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Abstract First-principles calculations have been used to investigate the electronic properties of the ternary alloy
SixSn1-x using full potential-linearized augmented plane wave (FP-LAPW) method within density functional theory
(DFT).The energy bands along high symmetry directions, the density of states and valence charge density
distributions cut through various planes are presented. The first principles band structure calculations reported here
were carried out using Becke-Johnson Modified method. This exchange potential provides significantly improved
results. The virtual crystal approximation (VCA) was adopted to model the alloy. The SixSn1-x binary alloy shows
the direct band gap for appropriate composition of Si and Sn and analysis suggests also pseudo-direct band gaps.
The results have been discussed in terms of previously existing experimental and theoretical data.
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1. Introduction
Band structure engineering is one of the most important
aspects of semiconductor physics. One way of changing
the electronic structure of semiconductors is by the
formation of semiconductor alloys. Semiconductor
compounds, which are solid solutions of two or more
semiconducting elements, have important technological
applications, especially in the fabrication of optical
devices [1]. Because of their indirect band gaps, Si and Ge
semiconductors are not suitable as optical devices, and the
emerging optoelectronic industry is therefore based
mainly on III-V and II-VI semiconductors. The IV-IV
semiconductor alloys have several applications, they
emerged as a possible candidate for the design of nonpolar semiconductors [2,3], with mobilities higher than
those of III-V and II-VI alloys. This is of great importance
because it could lead to new advanced electronic devices,
for this purpose SixSn1-x binary alloy is of great interest,
this compound is immiscible for most compositions.
Because of the several applications of devices based on
SixSn1-x and for the possible manufacture of new devices,
it is necessary to study its electronic structure, in particular,
its variation as a function of the mole fraction x. To study
the band structure of semiconductor alloys, several authors
used the virtual approximation (VCA) combined with the
empirical pseudopotential method (EPM) [4,5], some
authors have used the tight binding method coupled with
VCA [6,7]. But there exists now more precise techniques
such as the all-electron full potential linear augmented
plane-wavemethod (FPLAPW) [8,9], in this work we use
this method within the density functional theory (DFT)
along with the Engel-Vosko [10] and Becke-Johnson
exchange correlation potential [11]. The energy bands

along high symmetry directions, the density of states are
calculated. The results have been discussed in terms of
previously existing experimental and theoretical data.
Some experimental work has been carried out by
Kobayashi [12] for SixSn1-x and Si1-x-ySnx Cy layers in Si
by solid phase epitaxy and ion-beam induced epitaxy.
Another experimental work was realized [13] on thin films
of amorphous Si-Sn alloy prepared by radio-frequency
magnetron sputtering. A. Charlier et al [14] have carried
out a thorough study of the electronic structure of
Sn/Si(111) system at submonolayer coverages of Sn, with
an emphasis on the unoccupied states.
One purpose of this paper is to outline the electronic
properties of this new binary alloy, and to suggest that, for
a restricted range of alloy compositions, the electronic
properties vary. This would allow the tuning of the band
gap as a function of the mole fraction.

2. Calculations
Scalar relativistic calculations have been performed
using the wien2k code [15,16]. For the exchange
correlation potential, we have used the local density
approximation (LDA) with a parameterization of CeperlyAdler data [17]. The new Full Potential Augmented Plane
Wave method of the density functional theory is applied
[18,19]. Several improvements to solve the energy
dependence of the basis set were tried but the first really
successful one was the linearization scheme introduced
by Andersen[20] leading to the linearized augmented
plane wave (LAPW) method. In LAPW, the energy
dependence of each radial wave function inside the atomic
sphere is linearized by taking a linear combination of a
solution u at a fixed linearization energy and its energy
derivative u computed at the same energy.
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Where r’=r-rα is the position inside sphere α with polar
coordinates r’ and r, k is a wave vector in the irreducible


Brillouin zone, K is a reciprocal lattice vector and u l is
the numerical solution to the radial Schrodinger equation
K

at the energy ε. The coefficients a L are chosen such that
the atomic functions for all L components match (in value)
the PW with K at the Muffin tin sphere boundary. The KS
orbitals are expressed as a linear combinations of APWs
K (r) . In 1991 Singh [21] introduced the concept of
local orbitals (LOs) which allow an efficient treatment of
the semi-core states. An LO is constructed by the LAPW
radial functions u and u at one energy ε1 in the valence
band region and a third radial function at ε2.
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An alternative approach was proposed by Sjöstedt et al
[22], namely the APLW+ lo (local orbital) method. Here
the augmentation is similar to the original APW scheme
but each radial wavefunction is computed at a fixed
linearization energy to avoid the non-linear eigenvalue
problem. The missing variational freedom of the radial
wavefunctions can be recovered by adding another type of
local orbitals (termed in lower case to distinguish them
from LO) containing u and u term:
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3. Results
For the eight atom supercell considered here, there may
exist many atomic arrangements for the 50-50% alloy.
The unit cell contains four Si atoms and four Sn atoms.
The lattice constant of the alloyAxB1-x (A=Si and B=Sn)
are determined using Vegard’s law:

a(x) = xaA + (1-x)aB
Where aA and aB are the lattice constants of the pure
semiconductors A and B respectively.
The electronic band structure of the binary alloy SixSn1along
symmetry lines as a function of mole fraction x is
x
shown in Figures (1a,1b,1c), (2a, 2b, 2c) and (3a, 3b, 3c)
for Si, α-Sn and Si0.5Sn0.5 respectively using the three
approximations for the exchange-correlation functional
mentioned above. The results are shown along with other
theoretical values in Table 1. It is found that for the
generalized gradient approximation the GGA's of PerdewBurke-Ernzherhof. (PBE08), the energy gap is
underestimated as compared to the experimental value due
to the well known artifact of the local density
approximation calculations, while the Engel-Vosko
scheme gives quite a nice band gap compared to the
experimental one, the exchange potential proposed by
Becke and Johnson (MBJ) gives significantly improved
results.

(3)

It was demonstrated that this new scheme converges faster
than LAPW. The APW +lo scheme has been implemented
in the wien2k code version [23].
However, in the calculations reported here, we chose
the muffin tin radii for Si and Sn to be 2.21 a.u and 2.5 a.u.
respectively. The expansion of the spherical region is
developed up to lmax=10. Furthermore, we have used the
energy cut-off of R.K=7 and the maximal reciprocal
vector equal to 12 for both compounds.
The integrals over the Brillouin zone are performed
using the Monkorst-pack special k-points approach [24].
Since calculations of the optical properties require a more
dense k-matrix, we have used 1000 k-points in the
irreducible Brillouin zone for integration in reciprocal
space.
In this paper, three approximations for the exchangecorrelation functional have been used, the GGA's of
Perdew-Burke-Ernzherhof. (PBE08) [25], Engel-Vosko
(EV93) [9] and a modified version of the exchange
potential proposed by Becke and Johnson (MBJ)[26] is
used to calculate the band gaps at different alloy
concentrations. The agreement with experiment is very
good, this functional was designed to reproduce as well as
possible the exact exchange correlation potential rather
than the total energy, and as a result gives significantly
improved results, this gives us a unique opportunity to test
the accuracies of the potentials employed and the
calculation schemes in general.

13

Figure 1a. Energy (eV) versus Wave vector for Si (GGA-08)

Figure 1b. Energy (eV) versus Wave vector for Si (Engel-Vosko)
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Figure 1c. Energy (eV) versus Wave vector for Si (MBJ)

Figure 2c. Energy (eV) versus Wave vector for α-Sn (MBJ)

Figure 2a. Energy (eV) versus Wave vector for α-Sn (GGA-08)

Figure 3a. Energy (eV) versus Wave vector for Si0.5Sn0.5 (GGA-08)

Figure 2b. Energy (eV) versus Wave vector for α-Sn (Engel-Vosko)

Figure 3b. Energy (eV) versus Wave vector forSi0.5Sn0.5 (Engel-Vosko)
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Figure 3c. Energy (eV) versus Wave vector for Si0.5Sn0.5 (MBJ)

It is interesting to compare our calculated gaps with
experimental data (Table 1). Quasi-particle excitations are
not taken into account in density functional theory (DFT),
the energy gap calculated from DFT tends to be smaller
than the experimental one. There are several reasons for

15

this. One is that the LDA and GGA functionals contain the
self-interaction error and do not show a derivative
discontinuity, which is important when one wants to
compare the Kohn Sham band gap with the experimental
band gap.In some cases, the wrong ground state is found,
as, e.g., in Ge, where the band gap is around 0.7 eV,
whereas the LDA Kohn-Sham gap is slightly negative at
ambient pressure [27]. The GGA approximation yields
only a small improvement. Quasiparticle calculations
essentially overcome the underestimate of the band gap as
obtained using the LDA. The GW calculations for GaN
for instancepredict band structures in much better
agreement with experiment; but they are time consuming,
and also they treat the d valence states as part of the
pseudopotential core in the case of GaN.
As stated above, Becke and Johnson proposed an
exchange potential, which was designed to reproduce the
exact exchange potential in atoms. This potential, which
does not contain any empirical parameter yields very
accurate electronic band structures and gaps for various
types of semiconductors and insulators. Also, F. Tran and
P. Blaha [28,29,30] have proposed an improved version of
Becke-Johnson potential, The modified Becke-Johnson
exchange potential (MBJ).

Table 1. Energy gap of SixSn1-x as a function of x, using different methods
SixSn1-x
Energy gap (eV)
Present work (GGA-2008)

a

Present work (Engel- Vosko)

Present work (Becke-Johnson)

Other calculations

Exp.

Direct

Indirect

Direct

Indirect

Direct

Indirect

Indirect

Indirect

x=0

0.0

--

0.0

--

0.0

--

0.0c

-0.1b

x=1/8

0

--

0.09171

--

0.0639

--

x=1/4

0

--

0.37729

--

0.60707

--

x=3/8

0.28646

--

0.7663

--

1.00734

--

x=4/8

0.60037

0.50793

1.09758

0.97932

1.17229

1.09137

x=5/8

0.50359

0.34222

0.92876

0.70192

1.17893

1.03364

x=6/8

0.56296

0.46145

0.9583

0.90402

1.23112

1.12254

x=7/8

0.55861

0.46213

1.01551

0.905

1.25779

1.14844

x=1

0.59645

0.47779

1.05684

0.9007

1.2849

1.30247

1.09c

1.25a

reference [31]; breference [32]; creference [33]

Interesting features of Figures 1a, 1b and 1c are that a
direct band gap appears at x =3/8 equals to 0.28eV,
underestimated as expected by (GGA08), while EngelVosko scheme yieldsa somewhat improved 0.76eV gap,
the modified Becke Johnson scheme significantly
improves it and gives a gap equal to 1.097eV, the alloy
fundamental gap is nonzero for x ≥ 3/8, also the level Γ is
lower in energy than the level at L for x=1/2. However,
the gap becomes indirect at X for x:>3/8. Potentially
useful properties of Si-Sn system may be deduced from
this study. There exists a range of concentration where the
gap is direct or indirect. A semiconductor with a direct
gap between 0.3<x<0.6 is a potential infrared detector or

light emitter. For x>3/8 SixSn1-x has an indirect band gap
and hence a potential Gunn oscillator. One noticeable
feature is that when x<0.1 SixSn1-x becomes metallic. We
find that Si-Sn alloy is Si like indirect material for low
concentration of Sn and Sn-like direct material for higher
concentration.
Therefore under favorable conditions, with increasingly
developed growth techniques, Si-Sn can have attractive
prospects in application for fabricating advanced devices.
In order to understand the calculated band structure in
terms of the contributing atomic states, the total density of
states (DOS) are plotted in Figures 4a, 4b and 4c for Si,
Si0.5Sn0.5 and α-Sn respectively.
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Figure 4a. Total Density of states for Si (GGA-08+Engel-Vosko+MBJ)

Si and Sn materials have valence band densities of states
qualitatively similar to the band structures. The electronic
configuration of Silicon is: 1s2 2s2p6 3s2p2 and that of
grey Tin [Kr] 4d10 5s2 5p2.
It is clear from the calculations that the upper valence
band is dominated by contributions from 2p states for Si
and 4d states for Sn , and the lower valence band for both
compounds is comprised mainly of 2s states.
The density of states of Si, Si0.5Sn0.5 and Sn can be split
into two main broad bands. The energy region between -5
eV to 0eV contains the lowest peaks for the 3 compounds,
and most prominent bands in the region 1eV to 5eV, note
that as we increase the mole fraction this energy range
decreases and is shifted to lower energies and intensity
transitions peaks appear to increase and reaches ~ 12eV.
The minimum of the density of states occurs at Γ at -0.95
eV for Si, -1.05eV for Si0.5Sn0.5 and -0.99eV for Sn. The
conduction bands are more difficult to describe than the
valence bands because they are more delocalized and
more free-electron like. It is known that there is a large
difference in the electronegativity of Si and Sn, it is 1.41
for Si and 1.15 for α-Sn in the Phillips scale [34] and there
is also in difference in their atomic valence s and p
orbitals energy [35], (Es=-4.20eV, Ep=1.71eV for Si and
Es=-5.67eV, Ep=1.33eV for α-Sn), therefore a large
transfer occurs between Si and Sn.

Conclusion

Figure 4b. Total Density of states for α-Sn (GGA-08+EngelVosko+MBJ)

The electronic properties of Si and α-Snand the binary
alloy SixSn1-xhave been investigated using the wien2k
package, Full-potential linearized augmented plane wave
(FP-LAPW) approach within the density functional theory
(DFT) in the local density approximation (LDA) including
the generalized gradient approximation (GGA) was used.
Three approximations for the exchange-correlation
functional have been used, the GGA's of Perdew-BurkeErnzherhof. (PBE08)], Engel-Vosko and a modified
version of the exchange potential proposed by Becke and
Johnson (MBJ) is used to calculate the band gaps at
different alloy concentrations.
The use of PBE08 for the exchange-correlation
potential allows only minor improvements to the band gap,
while the Engel-Vosko scheme permitted us to obtain an
energy gap, in good agreement with the experimental
measurement and other theoretical calculations. However,
the MBJ eigenvalue spectrum gives an excellent
description of the band structures and yields significant
improvement to the value of the energy gap as compared
with the experimental one. The densities of states have
been presented and provide additional evidence of the
band structures and also has allowed to analyze the
contributing atomic states in SixSn1-x.
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Figure 4c. Total Density of states for Si0.5Sn0.5 (GGA-08+EngelVosko+MBJ)
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dominant orbital character of the groups of bands in the
indicated regions of energy for Si and Sn. The elemental
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