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Introduction
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Semiconducting silicides being well compatible with conventional silicon technology and promising for various applications are also known as environmentally friendly materials.
Among them alkaline-earth silicides, namely Mg2Si, Ca2Si,
and BaSi2, have attracted much attention because they are
already used in thermoelectric energy conversion1) and thinﬁlm solar cells.2) Thus, barium dislicide (BaSi2) with the
band gap of 1.15–1.30 eV,3,4) rather large values of the
absorption coeﬃcient near the absorption edge,5–8) a large
minority-carrier diﬀusion length9,10) in addition to a long
minority-carrier lifetime11,12) can be viewed as a potential
material for eﬃcient conversion of sun’s light to electricity.2) In fact, because of the marginal lattice mismatch (less
than 1%) between the BaSi2 and Si(111) planes, BaSi2(100)
thin ﬁlms can be epitaxially grown on Si(111) substrates
by molecular beam epitaxy and a n+-BaSi2=p+-Si tunnel
junction displaying very high photoresponsivity can be
formed.2,3) However, it is suggested that there are a lot of
defect levels at a such heterointerface indicating tunneling
under a very small bias voltage to occur probably via the
localized states in the forbidden gap rather than by band-toband tunneling.13,14) Grain boundaries are reported to exist
in thin ﬁlms of BaSi2 along with defect states associated with
them.15–17) The latter ones can deteriorate electrical and
optical properties of BaSi2 ﬁlms especially if they are used
as a solar cell material. There is an experimental investigation
of a surface structure of BaSi2 ﬁlms by using the coaxial
impact-collision ion scattering spectroscopy and atomic force
microscopy pointing out that BaSi2(100) ﬁlms on a Si(111)
substrate are terminated by Si4 tetrahedra.18) However,
comprehensive knowledge of a BaSi2 surface structure along
with energy positions of surface states, which is still lacking,
could help in optimizing a BaSi2=Si heterojunction in order
to achieve better performance of BaSi2 thin-ﬁlm based solar
cells.
Since no theoretical work has been carried out to
investigate diﬀerent surfaces of BaSi2, the main purpose of
our brief review is to perform an analysis by means of ab
initio calculations of surface energies and surface state energy
positions for BaSi2(001), (010), (100), (011), (101), (110),
and (111) thin ﬁlms. The inﬂuence of quantum conﬁnement
eﬀects on band gaps in BaSi2 ﬁlms is estimated as well.
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By means of ab initio calculations we have investigated surface energies and band structures of BaSi2 thin ﬁlms with (001), (010), (100), (011),
(101), (110), and (111) surfaces. It is found that BaSi2(111), (010), and (100) surfaces possess the smallest surface energies which are almost twice
less than the ones of the other surfaces. All thin ﬁlms with diﬀerent orientations and thickness are shown to be semiconductors. The inﬂuence of
quantum conﬁnement eﬀects on BaSi2 thin ﬁlm band gaps has been traced indicating nontrivial behavior because of the presence of surface states
which characterize the top/bottom of the valence/conduction bands. By implementing a simple eﬀective mass approximation model we could
deﬁne energy positions of surface states for some BaSi2 surfaces. © 2017 The Japan Society of Applied Physics

Fig. 1. (Color online) Unit cell of BaSi2 in the simple orthorhombic
structure. Large green spheres indicate Ba atoms, while small blue spheres
stand for Si atoms. Lattice vectors are also shown.

2.

Structural models and computational details

BaSi2 crystallizes in a simple orthorhombic structure (the
space group Pnma) with the following lattice parameters: a =
8.942 Å, b = 6.733 Å, and c = 11.555 Å.19) The unit cell
contains eight Ba and sixteen Si atoms where the latter ones
form slightly distorted and isolated Si4 tetrahedra (as can
be seen in Fig. 1) while Ba atoms help to guide orientation
of the tetrahedra.19) In addition, both Ba and Si atoms in the
unit cell are grouped into two and three sets of chemically
inequivalent sites, respectively.19)
In order to study surfaces of BaSi2, we have formed slabs
with two equal surfaces by stacking several unit cells along
a speciﬁc orientation to get a desirable slab thickness. For
BaSi2(001), (010), and (100) slabs the common simple
orthorhombic unit cell can be used whereas for BaSi2(011),
(101), (110), and (111) slabs it is necessary to choose the
other ones which are monoclinic or even triclinic. We have
considered the slabs up to 7–12 nm in thickness and with
the 1 × 1 surface reconstruction. For all cases the BaSi2
stoichiometry was kept invariable.
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the covalent nature of chemical bonding between Ge atoms is
found in the Ge4 tetrahedra.26) Thus, Si4 or Ge4 tetrahedra
acting as anions additionally attract charge from Ba or Sr
atoms indicating the presence of a sizable ionic contribution
to chemical bonding. For the BaSi2(010), (100), and (111)
slabs we have traced no signiﬁcant charge variation in Si4
tetrahedra with respect to the bulk case. Even the tetrahedra
located at the surface have around −2.50e−. Only the topmost
Si atoms can attract less charge (∼0.34e−) however it is
immediately counterbalanced by the other Si atoms in the
tetrahedron. In the case of the BaSi2(001), (011), (101), and
(110) slabs the topmost Si atoms have even less negative
charge of 0.15e− that leads to smaller total charge of ∼2.37e−
per a [Si4] anion. Contrary to Si atoms, Ba atoms donate
almost the same amount of charge (1.21–1.28e−) independently of their location in a slab.
The calculated BaSi2 surface energies, which are summarized in Table I, clearly indicate that (111), (010), and (100)
surfaces possess the smallest values. These values are even
smaller than for Ca2Si and Mg2Si surfaces27,28) in addition to
diﬀerent Si and Ge surfaces.29) Our attempts to construct
surfaces with broken tetrahedra having less Si atoms resulted
in sizable increasing of surface energy. Thus, the experimental observation that the BaSi2(100) ﬁlms are terminated
by complete Si4 tetrahedra18) seems to be typical of any BaSi2
surface. To this end we can link values of surface energy
and charge transfer between atoms to a type of topmost
atoms. In fact, if Ba atoms act as topmost atoms [the cases of
the BaSi2(100) and (111) surfaces], the corresponding BaSi2
surfaces possess the smallest values of surface energies, the
least distorted Si–Si interatomic distances and almost the
same charge accumulation among Si atoms in surface
tetrahedra. At variance with these cases, for the BaSi2(001),
(011), and (110) surfaces topmost Si atoms cannot eﬃciently
attract charge from Ba atoms leading to signiﬁcant distortion
in Si–Si interatomic distances in tetrahedra because the other
Si atoms gain much more charge in order to maintain the
same charge balance per tetrahedra unavoidably leading to
dipole formation within a tetrahedron and to reduction in the
Si–Si bond length. In turn, it provides an increase in the
surface energy. It should be noted here that for the most
stable surfaces of Ca2Si and Mg2Si the metal atoms are also
on the top.27,28)
3.2 Band structure
The corresponding band diagrams of BaSi2 slabs with
thickness of about 5 nm and diﬀerent surfaces are shown in
Fig. 3. It is evident that all slabs are mainly indirect band-gap
semiconductors. Only the BaSi2(111) slab is characterized by
the direct transition, however it also displays several local
maxima=minima in the valence=conduction band which are
very close in energy. We have also noticed no sizable
changes in the band dispersion near the gap region when
varying slab thickness. In addition, the BaSi2(101) and (110)
slabs have multiple separate ﬂat bands in the gap region
(Fig. 3). Since the theoretically computed bulk band gap is
estimated to be 0.83 eV, a signiﬁcant reduction in the band
gap for the slabs can be easily spotted. Thus, the BaSi2(001),
(110), and (101) slabs display 0.42, 0.45, and 0.50 eV,
respectively, and these values are almost invariable with
respect to the slab thickness except for the latter one. In the
cases of the BaSi2(010), (100), and (011) slabs the gaps get

3.

Structural optimization
Top and lateral views of BaSi2 slabs with (001), (010), (100),
(011), (101), (110), and (111) surfaces are shown in Fig. 2
indicating that all Si4 tetrahedra are preserved at the surface
as experimentally observed in Ref. 18 for the BaSi2(100).
After full structural optimization the BaSi2(100) and (111)
surfaces possess Ba atoms as topmost atoms while, on the
contrary, Si atoms of complete Si4 tetrahedra terminate the
BaSi2(110) surface. For the other BaSi2 surfaces both Ba and
some Si atoms can be considered as topmost atoms (see
corresponding lateral views in Fig. 2). Moreover, we have
revealed that surface atoms displayed inward relaxation
leading to slight reduction in slab thickness. Si–Si interatomic distances in Si4 tetrahedra at the surface (2.34–2.46 Å)
diﬀered from the ones in the bulk (2.41–2.44 Å) while in an
inner part of the slabs they were very close. However, this
issue was not so pronounced for the tetrahedra at the
BaSi2(100), (010), and (111) surfaces where Si–Si interatomic distances were not signiﬁcantly distorted. Some
changes in Ba–Si interatomic distances can be spotted as
well and such distances get shorter mainly for surface atoms
(compare 3.29 and 3.39 Å).
The Bader analysis of charge transfer between atoms in the
BaSi2 bulk has revealed that each Si atom accepts 0.5–0.7e−
while Ba atom donates 1.24–1.25e−. Moreover, the appearance of Si4 tetrahedra suggests that they can be considered as
Zintl [Si4]2.49− anions and [Ba2]2.49+ correspondingly can be
treated as cations. Similar issue has been already observed
for BaGe2 and SrGe2, which are isostructural to BaSi2, and
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The structural optimization and electronic band structure
calculations of BaSi2 thin ﬁlms with diﬀerent orientations
have been performed by utilizing the ﬁrst principles total
energy projector-augmented wave method (code VASP)
described in detail elsewhere.20–23) Exchange and correlation
potentials were included using the generalized gradient approximation of Perdew–Burke–Ernzerhof.24) The BaSi2(001),
(010), (100), (011), (101), (110), and (111) thin ﬁlms have
been considered as periodic arrangement of slabs separated
by 11 Å of vacuum. This thickness of vacuum is found to be
enough to exclude an interaction between the slabs. All atoms
in a slab were allowed to relax. The energy cutoﬀ was set to
280 eV. To assure convergence with respect to k-points, the
9 × 9 × 1 grid of Monkhorst–Park points has been used at
ﬁnal iterations. The atomic relaxation was stopped when
forces on the atoms were smaller than 0.05 eV=Å. The
convergence in the total energy was better than 1 meV per
formula unit. The calculations of band structures were
performed on the self-consistent charge densities. We applied
the linear tetrahedron method with Blöchl corrections for a
Brillouin-zone integration and for calculations of the total
density of states. The surface energies of various BaSi2
surfaces have been calculated as a diﬀerence in the total
energy between a slab and the bulk (rescaled to the number
of formula units as in the corresponding slab) divided by
doubled surface area. The charge distributions and transfers
between atoms have been analyzed by implementing the
Bader method.25) In the case of bulk calculations the same
settings have been used except for 7 × 9 × 7 grid of
Monkhorst–Park points.
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Fig. 2. (Color online) Top (top panels) and lateral (bottom panels) views of diﬀerent surfaces of BaSi2. Only a few layer are shown for lateral views.
The large green spheres indicate Ba atoms while the small blue spheres stand for Si atoms. Crystallographic orientations are also indicated.

Table I. The surface energy (meV=Å2) and position of hole (eV, above the
bulk valence band maximum) and electron (eV, below the bulk conduction
band minimum) states of diﬀerent BaSi2 surfaces.
Surface

Surface energy

(001)

40.0

One deep

Hole surface state

Electron surface state
One deep

(010)

29.0

One shallow

One shallow

(100)
(011)

29.3
40.0

No
One shallow

One shallow at 0.05
One shallow

(101)

34.6

Surface band at 0.43

No

(110)

40.1

Two deep

One shallow

(111)

28.8

No

No

larger (0.72, 0.81, and 0.73 eV, respectively) but they are still
smaller than the one in the bulk and among them only the
BaSi2(100) slabs possess a well-pronounced dependence of
gap changes on the slab thickness. Eventually, the BaSi2(111)
slab is characterized by the band-gap value of 0.87 eV to be
larger than that in the bulk along with sizable band-gap
variation with respect to slab thickness.
All considered BaSi2 slabs are expected to be under the
inﬂuence of quantum conﬁnement eﬀects which unavoidably
should increase band-gap values. In order to explain the
observed odd band-gap behavior in the slabs (band gaps
which are smaller than in the bulk and almost invariable band
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originate from almost all atoms in a slab. This situation is
typical of maximum of the valence band for the BaSi2(011)
slabs and of the minimum of the conduction band for the
BaSi2(100), (010), and (111) slabs. Finally, contributions
coming from atoms, which are located primarily in the inner
part of a slab, can be traced in the maximum of the valence
band for the BaSi2(100) and (111) slabs and in the minimum
of the conduction band for the BaSi2(101) slabs. Similar
characters in extrema points have been already identiﬁed for
diﬀerent surfaces of Ca2Si.27)
3.3 Quantum conﬁnement and surface eﬀects in
BaSi2 thin ﬁlms
On the next step the band-gap dependence on the slab
thickness was studied more thoroughly. The typical cases
represented by the BaSi2(100) and (001) thin ﬁlms are
depicted in Fig. 5(a). As the ﬁrst feature one can trace a clear
band-gap reduction to some limiting value with increasing
BaSi2 slab thickness due to the attenuation of the quantum
conﬁnement eﬀects. This limiting value can be equal to the
bulk band gap [for the BaSi2(111) ﬁlm]. But also this value
can be slightly [for the BaSi2(100) ﬁlm] or signiﬁcantly [for
the BaSi2(101) ﬁlm] less then the bulk band gap. According
to the second feature one can spot almost invariable band-gap
values with increasing BaSi2 slab thickness [for the
BaSi2(001), (010), (110), and (011) ﬁlms].
To understand such a behavior of the band-gap dependence on ﬁlm thickness the following two basic
assumptions should be carefully considered. First of all the
electron (hole) system, which is deﬁned by electron (hole)
states localized at atoms of the core region of a ﬁlm,
reproduces the energy levels aﬀected by the so-called
quantum conﬁnement eﬀects. Eventually, electron (hole)
states localized at surface atoms reproduce the so-called
surface states associated with energy levels, which are
deﬁned mainly by the surface nature but not by the quantum
conﬁnement eﬀects.
Now let us recall what the so-called quantum conﬁnement
eﬀects mean. The reduction in dimensionality in semiconducting nanostructures leads to drastic changes in the
conﬁned electron (hole) behavior. In the case of an isolated
nanosized thin ﬁlm, for example, one can consider that
electrons (holes) are being placed in an inﬁnite potential
well. It results in additional quantum levels to appear for the
particles. In this case the energy spectrum is described by the
formula30)
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Fig. 3. (Color online) Band structures of BaSi2 slabs with diﬀerent
orientations and thickness of about 5 nm. Zero at the energy scale
corresponds to the top of the valence band. For the BaSi2(001), (010), and
(001) slabs the labeling of two-dimensional orthorhombic Brillouin zone
corresponds to the projection of the three-dimensional orthorhombic
Brillouin zone. For the BaSi2(011), (101), and (110) slabs the corresponding
labeling of two-dimensional monoclinic Brillouin zone are the following:
G ð0; 0Þ, Y ð0; 1=2Þ, B ð0:62; 1=2Þ, D ð0:62; 0Þ, A ð0; 0:51Þ, C ð1=2; 0:51Þ,
E ð0:52; 1=2Þ, F ð0:52; 0Þ. In the case of two-dimensional triclinic Brillouin
for the BaSi2(111) slab the labeling is: G ð0; 0Þ, U ð0:48; 0:16Þ,
X ð0:96; 0:58Þ, R ð0:47; 0:74Þ, V ð0:08; 0:91Þ, B ð0:47; 0:16Þ.

gaps with respect to the slab thickness) we have carefully
analyzed the character of the states in band extrema points as
well as in top valence bands and bottom conduction bands
as presented in Fig. 4. For the BaSi2(001) slabs the wellresolved maximum of the valence band is mainly characterized by Si-s and Si-p states of atoms which are located at
the surface, while s-, p-, and d-states of surface Ba atoms
deﬁne the minimum of the conduction band (see Fig. 4). For
the BaSi2(110) slabs several ﬁlled ﬂat bands in the gap region
are populated by Ba-d and Si-p states of atoms situated right
at the surface, whereas the lowest in energy conduction band
is mainly characterized by Ba-s, Ba-d, and Si-p states of the
surface atoms however in the minimum of the conduction
band there are some admixtures of states of atoms which
are spread all over the slab. Similar behavior, when states of
surface atoms solely deﬁne the extrema points, can be traced
for the other slabs. In fact, Ba-d and Si-p states populate the
maximum of the valence band in the BaSi2(010) slabs; Ba-p,
Ba-d, and Si-p, states dominate in the maximum of the
valence band in the BaSi2(101) slabs; Ba-s, Ba-d, Si-s, and
Si-p states are present in the minimum of the conduction
band in the BaSi2(011) slabs. There are also cases when
contributions to the extrema points are small and they

E¼

ħ2  2 n 2
;
2m d 2

where ħ is the Planck’s constant, m+ is the eﬀective mass of
particles, d is the well width, and n is the principal quantum
number. Thus, within the standard eﬀective mass approximation (EMA) the conﬁned electrons (holes) are additionally
upward (downward) shifted in energy [Ee ¼ ðħ2  2 Þ=
ðme d 2 Þ and Eh ¼ ðħ2  2 Þ=ðmh d 2 Þ, respectively] with respect
to the bulk (Ebulk
g ) and the new band-gap value will be


ħ2  2 1
1
bulk
bulk
þ
:
Eg ¼ Eg þ Ee þ Eh ¼ Eg þ 2
d
me mh
Recently, we proposed a model in order to explain similar
behavior of the band gap in TiO2 nanowires and nanotubes.31,32) It was assumed that for some nanostructures the
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Fig. 4. (Color online) Lateral view of BaSi2 slabs with diﬀerent surfaces highlighting Ba (large, black spheres) and Si (small, black spheres) atoms whose
states characterize the top of the valence band (the corresponding left panel) and the bottom of the conduction band (the corresponding right panel). The rest of
the Ba and Si atoms are large, green and small, blue spheres, respectively.

Fig. 5. (Color online) (a) The band-gap variation in the BaSi2(100) and (001) slabs with respect to the their thickness along with the EMA ﬁtting. (b) The
schematic energy diagram of the BaSi2(100) slabs indicating the energy gap of the bulk (Egbulk ), the shift in energy of the holes due to the quantum conﬁnement
eﬀects (ΔEh), the energy of the surface electron states (Eesurf ) and the band gap of the slabs (Egslab ). (c) The schematic energy diagram of the BaSi2(001) slabs
indicating the energy gap of the bulk (Egbulk ), the energy of the surface hole (Ehsurf ) and electron (Eesurf ) states and the band gap of the slabs (Egslab ).

electron (hole) states which deﬁned the appropriate minimum
(maximum) of the conduction (valence) band can be treated
as the surface states with the energy lying within the bulk

band-gap region. Moreover, these surface states do not
display a subsequent upward (downward) shift due to the
quantum conﬁnement eﬀects.
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For the case of the BaSi2(100) ﬁlms, where the appearance
of an electron state is possible according to the performed
analysis of characters of the states in the band extrema points
(Fig. 4), the band gap of the slab is deﬁned as Egslab ¼
Egbulk  Eesurf þ Eh [see Fig. 5(b)]. Also we would like to
stress a point that for real nanostructures often some
deviation from the ΔEg ∼ 1=d 2 law (in the case of an ideal
inﬁnite rectangular well) could be observed and the
exponential power N in ΔEg ∼ 1=d N can be considered, in
general, as a ﬁtting parameter. The best ﬁt for the band-gap
data in this case [Fig. 5(a)] was obtained for mh ¼ 0:31m0 ,
where m0 is the free electron mass,5) N = 1.96 and Eesurf ¼
0:05 eV (i.e., the surface state is formed by the electrons and
is situated below the bulk conduction band minimum).
Applying the above analysis to the BaSi2(101) ﬁlm and using
the appropriate values of the eﬀective mass for electrons one
can ﬁnd the Ehsurf ¼ 0:43 eV (i.e., the surface state is formed
by the holes and is situated above the bulk valence band
maximum). For the BaSi2(111) ﬁlm, no any surface states are
formed and both the electron and the hole systems are
aﬀected by the quantum conﬁnement eﬀects.
To illustrate the situation for all of the rest considered
cases, when the band-gap values stay almost still and can
be deﬁned by the diﬀerence between the electron and hole
surface states, we present the schematic diagram in Fig. 5(c).
The appropriate values for the band gap are 0.42, 0.45, 0.72,
and 0.73 eV for the BaSi2(001), (110), (010), and (011) ﬁlm,
respectively. Unfortunately, one cannot deﬁnitely say where
such energy levels corresponding to the surface electron and
hole states should be placed on the diagram since the energy
diﬀerence between these levels is only known. In the cases of
the BaSi2(101) and (110) slabs multiple separate ﬂat bands
formed by surface states are clearly seen in the gap region
(Fig. 3), while in the former one a hole surface band has
evolved from surface states. It is evident in the corresponding
density of states in Fig. 6 where the shadow area indicates the
hole surface band.
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Fig. 6. The total density of states near the gap region of the BaSi2(101)
slab with thickness of about 5 nm which band structure is shown in Fig. 3.
Zero at the energy scale corresponds to the top of the valence band. The
shadow area indicates the surface band.

energy displaying rather low values of surface energies with
respect to the other surfaces under investigation. In addition,
we have revealed that the appearance of Ba atoms as the
topmost surface atoms leads to sizable lowering in surface
energy and to stabilization in the charge distribution among
Si atoms forming Si4 surface tetrahedra. The corresponding
band structures of BaSi2 thin ﬁlms show all nanostructures
to be semiconductors regardless of their orientation and ﬁlm
thickness. However, we have observed in some cases that
values of band gaps are smaller than in the bulk and=or they
are invariable when changing the ﬁlm thickness. Such odd
behavior was explained to the presence of surface states
which deﬁne the top=bottom of the valence=conduction band
and are not aﬀected by quantum conﬁnement eﬀects. By
employing a simple EMA model we could extract energy
positions of the surface states for the BaSi2(100) and (101)
surfaces: the shallow electron state at 0.05 eV (below the bulk
conduction band minimum) and deep hole state at 0.43 eV
(above the bulk valence band maximum), respectively.
According to the corresponding band structures both shallow
hole and electron states (<0.1 eV) are expected for the
BaSi2(010) and (011) surfaces, while the BaSi2(001) ones are
characterized by the presence of deep hole and electron
states. For the BaSi2(110) surfaces two deep hole states and
one shallow electron state are predicted. Eventually, no wellresolved surface states have been detected for the BaSi2(111)
surfaces. Even though the EMA approach indicates the
presence of deep hole state for the BaSi2(101) surfaces, the
analysis of density of states clearly shows the formation
of the surface band with the width of about 0.3 eV in the
gap region. The detailed information on surface states for
diﬀerent surfaces of BaSi2 is also summarized in Table I.

4.

Conclusions

Results of our ab initio calculations clearly indicate the
BaSi2(111), (010), and (100) surfaces to be preferable in
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