defect formation energies. Sn atoms are shown in gray,

S in yellow, and the site of the interstitial defect is shown in
red.

in other calculations due to the computational expense.
The formation enthalpy E¢(D, q) of a defect D in charge
state ¢ is given by

Ef(Da Q) = Etot(D; Q) - Etot(o) - me

+ ¢(Bvpm + Er + AV) (1)

where Fiot (D, ¢) and Fiot(0) are the total energies of the
supercell with and without the defect?®. The defect is
created by adding or removing n; atoms with chemical
potentials y; from the defect-free “pure” supercell. Ep
is the Fermi level referenced to the valence band maxi-
mum, Ey gy, in the defect-free cell. Because the VBM
is referenced to the pure cell, an alignment term AV is
added to align the electrostatic potentials between the
defect and the pure cells. In the present calculations
this term is taken as the difference in electrostatic poten-
tials between the atomic site furthest from the defect in
the defect supercell with its equivalent site in the defect-
free cell.?! The choice of chemical potentials is important
in order to give realistic estimates of the formation en-
thalpies, and are restricted by values required to main-
tain a stable host compound and to avoid the precipita-
tion of competing phases of Sn-S or those that can be
formed from the host atoms and the dopants.?? Conven-
tionally, the chemical potentials are referenced to their
bulk phase, that is, p;=pP"% + Ay;, and the above con-
straints impose conditions on the allowed values of Ayi;.
For example, in order to prevent precipitating the bulk
solid we must have Ay; < 0. Furthermore, in order to

2

maintain a stable SnS compound the chemical potentials
for Sn and S must satisfy the equation

s + s = AH(SnS) + pl% + e (2)
or equivalently
Apign + Apg = AH(SnS) (3)

where AH (SnS) is the heat of formation of SnS

For the competing phases of SnS, such as SnS,; or
Sn,S3, we impose constraints on the chemical potentials
of the type

m Apgn +n Aps < AH(Sn,,Sy) (4)

Finally, in order to put reasonable limits on the chemical
potentials of the extrinsic defects, we consider restrictions
that not only prevent precipitation of the bulk phases of
the dopant, but also prevent formation of phases of the
dopant and the host atoms. For example, for Zn defects,
Az, is restricted by the condition that ZnS does not
form:

Apizn + Dpis < AH(ZnS) (5)

We considered a large number of possible phases which
the dopant atoms might form with the host atoms to
set proper limits on the values of the dopant chemical
potentials: ZnS, CdS, NaSn, NaS, NasS,, AsS, SnAs,
P4Sg, SHPg, SbQSg, SHSb, SHOQ, CHS, CHQOSHG, SClQ,
SnCl,, and SnCl,. The computed total energies of all
these phases are implicitly contained in the formation
energies of the defects that we present below, through
their effect on the chemical potentials.

Despite the use of large supercells to model the isolated
defect, the calculation of charged defect levels is prob-
lematic because of the long-range nature of the Coulomb
interaction, resulting in very slow convergence of the spu-
rious electrostatic interactions between the defect and its
periodic images.?®?*. Existing schemes that attempt to
correct this problem are based on the assumption that
the dielectric screening in the material is isotropic. SnS
is not a cubic material and its dielectric properties can-
not be simply described by a single dielectric constant
€. The high-frequency dielectric constant is only slightly
anisotropic and thus might reasonably be approximated
by a single value. The situation is more complicated
for the low-frequency dielectric constant which includes
the effects of screening from the ionic relaxation.?® It is
this latter dielectric constant which should be applied
in the event that full relaxation is taken into account
for in the supercell calculations of the defect?®. Accord-
ingly, proper treatment of the anisotropic nature of the
screening should be included in the electrostatic correc-
tion. A new method has been proposed recently to deal
with anisotropic screening in the calculation of defect
formation energies by incorporating the dielectric tensor
into the determination of the Madelung potential. This
gives rise to a screened Madelung potential which can
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be used to correct finite-size defect formation energies to
the infinite-size limit.?” In our work we use this method,
wherein the defect formation energies for the 256-atom
defect-containing supercell are corrected using an Ewald-
type correction, obtained from the Madelung potential
with the low-frequency dielectric tensor of the defect-free
SnS system. This results in a correction of 32 meV xg>
being applied to the formation energy of each defect with
charge q. While this treats the anisotropic nature of the
screening correctly, it approximates the screening near
the defect as being unmodified from the pure crystal case.
This can be improved by fitting the dielectric tensor us-
ing a range of different defect supercell sizes.?” We do
not pursue this more elaborate treatment here because
of the very high computational cost involved in doing a
large number of supercell sizes for all of the defects we
examined.

Finally, as noted above, the DFT calculations under-
estimate the experimental band gap of 1.25 eV by about
0.35 eV. Methods beyond DFT that could improve on the
description of the electronic structure are computation-
ally too expensive to pursue here. This leads to an am-
biguity in how the formation enthalpy and charge tran-
sition levels should be plotted as a function of the Fermi
energy, which varies from the valence band maximum to
the conduction band minimum. In our calculations we
adopt the “extended gap scheme”?®, namely, we plot the
defect formation enthalpies up to the experimental gap
of 1.25 eV. It should be noted that the resulting forma-
tion energies and charge transition levels can be affected
by the use of standard DFT exchange-correlation func-
tionals, and important corrections can sometimes result
in going to more accurate treatments such as quasipar-
ticle approaches based on the GW approximation.?® An
example of these differences can be seen in the work of
Ref. 30 in which this was studied in detail for the Si self-
interstitial defect.

III. RESULTS
A. Dielectric tensor

In order to obtain the dielectric tensor needed to con-
struct the electrostatic corrections, we perform density
functional perturbation theory calculations on the pure
crystal SnS, which allows for both the calculation of the
high-frequency (with fixed ions) dielectric tensor,e.,, as
well as the low-frequency (relaxed ionic positions) dielec-
tric tensor, €y.3"32 In these calculations local-field effects
have been taken into account including both Hartree and
exchange-correlation contributions.

The results of the calculations are presented in Table
I, and compared to experiment. The dielectric tensor for
SnS is diagonal and thus we present the results in terms
of the components corresponding to the principal direc-
tions parallel to the lattice vectors (see Sec. II for the
lattice orientation) . The calculated results for both €
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TABLE 1. Comparison of the low-frequency (eg) and high-
frequency (es) dielectric constants calculated in this work
with experimental results.

€g €00
=

_ 0
£ @i b & a b ¢

This work 28.5 40.4 25.6 13.2 15.0 13.2

Ref. 25 29 38 33 14 19 14
Ref. 33 32 48 32 14 16 17
Ref. 34 32.4 48.4 32.3 11.7 13.9 12.8

. S-Irichl . Snl-richl

AHg(eV)

Yo 02 04 06 08 10 12
Ep(eV)

6 02 02 06 68 L0 12
Eg(eV)

FIG. 2. Calculated defect formation enthalpies for the intrin-
sic defects under S-rich (left) and Sn-rich (right) conditions.
The black segments near the top of the S-rich panel, labeled
+3,4+2,41,0, —1, —2, illustrate how the charge of the defect
at a particular position of the Fermi energy can be inferred
from the slope of the formation enthalpy at that position.

and €., are in good agreement with the experimental val-
ues obtained from infrared reflectivity measurements and
high-resolution electron-energy-loss spectroscopy.??-33:34
In particular, for the component with the most uncer-
tainty in the experimental data, F | b, the results calcu-
lated in this work fall in the middle of the range spanned
by the experimental values.

B. Intrinsic defects

We first consider the formation enthalpies of intrin-
sic defects, namely Sn or S vacancies, antisites, and
interstitials. The results of these calculations are pre-
sented in Fig. 2. Experimentally, SnS is almost always
p-type®32-36  which has been explained by previous the-
oretical work as being due to Sn vacancies which show
an acceptor-like behavior.™ This result is consistent with
the present calculations, especially in the S-rich limit, as
the Vg, defect has a very low formation enthalpy which
even becomes negative at a Fermi energy of approxi-
mately 0.7 eV. Above this value, Sn vacancies would
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spontaneously form, introducing holes into the system
and pulling the Fermi energy down to lower values. In the
S-rich limit, for very low values of the Fermi energy, the
sulfur vacancy has lower formation enthalpy than Vg,.
This defect acts as a donor, introducing electrons into
the system and raising the Fermi energy. While the equi-
librium Fermi energy should in principle be determined
by a self-consistent solution depending upon the system
temperature, including effects of the free carriers and all
relevant defects, it should remain close to the intersection
of AH; (Véh) = AH¢(Vg, ). Deviations from this point
will be compensated by the increasing relative concentra-
tions of one of these defects, pushing the Fermi energy
back towards this point. In our calculations this intersec-
tion occurs at Fr = 0.24 €V, which is very close to the
experimentally reported value of 0.28 V.10 Despite this
seemingly good agreement, we caution that it is difficult
to establish at which point within the range of allowed
chemical potential values the experimental growth and
measurements are obtained.

In the Sn-rich limit, donor defects such as Sn;, Sng, and
Vs become energetically favorable at low values of the
Fermi energy, as seen from Fig. 2. This will tend to push
the Fermi energy to higher values in the band gap and
decrease the hole concentration. This behavior is con-
sistent with the experimental finding that the hole con-
centration drops with increasing temperature, which is
assoclated with S-poor conditions because of the volatil-
ity of sulfur.!?

We comment here on the differences between our re-
sults with those obtained in recent theoretical work
on the intrinsic defects in Ref. 13, based on the same
methodology. While the overall picture is similar, espe-
cially in what concerns the Vg, defect which gives rise
to the p-type nature of the material, there are a num-
ber of differences, in particular on the specific charge
states which are stable and the value of the Fermi en-
ergy at which the transitions from one charge state to
another occur. These differences can be ascribed to the
various approximations involved in the two sets of calcu-
lations, in particular the choice of exchange-correlation
functional, the size of the supercell, the treatment of the
electrostatic corrections, and the treatment of the inter-
layer spacing. The results presented here are obtained
with the GGA functional, whereas those of Ref. 13 uti-
lized the LDA functional. Our calculations are performed
with larger 256-atom supercell in comparison to the 72-
atom supercell of Ref. 13. As discussed in Sec. II, we
employ a recent electrostatic scheme that accounts for
the anisotropy of the dielectric tensor. It is possible that
in Ref. 13 this anisotropy was not taken into account and
it is unclear which dielectric constant (high-frequency of
low-frequency) was used in the correction scheme. These
aspects are likely to be of increasing importance in the
calculations using a smaller supercell. Finally, in Ref. 13
it is noted that some defect enthalpies depend sensitively
on the interlayer distance. A case in point is the relax-
ation effect of the 2+ charge state of Vg, in which a Sn
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FIG. 3. Calculated defect formation enthalpies for extrinsic
defects formed from the group V elements P and N, under
S-rich (left) and Sn-rich (right) conditions.

atom that has lost one of its S bonding neighbors relaxes
into the interlayer space, and is affected by the size of this
space. We find similar effects. In order to take this into
account, in our calculations we fully relax all atomic posi-
tions, including the interlayer spacing, whereas in Ref. 13
the interlayer spacing was held fixed to the experimental
value while the other structural parameters are relaxed.3”
In our defect calculations, the supercell lattice parame-
ters are held to their bulk values.

C. Group V defects: P, N, As, Sb

We turn next to extrinsic defects that may be present
in the SnS system, focusing first on Group V elements.
The majority of these elements have been found as impu-
rities in SnS samples in past experimental work or have
been introduced deliberately in an attempt to modify the
properties of the host material. The defect formation en-
thalpies of the group IV elements are presented in Figs. 3
and 4 in the S-rich and Sn-rich limits.

Yue et al. have reported the fabrication of doped p-n
homojunction SnS nanowire arrays using P as an electron
donor when occupying the Sn site.® This is an interest-
ing result, as n-type SnS has only rarely been reported,
and most previous work attempting to create n-type SnS
using other dopants has failed.?® The creation of n-type
SnS, especially if it could be reproduced in thin films,
would allow for the creation of SnS homojunctions. This
might be beneficial to efliciency, by preventing some of
the losses that are present at the hetero-interfaces. The
occupation of Sn sites by P is counter-intuitive, due to
the similarity of P with S which suggest that P would
prefer to occupy the S sites. Our results show that the
site preference for P depends strongly on the environmen-
tal conditions. In particular, under S-rich conditions, P
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FIG. 4. Calculated defect formation enthalpies for extrinsic
defects formed from the group V elements As and Sb, under
S-rich (left) and Sn-rich (right) conditions.

prefers to occupy the Sn sites, where it acts as an elec-
tron donor, with a very low formation enthalpy. However,
under Sn-rich conditions, the Pg defect becomes more fa-
vorable, which would act as acceptor.

N is often used to assist the SnS growth process®®, and
has been found to increase the p-type character of SnS.38
We find that, regardless of the environmental conditions,
N is unlikely to occur either as an interstitial or as a
substitutional defect at the Sn site. Furthermore, Ng, is
electrically neutral and exhibits no transitions between
charge states within the band gap. Even the Ng defect
is energetically unfavorable over a large of Fermi energy
values. However, in agreement with the experimental re-
sults, it does act as a shallow acceptor and would increase
the p-type conductivity.

Sb is found as an impurity in SnS samples®®, and has
been used as n-type dopant of Sn$3®. Experimentally, Sb
acting as an n-type dopant compensates holes in SnS,3%
and is incorporated under S-rich conditions as Sbgn.3®
Our calculated results shown in Fig. 4 support these ex-
perimental facts. We find that the Sbg, defect forms
readily, with negative formation enthalpy at low values of
the Fermi energy in S-rich conditions and acts as a donor,
explaining its ability to make the SnS less p-type. As the
environmental conditions shift towards Sn-rich, the for-
mation enthalpy of the Sbg defect becomes comparable
to that of Sbs,. The Sbg defect acts as an acceptor under
a wide range of Fermi energy values, limiting the ability
of Sb to drive the SnS toward n-type behavior.

In what concerns As, we are not aware of any exper-
imental reports of its use in SnS samples. Our results
suggest that As in SnS behaves similar to Sb: the forma-
tion enthalpies and the electronic transitions are similar
to those of Sb, for both types of substitutional sites and
for the interstitial position, the latter being energetically
less favored. Under S-rich conditions, it readily forms
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FIG. 5. Calculated defect formation enthalpies for extrinsic
defects formed from the elements Cl and O, under S-rich (left)
and Sn-rich (right) conditions.

Asg, In which case it acts as a donor. When the condi-
tions are more Sn-rich, Asg becomes favorable in which
case it acts as an acceptor. In this case, unlike the sit-
uation which occurs with Sb, the acceptor behavior of
Asg is not significantly compensated by the Asg, donor,
which lies considerably higher in energy.

D. Highly electronegative defects: O and Cl

We next consider defects related either to the growth
process itself or to interface layers in the photovoltaic
device. In Fig. 5 we present the results for the highly
electronegative elements Cl and O, which are found at
high concentrations in SnS samples, as determined from
mass spectroscopy eXperimentS.39 In experimental se-
tups, gases such as SnCl43® or other chlorine-containing
precursors‘? are often used as source of Sn. SnS has
also been grown epitaxially on NaCl substrates.*’ The
sources of oxygen are the ambient environment, oxygen-
containing growth precursors like those used in electro-
chemical deposition (ECD)*2, and substrates for SnS
growth?®. O has even been introduced intentionally in
the growth environment to eliminate interface defects by
oxidizing the SnS surface.®**

We find that Cl has a strong energetic preference, un-
der most experimental conditions and values of the Fermi
level, to be a substitutional defect at the S site. In this
position it acts as a single donor. This is in contrast to
an experimental suggestion that C13® impurities enhance
the p-type nature of SnS. The Clg, defect is an acceptor
and has a very large formation enthalpy at values of the
Fermi energy consistent with p-type behavior.

O strongly prefers to be incorporated into the SnS crys-
tal as a S substitutional rather than as an interstitial or
Sn substitutional, the latter possibility having very large
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FIG. 6. Calculated defect formation enthalpies for extrinsic
defects formed from the elements Na and Mo, under S-rich
(left) and Sn-rich (right) conditions.

formation enthalpy. This is in agreement with recent
first-principles calculations which examined the role of
oxygen passivation at the SnS surfaces.** The Og defect
is electrically inactive, and occurs in the neutral charge
state for values of the Fermi level throughout the band

gap.

E. Substrate-related defects: Na and Mo

Na and Mo are elements present in substrates on which
SnS has been grown.5*' The calculated formation en-
thalpies for defects associated with the presence of Na
and Mo atoms are shown in Fig. 6. Na is an element
whose dominant effects strongly depend on the experi-
mental conditions. For example, under S-rich conditions
the Nag, defect occurs with a very low formation en-
thalpy, in which case it acts as an acceptor. Under Sn-
rich conditions, however, the situation is more complex,
with the Na; and Nag defects becoming comparable in
formation enthalpy to the Nag, defect, and both of them
acting as donors.*® The enthalpies of formation of Mo
defects are generally higher than those of Na defects, al-
though for certain values of the Fermi level the Mog,
and Mo; defects have formation enthalpies less than 1
eV. In these configurations Mo acts as a donor with deep
gap states which could possibly be detrimental to device
performance.

F. d-electron elements: Cu, In, Zn, and Cd

Cu has been detected as an accidental impurity in SnS
samples®® and also has been deliberately introduced in
order to tune the carrier concentration®®, leading to an
increase in the hole concentration. In has been considered
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FIG. 7. Calculated defect formation enthalpies for extrinsic
defects formed from the elements Cu and In, under S-rich
(left) and Sn-rich (right) conditions.

as a dopant in a number of studies of SnS: in one such
study, In is reported to increase the hole concentration®”
while in another study it has been reported to make SnS
n-type, possibly by being a substitutional defect at the
Sn site.*®

Figure 7 summarizes the results for the formation en-
thalpies for the defects that involve Cu and In atoms.
These results show that Cu prefers to go into SnS as ei-
ther an interstitial defect or as a substitutional defect at
the Sn site. Under S-rich conditions, the Cug, defect is
the lowest enthalpy defect for most values of the Fermi
level, acting as an acceptor. Under Sn-rich conditions,
Cu can either act as a donor when the Fermi energy is
low in the band gap, or as an acceptor when the Fermi
energy is high.

All In defects have relatively high formation enthalpies
(>1 V) for Sn-rich conditions. Under S-rich conditions,
the Ing, defect can have relatively low formation en-
thalpy. This is in agreement with the experimental sug-
gestion of Ref. 48 that In forms substitutional defects at
Sn sites. At high values of the Fermi energy it intro-
duces holes into the material whereas for small values of
the Fermi energy it compensates the existing holes by
acting as a donor.

7Zn and Cd are present in some of the common choices
for n-type partners in SnS solar devices, such as ZnO,
CdS, of Cd;_,7Zn,S.% The enthalpies of defects associ-
ated with the presence of Zn and Cd atoms are shown in
Fig. 8. These results show that Cd and Zn act in a very
similar way as defects in SnS, a reasonable result due to
their chemical similarity. The relative magnitudes of the
formation enthalpies between the different defect sites for
these two elements are quite close in most cases. More-
over, the placement and nature of the transitions between
charge states of each defect are also quite similar for the
two elements.
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TABLE II. Summary of the dominant defects and their associated charge states, for the cases considered in this work under
S-rich and Sn-rich conditions. The dominant defect, that is, the one with lowest formation enthalpy, and associated charge state
are given separately for the“lower” region (0-0.3 eV), “mid-gap” region (0.3-0.95 eV), and “upper” region (0.95-1.25 eV) of
the band gap of the pure crystal. Vx represents a vacancy of type X, where X =S or Sn; Yx represents a substitutional atom
of type Y, replacing an atom of type X. Positive charge states indicate donor behavior and negative charge states indicate

acceptor behavior.

S-rich Sn-rich
Lower  Mid-gap  Upper Lower  Mid-gap  Upper
Intrinsic V5(+2) Vsn(f2) Vsn(f2) Sn5(+4) V5(+2) Vsn(f2)
P Psn(-l-l) Psn(-l-l) Ps(fl) Ps(fl) Ps(fl) Ps(fl)
N Ns(fl) Ns(fl) Ns(fl) Ns(fl) Ns(fl) Ns(fl)
As  Asgn(+1) Assa(+1) Asg(—1)  Asg(4+0) Asg(—1) Asg(—1)
Sh Sbsn(-l-l) Sbsn(-l-l) Sbsn(-l-l) Sbsn(-l-l) Sbs(fl) Sbs(fl)
Cl Cls(+1) Cls(+1) Clsn(73) Cls(-l—l) Cls(+1) Cls(-l—l)
O Os(+0) Os(+0) Os(+0) Os(+0) Os(+0) Os(+0)
Na  Nagn(—1) Nagn(—1) Nagn(—1) Nagn(—1) Nagn(—1) Nagn(—1)
Mo  Mogn(+1) Mogn(4+1) Moga(—1) Moi(+4) Mogn(+1) Mogn(—1)
Cu Cu;(+1) Cugn(—1) Cugn(—1) Cui(+1) Cugn(—1) Cugn(—1)
In Ingn(+1) Ingn(—1) Ingn(—1) Ing(+3) Ingn(—1) Ingn(—1)
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FIG. 8. Calculated defect formation enthalpies for extrinsic
defects formed from the elements Zn and Cd, under S-rich
(left) and Sn-rich (right) conditions.

Under S-rich conditions Zn and Cd are electronically
inactive: only the Sn substitutional defects have a reason-
ably low formation enthalpy and these are largely neutral
through the entire range of Fermi energy values. Under
Sn-rich conditions, however, the interstitial and S substi-
tutional defects become energetically more favorable and
these act primarily as donors. The electronic transition
for the Sn substitutional is relatively shallow for Zn but is
a little deeper in the gap for the corresponding Cd defect.

In this work we considered the role and nature of vari-
ous intrinsic and extrinsic defects in bulk SnS, motivated
by how their presence might affect on-going efforts to
fabricate efficient solar cells utilizing SnS as an absorber
layer. We performed first-principles calculations of the
formation enthalpies of a large number of possible de-
fects, using large 256-atom supercells in order to min-
imize finite-size effects. Additionally, in order to cor-
rect for spurious electrostatic interactions between peri-
odic defect images, we use a recently developed scheme
to properly account for the anisotropic nature of the
screening.?’ In the process, we have also computed both
the low-frequency and high-frequency dielectric constants
from density functional perturbation theory. These val-
ues are in good agreement with prior experimental mea-
surements and are, to our knowledge, the first theoreti-
cal results of these quantities, providing support for the
infrared reflectivity and high-resolution electron-energy-
loss spectroscopy measurements. For components of the
dielectric tensor in which the experimental measurements
show the most variability, our predicted result lies in be-
tween the experimental values.

A comprehensive summary of the dominant defect type
for intrinsic defects and for each type of impurity consid-
ered, and the corresponding charge state of the dominant
defect in each case, is given in Table II. The results are
shown separately for the lower (0-0.3 eV) region, the mid-
gap (0.3-0.95 eV) and the upper (0.95-1.25 eV) region
of the band gap of the pure SnS crystal.

For the intrinsic defects, we find a picture similar to
that reported recently in Ref. 13, namely that the ener-
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getically low-lying Vg, 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 Nag, acceptor occurs
with very low formation energy and thus can work in tan-
dem with the Vg, 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.® 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

8

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 Sbgy, in
a S-rich environment.?> Other defects may also serve to
increase the Fermi level in p-type SnS under various envi-
ronments, including Asg,, Clg, Mog,, Na;, Nag, Cu;, Cd;,
Cdg, Zn;, and Zng, providing avenues to further tune the
carrier concentration of the SnS photovoltaic device.
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