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ABSTRACT

We present first-principles calculated electronic and optical properties of
some SiGe alloys. The ground-state, electronic excitations and optical prop-
erties have been calculated with Ge and Si atoms arranged in different ways
among the sites of a diamond-type lattice. For the ground state a DFT-LDA
scheme and for the electronic excitations a DFT-GW approach have been
respectively used. For the optical properties the DFT-LDA-RPA scheme has
been applied for alloys going in composition from Si(100%) to Ge(100%) :
obtained results have been compared with existing experimental and theoret-
ical data. For the noticeable Si(50%)Ge(50%) alloy also two-particle effects
have been evaluated using the Bethe-Salpeter equation.

INTRODUCTION

The elemental semiconductors silicon and germanium form a continuous se-
ries of disordered alloys. A detailed comprehension of the properties of the
Si-Ge alloys is a prerequisite for successful device applications. These alloys
seem promising candidates as substitute material for Si in low-power and
high speed semiconductor devices[1]. Interesting properties range from en-
hanced mobility [2] to appearance of new direct optical transitions|3].Si-Ge
semiconductors are being used to create high-performance bipolar transis-
tors and integrated circuits[4, 5], highly integrated focal-plane array infrared
detectors[6], and infrared light-emitting diodes [7]. The wide range of appli-
cations of Si-Ge alloys have been presented nowadays also to a wider public
[8]. In this paper, we concentrate on the bulk properties of Si-Ge alloys. We
determine for these systems, with state of the art computational techniques,
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the ground state, the electronic excitations and the optical absorption, go-
ing in composition from Si(100%) to Ge(100%). Obtained results have been
compared with existing experimental and theoretical data.

MODEL AND STRUCTURAL PROPERTIES

In the present paper we mimic SiGe alloys by a series of ordered crystals
formed from Ge and Si atoms arranged in different ways among the sites of
a diamond-type lattice. Since a diamond-type lattice is composed of eight
interprenetating simple cubic lattices, it is convenient to work with a series of
ordered crystals having in compositions GegSi;_; where k = 0,1/8, ..., 8/8 [9].
In this way we can simulate ordered alloys with compositions steps of 12.5%.
The simulation of ordered structures permits us to takle the study of the SiGe
alloys using small simulation cells, with a relative high number of symmetries,
mantaining therefore the same efficiency of all the computational schemes
which treat ground-state, electronic-excitation and optical properties. We
use Density Functional Theory (DFT) in the Local Density Approximation
(LDA) for the exchange and correlation energy [10].

Plane waves expansion for the wave-function with energy cut-off of 55
Rydberg, norm-conserving Troullier-Martins ionic pseudopotentials[11], from
8 to 10 k-points in the first Brillouin Zone (ISTBZ) have been used to deter-
mine the ground state of each different alloy here considered. The theoretical
lattice parameters for the different structures have been then used for opti-
cal absorption spectra calculation (e.g. for Ge(100%), Si(50%)Ge(50%),Si
(100%) they are respectively 10.57, 10.36, 10.2 a.u.).

ELECTRON EXCITATION AND OPTICAL PROPERTIES

For the discussion of the electronic properties of the SiGe alloys we consider
in details the Si(50%)Ge(%50) as prototype case. As found by other authors
this is an indirect gap semiconductor with transition along the A line of
the ISTBZ. Within LMTO Schmid and coworkers found a value of 1.22eV
at 087A[12], Theodorou and coworkers found 0.82e¢V within a tight-binding
approach at 0.85A[13], while Remediakis and Kaxiras found 1.20 — 1.24eV
[14]. In the present case we find a DFT-LDA minimum gap along A of
0.55 eV. Due to the fact that DF'T-LDA electronic energies suffer of the so-
called band-gap underestimate[15, 10], one has to use another scheme (called
DFT-GW), which treats correctly self-energy effects, to obtain results which
compare well with experiments. DFT-GW method gives for example a self-
energy correction for the minimum gap of bulk Si of 0.77eV. In the case
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of Si(50%)Ge(%50) a correction slightly smaller here results, i.e. 0.57eV,
giving a minimun indirect gap of 1.12e¢V in good accordance with the data
Ref.[12, 14].

In principle state of the art calculations of the optical properties of semi-
conductors should include the one-particle and two-particle effects [10]. How-
ever it has been demonstrated that in optical absorption spectra of many
semiconductors these two effects nearly cancel, therefore making the DFT-
LDA dielectric function calculated within the random-phase approximation
(RPA) a valuable term of comparison with experiments [10, 11]. Moreover in
the case of the electron-energy loss spectra one has to evaluate the func-
tion —Im[e~!(w)] which determined within DFT-LDA-RPA scheme gives
very good comparison with the experiments[10]. Another point in favour
of the DFT-LDA-RPA scheme is that the computational limits of the Bethe-
Salpeter Equation (BSE)approach, which takes properly into account the
electron-hole interaction, poses much more difficulties to its straight applica-
tion to medium and large size systems. For these reasons within the present
paper we are able to treat properly the one- and two-particle effects only in
pure Si, pure Ge and in the relevant case of Si(50%)Ge(50%). This alloy is
particularly interesting because it has the average composition between the
two constituents, and it can be seen as the prototype for all (Ge),,/(Si),,[12]
superlattices. The understanding of Si/Ge superlattices is particularly ap-
pealing because of the possibility of obtaining a direct or Si-based quasi-direct
semiconductor material[12]. Moreover the possibility of comparison between
DFT-LDA-RPA and BSE schemes permits one to test the efficiency of the
DFT-LDA-RPA scheme which is the only that at the moment can be applied
to medium and large size system (in this case to all the alloys with composi-
tion different from Si(100%), Ge(100%), Si(50%)Ge(50%)). In the reciprocal
space the microscopic dielectric matrix within DET-LDA-RPA reads[15]

EPA(G,w) = 1 — v(q+ G (G w). (1)
in which Xg%f‘((f, w) is the RPA susceptibility tensor , which reads as product

of two one-particle Green functions [10, 15]. In the present work we deter-
mine the above nonlocal function from DFT-LDA eigenvalues and eigenvec-
tors. Due to the need of good convergence for optical calculations[10], all the
optical functions here given have been converged with a 512 E—points mesh
in ISTBZ. In Fig. 1 the imaginary part of dielectric function for SiGe alloys
with different compositions calculated within DFT-LDA-RPA scheme. In
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Figure 1 Imaginary part
of dielectric function for al-
loys with different Si com-
—,  positions calculated within
DFT-LDA-RPA scheme. In
the upper panel in vicinity
of the pure Ge case, in the
lower on in vicinity of the
pure Si case.

Imaginary part of dielectric function
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the upper panel in vicinity to the pure Ge case, in the lower in vicinity to the
pure Si case. It is clear from this figure that aside from different behaviours
at the gap region, induced by the presence of the atoms of the other species in
the cell, the spectra both in the Si rich or Ge rich case show rather smooth
changes upon varying the concentration. Once the macroscopic dielectric
function has been calculated is possible to obtain all the optical functions,
for example the real and imaginary part of the refractive index [11]. If one
needs to treat properly the one- and two particle-effects in the optical ab-
sorption spectra one could use respectively a DF'T-GW scheme for self-energy
corrected electron-excitation energies and the BSE approach to take correctly
into account the electron-hole interaction. The BSE macroscopic dielectric
function reads [10]
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where v(q) is the coulombian potential; ¢, are the Kohn-Sham wavefunc-

tions; ) and AE\“k) are the eigenvalues and eigenvectors of the excitonic
hamiltonian H°*°.

In Fig.?? the imaginary part of dielectric function calculated within state
of the art techniques which include one-(GW) and two-particle (BSE) effects.
Upper panel shows the comparison between theory and experiments after
Ref.[16] for pure Si. Lower panel Ge case with experiments after Ref.[17]. In
the central panel the theoretical data within DFT-LDA-RPA and GW-BSE
relative to the Si(50%) Ge(50%) alloy. It is interesting to note that consid-
ering both the one-particle (GW)and the two-particle (BSE) )effects in the
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spectra for pure Si and Ge very good agreement is found with experiments.
Infact both the above computational schemes represents state of the art tech-
niques for electronic excitations and optical properties of semiconductors|10].
However the applications of these approaches is limited until now to small
cells systems (e.g. in this work two-atoms cells). The results reported in the
central panel of Fig. 2 for Si(50%) Ge(50%) show a relatively good compar-
ison between DFT-LDA-RPA and GW-BSE data, aside from the first peak
region below 3eV. In comparison with experiments [18], at the optical onset
the GW-BSE curve shows good agreement with data obtained at z = 0.4, 0.6
concentrations, while the DFT-LDA-RPA curve suffers of evident mismatch
[1]. This point suggests the need of correct inclusion of high-order effects in
the Si-Ge alloys optical functions to correctly reproduce their behaviors in
the whole energy range.

CONCLUSIONS

We presented first-principles calculated electronic and optical properties of
some SiGe ordered alloys. The ground-state, electronic excitations and op-
tical properties have been calculated within state of the art techniques up
to include one- and two-particle effects for the noticeable Si(50%)Ge(50%)
case. Comparison with previous experimental and theoretical results is given
as possible extensions of optical calculations to more complicated SiGe alloys
are discussed.
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