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Abstract An investigation into the structural, electronic and optical properties of Si, Ge, and Si,Ge, for different
compositions was conducted using first-principles calculations based on density functional theory (DFT). The total energies
were calculated within the full -potential linear muffin-tin orbital (FP-LMTO) method augmented by a plane-wave basis
(PLW), implemented in Lmtar code. The effects of the approximations to the exchange-correlation energy were treated by
the local density approximation (LDA). From our simulation results, it is found that the theoretical ground-state parameters,
the band structure, the density of states (DOS), the chemical bonding and the optical properties agree well with the experi-
ment and other theoretical calculations. The accuracies found from the present calculations allow us to describe the proper-
ties of the electronic as well as the optoelectronic devices based on the Si;_ Ge, alloy.
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1. Introduction

Semiconductors have played a major role in the current
technological revolution. For the past years, a major aspira-
tion of condensed matter physics has been to explain and
predict the properties of solids knowing only the identities
of the constituent atoms. Recently, this goal has been real-
ized for many semiconductors properties. The successes are
best illustrated by the progress made in understanding the
structural, electronic and optical properties of semiconduc-
tors.

Among semiconductors, the covalent semiconductors Si
and Ge have been studied extensively both theoretically and
experimentally[1,2]

Group IV semiconductor alloy like Si-Ge, have the im-
mense potential for technological applications[3-5].

Silicon Germanium (Si;.\Gey) alloy is good candidate as
a substitute material for Si in low-power and high-speed
semiconductor device technologies[6]. Optoelectronic de-
vices, such as heterojunction bipolar transistors, are already
in industrial production. Si;.Ge, is also promising as alloy-
ing material for quantum well devices, for the 1.3-1.55 pm
optical communication detectors[7,8] for the 2 um to 12 um
infrared detectors[9,10], and modulation-doped field-effect
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transistors[11]. The main reason for this is the requirement
of the direct gap materials for fabrication of optoelectronic
devices. The system, for example, Si-Ge improves the
transport and optical properties as compared to silicon. Due
to such applications of the system in optoelectronics devices,
the theoretical and experimental studies of Si-Ge system is
an important task. The number of bonding electrons does
not change when the solid solution of Sil-xGex is formed
and, hence, the theoretical study of the system of Si-Ge
solid solutions is also interesting.

Although much efforts have been paid on the growth of
Si,..Ge, and Si,.,Ge, /Si as well on electrical characteriza-
tion, there is still a lack of information about the optical
properties of Si;_ Ge, . This prompts us to study these pro-
prieties in the present work.

The main goal of this paper is to provide a consistent and
complete set of electronic and optical parameters that are
need for our next quantitative calculations of the quantum
cascade laser (QCL) properties based on these materials.

This paper is organized as follows. In Section 2 we de-
scribe the theoretical methodology of the first principles
calculations and discuss the details of the calculations. The
results of the band structure, the density of states (DOS), the
chemical bonding and the optical properties are presented
and discussed in Sec. 3. Finally, Section 4 summarizes the

paper.

2. Method of Calculations



2 K. Zellat et al.:

Computational Investigation of Electronic and Optical Properties of Si, Ge and Si;.,Ge,

Alloys using the FP-LMTO Method Augmented by a Plane-Wave Basis

In this work, full potential linear muffin -tin orbital
(FP-LMTO) method, as employed in the Imtart code[12-14],
has been applied to perform first -principles total energy
calculations. It’s a specific implementation of density func-
tional theory within the local density approximation (LDA).
In this method, there is no shape approximation to the crys-
tal potential, unlike methods based on the atomic-spheres
approximation (ASA) where the potential is assumed to be
spherically symmetric around each atom. For mathematical
convenience the crystal is divided up into regions inside
muffin-tin spheres, where Schrédinger's equation is solved
numerically, and an interstitial region.

In all LMTO methods the wave functions in the intersti-
tial region are Hankel functions. Each basis function con-
sists of a numerical solution inside a muffin-tin sphere
matched with value and slope to a Hankel function tail at
the sphere boundary. The so-called multiple-kappa basis is
composed of two or three sets of s, p, d, etc. LMTOs per
atom. The extra variational degrees of freedom provided by
this larger basis allow for an accurate treatment of the po-
tential in the interstitial region. One advantage of this
method over, pseudopotential-based methods, in the context
of high-pressure physics and elsewhere, is that the core and
semi-core electrons are explicitly included in the calcula-
tions. In addition, to first order all materials require equal
computational effort, with no dependence on a deep versus
shallow pseudopotential. However, pseudopotential based
methods are generally much more computationally efficient
for large numbers of atoms, due in part to a simpler mathe-
matical foundation that is more amenable to clever algo-
rithmic shortcuts.

In order to solve the Kohn-Sham (KS) equation, the wave
function needs to be expanded in a known basis set {)} in

the following form:
N

)= cil x) @

i=l1
Operators are then treated as matrices and functions as
vectors on a computer. The Kohn-Sham equation can then
be transformed to a general eigenvalue problem:
(H ~£()0) =0 2
Where c is the vector of {ci} and H and O are the Hamil-
tonian and overlap matrices respectively with matrix ele-
ments:
{1 Yij = (it | )
{0Yii = (il 27) ©)
The eigenvalue problem and calculation of matrix ele-
ments are the most time consuming parts in the
self-consistent cycle and therefore needs to be implemented
in an efficient way.
A very important consequence of the translational perio-

dicity of an infinite crystal is that the basis set can be writ-
ten as a Bloch sum:

2(kr) =Y & 4i(r ) 4)

Where T is a primitive translation vector and & is a vector

in the reciprocal space. This means that in order to obtain
the wave function in the entire space, the KS-equation
needs to be solved only for a selected number of k-points
lying inside the Brillouin zone (BZ). The equations can be
solved separately and independently for each k-point,
through an integration over the Brillouin zone is necessary
in the end to obtain the band energy.

The chosen basis set {y;! needs on one hand to be
mathematically simple to simplify the calculation of matrix
elements and on the other hand it needs to be suitable to the
problem of interest to reduce the number of basis functions.
In 1975, Andersen[15] constructed a basis set of linear-
muffin-tin-orbitals (LMTO), which are very well adapted to
the crystal problem. It is a minimal basis set which reduces
the size of the Hamiltonian matrix that in turn reduces the
computational effort.

The starting point is to approximate the full crystal po-
tential with a muffin-tin potential VMT. Then, we obtain a
spherically symmetric potential well with radius S near the
atomic site and a flat potential outside (interstitial):

V(r) r<§

V=] 5)

Virz r>$

In the Atomic Sphere Approximation (ASA) the radius of
the muffin-tin spheres S is chosen to be equal to the
Weigner-Seitz radii Sws. The muffin-tin spheres then over-
lap with each other and are space-filling, that is, the intersti-
tial part of the crystal is neglected. Moreover, in the ASA
the kinetic energy outside the muffin-tin sphere is chosen to
be equal zero. If the crystal is not close-packed it is neces-
sary to include so called empty spheres to reduce the over-
lap of muffin-tin spheres. To a first approximation, one can
correct on ASA by adding some extra terms to the LMTO
matrices, the so called combined correction terms[16].

In the muffin-tin geometry and after linearization of the
solution to the radial Schrodinger (Dirac) equation inside
the muffin-tin, the muffin-tin orbitals have the form[15,16].

(r)+E-E (r r<§
Fin(r B)= { leZ(r))Yz(m(r)V)wm Lo

Here Ev is the linearization energy, K, (r) the irregular
solution (Neumann function) to the Helmholtz equation
outside the muffin-tin sphere, a function called envelope
function and Y, are spherical harmonics. In order to have a
smooth wave function, the solutions and their first deriva-
tive inside and outside the muffin-tin sphere are matched at
the sphere boundary. The envelope function centered at a
muffin-tin at R can be expressed inside a neighboring muf-
fin-tin sphere at R in terms of regular

Solutions (Bessel functions) Jyyy: (g ) as:(7)

KR ==Y 1Sy i (R (D)
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Where R#R and S ., are structure constants which
only depend on crystal structure. It is possible by a trans-
formation to screen the structure matrix and envelope func-
tion in order to minimize the overlap between different
muffin-tin orbitals[17,18]. This representation is called tight
binding representation (TB)[19]. Then, the LMTO-basis
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can be used in the wave function expansion, Eq.1, and in
the general eigenvalue problem, Eq.2, in order to obtain a
solution to the one-particle Schrodinger equation. Alterna-
tively, one could use the fact that all the tails from all other
muffin-tin spheres must cancel inside a given muffin-tin
sphere.

In order to achieve the energy eigenvalues convergence,
the wave functions in the interstitial region were expanded in
plane waves with a 63.549 Ryd energy cut-off and a number
of plane waves equal to 9170. The charge density and the
potential are represented inside the muffin-tin spheres (MTS)
by spherical harmonics up to /,.x = 6. The k integration over
the Brillouin zone is performed up to (6, 6, 6) grid in the
irreducible Brillouin Zone (BZ), using the tetrahedron
method [20].

3. Results and Discussions

3.1. Electronic Band Structure of Si and Ge

Energy bands consisting of a large number of closely
spaced energy levels exist in crystalline materials. The
bands can be thought of as the collection of the individual
energy levels of electrons surrounding each atom. The
wavefunctions of the individual electrons, however, overlap
with those of electrons confined to neighbouring atoms.

The Pauli Exclusion Principle does not allow the electron
energy levels to be the same so that one obtains a set of
closely spaced energy levels, forming an energy band. The
energy band model is crucial to any detailed treatment of
semiconductor devices. It provides the framework needed to
understand the concept of an energy band gap and that of
conduction in an almost filled band as described by the
empty states. The energy band diagrams of semiconductors
are rather complex[21].

The detailed energy band diagrams of silicon and germa-
nium are shown in Figure 1.The energy is plotted as a func-
tion of the wavenumber, k, along the main crystallographic
directions in the crystal, since the band diagram depends on
the direction in the crystal. The energy band diagrams con-
tain multiple completely-filled and completely-empty bands.
In addition, there are multiple partially-filled band.

One can notice from the figure 1 that the smallest band
gap of germanium and silicon are indirect, The values of
these gaps turns out to be at 300K, 1.2eV and 0.661eV, re-
spectively. At the same temperature, the energies corre-
sponding to critical points for silicon are E;=2.0eV, Ex=
1.2eV, Er;= 3.4eV. We have found an energy separation
(ErL or Ep,) equal to 4.2eV, and an energy spin-orbital split-
ting Eg, equal to 0.044eV.

For the germanium at the same temperature, we have Ex
=1.2eV, Ep=, 3.22eV, an energy separation (Er;, AE>) =
(0.8eV, 0.85eV) and an energy spin-orbital splitting E, =
0.29¢V.

With the LMTO (LPW) method, we found for Si, the
values of muffin -tin spheres (MTS) , Spheres asa, Nrad=

2.221, 3.1823, 276 respectively . For Ge : MTS, Spheres asa,
Nrad =2.31, 3.3126, 3.32, respectively.
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To have a depth insight of the origin of the different
bands, one can plot the contribution from the different
atomics orbital to the electronic energy band structure as
shown in the Figure 2.
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3.2. Electronic Band Structure of the Si; ,Ge, Alloy

The next step of our calculations is to show how the stochiometries could affect the band structure of the alloy based on the
studied elemental semiconductors. The atom specific data of Si; ,Ge, alloy are given in Table 1.

Table 1. The atom specific data of the Si;«Gey alloy

Lattice parameter in B over A ratio Primitive translations in | Position of atom in the Unit cell
Elements Number of atoms o . . ) ) ) i
atomic units (A) C over A ratio units of lattice parameter in units of lattice parameter
SioooGeloo 8f0r GC
Si]ooGeooo 8fOI' Sl
Sig12G 1for Si, 7for G 0.0, 0.0, 0.0
i012Ge or Si, 7for Ge
S , 1/4, 1/4, 1/4
Sigs7Geor2 7for Si, 1for Ge
1/2,1/2,0.0
. . 3/4,3/4,1/4
SigsGegrs 2for Si, 6for Ge
. . 10.04 1-1 1.0, 0.0, 0.0 0.0,1/2,1/2
Sig75Geoas 6for Si, 2for Ge
0.0, 1.0, 0.0 1/4,3/4,3/4
. . 0.0,0.0, 1.0 1/2,0.0, 172
Sigs0Gegso 4for Si, 4for Ge
3/4,1/4,3/4
Si037Ge0(,2 3fOI' Sl, SfOI' Ge
Sige2Geo37 Sfor Si, 3for Ge

The detailed energy band diagrams of Si;(Ge, alloy are shown in Figure 3 (e, e;, €3, e4) for SigGeigo, Sijo0Geooos
Sip13Gegg7, and SigggGeyyo, respectively.
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Figure 3. The calculated electronic energy-band structure of Si;.4Gey alloy for SigeoGeioo (€1) , Sit00Geooo (€2),, Sin13Geos7 (€3), and SipssGeor2 (€4)

We show in ﬁgures 4 (fl,fz,f3,f4,f5) the energy band diagrams of Si025Geo75, Si075G9025, SiosoGeoso, Si03gGCO62, and
Sigs3Geps7, respectively.
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Figure 4. The calculated electronic energy-band structure of Si;<Gey alloy for SipsGegrs (f1), SiorsGeoas (£2),, SiosoGeoso (£3), SinssGeos (f2),and Sige3Geosr

().

For the calculation of Si;Ge, alloy we adopted a
zinc-blend structure. The band structures of all the consid-
ered concentrations are for zinc-blend structure. Our results
agree well with the self-consistent Full potential LMTO
calculation of the band structure, especially for the mini-
mum gap (near X point) and for the band ordering (Egr >
Egri > Egrx). The LDA energy band structures of SiyGe;
alloys are found to be indirect for the zinc-blend structure.
It is important to note that the band gap derived from LDA
eigenvalues is too small; the LDA underestimates the band
gaps. Thus, although the minimum gaps are brought close
to experiments, the dispersion of the present band structure
may not predict future experiments very well. These physi-
cal trends have been confirmed by other authors[22-24].

In this LDA, electronic properties are determined as
functional of the electron density by applying local relations
appropriate for a homogeneous electronic system. However,
the experimental data of the principal energy gaps of
SipsGeps alloy are not sufficiently available to allow an
accurate determination of the potential parameters. To cal-
culate the principal energy gaps for the zinc-blende struc-
ture of Si; Ge, at 300 K for concentration x < 0.85, we

have used the interpolation equation like 1.12-0.41x +
0.008x” eV, but for x > 0.85 we have used the linear 1.86 -
1.2x eV. From these calculations one can state that the Si;_,
Ge, is a Si-like indirect semiconductor for x < 0.85 in good
agreement with other results[25].

3.3. Electronic Charge Density of the Si;_Ge,

To analyze the bonding properties, we have shown in
Figure 5 ((1) and (2)) the electronic charge densities of Si
and Ge, respectively.

It is well known that all properties of a microscopic sys-
tem of N particles, e.g. charge densities can be obtained
from the solution of Schrddinger's equation, but assuming a
macroscopic crystal (N approx. 10**) the equation can not
be solved. Using the density functional theory of Kohn, and
Sham[26,27], Schrddinger's equation can be transformed
into a system of 10** one-particle-equations, and each parti-
cle suffers from an effective potential V {(r). Our calcula-
tion method LMTO is based on the Kohn-Sham theorem .

In figures 6 ((1) to (4)), we have illustrated the electronic
Charge densities of SioooGeloo, SilooGeooo, Si050G6050,
Sig37Gegs, respectively. Using the other concentration (75%,
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87%), we found the same graphs as for the Siys0Gegso alloy.
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Figure 5. The calculated electronic charge densities of Si (1) and Ge (2)

The central feature of the calculated charge densities is
the existence of pile up which indicating the covalent char-
acter of the bonds. To take into account the effect of the
different values of composition,, found some different pro-
files of the charge densities. Since the total charge densities
arise from the lowest valence band, the increase of the
composition value leads to germanium profiles. This be-
haviour has been discussed by Philips [1].

3.4. Density of State of the Si; ,Ge, Alloy

In statistical and condensed matter physics, the density of
states (DOS) of a system describes the number of states at
each energy level that are available to be occupied. A high
DOS at a specific energy level means that there are many
states available for occupation. A DOS of zero means
that no states can be occupied at that energy level.

As was illustrated in Figure 7, the Fermi level is shifted to
0 eV. We show here the total DOS (sum of all basis which is
considered in both atoms) that has considerable contribution

towards total density of states. Our calculations for the total
DOS of SigGejgo yield main structure at 17eV and 26eV
above the Fermi level and for Sigs0Gegso atlleVand 17¢V,
for Sig75Gegsat 12.5eV and 17 eV, Sip;7Gegsp at 11eV and
15.5eV, Sipg7Geg2 at 11eV and 15.5eV and 23eV above the
Fermi level (See figures 5,6,7,8,9), respectively).
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Figure 6. The calculated electronic charge densities of SigGeigo (1),
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Figure 7. The calculated total DOS for SigGeioo (5), SiosoGeoso (6),
Sig75Geozs (7), Sip37Geos2 (8) and Sigg7Geoi2 (9)

We can also state that the valence band density of states
may be divided into three regions. Using the top of the va-
lence band, the first region is predominately of s-like char-
acter stemming from the atomic 3s-states. The second re-
gion is a transition region with contribution from both s-
and p-states. Finally, the last region is predominantly p-like.
The feature which delineates these spectral regions is a
sharp reduction or dip in the density of states compared to
the average density.

The Contributions of different atomics orbitals to the
DOS of Ge and Siy,sGegrs are shown in Figure 8(10) and
Figure 8(11). These profiles of the DOS confirm the above
physical consideration and in the other hand agree well with
others theoretical results[28].
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Figure 8. Contribution of different atomic orbital to the DOS for Ge (10)
and for Si025G6075 (1 1)

3.5. Optical Properties of the Si;_Ge, Alloy

It is well known that the basic optical properties of semi-
conductors result from the electronic excitation in crystals
when an electromagnetic wave is incident on them. The
calculation of the optical properties of the solids is beset with
numerous problems. The knowledge of the dielectric func-
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tions &(E)= ¢,(E)-ie(E) allows to describe the optical prop-
erties of the medium at all phonon energies E.

Calculations of the dielectric function involve the energy
eigenvalues and the electron wave functions. These are the
natural output of the ab initio band structure calculation
which is usually performed under local density approxima-
tion (LDA)[29,30] In the LMTO-LPW, we have calculated
the frequency dependent imaginary dielectric function, real
dielectric function, and electron energy loss spectrum. The
effects of using K points in the BZ have already been dis-
cussed in the earlier work by Khan et a/ (1993) [31].

Before presenting the results for Si;. Gey alloy with dif-
ferent concentration, we will establish the reference of the
optical results for Si and Ge. as depicted in Figure 9(12) and
Figure 9(13), respectively.
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Figure 9. The calculated frequency dependent dielectric function and
electron energy loss spectrum for Si(12) and Ge (13)

Calculated frequency dependent dielectric function and
electron energy loss spectrum, of SigsGegrs Sigr;sGegys , and
Sips0Gegso are shown in figures 10(14) , figure 10(15) and
figure 10(16), respectively.
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Figure 10. The calculated frequency dependent dielectric function and
electron energy loss spectrum for SigsGegrs (14), SigrsGegos (15) and
SiosoGeoso

From these curves, one can state that the optical proper-
ties behaviors reveal that the indirect band gap transition is
still present. The profiles for the imginary part of the di-
electric function two peaks denoted by E1 and E2. We have
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observed that the transition E2 is characterized by a rather

broad peak and an amplitude more important than that of E1.

The peak position of E2 is located at 4.5 eV but El is lo-
cated near 2.2 eV (Fig.9(13)). For the silicon the profile of
the &i exibits a net peak located near 4.3 eV (Fig. 9(12)).

The E2 peak appears to arise from a well-defined, limited
region inside the Brillouin zone. Then it was interpreted as
interband transitions at the X-point and along ) -line, origi-
nating from transitions from the p-like states of the sp- hy-
bridized conduction band in regions about the X- and
K-points[32,33]. The low-energy peak at E1 was interpreted
as interband transitions along the I'L-line. For Si that is
consistent with the transition energy of about 3.5 eV at
thel"-point[34]. Our calculations also show that the Si en-
ergy band gap along is fairly constant in k-space, which
should result in strong absorption at this energy. The real
part of the dielectric functions are also displayed in Figure 9
and Figurel0. These profiles show a net peak up to the en-
ergy axis and a minimun below. Compared to the silicon,
germanium exibits a richer spectrum. In the same figures
we have also illustrated the electon energy loss spectrum.
The structure in these spectra may be categorized into three
distinct regions. For energy loss in the energy below 23 eV,
the structure of the L(w) arises from optical-like interband
transitions. The incident electron loss energy by scattering
off a valence electron which is promoted into the conduc-
tion band. In the 23-30 eV region, the value of L(w) is large
with a net peak leading to state that the dominates process
in this region is plasmon excitation. The third region is
thought to arise from excitation in which the energy loss by
the scattered electron is used to promote a core electron.
The effect of increasing the germanium composition is
clearly seen. We notice that position peaks were shifted to
the left. We have also observed that not only the optical
transition E1 peak was reduced but it tends to disappear and
to form with E2 only a single broad peak centered around
43 ¢eV.

These all optical properties results agree very well with
other theoretical as well as the experimental results[35-38].
The polarity of the Si-Ge bond can with reasonable accu-
racy be neglected, which means that the zero-frequency
transverse optical and longitudinal optical modes are de-
generate.

4. Conclusions

We have made a detailed investigation of the electronic
structure and optical properties of Si, Ge and Si,.,Ge, alloy
using the full-potential linear muffin-tin orbital (FP- LMTO)
augmented with the plane wave approximation (PLW). The
effect of the approximation to the exchange-correlation en-

ergy were treated by the local density approximation (LDA).

From the simulation results, it is found that the theoretical
ground-state parameters, the band structure, the density of
states (DOS), the chemical bonding and the optical proper-
ties agree quite well with experimental information as well

other theoretical works. In the present work, we have also
checked the transferability of the considered calculation
method to predict the structural, electronic and optical
properties for Si;,Ge, alloy from those of their parent
semiconductors. Finally, one can deduced from these results
that the weakly straind G-rich SiGe layers possess very
promising properties for both electronic and optical applica-
tions. Further work is in progress.
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