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The linear optical properties of (Si),/(Ge),

strained-layer superlattices (SLS’s) grown on

Si;_,Ge,(001) substrates are studied within the framework of the tight-binding approximation. A sys-
tematic study of the influence of periodicity (n +m), composition (n/m), and strain of the superlattice
on the E,-like and E,-like transitions of the dielectric function is presented. The near-gap absorption
coefficient is calculated and the contribution of the pseudodirect transitions is investigated. The dielec-
tric function &,(w) of Si/Ge SLS’s is compared with the average crystal dielectric function £§(w), as well
as to the mean value of the dielectric function of the constituent materials, €5'(w). For light polarization
parallel to the growth plane, the dielectric functions of the SLS is better described by the €5'(w) spec-
trum, even for thin SLS’s. For polarization along the growth axis it is closer to the £5(w) spectrum and
only for quite thick SLS’s do we observe Ge-like and Si-like features. These results are also confirmed
with the use of a decomposition technique of the SLS wave function.

1. INTRODUCTION

In the last decade, a large number of theoretical and
experimental works on the electronic and optical proper-
ties of Si/Ge strained-layer superlattices (SLS’s) have ap-
peared in the literature. This is mainly due to the fact
that thin Si/Ge SLS’s composed of two technologically
important indirect-gap semiconductors have the potential
of becoming direct-band-gap materials appropriate for
use in optoelectronic devices."? From the theoretical
point of view, most of the work on these SLS’s has been
devoted to electronic-band-structure calculations.>™!!
Methods with various degrees of sophistication have been
used for this purpose, i.e., effective-mass Kronig-Penney
models, empirical pseudopotentials, empirical tight-
binding (ETB) models, self-consistent pseudopotentials,
linear-muffin-tin-orbital (LMTO) models, and others.
From the experimental point of view, most of the impor-
tant experiments concern photoreflectance,
electroreflectance, and photoluminescence measure-
ments.'>" 16 These measurements are particularly sensi-
tive to critical-point transitions but give no information
about all other transitions. Recently, measurements of
the imaginary part of the dielectric function &,(w) as well
as the absorption spectra for some Si/Ge SLS’s have been
reported.!” 2! These spectra give information on transi-
tions in the entire Brillouin zone (BZ). The measured op-
tical spectra possess many structures and for their inter-
pretation detailed theoretical calculations are needed. To
our knowledge, only a few theoretical works have been so
far devoted to the calculation of the linear optical proper-
ties of Si/Ge SLS’s.22~ 24

To our knowledge, the first reported calculations of the
dielectric functions were done by Ghahramani, Moss,
and Sipe.? They used an ab initio minimal basis of or-
thogonalized linear combination of Gaussian orbitals
technique to produce the band structure of the SLS’s.
This method, however, does not describe accurately the

0163-1829/94/50(24)/18179(10)/$06.00 50

conduction bands and, in addition, the oscillator
strengths are too small. As a result, the calculated dielec-
tric functions deviate considerably from the real ones.
Their investigation was mainly limited to the tetragonal
anisotropy of these SLS’s. At the same time, Gell? cal-
culated the adsorption coefficients for the (Si),/(Ge), SLS
grown on different Si,_,Ge, buffers by means of the
empirical pseudopotential method. He found that the ab-
sorption spectra near the band gap are different from
those of the corresponding alloy. He also predicted quite
a strong anisotropy in the spectra and a large influence by
the substrate. Schmid, Christensen, and Cardona*
presented a more complete investigation of the optical
properties of Si/Ge SLS’s. Their calculations have been
performed within the local-density approximation (LDA)
by means of the self-consistent relativistic LMTO
method. The well-known band-gap problem of the LDA
method is corrected by including an external potential in
the calculations. This work was limited to a few short
period Si/Ge SLS’s and mainly to the study of their an-
isotropy. As in all ab initio methods, LMTO becomes
computationally very demanding as the SLS period in-
creases. This is especially true for the computation of op-
tical response functions, where integration in the entire
BZ is needed. In all the above-mentioned works the
spin-orbit coupling has been ignored in the calculations
of the optical properties.

Very recently, the present authors reported calcula-
tions for the optical absorption of the strain-symmetrized
(Si);o—n/(Ge), SLS’s.?’ The calculations were performed
within a reliable and computationally very efficient ETB
model,!! including the spin-orbit interaction, and were
limited to the optical transitions near the band gap.
Here, we present a systematic theoretical study of the
linear optical properties of the Si/Ge SLS’s. More
specifically, we calculate the complex dielectric function
e(w)=¢,(w)tig,(w) for a variety of Si/Ge SLS’s. The
dependence of several structures that appear in the opti-
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cal spectra on the buffer alloy Si, _,Ge, composition, the
periodicity (n +m) and the synthesis (n/m) of SLS’s is
investigated. The imaginary part of the dielectric func-
tion g,(w) is computed and compared with the average
crystal®® dielectric function €3(w) as well as with the
mean value of the dielectric functions of the constituent
materials, €7(w). The pseudodirect transitions in the
low-energy region are also examined and their contribu-
tion to the absorption spectra as well as the most impor-
tant interband contributions are determined.

The paper is organized as follows: In Sec. II, the
method for band-structure calculations is briefly de-
scribed. The method for the calculation of the linear
response functions is also presented in the same section.
The resulting optical properties of (Si,/Ge),, SLS’s are
presented in Sec. III, with the case of the (Si),/(Ge), SLS
extensively studied. The influence of periodicity (n +m),
composition (n /m), and strain on the optical transitions
is systematically investigated. The dielectric function of
the SLS’s is compared with €5(®) and €5(w). Finally, a
decomposition of the SLS wave function is used to ana-
lyze the g,(w) spectra of the SLS. In Sec. IV, we summa-
rize our findings and give our conclusions.

II. THE METHOD

The details of our model for the calculation of elec-
tronic band structures have been already given in the
literature,!! and we only give here a brief description of
the method for the sake of completeness. We use an ETB
method within an sp> set of orbitals and third-neighbor
interactions, in the three-center representation, including
spin-orbit coupling. The reliability of this model has
been already tested.!! The imaginary part €,(w) of the
dielectric function is calculated by using the following re-
lation:?’
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where |k,C) and |k, V) stand for the wave functions of
the conduction and the valence bands, respectively, and
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Ey(k) for the energy difference between the conduction
(C) and the valence (¥) band. P is the momentum opera-
tor and a the polarization unit vector.

In our ETB scheme the momentum matrix elements
are expressed in terms of the Hamiltonian matrix ele-
ments and distances between localized orbitals.?®%® The
integration in the BZ has been performed within the
linear analytic tetrahedron method by using a uniform
mesh of k points.’®3! Special care has been exercised to
use as many k points as necessary in order to obtain a
good convergence and also obtain fine details of the
dielectric function. The superlattice Brillouin zone (SBZ)
for (n+m)/2 even or odd is given in Fig. 1. The &,(w)
was calculated for energies up to 10 eV. The real part
€,(w) is obtained from &,(w) by the use of the Kramers-
Kronig relations, in which the contribution from energies
greater than 10 eV is taken into account by the tail for-
mula (Bfiw)/(#w?+y?)?, where v is equal to 4.5 eV and
B is determined by the continuity of &,(w) at 10 eV.*
The absorption coefficient a(w) is then obtained by the
relation,?’

&(w)w

alw)= (2)

cn(w)

with n(w) the refraction index and c the light velocity.

III. LINEAR OPTICAL PROPERTIES

A. Dielectric function

The imaginary part of the dielectric function €,(w) for
the (Si)4/(Ge), SLS grown on a Si(001) substrate is calcu-
lated. This SLS belongs to the D3, orthorhombic space
group and an anisotropy is expected for light polarization
along the three main axes of the crystal. The dominant
anisotropy is, of course, relevant to polarizations parallel
and normal to the interfaces. The anisotropy in the plane
of interfaces is quite small. The results for all three po-
larizations (€%, €%, €5°) are displayed in Fig. 2. We point
out that the axes used in the present calculations are pro-
duced by a rotation of 45° around the z axis of the system,
conventionally used in diamond structure. The contribu-

FIG. 1. Brillouin zone for the
(Si),/(Ge),, SLS with (n+m)/2
(a) even and (b) odd.

(b)



50 UNIFIED APPROACH TO THE LINEAR OPTICAL...

S0———m———————————
(Si)./(Ge), on SiEOO1)

30

20 -

\',’/
O T SR I/ "2 | L 1 L 1 1 B

0 1 2 3 4 5 6
Energy (eV)
FIG. 2. Imaginary part of the dielectric function €,(w) for

the (Si),/(Ge), SLS grown on a Si(001) substrate for light polar-
ization along the three main axis.

tions coming from the pseudodirect transitions are not
distinguishable in Fig. 2. These contributions are limited
in the range from the absorption edge up to about 2.5 eV
and produce small values in €,. It is well known!"?* that
the pseudodirect transitions are characterized by transi-
tion probabilities 2—5 orders of magnitude smaller than
the first direct transitions of the average crystal, and their
contribution will be examined later. The anisotropy be-
tween e7"(e¥’) and €F is significant in the energy range
2.5-4 eV, and becomes very small above 4 eV. For ener-
gies in the range 2.5-3 eV the functions £5* and &} are
greater than €7, while the opposite is true for energies in
the range 3—4 eV. This behavior of anisotropy can main-
ly be attributed to the tetragonal distortion of Ge layers.
As shown in Fig. 2, the anisotropy in the (x,y) plane be-
tween €7 and &} takes appreciable values only in the
range between 2.5 and 3.5 eV. This can be explained on
the basis of the band structure shown in Fig. 3. In the
above-mentioned region, the main contributions to the
dielectric function come from transitions that take place
around the I'X,, I'X,, I'R,, and 'R, directions of the
SBZ. The different dispersion of the bands along these
directions results in a relative shift of the position and
amplitude of €5* and €¥.

In the spectrum of &,(w), Fig. 2, we observe mainly two
groups of structures. The first one is located around 3
€V, is relatively spread out, and has its origin in the E,
transitions of bulk Si and Ge. The second and most pro-
nounced one is around 4.35 eV and comes from the E,
transitions of the constituent materials. The E,; and
E,+A, structures in pure Si and Ge are due to transi-
tions between the two upper valence bands (¥, and V,)
and the lowest conduction band (C,) near the L point
and along the A direction of the BZ and differ appreci-
ably (~1.2 eV). In Si/Ge SLS’s these transitions split
into several components because of zone folding, strain,
and the lower symmetry of the SLS’s. As a consequence,
the E-like structure in the SLS dielectric function is rel-
atively broad and is strongly affected by the SLS compo-
sition. In the case of (Si),/(Ge), SLS, the L points of the
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average crystal BZ are folded to the nonequivalent (be-
cause of the orthorhombic symmetry) points X, and X,
of the SBZ. In the E,-like structure of €,(w) we can dis-
tinguish transitions at the following energies: 2.54, 2.57,
2.74, 2.93, 3.21, 3.25, 3.27, 3.3, and 3.4 eV. The first four
transitions have their origin near the X, and X, points of
the SBZ, while the last two take place along the I'M
direction. The transitions at 3.21, 3.25, and 3.27 eV orig-
inate from regions near the R and R, points of the SBZ.
The most pronounced structure in €,(w) is the E, peak
and appears at 4.35 eV. This is because the E, structures
of bulk Si and Ge appear at approximately the same ener-
gy, 4.35 and 4.4 eV, respectively. This structure comes
from a small area around the M point of the SBZ. Be-
sides the main peak, some other weak structures also ap-
pear, the most intensive being at energies 4.1 and 4.54 eV.

The strain produced by the buffer on which the SLS’s
are grown affects significantly the superlattice dielectric
function. The dielectric function €,(w) of the (Si),/(Ge),
SLS grown on a Ge(001) substrate as well as on
Sig 44Geg 56 alloy buffer, are shown in Fig. 4. The latter
SLS corresponds to the strain-symmetrized case. We
have seen before (Fig. 2) that for growth on a Si(001) sub-
strate and in the energy region of 3—-4 eV, £5(w) is larger

Energy (eV)

() 1

Energy (eV)

[
-

R, T R,

FIG. 3. Energy band structure of the (Si),/(Ge), SLS grown
on a Si(001) substrate, along the symmetry lines (a) F'X,, I'X,
and (b) TR, TR,.
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than €5*(w) and €¥’(w). This behavior is reversed for the
case of a Ge(001) substrate. This is mainly due to the
uniaxial distortion of the Si layers. For energies larger
than 4 eV, the dielectric function is almost isotropic.

The tail in the dielectric function of the (Si),/(Ge), SLS
in the energy range below 2.4 eV becomes more pro-
nounced as the Ge content of the buffer increases. The
E-like structure for the case of the Ge substrate is com-
posed of a group of transitions, the most intense being at
about 2.7 eV. The E, peak splits into two components
with energies 4.02 and 4.2 eV. By comparing these values
of transition energies with the corresponding ones for
growth on Si(001), we conclude that generally the
critical-point energies shift to lower values as we go from
a Si(001) to Ge(001) substrate. We point out that for the
strain-symmetrized case the SLS has the smallest anisot-
ropy, which is limited in the energy range of 2.5-3 eV.
In this case also the E, peak splits into two components,
with an energy splitting smaller than the corresponding
one for the case of a Ge(001) substrate.

With the use of Kramers-Kronig relations and the tail
formula referred in Sec. II, we have calculated the real
part of the dielectric function, €,(w). The results for the
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FIG. 5. Real part of the dielectric function €,(w) for the

(Si),/(Ge), SLS grown on a Si(001) substrate for light polariza-
tion along the three main axes.

(Si),/(Ge), SLS grown on a Si(001) substrate are shown in
Fig. 5. The interband contribution to the static dielectric
constant (i =||,1) can be calculated, by the use of the
following relation:?’

e5()

66=1+;2T—Pf do . (3)

o
The (Si),/(Ge), SLS possesses orthorhombic symmetry
and, therefore, 5*#¢¥’. Our calculations show that this
difference is very small and will be ignored; instead we
will concentrate on the values of €} and €j. The results
for the (Si),/(Ge), SLS grown on different substrates are
displayed in Table I. In the same table the static dielec-
tric constants of the constituent materials are also includ-
ed. The value of &)} increases with the increase of the Ge
concentration in the alloy buffer, while the opposite
occurs for €.

B. Absorption spectra

Up to now, we did not pay attention to the energy re-
gion below 2.5 eV, where the pseudodirect transitions
dominate. To investigate this region we have calculated

TABLE 1. Static dielectric constant of the Siy/(Ge), SLS
grown on a (001) surface of Si, Sig s¢Gep 44, and Ge substrates.
The static dielectric constants of the average crystal (£5), as well
as the mean value of the static dielectric constants of the
strained constituent materials of the SLS, are also shown for
comparison.
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FIG. 4. Imaginary part of the dielectric function &,(w) for
the (Si),/(Ge), SLS grown on a (a) Sijs¢Gep 44 (001) and (b)

Ge(001) substrate, for light polarization along the three main
axes.

Substrate Si Sig.56G€0.44 Ge
el 11.26 11.77 12.60
€5 11.97 11.63 11.28
edl 11.14 11.61 12.02
al 11.98 11.55 10.88
el 11.54 12.31 13.04
emt 12.22 12.16 11.85
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the absorption spectra near the gap of the (Si),/(Ge), SLS
grown on three different substrates (Si, Siy ssGeg 44, and
Ge), and for all three polarizations. The results are
shown in Fig. 6. From this figure we conclude that the
absorption edge moves to lower energies as the concen-
tration x of Ge in the buffer increases. This happens be-
cause as the distortion of Si layers increases, the
conduction-band minimum, which is mainly determined
by Si, lowers its energy. The slope of a(w) near the gap
increases with the increase of x. The most rapid increase
occurs for polarization along the [001] direction. For po-
larization along the [001] direction we observe a steplike
behavior in the absorption spectra, characteristic of a
two-dimensional motion.
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FIG 6. Absorption coefficient for the (Si),/(Ge), SLS grown
on a (001) surface of Si, Siy s¢Geo 44, and Ge substrates, for light
polarization along the (a) [100], (b) [010], and (c) [001] direc-
tions.
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According to Eq. (2), the absorption coefficient is pro-
portional to €,. Therefore, in order to obtain more infor-
mation for the transitions responsible for the absorption
near the edge, we have decomposed the dielectric func-
tion into terms [g5(w)]¢ y, corresponding to transitions
between the valence (V) and the conduction (C) band.
Then the corresponding contribution to the absorption
coefficient is

[ex(@)]c e

acylo) on . 4)
In this analysis, only transitions between the three upper
valence (¥, —V;) and the three lower conduction bands
(C,—C;) were taken into account. By assuming con-
stant momentum matrix elements, €,(w) becomes propor-
tional to the joint density of state (JDOS) divided by w?.
The critical-point structures of &,(w) also originates from
JDOS/w?. In order to separate the contribution of the
matrix elements from the density of states, we have calcu-
lated JDOS/w?. The results are shown in Fig. 7. In the
spectrum of JDOS/w? one can discern the critical-point
structures which may originate from the I" and Z points
of the SBZ. From the same figure we can deduce that the
transition 1-1 (from now on, we will symbolize the transi-
tions ¥,—C; with i—j) contributes the most to
JDOS/w?, while transitions 3-1 and 3-2 contribute much
less. This is because V| and C,; bands have small disper-
sion in the I'Z direction, while the V; valence band has a
larger dispersion in the same direction.

In addition to JDOS/w? we have also calculated
the  transition  matrix  elements IM¢ (k)2
=|(k,C|P-alk, ¥V )|?, for all three polarizations, as a
function of the wave vector along the I'Z direction. The
results are displayed in Fig. 8. From this figure we con-
clude that for polarization in the growth plane the
strongest transitions are 1-2 and 2-2. Their probabilities
decrease as the distance from the center of the BZ be-
comes larger. Transitions 3-1 and 3-2 are characterized
by very small transition probabilities and depend very lit-
tle on the wave vector. For polarization along the [001]

]

(S1)a/(Ge)e

JDOS/w?

1.0 1.2 1.4 16 1.8
Energy (eV)

FIG. 7. Contribution of the interband transitions i — j, with

i=1,2,3 and j=1,2, to the quantity JDOS/w? for the
(Si)4/(Ge), SLS grown on a Si(001) substrate.
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direction this behavior is reversed. Now transitions 3-1
and 3-2 have the largest transition probabilities while the
rest are characterized by very small probabilities. Figure
9 shows the contributions to a(w) of the transitions be-
tween the top three valence bands and the lower three
conduction bands to a(w) for light polarization parallel
to x,y, and z directions. For energies smaller than 2 eV
the transitions that contribute almost exclusively to a(w)
are between the two upper valence and the two lower
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FIG. 8. Transition matrix elements in units of (k /ag;)?, for
the (Si)y/(Ge), SLS grown on Si, plotted as a function of the
wave vector along the I'Z direction, for light polarization along
the (a) [100], (b) [010], and (c) [001] directions.
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conduction bands. These transitions take place in an area
around the I'Z direction of the SBZ. For (x,y) polariza-
tion the contribution to a(w) from the lowest interband
transitions (1-1, 1-2, 2-1, 2-2) increases rapidly near the
corresponding absorption edges. For [100] polarization
the most important contribution to a(w) comes from the
1-2 transition, while for [010] polarization comes from
the 1-1 transition. For light polarization parallel to the
[001] direction, the behavior of the first four components
of a(w) near the corresponding gaps is almost linear.

C. Mean value and average crystal
dielectric functions

To further analyze the dielectric function of the
(Si)4/(Ge), SLS grown on Si(001), we are going to com-
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FIG. 9. Contribution to the absorption coefficient from the
optical transitions between the V,,; and C,,; bands for the
(8i)4/(Ge), SLS grown on Si(001) and light polarization along (a)
[100], (b) [010], and (c) [001] directions.
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pare it with the dielectric function of the average crys-
tal,2® e%(w), as well as with the mean value of the dielec-
tric functions of cubic Si and tetragonally distorted Ge
coherently grown on a Si(001) surface, €7'(w). This com-
parison for polarization parallel and perpendicular to the
interface plane is shown in Fig. 10. In this comparison,
the in-plane anisotropy is neglected, and instead the value
elw)=[ef(w)+eP(w)]/2 is used. We see that for light
polarization parallel to the interface plane the dielectric
function of the SLS is closer to £5'(w) than to e5(w). This
is because for this polarization, the electric field causes
motion of electrons in the layers of Si and Ge, and conse-
quently the system behaves as a superposition of two in-
dependent materials. The tail in €7(w), below 2.3 eV,
does not appear in the dielectric function of the SLS and
originates from the distorted Ge layers. Quite thick
SLS’s are needed in order to obtain it in their spectra.
Another important conclusion deduced from Fig. 10 is
that the E, peaks in £5(w) and €7'(w) spectra almost coin-
cide. This is explained by the fact that the E, structures
in Si and tetragonally strained Ge appear at very close

50 — T —T—T———

O s

1 1 1

5 6

0 n 4= ’/-l s 1

3 4
Energy (eV)
FIG. 10. Dielectric function &,(w) of the (Si),/(Ge), SLS
grown on a Si(001) substrate, dielectric function of the corre-
sponding average crystal €5(w) and the mean value of the dielec-
tric functions of bulk Si and tetragonally distorted Ge grown on

Si(001), e3(w). The results are shown for two polarizations: (a)
parallel and (b) perpendicular to the interface plane.
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energies. However, despite the gross similarities between
the dielectric function e}(w) of the SLS and (o), e}(w)
possesses many more structures that do not appear in ei-
ther €5(w) or £ (w) spectra. For light polarization per-
pendicular to the interface, the SLS dielectric function
e3(w) is closer to €(w). For this polarization, the electric
field causes the electrons to move into both Si and Ge lay-
ers and consequently they feel the potential of an average
material, i.e., the average crystal potential. The static
dielectric constants for the average crystal as well as the
mean value of the constituent materials, €3', €3*, 7', and
€L, and their dependence on the buffer alloy are shown
in Table I. From this table we conclude that the average
crystal approximates better the values of the static dielec-
tric constants of the SLS than the mean value for the con-
stituent materials.

D. Influence of superlattice periodicity and composition

The lattice period and composition of a SLS influence
its optical properties. For the investigation of the depen-
dence of the latter on the period of the superlattice, we
have calculated the e,(w) spectrum for the strain-
symmetrized (Si),/(Ge),, (Si)g/(Ge)s, and (Si),/(Ge)yq
SLS’s and compared it with the corresponding dielectric
functions €}(w) and €5(w). The calculations were per-
formed for two polarizations, parallel and perpendicular
to the growth plane (001). The results are shown in Fig.
11.

For polarization parallel to the interface, the dielectric
functions of (Si)¢/(Ge)s and (Si),y/(Ge),, SLS’s are very
close to the €5'(w) spectrum, while for the extremely thin
(8i),/(Ge), SLS it is better approximated by €j(w). Thus,
with the exception of extremely thin SLS’s, for light po-
larization parallel to the interface plane the mean value
of the dielectric functions of the constituent materials,
e3(®), constitutes quite a good approximation to the
€,(w) spectra of the SLS. As a result, Si-like and Ge-like
features appear in the dielectric function of the SLS for
this polarization. On the other hand, for polarization
along the growth axis, the dielectric functions of thin
SLS’s are fairly close to the dielectric function of the
average crystal, e5(w). However, as the period of the SLS
becomes larger, €,(w) gradually approaches the &5(w)
spectrum. Therefore, for this polarization, only for quite
thick SLS’s do we observe Si-like and Ge-like features in
€,(w). These results are in agreement to those found in
Sec. ITI C.

As we have previously mentioned, we distinguish
mainly two groups of structures in the €,(w) spectra of
SLS’s, having their origins in the corresponding struc-
tures of the bulk materials. The relatively broad and
complicated region of the E,; transitions and the acute
peak of the E, transitions. In addition to these bulklike
transitions we observe a multitude of weak structures
originating from zone-folded bands in the SLS. It is very
difficult to compare the E, transitions of SLS’s with
different periods and compositions because of the compli-
cated nature of this structure. In a general statement we
can say that for both polarizations the main E, com-
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ponent remains almost unaffected by the SLS period. For
the E, peak the situation is much simpler. By taking the
second derivative spectrum of €,(w) we observe a split-
ting of this peak into two main components, namely E?
and EI. The energy position is essentially the same as
the period of SLS’s changes. In particular, the E¥ transi-
tion remains essentially unchanged, with energy ~4.32
eV, while the energy of the E} transition increases slight-
ly with period and takes the value of ~4.22 eV for the
(Si);¢/(Ge),o SLS.

For the investigation of the influence of the composi-
tion (n/m) of the (Si),/(Ge),, SLS on the optical
response, we have calculated the dielectric function &,(w)
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FIG. 11. Dielectric function g,(w) of the strain-symmetrized
(S1),/(Ge),, (Si)¢/(Ge)s, and (Si),o/(Ge);o SLS compared with the
corresponding dielectric functions €5(w) and €7(w). Compar-
ison was made for two polarizations, (a) parallel and (b) perpen-
dicular to the interface plane.
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for the strain-symmetrized (Si);/(Ge);, (8i)y/(Ge)g,
(Si)s/(Ge)s, (Si)¢/(Ge),, and (Si);/(Ge); SLS’s, having
n+m =10. Their spectra &,(w) are shown in Fig. 12.
From these spectra it is clear that the group of E, transi-
tions (which occur in the energy region 2.5-3.5 eV) de-
pend strongly on the exact composition of the SLS. This
can be mainly attributed to the fact that the E, transi-
tions of bulk Si and Ge differ significantly. As the num-
ber of Si monolayers in the unit cell increases, these tran-
sitions are shifted to larger energies, and become more
Si-like. From Fig. 12 it is also deduced that the onset of
€,(@) moves to lower energies as the number of Ge mono-
layers in the SLS unit cell increases. For the (Si),/(Ge);
SLS takes the value 2.5 eV and reduces to 1.7 eV for the
(Si);/(Ge), SLS.

As far as the E, peak is concerned, a change in the
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FIG. 12. Dielectric function €,(w) of the strain-symmetrized

(Si)jo—,/(Ge), SLS’s with n=3-7, and light polarization (a)
parallel and (b) perpendicular to the interface plane.
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composition of the SLS does not alter its energy position,
which remains almost constant at an energy of ~4.35
eV. Again, two main components are observed in the E,
peak that differ by ~0.1 eV. With the increase of the
number of Ge monolayers in the SLS unit cell we observe
an oscillator strength transfer from the E, peak to the
E -like group of transitions and as a consequence an am-
plitude reduction of the E, peak.

E. Decomposition of the &,(w)

In a recent work, a decomposition scheme for the SLS
wave function has been proposed,33 in order to extract in-
formation for the origin of the structures that appear in
their dielectric function. This technique has been applied
to the (Si),/(Ge), SLS’s with n=4 and 6. The &,(w)
spectra has been calculated with an ETB method with an
sps* set of orbitals in the two-center approximation and
nearest-neighbor interactions.>> This method provides
reliable results only close to the gap. In the present work
we are going to use our ETB method and extend this
decomposition procedure to the whole energy range.

In this decomposition technique the SLS wave func-
tions, W3LS, is decomposed in two parts, one that contains
the orbitals localized on Si, and the other on Ge atoms

WIS Si 4 yOe | 5)

Then the momentum matrix elements for transitions be-
tween a valence and a conduction band will be written as

(VPE[P-al W) =3 (¥ c[P-al¥] ;) , ©)
ij
with i,j = Si, Ge, and the transition probability
|{¥|P-a|¥)|? will be decomposed into ten terms, the
most important being the Si-Si and Ge-Ge ones,

|P§i_Si|2=|<‘I’§2C|P-a|\1/|s(iy)|2 (7)
and
|PEege*=I{¥ELIP-a|¥F5 ) > . @®)

In Fig. 13 the decomposition of the &,(w) for the
strain-symmetrized (Si),/(Ge)y, (Si)s/(Ge)s, and (Si)s/(Ge)g
SLS’s into Si-Si and Ge-Ge parts for parallel and perpen-
dicular polarization is presented. For polarization paral-
lel to the interfaces the two main contributions (Si-Si and
Ge-Ge components) show similar behavior and are rem-
iniscent of the dielectric function of the constituent ma-
terials. For perpendicular polarization and thin SLS’s,
e.g., (Si)4/(Ge),, and (Si);(Ge)s, the two main components
show behavior similar to the corresponding average crys-
tal, see Fig. 11(b), while for thicker SLS’s, e.g.,
(Si)g/(Ge)g, approach the dielectric function of the con-
stituent materials.

IV. SUMMARY AND CONCLUDING REMARKS

We have presented a systematic study of the linear op-
tical properties of (Si),/(Ge),, SLS’s grown on
Si;_,Ge,(001) buffer alloys. The influence of the period
(n+m), composition (n/m), and strain on the optical
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FIG. 13. Decomposition of the imaginary part of the dielec-
tric function into Si-Si and Ge-Ge components for the strain-
symmetrized (a) (Si),/(Ge)y, (b) (Si)s/(Ge)s, and (c) (Si)g/(Ge)g
SLS’s, and polarization parallel and perpendicular to the
growth plane.
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properties of these SLS’s has been investigated. The
g,(w) spectra of the SLS’s possess mainly two groups of
structures. The first one is located around 3 eV, is rela-
tively broad and it comes from the corresponding E,
structures of the constituent materials. This structure
has many components, and depends strongly on strain
and composition. The second and most pronounced
structure, around 4.35 eV, originates from the E, struc-
tures of the constituent materials that appear at approxi-
mately the same energy. This explains the acute E, peak
in €5(w) spectra of the SLS. This peak splits into two
main components, which are almost unaffected by period-
icity, composition, and strain.

We have also compared the dielectric function of
Si/Ge SLS’s with the average crystal dielectric function
€5(w), and with the mean value of the dielectric functions
of the corresponding strained constituent materials,
e (w). It was found that for light polarized in the
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growth plane the dielectric functions of the SLS’s is
better described by the €7(w) spectrum, even for thin
SLS’s while for light polarization perpendicular to the
growth plane it is closer to the €5(w) spectrum. The
dielectric function is also analyzed in Si-Si and Ge-Ge
components.

The case of the (Si),/(Ge), SLS has been thoroughly
studied. The dielectric functions &,(w) and €;(w) has
been calculated and the anisotropy along the three main
axes has been investigated. In addition, the absorption
spectra near the gap and the contribution of the lowest
transitions has been analyzed.
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