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We perform first principles, density-functional-theory calculations of the electronic structure for
the layered bulk materials SnS and GeS which are of interest for photovoltaic applications. Band gap
corrections are computed within the GW approximation to the electron self-energy. The resulting
quasiparticle gaps in both SnS and GeS are in excellent agreement with the majority of existing
experimental measurements. In order to better understand the possible use of GeS layers as a
carrier-confining barrier within a SnS-based photovoltaic device, we compute the band offsets for
different orientations of a SnS/GeS heterojunction. We find the valence band offsets to be almost
independent of interfacial direction while the conduction band offsets show a strong anisotropy as a
result of the variation in the band gap caused by epitaxial strain along the different directions.

I. INTRODUCTION

Photovoltaics are expected to be an important part of
meeting humanity’s energy needs, but to fulfill this ex-
pectation efficient photovoltaic devices will have to be
produced from earth-abundant materials at reasonable
cost.1 These materials should also be non-toxic to avoid
adverse environmental effects. It is partially for these rea-
sons that SnS has attracted recent interest as absorber
material in a photovoltaic device.2–7 In addition to being
made of abundant and non-toxic elements, SnS has a high
absorption coefficient near the optical absorption edge of
∼1.3 eV.2,8 Steady progress has been reported toward
achieving higher photovoltaic efficiencies in SnS-based
cells, from initial maximal values of 1.3%2, to 1.95% using
SnS nanowire arrays6, and up to 2.46% using a Zn(O,S)
buffer layer.7

Despite these advances, the efficiency of SnS cells re-
mains far below the theoretical limit of 24%.3 Greater
efficiency might still be achieved in a number of ways:
increasing the quality of the SnS samples themselves
by reducing defects and/or impurities present in the
sample3,7,9, optimizing the device geometry, preventing
reflective losses, or obtaining better band alignment with
neighboring layers.7 GeS, a structure isomorphic to SnS,
might be of interest as part of an electron-blocking layer
in a solar device utilizing SnS as the absorber layer.10

The conduction states near the band edge of SnS pre-
dominately originate from Sn, while the valence band
manifold is shared between the two constituent atoms
and is strongly dominated by S states beyond the bands
immediately adjacent to the gap.11 GeS, with its larger
band gap, might produce a band alignment such that the
valence bands of SnS and GeS would have a small offset
and the conduction band of GeS would lie higher in en-
ergy than that of SnS, allowing it to indeed play the role
of electron-blocking layer in a SnS solar device.

The aim of this work is to employ ab initio methods in
order to evaluate the above possibility. To this end, we
construct explicit interface models of SnS and GeS along
the three principal directions of their orthorhombic unit

cells in order to evaluate the band offsets. Since the value
of the conduction band offset in the interface model is di-
rectly related to the value of the band gaps on each side
of the interface, we employ quasiparticle energy correc-
tions within the framework of the GW approximation to
the electron self-energy. The calculated band gaps ob-
tained in this way not only allow us to evaluate the band
offsets, but help shed light on these important intrinsic
properties of the materials themselves, which at present
are not well established. The paper is organized as fol-
lows: in Section II the computational details employed in
the present calculations are discussed. In Section III the
results are presented, beginning with the DFT results in
Section III A and followed by the results incorporating
the quasiparticle corrections in Section III B. The con-
struction of the interface models and the evaluation of the
resulting band offsets is described in Section III C. We
then end with some concluding remarks in Section IV.

II. METHODS

The majority of the calculations performed in this
work are done within the framework of the local den-
sity approximation (LDA) to density functional the-
ory (DFT). The calculations of the quasiparticle self-
energy corrections, while extending beyond DFT, use
DFT wavefunctions and energies as a mean-field start-
ing point. The DFT calculations are performed using
the plane-wave pseudopotential method12,13 as imple-
mented within the Quantum-ESPRESSO package.14 Norm-
conserving pseudopotentials for Sn, Ge, and S are gen-
erated with the APE pseudopotential generator.15 The
states treated as valence in Ge, Sn, and S were the 4s24p2

states, the 5s25p2 states, and the 3s23p4 states, respec-
tively. For calculations on bulk SnS and GeS, the wave-
functions are expanded in plane waves with a kinetic en-
ergy cutoff of 50 Ry. At this cutoff the total energy is
converged to within 0.23 mRy/atom and 0.18 mRy/atom
in SnS and GeS, respectively. A higher plane wave cutoff
of 80 Ry was used during structural relaxations in order
to have a highly converged stress tensor, which typically
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converges more slowly with respect to the energy cut-
off than the total energy. For the interface calculations
a lower cutoff of 45 Ry was used in order to obtain re-
sults on the large interface models at lower computational
cost. The total energy of the interface calculations was
still converged to within 0.5 mRy/atom at this lower en-
ergy cutoff. As we will describe, relaxations of the cell
shape were not needed in performing the calculations on
the interface models and thus a higher energy cutoff to
converge the stress tensor would not have been useful in
this case. The sampling of the Brillouin zone used for
the bulk materials was a mesh of size 5×6×2, which con-
verges the total energy in SnS and GeS to within less
than 0.2 mRy/atom. In order to obtain higher quality
stress tensors and pressures, a finer grid of size 10×12×4
was used in the relaxations, which produces negligible
differences in pressure from the infinite sampling limit.
Brillouin zone samplings required in the calculation of
the quasiparticle energies and the study of the interfaces
will be presented along with the discussion of the corre-
sponding results.

III. RESULTS

A. LDA calculations

SnS and GeS have a layered crystal structure with
space group D16

2h containing 8 atoms in the primitive unit
cell.16,17 The experimental parameters used for SnS in
this work are from Ref. 18: a=4.334 Å, b=3.987 Å, and
c=11.20 Å with internal parameters of u(Sn)=0.1198,
u(S)=0.4793, w(Sn)=0.1194, and w(S)=−0.1492. The
experimental parameters used for GeS are from Ref. 17:

[100]

[010]
[001]

FIG. 1. The layered structure of SnS and GeS. Sn/Ge atoms
are displayed in gray while S is in yellow. We show a 2×2×1
multiple of the 8-atom unit cell for better visualization.

a=4.30 Å, b=3.64 Å, and c=10.47 Å with internal pa-
rameters u(Ge)=0.127, u(S)=0.499, w(Ge)=0.122, and
w(S)=−0.151. A representation of the structure com-
mon to both SnS and GeS is shown in Fig. 1.

The LDA band structure of SnS at the experimental
structural parameters is shown in Fig. 2(a). The band
gap of 0.72 eV is indirect with the valence band maxi-
mum (VBM) occurring ∼88% of the way to X along the
Γ-X line. The conduction band minimum (CBM) lies
along the line connecting Γ and Y, approximately 63%
of the way to Y. From the band structure it can be seen
that there are nearby competing extrema in both the va-
lence and conduction bands.11,19 Because these compet-
ing band extrema are close in energy, different band gaps
can be obtained depending on the choice of exchange-
correlation functional and whether or not the band struc-
ture is computed at the experimental or the theoretical
values for the lattice constants. For this reason we do
not make comparison of these gaps to other published
results.

The band structure of GeS at the LDA level is depicted
in Fig. 2(b). The LDA band gap of 1.00 eV is indirect be-
tween the VBM located ∼60% along the Γ-X line and the
CBM at Γ. As in the case for SnS, competing band edges
can be seen in this band structure as well and different
choices of exchange-correlation functional or relaxation
of the lattice can alter the location of the band extrema.
Indeed, if we relax the structure with the LDA functional
and then compute the band structure we find that the gap
is direct at Γ with a value of 0.78 eV. A summary of the
experimental and theoretical structural parameters used
in this work is presented in Table I alongside the band
gaps computed within LDA for each structure.

B. GW calculations

Both SnS and GeS are of interest in potential device
applications because of the intermediate-sized band gaps,
so an accurate determination of the gap is important.
There is some variation in the experimental values for
these band gaps, although some differences are due to
temperature effects. When band gaps are extrapolated
to zero temperature using published values of the tem-
perature coefficient of the gap, the experimental values
fall within a reasonably narrow range. However, existing
GW calculations on SnS and GeS9,20 agree better with
the room temperature values of the experimentally re-
ported band gaps and show larger deviations for the zero
temperature values to which they should be compared.
With experimentally measured temperature coefficients
of −0.437 meV/K16 and −0.52 meV/K21 for SnS and
GeS, respectively, room temperature band gaps can be
expected to differ from zero temperature gaps by ∼0.15
eV. Since band alignments depend on the band gap val-
ues on both sides of the interface, we performed carefully
converged calculations of the band gap within the GW
approximation to the self-energy in order to resolve the
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TABLE I. Structural parameters of SnS and GeS used in this work. Experimental parameters are taken from Ref. 18 and Ref. 17
for SnS and GeS, respectively. Relaxed structures are obtained from first-principles relaxation using the LDA functional. In
the final column we present the fundamental gap at the LDA level for each structure.

a (Å) b (Å) c (Å) u(Sn/Ge) w(Sn/Ge) u(S) w(S) E0
g (eV)[LDA]

SnS

Expt. 4.334 3.987 11.20 0.1198 0.1194 0.4793 −0.1492 0.72

Relaxed 4.27 3.88 10.91 0.117 0.118 0.478 −0.146 0.40

GeS

Expt. 4.30 3.64 10.47 0.127 0.122 0.499 −0.151 1.00

Relaxed 4.29 3.51 10.22 0.127 0.122 0.512 −0.152 0.78
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FIG. 2. LDA band structure of (a) SnS and (b) GeS, at
the experimental structure. The zero of energy is set to the
valence band maximum in each case.

discrepancy in the experimental and theoretical values.

Our GW calculations are done using the BerkeleyGW
package22 which interfaces with Quantum-ESPRESSO. Cal-
culations are carried out within the “single-shot” GW
approach, also referred to as G0W0.23,24 The dynamical
screening in the self-energy is taken into account by a

generalized plasmon-pole model which extends the static
dielectric function calculated from first principles to finite
frequencies.24,25

In the calculation of the GW correction to the band
gap, a number of computational parameters are involved
which affect the precision of the final value. In the expres-
sion for the self-energy, these include summations over
reciprocal lattice vectors, summations over unoccupied
states, and Brillouin zone summations.22,24 The calcula-
tion of the screened Coulomb interaction W, also has a
summation over unoccupied bands that must be carefully
considered.22,24 As discussed in Ref. 26, these parameters
are not all independent of one another, and thus some
care must be taken in order to estimate uncertainties in
the precision of the calculation. In the supplementary
material we describe the procedure used to estimate the
precision of the GW results reported in this paper, which
is on the level of ∼50 meV or better.

Our quasiparticle calculations on SnS at the experi-
mental lattice constants produce an indirect band gap of
1.26 eV. This value is obtained by calculating the quasi-
particle energy corrections for the points determined to
be the band extrema in the LDA calculation. This is well
justified as long as the quasiparticle corrections them-
selves do not vary strongly between different wavevectors.
Vidal et al.9 found that the quasiparticle shifts were rel-
atively uniform and did not change the underlying loca-
tions of the band extrema from those in DFT. From our
calculations we find that this is likely the case: both the
valence band and conduction band quasiparticle energy
corrections are clustered around their respective full BZ
average with a half-width of approximately 50 meV.27

Since 50 meV is our estimated precision in the calcula-
tions themselves, it is not even reliable to analyze these
results further for possible changes of the band extrema.

We will now compare our calculated band gap of 1.26
eV to published results. While the quasiparticle ener-
gies calculated here can only rigorously be compared to
photoemission-related experiments where an electron is
either added or removed from the solid, we are unaware
of any experimental determinations of the band gap using
such methods. Therefore we compare our calculated val-
ues with the available experimental data, primarily ob-
tained from optical absorption measurements. It should
be noted that these measurements may include electron-
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TABLE II. Comparison of the calculated gap for SnS pre-
sented in this work with other published values, both exper-
imental and theoretical. Experimental values published at
finite temperatures are extrapolated to zero temperature us-
ing the temperature coefficient from Ref. 16 (−0.437 meV/K)
with the exception of the results of Ref. 28 (−0.36 meV/K)
and Ref. 29 (−0.121 meV/K). All experimental results are
based on optical absorption measurements.

T(K) E
(T)
g (eV) E0

g (eV)

Theory

Present work 1.26

Ref. 9 (GW) 1.07

Ref. 20 (GW) 1.07

Experiment

Ref. 30 298 1.07 1.20

Ref. 16 100 1.18 1.22

Ref. 31 473 1.16 1.37

Ref. 32 298 1.18 1.31

Ref. 28 295 1.05 1.16

Ref. 29 4 1.5 1.5

hole interaction effects which are not considered in this
work. Similar limitations in comparisons to the experi-
mental data are present for GeS. Also, as many of the
experimental measurements are taken at room tempera-
ture, we adjust all values by the temperature coefficient
of the band gap in order to obtain values which bet-
ter approximate the situation at zero temperature. In
cases where no temperature dependence of the gap has
been measured in the experiment, we use the tempera-
ture coefficient of −0.437 meV/K from Ref. 16 in order to
extrapolate to zero temperature. These results are sum-
marized in Table II. As can be seen from the table, the
range of experimental values for SnS is relatively narrow,
with most values falling within roughly 0.1 eV of 1.25 eV.
Our calculated value of 1.26 eV compares very favorably
with these numbers. Other quasiparticle corrections us-
ing the GW method have obtained a smaller value of 1.07
eV9,20 which is in good agreement with some of the ear-
liest experimental band gap estimates at finite tempera-
tures, but compares less favorably when the band gap is
extrapolated to zero temperature where the theoretical
results are valid. The cause of the 0.21 eV discrepancy
between the present results and the prior theory results
is unclear, but different GW methodologies and/or dif-
fering levels of convergence could easily account for such
differences. Additionally, the GW calculations of Ref. 20
was performed for a SnS structure that was theoretically
determined and not taken from experiment. This choice
will also lead to further differences in the results (see Ta-
ble I).

For GeS, we obtain a GW correction of 0.74 eV to the
LDA band gap value of 1.00 eV, giving a quasiparticle
gap of 1.74 eV. Similar to the case for SnS, the values of
the quasiparticle corrections were calculated at the band
extrema found in the LDA calculation to determine the

TABLE III. Comparison of the calculated gap for GeS pre-
sented in this work with other values, both experimental and
theoretical, found in the literature. Experimental values of
the optical gaps taken at finite temperatures are extrapolated
to zero temperature using the temperature coefficient found
in Ref. 21 (−0.52 meV/K). All experimental results are based
on optical absorption, except those of Ref. 33, which are from
photoconductivity. The photoconductivity results were ex-
trapolated using the temperature coefficient in Ref. 33 (−0.43
meV/K).

T(K) E
(T)
g (eV) E0

g (eV)

Theory

Present work 1.74

Ref. 20 (GW) 1.53

Experiment

Ref. 34 300 1.65 1.81

Ref. 35 4.2 1.74 1.75

Ref. 21 298 1.54 1.70

Ref. 36 298 1.8 1.96

Ref. 37 298 1.58 1.74

Ref. 33 298 1.61 1.74

final band gap. In GeS the valence and conduction band
quasiparticle shifts are again nearly constant through-
out the Brillouin zone, deviating by only a small amount
(∼50 meV) from the Brillouin zone average.27

In Table III we summarize experimental information
on the GeS band gap, which indicates that the band gap
is near 1.75 eV, close to the result calculated using GW
in this work. The GW calculation presented in Ref. 20 is
the only other available theoretical value of the band gap
with which we can compare our result. This calculation
agrees much better with some of the room-temperature
experimental values, but shows larger discrepancy with
the value extrapolated to zero temperature. The calcu-
lation in Ref. 20 was also done at the theoretically deter-
mined structure, which will cause additional discrepan-
cies in the comparison of our results beyond those from
differing methodologies or levels of convergence.

C. Interface band offsets

We now turn to the evaluation of the band offsets be-
tween SnS and GeS. With the motivation that GeS could
serve as a functional layer in a SnS-based photovoltaic de-
vice, the small lattice mismatch between the two isostruc-
tural materials is relieved in the calculation by straining
GeS to the lattice constant of SnS (that is, treating SnS
as the substrate). We investigate three different inter-
face orientations, namely the [100], [010], and [001] di-
rections as defined in Fig. 1. Structural models of the
[100], [010], and [001] interfaces are shown in Fig. 3. To
construct each particular interface model, the other two
directions of the GeS unit cell are strained to the SnS
substrate values. This strained GeS unit cell is allowed
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FIG. 3. The structural models (top) and planar-averaged electrostatic potentials (bottom) of the (a) [100], (b) [010], and (c)
[001] SnS-GeS interfaces. The blue overlay indicates the bulk-like region of the electrostatic potential which is averaged over
a period to obtain the averages V̄SnS and V̄GeS, shown in green. The discontinuity in the electrostatic potential due to the
interface is ∆V =V̄SnS − V̄GeS.

to fully relax, including cell relaxation in the direction
normal to the interface, using the higher energy cutoff of
80 Ry as specified in Sec. II. Following this relaxation,
the interface model is produced between SnS and GeS
by expanding the primitive cells in the direction normal
to the interface forming a superlattice of SnS/GeS. The
final structure is then allowed to relax to accommodate
changes caused by the formation of the interface between
the two materials. The number of layers on either side
of the interface is increased until negligible change in the
computed quantities is achieved. The number of layers
used for each interface orientation is included in Table IV.

The band offsets between two materials cannot be com-
puted from the two bulk calculations alone, which lack a
common reference energy with which to align the band
edges to each other. The presence of the interface allows
the computation of the discontinuity in the electrostatic
potential caused by the interface, ∆V . Far from the in-
terface the electrostatic potential will assume its value in
the bulk. In this way the valence band edges in the bulk
crystals, referred to the average electrostatic potential in
the bulk cells, can be related to each other by the offset
∆V . Further details of this methodology can be found
in Ref. 38. In Fig. 3 we show the planar-averaged elec-
trostatic potential for the [100], the [010], and the [001]
interface between SnS and GeS. Averaging over the bulk-
like region far from the interface results in the values V̄SnS

and V̄GeS which are related to ∆V as ∆V =V̄SnS − V̄GeS.

The computed results for the band offsets between
SnS and GeS are summarized in Table IV and indicated
schematically in Fig. 4. The valence band offset (VBO)
between the materials can be obtained from the calcula-
tions described above at the DFT level. However, this
assumes that the valence band edges on either side of the

interface shift equally under the influence of the quasi-
particle corrections in relation to their respective elec-
trostatic potential averages. Therefore we have carried
out additional GW calculations on the theoretically re-
laxed structures, including the GeS cells which have been
strained to the SnS substrate parameters. We find that
the shifts in the VBM for the strained GeS cells are be-
tween 0.2-0.3 eV larger than the shift in the VBM for SnS
at the theoretically relaxed structure and this contributes
to commensurate increases in the valence band offsets rel-
ative to what would have been obtained using only the
DFT values. The conduction band offset can be obtained
in a couple of different ways. One option is to use the
band gap values from the GW calculations on either side
of the interface to establish a conduction band offset. An-
other option is to use the band gap values determined on
the experimental structures as shown in Tables II and III.
In this case the value of the GeS band gap of 1.74 eV is
adjusted from its unstrained value because of the strain
introduced by the SnS substrate, a change which depends
on the orientation. This amount can be determined by
the difference in the GW band gaps between the GeS un-
strained structure and the GeS strained structures, both
relaxed theoretically. In this work we take the latter ap-
proach for the reason that the calculated GW band gaps
on the experimental structures are more likely to rep-
resent the experimental band gaps. The two different
approaches will produce slightly different results because
the difference in quasiparticle band gap between SnS and
GeS depends on whether both materials are taken at the
experimental structure or the theoretically relaxed struc-
ture. This difference, taken as EGeS

g −ESnS
g , is larger for

the theoretically determined structures by almost 0.2 eV.

It is apparent from the results shown that the valence
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FIG. 4. The calculated band offsets of the SnS-GeS interface along the [100], [010], and [001] orientations. Arrows in red denote
the band offsets and those in blue denote the band gaps on either side of the interface. The GeS gap varies with the interface
orientation because of the strain applied to match the SnS substrate. Its unstrained value of 1.74 eV is shown as the shaded
region. See the text for more details.

TABLE IV. Summary of results on the SnS/GeS interface
for different interface orientations. Nlayer is the number of
layers of each material on either side of the interface. ∆V
is the discontinuity in the electrostatic potential, VBO is the
valence band offset, and CBO is the conduction band offset.
The sign of the offset is given as ESnS−EGeS.

Nlayer ∆V (eV) VBO (eV) CBO (eV)

[100] 8 0.47 0.45 −0.20

[010] 12 0.91 0.47 0.19

[001] 6 0.63 0.41 0.05

band offset is almost isotropic, varying little between dif-
ferent interface orientations, with the SnS valence band
lying higher in energy than that of GeS. Such a situa-
tion is not ideal if the layer is to be used as an electron-
blocking layer because it presents a barrier to hole trans-
port as well. The conduction band offsets, on the other
hand, show a strong variation depending on the interface
orientation. For the [100] interface, the GeS conduction
band lies higher than that of SnS by 0.20 eV. In contrast,
for the [010] and [001] directions the GeS band actually
lies slightly lower in energy than that in the SnS layer
by 0.19 eV and 0.05 eV, respectively, leading to the for-
mation of a type II heterojunction. This anisotropy is
caused by the response of the band gap to the different
strain applied in forming the heterojunction orientations.
For example, the strain required in GeS to match SnS for
the [100] interface causes the band gap to increase by 0.17
eV, whereas for the [010] interface the band gap of GeS
shows a decrease of 0.21 eV due to the applied strain.

IV. CONCLUSION

In this work we present an analysis of the electronic
structure of SnS and GeS, both at the LDA level and
at the GW level for the electron self-energy. Our LDA
calculations confirm the existence of the competing band

extrema that have been discussed in prior works which
may be the cause of some of the discrepancy in the lit-
erature in regards to the nature of the fundamental gap.
Our GW calculations on the experimental structures of
SnS and GeS result in indirect band gaps of 1.26 and 1.74
eV, respectively, in excellent agreement with the available
experimental results that have been extrapolated to zero
temperature.

We also investigate the interface physics of SnS/GeS
heterojunctions, in order to obtain the band offsets which
are one of the fundamental quantities determining the
possible role of GeS layers in a SnS-based photovoltaic
device. We find that while the valence band offsets are
fairly isotropic, the conduction band offsets are markedly
anisotropic, ranging from −0.20 to +0.19 eV, due to the
varying response of the GeS band gap to epitaxial strain
imposed on the GeS lattice to fit on the SnS substrate in
the different interfacial orientations. The [100] interface
appears to be the most promising in terms of using GeS
as an electron-blocking layer because it has an energetic
barrier of 0.20 eV for electrons in SnS to escape to the
GeS layer. However, for all orientations we predict a
offset in the valence band of ∼0.44 eV on average, which
would undesirably inhibit the transport of holes. Unless
this hole barrier could be reduced by some means such
as doping, GeS may not exhibit band offsets with SnS
which are useful for use as an electron-blocking layer.
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