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Effect of surface stoichiometry on the band gap of the pyrite FeS,(100) surface
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Systematic spin-polarized density functional calculations were performed for a series of pyrite FeS,(100)
surfaces to clarify the effect of surface stoichiometry on stability, electronic structure, and band gap. While
the bulk FeS, is nonmagnetic, the topmost layer of the stoichiometric and S-deficient FeS,(100) surfaces are
spin polarized, with magnetic moments of 2 up or 4 up per Fe. These surfaces also have sizeable band gaps,
0.56-0.72 eV; they hence can be useful for spintronic and photovoltaic applications. On the contrary, S-rich
surfaces have small-gaps, <0.3 eV, which might be responsible to the low open-circuit voltage of pyrite solar cells.
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I. INTRODUCTION

Iron pyrite (FeS,) is experiencing a resurgence of interest
for use in solar photovoltaic and photoelectrochemical cells
due to its suitable band gap (0.9-0.95 eV), excellent optical
absorptivity, and essentially infinite abundance of iron and
sulfur in the planet’s crust.! The main hurdle to the use of
pyrite continues to be the low open-circuit voltage (Voc)
of pyrite devices (<200 meV or ~20% of the band gap),>>
which may result from gap states created by surface and bulk
defects.*> Although the first pyrite solar cells were reported in
the 1980s, there is still no clear strategy for improving the solar
energy conversion efficiency of this material. To make major
breakthroughs, new fundamental research on pyrite aims to
understand the interplay between stoichiometry, structure, and
electronic properties of pyrite thin films and their surfaces.

The pyrite(100) surface is typically nonstoichiometric and
often features a complex nanoscale morphology and surface
chemistry.® Cleavage of only Fe-S bonds perpendicular to a
(100) plane creates the stoichiometric (100) surface, which
has an electronically stable cation (Fe?’*) and anion (S%f)
configuration. However, cleavage of S-S bonds—which is
common on real pyrite surfaces—creates sulfur monomers
(S'7), which may convert to the more stable monosulfide
(S*7) through the redox reactions Fe** + S!~ — Fe’t 4 §2-
or 28!~ — S 4 S?~. Theoretical calculations using density
functional theory (DFT), Hartree-Fock, and molecular dy-
namics methods have reported inconclusive and sometimes
conflicting results on the surface band gap in particular, even
for the stoichiometric FeS,(100) surface.””'! More systematic
studies are needed to clarify key issues, including the fol-
lowing. (i) What are the stable configurations of pyrite(100)
under different growth and annealing conditions? (ii) What
is the impact of surface stoichiometry and morphology on
the band gap of pyrite? (iii) Are intrinsic surface states
and/or surface sulfur nonstoichiometry responsible for the low
photovoltage of pyrite solar cells? Answers to these questions
are also indispensible for the development of other promising
photovoltaic technologies, such as CIGS and CZTS, to name a
few. Moreover, the magnetization of Fe can be easily restored
by removing its sulfur neighbors, as around vacancies in
the bulk and also as near the surface and interface regions
of pyrite.!?*!3 Since pyrite has no precipitation problem, as
inherent in most dilute magnetic semiconductors that use
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3d magnetic dopants as sources of spin polarization, its
unusual magnetic properties are very promising for spintronics
applications.'* This inspires us to conduct extensive DFT
studies of crucial factors that govern the electronic properties
of pyrite(100) surfaces.

II. METHODOLOGY AND STRUCTURAL MODELS

Theoretical calculations were performed using the Vienna
Ab initio Simulation Package (VASP)'” along with the projec-
tor augmented wave (PAW) method.'® We used the gener-
alized-gradient approximation (GGA)'” to describe the
exchange-correlation interaction among electrons. An energy
cutoff of 350 eV was used for the plane-wave basis expansion.
The DFT+U scheme'® proposed by Dudarev et al.'” was
adopted for the treatment of Fe 3d orbitals, with parameters
U equal to 2 eV, which give a lattice constant of 5.422 A and
an indirect band gap of 1.02 eV for the bulk pyrite, both in
good agreement with the most widely accepted experimental
values, 5.419 A and 0.95 eV, respectively.'z’zo’ﬂ We noted
that the band gap of bulk pyrite is only 0.50 eV without
the U correction, and it increases to an unphysical 2.66 eV
when hybrid functionals are used.?? Thus, we believe that the
approach and parameters presented here are well suited to the
description of pyrite.

To simulate various FeS,(100) surfaces, we used a periodic
slab model with eleven FeS, atomic layers per slab separated
by vacuum layers ~17 A thick. A (2 x 2) supercell in the
lateral plane was adopted to allow a sufficient degree of
surface reconstruction and non-integer composition ratios. The
stoichiometric (2 x 2) cell has 8 Fe + 16 S atoms per surface
and 88 Fe + 176 S atoms per slab. As depicted in Fig. 1, we
modeled nine FeS,(100) surfaces of different stoichiometry
in order to establish a trend between surface composition and
electronic structure. For convenience we denote the surfaces by
Surf(n), where n is the deviation of surface composition ratio of
sulfur and iron atoms relative to the stoichiometric FeS,(100)
surface, which itself is denoted as Surf(0). The slabs were
constructed with identical surfaces in order to avoid artificial
electric fields in the vacuum for studies of polar surfaces.
The lattice constant in the lateral plane was set according to
the optimized lattice constant of bulk pyrite, a = 5.422 A.
The Fe and S atoms in the central layer were fixed at their
bulk positions during the structural optimization procedure,
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FIG. 1. (Color online) Relaxed structures of the nine FeS,(100)
surfaces explored in this study. The yellow (light gray) and blue
(medium gray) spheres represent S and Fe atoms, respectively. The
large orange (dark gray) spheres represent the additional sulfur atoms
added to the stoichiometric surface, Surf(0).

whereas all other atoms were fully relaxed until forces became
smaller than 0.01 eV/A.

III. RESULTS AND DISCUSSIONS

As a result of structural optimization, we observe that
(i) Surf(0) shows no significant surface reconstruction, in
agreement with previous reportsg; (i1) Surf(—1) reconstructs,
and the surface S and Fe atoms become nearly coplanar; and
(ii1) sulfur atoms added to Surf(0) form dimers for n > +0.25
with large energy gains of up to 0.4 eV/atom. To quantify
the structural stability, we define the surface energy y at
temperature T and pressure p as

1
y(Tsp) = ﬂ[G(T’p9NFe»NS)
— Nretre(T, p) — Nsps(T, p)]. (1)

Here, A is the surface area, G(T, p, Ng., Ng) is the Gibbs
free energy of the slab, and Ng. and Ng are the numbers of
Fe and S atoms. The chemical potentials of Fe (upg.) and S
(us) obey the constraint ppe + 2 (ts = (pes2, Where [pesy 1S
the chemical potential of one FeS, formula unit in bulk pyrite.
Under ambient conditions, G can be approximately replaced by
the total energies from DFT calculations, without contributions
from configurational or vibrational entropy.?® Values of y (T, p)
are shown in Fig. 2 for ug ranging from the energy of a sulfur
atom in SO, (—6.32 eV) to that of an isolated sulfur atom
(0 eV) to simulate environments from oxidizing conditions to
S-rich conditions.

The calculated surface energy of Surf(0) is 0.81 J/m?,
which falls in the range of 0.54-0.82 J/m? proposed by
Ellmer and Hopfner based on experimental values of the
compressibility and bulk moduli of FeS,(100).2* Calculations
without the U term lead to a larger y (T, p) of 1.04-1.23 J/m?
for Surf(0),2>%° which again illustrates the importance of the
Hubbard U correlation for the Fe-d orbitals in pyrite. From
the data in Fig. 2 one finds that the equilibrium surface
stoichiometry of FeS,(100) can be tuned by changing us
through the use of different pyrite growth and annealing
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FIG. 2. (Color online) Calculated surface energies of different
FeS,(100) surfaces versus the sulfur chemical potential, us. The inset
shows results in growth and annealing environments employing H, S,
Sg, or S, as the sulfur reservoir.

environments. Interestingly, Surf(0) is stable only in a narrow
window, —3.85 eV < us < —3.17 eV, and becomes less
stable than either Surf(—1) under oxidizing conditions or
Surf(+1) under S-rich conditions. Annealing in H,S should
favor Surf(0), while Surf(+1) is more stable when using Sg or
S, as the sulfur reservoirs.”’

Now we discuss the effect of composition on the surface
band gap. As a benchmark, we begin with Surf(0), which has
been extensively explored in previous theoretical studies.?>*
Using a simple ligand field model, Bronold et al. posited the
existence of intrinsic Fe df and d,, surface states in the band
gap (so-called a; and b, states) and used them to explain the
low Voc of pyrite cells.*?® However, recent DFT calculations
by Sun et al.* found no surface states within the gap using
either the GGA or GGA+U methods. This discrepancy is
unsurprising since several features were missing in the Bronold
model, including structural relaxation and charge transfer at the
surface. We reproduced results of Sun ef al. using a low-spin
state for Surf(0), which is appropriate for bulk pyrite. However,
our spin-polarized DFT+U calculations indicate that Surf(0)
is actually magnetic with a moment of 2.0 upg per surface Fe
atom (Fe,). This high-spin state has a substantial energy gain,
1.87 eV/cell for U = 2.0 eV, compared to the low-spin state.
Extensive testing indicates that the surface spin polarization
is very stable for U > 0.25 eV in VASP calculations; it is
already magnetic with a moment of 2.0 ug per surface Fe
atom even for U = 0 eV through all-electron calculations using
the full potential linearized segmented plane wave (FLAPW)
method. Therefore, the ground state of Surf(0) and also other
S-deficient surfaces are stably magnetic simply because some
S neighbors of the surface Fe atoms are removed. After our
submission Burton and Tsymbal also reported a conducting
ferromagnetic interface between LaAlO3 and FeS,, and they
assigned charge transfer from LaAlOj3 to a localized interface
state of pyrite as the mechanism for spin polarization.'?

As shown in Fig. 3(a), the high-spin Surf(0) has spin-
dependent bands, with sizeable direct band gaps of 0.72 eV
and 0.87 eV for the majority and minority spin channels,
respectively. The two pronounced surface states in the majority
spin channel: SS1 within the conduction band (CB) around
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FIG. 3. (Color online) (a) The band structure of Surf(0). (b) The projected density of states (PDOS) for Fe atoms in different surface
layers, labeled Fe; to Feg. In both (a) and (b), bold black and thin red (gray) lines denote states in the majority and minority spin channels,
respectively; arrows highlight the two surface states (denoted SS1 and SS2) that determine the surface band gap (0.72 eV); zero energy gives
the position of the Fermi level. Insets in (a) show the wave function features of SS1 and SS2; shaded region under the DOS curve of Feg in
(b) shows DOS of Fe in the bulk pyrite. (c) Isosurfaces of spin density and Bader charges of Surf(0). Positive and negative values of Bader
charges represent electron depletion and accumulation on individual atoms. The atomic layers of Fe are labeled Fe, to Feg. Sy, and Sy, denote
the sulfur atom layers above and below the first Fe layer. In (c) and insets of (a), yellow (light gray) and blue spheres represent sulfur and iron

atoms, respectively.

the I'-point and SS2 within the valence band (VB) at the M
point but 0.37 eV above the VB at the I'-point. From their
wave-function features in the insets in Fig. 3(a), both SS1
(Fe—dxz,yz-like) and SS2 (Fe-df-like) have the e, characters
and should originate from CB of pyrite. The projected density
of states (PDOS) of Fe atoms in different surface layers are
plotted in Fig. 3(b) to provide a depth-resolved picture of the
Surf(0) electronic structure. It is obvious that the surface effect
is limited to the top three atomic layers (~7 A total thickness).
The unoccupied SS1 nearly vanishes by the second Fe layer
(Fe,), while the occupied SS2 somewhat extends into Fes.
There is a marked splitting of the Fe; VB between the two spin
channels, with the majority spin channel shifting ~1 eV deeper
in energy. Meanwhile, one surface 5, band in the minority spin
channel shifts into the CB due to the surface spin polarization.
The electronic structure of Fes and deeper layers resembles
bulk pyrite as manifested by the close overlap between DOS
curves of Feg and that of Fe in the bulk pyrite, shown as the
shaded region. Interior layers are nonmagnetic, and Fe #,, and
e, states form the edges of the VB and CB, respectively. It is
more evident from Fig. 3(c) that the spin polarization is mainly
around Fe;, while the contributions of Fe, and Fe; layers
to the magnetic moment decrease rapidly to ~0.03 up and
0.00 up, respectively. Our results suggest that Surf(0) may
provide an ideal two-dimensional semiconducting spin-1
system for fundamental studies and spintronics applications.

We also calculated the net charge on each atom of the
fully relaxed Surf(0) using the Bader charge-division scheme
[Fig. 3(c)].?° Relative to the charges of bulklike Fe (+0.86
electrons) and S (—0.43 electrons), each Fe; atom additionally
loses 0.1 electrons (slight oxidation toward Fe3*), while S,
and S atoms gain 0.02 and 0.07 extra electrons from their
neighbors. Overall, Surf(0) is auto-compensated and charge
neutral.

According to Fig. 2, two other important FeS, (100) surfaces
are Surf(—1), which has the lowest surface energy in oxidizing
conditions, and the fully dimerized Surf(41), which is more
stable in S-rich conditions. Band structure calculations show
that Surf(—1) and Surf(+1) have indirect band gaps of 0.71 eV
and 0.3 eV, respectively [Figs. 4(a) and 4(b)]. As for Surf(0),
the effects of surface termination are limited within a short
range (~7 A). To establish a general trend, we present the
surface band gap as a function of sulfur stoichiometry in Fig. 4.
It is important that Surf(n) with n < 0.125 retain fairly large
band gaps (>0.55 eV), while the band gaps of sulfur-rich
surfaces (n > 0.125) average only 0.25 eV. Moreover, we found
that most sulfur-rich surfaces become metallic if the dimeriza-
tion of surface sulfur atoms is prohibited in the calculations,
as marked by the blue triangle in Fig. 4(c). Since Surf(+41)
is more stable than Surf(0) and Surf(—1) across a broad
range of ug, our findings may explain the low Voc of pyrite
devices fabricated in S-rich conditions. These results also
suggest that pyrite should be prepared with stoichiometric or
sulfur-deficient surfaces for photovoltaic applications.

It is interesting to ask why the extremely sulfur-deficient
Surf(—1) has a relatively large band gap. This surface is
ferromagnetic with a large magnetic moment of 4.0 up for
each surface Fe atom. From the Bader charge analysis, we find
that the charge of the Fe| atoms decreases monotonically with
increasing sulfur composition, from +1.1 e for Surf(—1) to
40.97 e for Surf(0) and +0.93 e for Surf(41). This indicates a
partial oxidation of Fe; atoms (Fe*™ — Fe*") to compensate
for the effects of surface termination and structural relaxation.
In particular, the Sy, atoms of Surf(—1) convert to S2-, as
suggested by their Bader charge of —1.02 e, which is more than
twice that of bulklike S (—0.43 ¢). Therefore, we conclude that
S-deficient Surf(n) undergo a partial charge transfer of the type
Fe’™ 4+ S!'= — Fe’* + S?~ and that the charge redistribution
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FIG. 4. (Color online) Band structure of (a) Surf(—1) and (b) Surf(+1), with bold black and thin red (gray) lines for states in the majority
and minority spin channels, respectively. (c) The band gap as a function of the surface composition parameter n. The solid triangle at n = 1.0
represents the band gap for Surf(41) when sulfur dimerization is disallowed in the calculations. The inset in (c) shows the top view of the
two atomic structures of Surf(41) with orange (dark gray) and gray spheres indicating the positions of surface sulfur atoms with and without
dimerization, respectively. The calculated (experimental) bulk band gap is 1.02 eV (0.95 eV). (d) The projected density of states (PDOS) for
surface Fe atoms on Surf(—0.125). The positive and negative values indicate states in the majority and minority spin channels, respectively.
The insets in (d) are the top and side views of charge density difference, psurr0) — Psurf(~0.125) — Ps, With blue (dark gray) and purple (light gray)
isosurfaces denoting electron accumulation and depletion, respectively. The position of the surface sulfur vacancy on Surf(—0.125) is indicated
by the red (gray) arrow. Dashed A and B ellipses mark defected and defect-free regions on Surf(—0.125), respectively.

shifts the band-edge states by a few tenths of an eV, fortuitously
maintaining a relatively large band gap.

This mechanism is also operative on other sulfur-deficient
pyrite surfaces, such as Surf(—0.125). As shown in Figs. 4(c)
and 4(d), Surf(—0.125) maintains a sizable band gap of
0.56 eV despite having a large sulfur vacancy density of 8.5 x
10" cm™2. We find that the formation enthalpy for a surface
sulfur vacancy (Vs surface) 1S only 0.42 eV under the condition
us = —3.77 eV, in good agreement with 0.40 eV recently
reported by Yu et al.*° The equilibrium Vg gurfuce density should
thus be rather high, particularly under weakly oxidizing growth
or annealing conditions. From the top and side views of the
charge density difference (Ap = psuf©) — OSurt(—0.125) — 0s)
in the insets in Fig. 4(d), it is evident that the elimination of
Vs surface Causes electron redistribution only in the first atomic
layer around the S and Fe atoms nearest to Vs gurface. Similar
to Surf(—1), the Fe and S neighbors of Vg gurrace have Bader

charges of +1.07 e and —0.91 e, respectively, suggesting that
partial charge transfer of the type Fe’* 4+ S!~ — Fe’* + 82—
also occurs locally around Vg gyace for Surf(—0.125). The
d-shell of Fe; (A) is fully occupied in the majority spin channel,
whereas only one #,, state remains occupied in the minority
spin channel. The d,, and d,, dangling bonds projecting
toward Vg surface fOrm narrow bands at the bottom of the CB in
the minority spin channel. If charged, Vg qurface should behave
like a donor, as commonly believed in the literature.?' As a
result, each Fe; (A) atom possesses a large magnetic moment of
4.0 up. However, the disturbance of Vg gurace On the Fe; (B)
atom ~6 A away is already negligible, as manifested by the
DOS features and other electronic properties in Fig. 4(d).
Our results suggest that excessive surface sulfur nonsto-
ichiometry is a likely cause of the low V¢ of pyrite cells.
Since the maximum V¢ of a Schottky or pn junction cannot
exceed the built-in voltage (Vy;), which itself is limited to less
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than the size of the band gap,’? a small-gap surface layer will
directly reduce Vg if carriers are unable to ballistically tunnel
across it. Given that the surface layer of pyrite is quite thin
(<1 nm), we cannot ignore the possibility that it is essentially
transparent to carriers. Assuming this is not the case, we expect
a maximum Voc of ~0.7 E;/q for the stoichiometric surface
and <0.3 E,/g for S-rich surfaces (E, is the band gap of
bulk pyrite). The latter value is small enough to explain the
low V¢ of pyrite samples that have excess surface sulfur.
For stoichiometric or S-poor surfaces, however, the surface
gaps seem too large to restrict Voc to <200 mV. Instead,
the high concentration of gap states on these surfaces
[0(5 x 10" cm™?)] may result in strong interfacial band
bending and thermionic-field emission currents® (dark cur-
rents) that degrade V¢, as proposed some time ago by Bronold
et al.*® Ongoing work in our labs is dedicated to passivating
these surface states via interfacial engineering.

IV. CONCLUSIONS

In summary, we used systematic spin-polarized density
functional calculations to elucidate the effect of surface
stoichiometry on the stability and electronic structure of
pyrite FeS,(100) surfaces. We find that sulfur-deficient,

PHYSICAL REVIEW B 85, 085314 (2012)

stoichiometric, and sulfur-rich surfaces are thermodynami-
cally stable in SO,-rich, H,S-rich, and S-rich conditions,
respectively. The surface band gaps are in all cases smaller
than the calculated bulk pyrite band gap (E, = 1.02 eV) and
vary from 0.56-0.72 eV for sulfur-deficient and stoichiometric
surfaces to 0-0.3 eV for sulfur-rich surfaces. The surface
electronic states are localized to the first three atomic layers
of the crystal (~7 A total thickness), leaving the underlying
layers bulklike in their electronic structure and band gap. The
stoichiometric and S-deficient FeS,(100) surfaces display a
sizeable spin polarization in the topmost layer with magnetic
moments of 2 up and 4 ug per surface Fe atom, respectively.
Our calculations suggest that sulfur poor conditions should
be used for the fabrication of pyrite for photovoltaic and
spintronic applications.
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