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The electronic and optical properties of Si and Ge coherently grown on (111) and (110) surfaces
of Si;_.Ge, alloy substrates are calculated with the use of a realistic empirical tight-binding model.
The dependence of band-edge energies on strain and direction of growth is presented and the results
are compared to those of the linear deformation potential theory. Nonlinear effects in the deformation
potential theory are also considered for the conduction-band minima of Si along the A direction.
The calculations show that these strained materials remain indirect gap semiconductors for all
substrates and for both directions of growth. Their linear optical properties are analyzed in detail.
Distortion along the [111] and [110] directions transforms the materials into uniaxial and biaxial
crystals, respectively. The imaginary part of the dielectric function, e2(w), along the principal axes
is also calculated. The resulted anisotropy, as well as the structures in the e spectra, are analyzed
in terms of the band structure and transition probabilities.

I. INTRODUCTION

Recent developments in advanced epitaxial tech-
niques (molecular-beam epitaxy, metal-organic deposi-
tions, etc.) made the modification of the electronic prop-
erties of the Si-Ge system in a controlled way possible.
The modification of strain, growth direction, and com-
position of Si;_,Ge, alloy layers may produce materi-
als with exciting properties appropriate for advanced de-
vice applications. Considerable theoretical and exper-
imental work has been done in this direction.!™ The
biggest part of this work has dealt with the proper-
ties of strained Si;_,Ge, alloy layers, coherently grown
on a Si;_,Ge,(001) alloy surface.>™® People® has esti-
mated the indirect gap of Si;_.Ge, alloy layers coher-
ently grown on a Si (001) substrate, with z in the range
0 < z £ 0.75, using linear deformation potential theory.
More recently, Theodorou et al.® presented a theoreti-
cal study of structural, electronic, and optical properties
of Si;_,Ge, alloy layers grown on a Si(001) surface, for
any alloy composition (0 < z < 1 ). Nonlocal empirical
pseudopotential calculations have been done by Rieger
and Vogl” in order to obtain realistic estimates for the
effective masses, deformation potentials (DP), and band
offsets for pseudomorphic Si;_.Ge, alloy layers grown on
Si;_,Gey (001) substrates.

The properties of strained Si; —,Ge, alloy layers, grown
on crystallographic planes other than (001), have not
been extensively studied. Hinckley and Singh!® have in-
vestigated the influence of strain and growth direction
on the most significant near-band-edge properties, us-
ing a linear deformation potential theory. Ma et al.ll
have presented results for the band structure of strained
Si;—Ge, alloy layers coherently grown on (001)-, (111)-,
and (110)-oriented Si and Ge substrates, with the use of
an empirical tight-binding method, and also made a sys-
tematic study of their symmetry properties. Their model
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describes well only the valence bands.

The objective of the present work is to investigate
the electronic and optical properties of strained Si and
Ge layers coherently grown on (111)- and (110)-oriented
Siy—,Ge, substrates. To our knowledge, this is the first
time that the influence of strain along the [111] and [110]
directions on the optical properties of Si and Ge layers is
studied via a full-band structure calculation. Our calcu-
lations are based on a realistic tight-binding model that
reproduces correctly both the valence and conduction
bands in the entire Brillouin zone (BZ).!? The modifica-
tion by strain of the interaction parameters is taken into
account in a way suitable to reproduce the experimental
deformation potentials quite accurately. We have also
calculated the main valence- and conduction-band-edge
energies and compared them with the results of the phe-
nomenological deformation potential theory. Finally, we
have calculated the dielectric tensor for these materials
and investigated its anisotropy, as well as the structures
produced by strain in the imaginary part of the dielectric
function, e,.

II. CRYSTAL STRUCTURE

For growth along the [111] and [110] directions, the
knowledge of the strain tensor is not sufficient for the de-
termination of the atomic positions in the unit cell. In
addition, an internal displacement parameter { is needed
for the determination of the position of the atoms.!3 Ex-
perimental as well as theoretical values for the parame-
ter ¢ are shown in Table I. We note that the theoreti-
cal predictions of Nielsen and Martin,'” extracted from
self-consistent total-energy calculations, are in agreement
with the recently reported experimental values of the
internal strain parameter,’® while the calculations of
Sanchez-Dehesa et al.'® give Si results that are closer to
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TABLE I. Theoretical and experimental values for the internal strain parameter ¢ of Si and Ge.

¢ Si Ge
Exp. 0.74+0.04,° 0.7240.04,° 0.5440.04° 0.7240.049, 0.544-0.04°
Theory 0.53,° 0.86" 0.44°

*D’Amour et al. (Ref. 14).
PCousins et al. (Ref. 15).
°Cousins et al. (Ref. 16).
dCousins et al. (Ref. 19).
°Nielsen and Martin (Ref. 17).
fSanchez-Dehesa et al. (Ref. 18).

the older experimental values.'*!® To clarify this point,
we have done calculations for the internal strain param-
eter, using the empirical potential energy of Stillinger
and Weber.2%2! This model describes reliably the en-
ergetics of Si and Ge by using both two- and three-
atom contributions. For small distortions, we get the
values ((Si)~ 0.63 and {(Ge)~ 0.51 for both directions
of growth. These values are close to the latest experimen-
tal measurements,'® as well as to the theoretical results
of Nielsen and Martin,'” and will be used in the present
calculations.

III. ELECTRONIC PROPERTIES

The empirical tight-binding (ETB) model of Ref. 12
will be used for the calculation of electronic and optical
properties of strained Si and Ge. This model was ex-
tensively tested and it was found that it describes very
well the most significant electronic and optical proper-
ties of bulk, as well as tetragonally (001) strained Si and
Ge. The deformation potentials for tetragonal distortion
along the [001] direction, calculated by this model, are
in good agreement with the experimental values.'? The
influence of strain on the off-diagonal tight-binding pa-
rameters was evaluated by a scaling formula of the type

ap

Vas(r) = Vaalro) ()", e

where Vog(r) and V,g(ro) are the strained and un-
strained three center interaction parameters; » and rq¢ the
strained and unstrained interatomic distances; and nag
the scaling indices that depend on the orbitals (a,3).
These indices have been chosen so that the hydrostatic
and uniaxial deformation potentials for distortions along

the [001] and [111] directions are better reproduced. The
resulted values for the indices are n,,=3, n,,=1.8, and
npp=1. The calculated values for the DP’s d and EL, as
well as their experimental ones are given in Table II. At
this point, it should be noted that the DP d depends in
a quite sensitive way on the internal strain parameter ¢.
A small increase in ¢ results in a remarkable increase in
the absolute value of d. For example, for { =0.7, it takes
the value —4.8 for Si and —4.00 for Ge.

In this section, we will study the various energy states
of strained, along the [111] and [110] directions, Si and
Ge. The hydrostatic component of strain shifts the band
edges without lifting their degeneracies, while the uniax-
ial one lifts the degeneracies. The important band edges
in the Si-Ge system are the conduction-band minima in
the A directions and at the L points, the valence-band
maxima at I', labeled by Vi, V5, and V3, and the low-
est conduction-band minimum at the I point, labeled by
C:. Uniaxial strain along the [111] direction splits the
conduction-band minima at L points into two groups.
The first group, L(1), consists of the L state along the
growth direction, while the second one, L(3), of the re-
maining three L states. Strain along [110] direction splits
the conduction-band minima both in the A directions
and at the L points. The conduction-band minima along
the A directions split into two groups with degeneracies
two and four, denoted by A(2) and A(4), respectively.
The first group consists of the states along the two equiv-
alent (001) directions and the second of the four states
along the (100) directions. The conduction-band minima
at the L points also split into two groups. The first group,
L1(2), consists of the two L-point states along the direc-
tions [111] and [11_1], and the second one, L2(2), of the
remaining two L-point states along the directions |_T11]

and [ITI] .

TABLE II. Calculated and experimental deformation potentials (in €V) for Si and Ge.

Si Ge
Exp. Theory Exp. Theory
d -5.3+0.4,% -4.85+0.15° -4.04,° -5.32¢ -5.28+0.5,* -5.0° -2.83,° -5.50¢
=L 14.75,° 16.149 16.2+0.4° 11.94,° 15.139

*Balslev (Ref. 24).

*Laude et al. (Ref. 23).

“Present work.

9Van de Walle and Martin (Ref. 25).
°Cardona and Harbeke (Ref. 26).
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A. Strain along the [111] direction

In Fig. 1 are shown the calculated energies, using the
ETB model, for the valence-band maxima (V1, Vs, V3)
and the conduction-band minima (in the A directions
and at the L points), as a function of z, for strained
Si (s-Si) and strained Ge (s-Ge), coherently grown on a
Si;—.Ge (111) alloy surface. In the same figure are also
shown the results for the L point and V;, V,, V3 state
energies calculated from the linear deformation potential
theory?2:23 and the experimental values of the deforma-
tion potentials. The agreement between these two calcu-
lations is very good.

The nonlinear effects that may occur in the deforma-
tion potential theory are generally small and usually are
not taken into account. However, in some cases, and, in
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FIG. 1. Valence-band maxima at the I" point (Vi, V2, V3)
and conduction-band minima along the A direction and at L
points, as a function of x, for (a) strained Si, and (b) strained
Ge coherently grown on a Si;_-Ge, (111) substrate. Solid
lines represent results from the deformation potential theory
and dashed lines represent the calculated values from the ETB
model of the present work.
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particular, for relatively large values of strain, these ef-
fects are significant and cannot be ignored. For example,
the conduction-band degeneracy at the X point of the
bulk Si and Ge BZ is lifted under uniaxial strain. How-
ever, the resulting splitting cannot be explained by the
use of linear deformation potential theory. Laude, Pol-
lak, and Cardona?® have described this splitting with the
introduction of a nonlinear shear deformation potential
€5. This nonlinear potential produces a shift in the A;
conduction-band minima, which to second order in stress
is given by

* — (26;61:!/)2

A ="E@,) - Bay) @)
where E(A;) and E(A,) are the energies, in increasing
order, of the two lowest conduction-band states at the po-
sition of the conduction-band minimum in the bulk ma-
terials. This shift becomes quite sizable for large strain
and cannot be ignored. The total variation in energy for
the A(6) states of Si, for which experimental data for
€} are available?® (e} = 8.0), including both the linear
and nonlinear terms in the deformation potential theory,
is given in Fig. 1(a). Even with the inclusion of this
nonlinear term, there is for the conduction-band mini-
mum along the A direction a large deviation between
the results of the ETB model and those of the deforma-
tion potential theory. This discrepancy is mainly due to
the fact that the ETB model does not reproduce cor-
rectly the DP (Eﬁ + 1E2) — a”.}? From these results,
we get that for Si strained along the [111] direction, the
conduction-band minimum always remains along the A
direction (I'F direction in the distorted BZ). The respec-
tive indirect gap decreases appreciably as the distortion
increases. The direct gap at the I' point also decreases
with the distortion and takes the value of 2.70 eV for s-Si
grown on a Ge(111) substrate.

The variation in energy of the A(6) states for s-Ge
according to the linear deformation potential theory, is
given in Fig. 1(b). For s-Ge, the conduction-band min-
imum appears at the Z point of the distorted BZ. The
respective indirect gap decreases with the increase of the
distortion. On the contrary, the direct gap at the I" point
increases from the value of 0.9 eV for bulk Ge to 1.36 eV
for s-Ge coherently grown on a Si(111) substrate.

The band structures of s-Si grown on a Ge(111) sub-
strate and of s-Ge grown on a Si(111) substrate are shown
in Fig. 2. The anisotropy between the bands along the
I'Z and I'L directions is clear. This is connected to the
fact that the group of k vectors along the I'Z direction
and the corresponding irreducible representations remain
the same as in the unstrained materials, while the sym-
metry along the I'L direction reduces with strain. The
six (100) directions remain equivalent in the distorted
case, but their symmetry is reduced. For s-Si grown on
a Si;_>Ge,(111) substrate, the top two valence bands
along the I'L direction exhibit an almost constant split-
ting, which increases with  and takes the value of about
0.4 eV for £ = 1. On the contrary, parallel to the I'Z
direction, this splitting is quite small (~ 0.03 eV) and
independent of the distortion. Similar behavior is also
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seen for the case of s-Ge. For z = 1, the splitting of the
top two valence bands along I'Z is 0.2 eV and 0.36 eV
along the I'L direction.

The fourfold degeneracy of the states at the X point
of the bulk Si and Ge (becoming the F' point of the dis-
torted BZ) is lifted with strain. These states split into
two twofold-degenerate states with even and odd parity,
respectively. The splitting has a nonlinear origin and is
larger for the two lowest conduction-band states. For s-Si
grown on a Ge (111) substrate takes the value of AEN,
= 0.67 eV, while for s-Ge grown on a Si (111) substrate
it becomes 0.53 eV.

B. Strain along the [110] direction

Figure 3 shows the variation of the band-edge energies
for s-Si and s-Ge coherently grown on a Si;_,Ge,(110)
alloy substrate. As previously mentioned, strain along
the [110] direction lifts the degeneracy of the six equiva-
lent (100) directions for the undistorted bulk materials.
For s-Si, linear deformation theory predicts that the A(2)
states always lie higher than the A(4) states. However,
the inclusion of the nonlinear term, Eq. (2), modifies the
ordering as follows:
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FIG. 2. The band structure of (a) strained Si, coherently
grown on a Ge(111) substrate, and (b) strained Ge, coherently
grown on a Si(111) substrate.
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E(A(2)) > E(A(4)) for z<05

and

E(A(2)) < E(A(4)) for z > 0.5.

The ETB model predicts that for s-Si, the A(2) state
is the global minimum of the conduction band for every
value of z. This discrepancy is again due to the fail-
ure of the ETB model to reproduce the correct value
of the DP (£ + 1E%) — a”. For the valence and the
remaining conduction-band states the two calculations
agree very well. For the case of s-Ge, the global mini-
mum of the conduction-band remains, for every value of
x, the L;(2) states (along the directions [111] and [111]),
and for growth on a Si(110) substrate it almost coincides
with the A(2) local minimum.

3.5 . — —
3.0F ]
2.5 L L.(2) i

P 3

Energy(eV)

Vs

y

i

Energy(eV)

o ;~”"’4~ VP 1
030 02 04 06 08 1.0
X

FIG. 3. Valence-band maxima at the I" point (V1, V2, V3)
and conduction-band minima along the A direction and at L
points, ag/a function of z, for (a) strained Si, and (b) strained
Ge, coherently grown on a Si;—-Ge, (110) substrate. Solid
lines represent results from deformation potential theory and
dashed lines the calculated values from the ETB model of the
present work.
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IV. OPTICAL PROPERTIES

We investigate the effect of strain on the optical prop-
erties of Si/Ge. For this purpose, we calculate the imag-
inary part, e2(w), of the dielectric function.?”

A. Si strained along the [111] direction

For growth on a (111)-oriented substrate surface, the
symmetry is rhombohedral and the crystal uniaxial. In
Fig. 4 are shown the components of £; parallel and per-
pendicular to the growth plane for s-Si grown on a Ge
(111) surface. The important point to notice in this figure
is the strong anisotropy between these two components
from the absorption edge up to about 4.5 eV. For larger
energies, this anisotropy is small. In addition, the onset

energy appears to be different, 2.63 eV in slzl and ~ 3.0
eV in 5. This behavior can be explained in terms of
the band structure of Fig. 1(a), and the transition prob-
abilities at the points I'; Z, L, and F, shown in Table
III. The minimum direct transition energy, equal to 2.63
eV, appears at the Z point of the distorted BZ, coincid-
ing with the onset in sg. This transition is polarized in
the growth plane. The direct transitions contributing to
€2 below 3 eV are those between the two upper valence
bands (V;, V2) and the lowest conduction band (C1), close
to the Z point and parallel to the I'Z direction of the
strained BZ. The probabilities for these transitions, on
the other hand, have significant values only for polariza-
tion parallel to the growth plane and are almost zero for
polarization perpendicular to it. This explains the re-
sult that €3 =~ 0 for energies between 2.63 and 3 eV. For
larger energies, transitions along the I'L direction start
to contribute to €. At the L point, the lowest transi-
tions, V3 — C; and V, — C}, occur at 2.95 and 3.34 eV,
respectively, with significant transition probabilities for
both polarizations. The steplike behavior of €3 close to
3 eV comes from these latter transitions.

The most pronounced structure in €2 is the FE-like
peak. The position of this peak, as well as its width, dif-
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FIG. 4. Imaginary part of the dielectric function, €2, of
strained Si, grown on a Ge(111) substrate, for polarization
parallel (elzl) and perpendicular (¢3) to the growth plane.

fer significantly for the two polarizations, being a sharp
structure in 5 and a broad one in eﬂ. To explain this
behavior, we are going to investigate the transitions re-
sponsible for the FE; structure. For the case of bulk Si, the
transitions responsible for the E, structure are between
the top valence- and lowest conduction-band states in a
region near to the X point. For Si strained along the
[111] direction, the X5 fourfold-degenerate states of bulk
Si are split into two twofold-degenerate states with oppo-
site parity, at the F' point of the distorted BZ. The optical
transitions Vo — C; and V; — Cs, close to the F' point,
with transition energies at 3.77 and 4.1 eV, respectively,
have appreciable transition probabilities for polarization
in the growth plane. On the other band, for polariza-
tion perpendicular to the growth plane, only transition
Vi — C; exhibits significant transition probability. This
behavior accounts for the broad E,-like peak in e|2| and
the sharp one in e3-.

In Fig. 5 are shown the transition energies at points
T, Z, L, and F, for transitions responsible for the main
structures in €3, as a function of strain. We point out
the following: (i) The onset in e, always comes from
transitions at the Z points, whose transition energies get

TABLE III. Transition probabilities, in units of (h/a)?, for Si and Ge coherently grown on a
Ge(111) and Si(111) surface, respectively.

Material Polarization Transition I VA L F
s-Si [110] Vi-C 4x107° 1.0 0.2 0
\ e 0.9 1.0 0.6 0.9
Vi —C; 0 1.3 0.1 1.
[1171] Vi—C 0.5 x107* 0 1.6 0
Vi —Ch 0 2%x107° 2x1073 2x1078
Vi —-C; 0 0 1.3 2
s-Ge [110] v, —C 0.9 1.1 0.4 0
Va—C 0.7 1.1 0.2 0.7
Vi—Cs 0 0.7 0.1 0.7
[111] Vi—C 0 0 0.2 0
Vo —C1 0.6 2%x107® 1.9 2
Vi -C, 0 0 0.7 2x107%
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Energy (eV)

FIG. 5. Transition energies at the symmetry points I', Z,
L, and F of strained Si coherently grown on a Si; _.Ge, (111)
substrate, as a function of . The results represent (a) the
lowest transition at I' point (full circle); (b) the two lowest
transitions, V; — C; (O) and V2 — C; (4A), at Z point; (c)
the two lowest transitions, V; — C; (full squares) and V> — C;
(full triangles), at L point; and (d) the four lowest transitions,
Vi—Ci (%), V2—-C1 (0), Vi = C2 (O), and V2 — C; (®), at
F point.

smaller as strain increases. (ii) The transition energy for
the lowest transition at the L point, (V5 — C1), decreases
with strain, while for the next one, (V2 — C4), remains
almost strain independent. (iii) The transitions between
the highest valence and lowest conduction bands at the
X point of the unstrained BZ split with strain into four
components. Among these four transitions, V; — C3 and
Vo — C exhibit significant transition probabilities, with
V2 —C polarized almost in the growth plane. The energy
for the transition V, — C; reduces with strain, while for
the V; — C, one has a minor variation. This behavior

explains the result that the energy of the F2— peak in

€y is almost strain independent, while in eg reduces with

strain with a corresponding increase in its width.

B. Ge strained along the [111] direction

Figure 6 shows the components of €5 for s-Ge grown on
a Si(111) surface. There again exists a strong anisotropy

in the region between 2.5 and 4.5 eV, with 3 > 6|2|.

For energies larger than 4.5 eV, this anisotropy is quite

small, as in the case of s-Si. The onset in slzl coincides
with the direct gap at I', equal to Eg = 1.36 eV, while
in e5 appears at higher energies, ~1.48 eV. This occurs
because the lowest transition at I', V3 — C1, is polarized
along the growth plane, as shown in Table III.

It is well known that for bulk Ge the E; structure
in €5 is due to transitions between the parallel bands
along the A direction and close to the L point. The
parallel structure of the bands also remains in the case
of s-Ge, but the L point of the BZ splits with strain
into two nonequivalent points, Z and L. This splitting
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FIG. 6. Imaginary part of the dielectric function, ez, of

strained Ge grown on a Si (111) substrate for polarization
parallel (elzl) and perpendicular (e3) to the growth plane.

makes the F; structure more extended. The energies of
the two lowest transitions at the L point of the strained
BZ, V; — Cy and V, — C4, are equal to 2.18 and 2.54
eV, respectively, with the transition probability for the
V, — C; transition and polarization perpendicular to the
growth plane one order of magnitude larger than that
for polarization in the growth plane. For these reasons,
the E; structure in 5 exhibits larger values. At the Z
point, the energies for two lowest transitions are equal to
2.70 and 2.90 eV, and essentially polarized in the growth
plane.

The E, structure in £ appears around 4.5 eV. The E;
peak in €5 is quite strong and sharp, while in 512| has al-
most half the strength with a considerably larger width
and is split into two peaks. The transitions responsible
for the E; structure in bulk Ge take place in a region
around the XU direction.!? For strain along the [111] di-
rection, the bulk fourfold degenerate states at Xy split
into two twofold degenerate states with opposite parity.
For polarization in the growth plane, the main contribu-
tion to F, structure comes from both Vo —C; and V; —C,
transitions whose energies are equal to 4.35 and 4.63 eV,
respectively, implying a double peak structure in e, for
this polarization. For polarization perpendicular to the
growth plane, the main contribution comes only from the
Vo — C; transitions, with a transition probability three
times larger than that for parallel polarization. These
results explain the sharp and strong peak in e%’.

In Fig. 7 are shown the transition energies at points
T, Z, L, and I, for transitions responsible for the main
structures in €2, as a function of strain. The absorption
edge is due to transitions at I' and its energy increases
with strain, that is with a reduction of the concentration
z of Ge in the substrate. The difference in energy be-
tween the two lowest transitions at L, as well as at the
Z point, increases with strain. The transition energy for
the transition V3 — C; is almost strain independent, while
for the V; — C, transition increases with strain, implying
that the energy position and width of the E, structure
are strain independent in €5, while increasing with strain

in el
in €5.
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¥IG. 7. Transition energies at the symmetry points I', Z,
L, and F of strained Ge coherently grown on a Si; —.Ge; (111)
substrate, as a function of . The notation is the same as in
Fig. 5.

C. Si strained along the [110] direction

The crystal in this case is biaxial, with three indepen-
dent components of the dielectric tensor. Figure 8 shows
the three components of the imaginary part of the dielec-
tric tensor along the three principal axes, for si-Si grown
coherently on a Ge(110) surface. The smallest direct gap
appears at I' and is equal to E_(l; = 2.64 eV. As can be
seen from Fig. 9, the onset in all components of €5 ap-
pears at slightly higher energies, where the transitions
between the parallel bands along the I'R direction, close
to the R point, of the BZ start to contribute significantly.
At the R point, the energies of the two lowest transitions
are equal to 2.78 and 2.89 eV. At even slightly higher
energies, the contribution from the transitions along the
I'S direction close to the S point of the BZ starts. The
lowest transition energies at this point are 2.94 and 3.52
eV.

The transitions along the 'R and I'S directions are

60 ————
r ,\ Si on Ge(110)]
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sof
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Energy (eV)

FIG. 8. Imaginary part of the dielectric function, €2, of
strained Si coherently grown on a Ge (110) substrate for po-
larizations along the principal axes [110] (¢3'), [001] (¢3?), and
(110] (£3°).
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FIG. 9. Transition energies at the symmetry points I, S,
R, T, and X of strained Si coherently grown on a Si;_.Ge;
(110) substrate, as a function of z. The results represent (a)
the lowest transition at I point (full circle); (b) the two lowest
transitions, V1 — C; (A ) and V2 — C; (O), at S point; (c) the
two lowest transitions, V1 — C; (full squares) and V2 — C; (full
triangles), at R point; (d) the four lowest transitions, V1 — C
(%), V2 —C1, (), Vi = C2 (O) and V2 — Cz ( @), at X point;
and (e) the lowest transition at the T point (full diamonds).

responsible for the F-like structure in €. The E; struc-
ture exhibits a small anisotropy. The strong anisotropy
happens in the region between 3.5-4.2 eV, where the F,-
like structure is located. The E; peak has the smallest
strength as well as width in the €3 component. The
transitions responsible for the E; structure take place in
regions close to the points 7' and X of the distorted BZ.
The anisotropy of the bands near these points, as well as
the different behavior of the transition probabilities for
different polarizations, produce the strong anisotropy of
the E, structure.

In Fig. 9 are shown energies for the lowest transitions
at points I', S, R, T, and X of the distorted BZ, as a
function of strain. The absorption edge in €3 is due to
transitions at R point for concentrations z of Ge in the
substrate smaller than 0.3, while for z > 0.3 to tran-
sitions at I'. The difference in energy between the two
lowest transitions at R, as well as at S, increases with
strain. This splitting is larger for the S point. Among
the lowest four transitions at X point, only Vo> — C; and
V1 — C; transitions have significant transition probabil-
ities. Their splitting increases with strain. The lowest
four transitions at 7' are practically strain independent.

D. Ge strained along the [110] direction

In Fig. 10 are shown the three components of [e;] ten-
sor, along the three principal axes, of s-Ge grown coher-
ently on a Si(110) surface. The orthorhombic anisotropy
is large in the range from the absorption edge up to the
E, structure. For energies smaller than ~ 2.5 eV, the
ordering of the components of the dielectric tensor is
eil,e2? > €33, while for energies in the region 2.5-4.5
eV, ell, €22 < £33. The absorption edge coincides with
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FIG. 10. Imaginary part of the dielectric function, &2, of
strained Ge coherently grown on a Si (110) substrate for po-
larizations along the principal axes [110] (¢3'), [001] (¢2?), and
[110] (3°).

the direct gap at T', equal to E} =1.27 eV. The tail in ¢,
up to ~ 2 eV, is due to transitions around the I' point.
At energies larger than 2 eV, the significant contribu-
tion from the directions I'S and I'R near the R and S
points starts to take effect. These transitions are respon-
sible for the E; structure. The E; peaks exhibit a strong
anisotropy, for reasons similar to Si strained along the
[110] direction. Finally, in Fig. 11 are shown the transi-
tion energies of the lowest transitions at points I', S, R,
X, and T as a function of strain.

E. Static dielectric constant

We have also calculated the interband contribution to
the static dielectric constant &1(0), by the use of the
Kramers-Kronig relation.?® The results are presented in
Figs. 12 and 13 for s-Si and s-Ge, coherently grown on
(111)- and (110)-oriented Si;_,Ge, substrates. For light
polarization perpendicular to the growth plane the static

Energy (eV)
W

(110)
1
0.25

L 1

0.50 0.75 1.00
X

FIG. 11. Transition energies at the symmetry points I, S,
R, T, and X of strained Ge coherently grown on a Si;_.Ge:
(110) substrate, as a function of z. The notation is the same
as in Fig. 9.
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51(0)

FIG. 12. Static dielectric constant, €1(0), for strained Si
(solid lines) and strained Ge (dashed lines) coherently grown
on a Si;—.Ge, (111) substrate, as a function of z, for po-
larization parallel (A) and perpendicular () to the growth
plane.

dielectric constant shows a slight variation with strain,
while for polarization in the growth plane £;(0) changes
more drastically. In the latter case, it varies almost lin-
early with strain, increasing with strain for the case of
s-Si and decreasing for the case of s-Ge.

V. CONCLUSIONS

The optical properties of strained Si and Ge, as well as
their anisotropy, are of major physical interest for future
applications. We have presented an investigation of the
energy band structure and optical properties of strained
Si and Ge, coherently grown on (111)- and (110)-oriented
Si;_.Ge, substrates. The calculations have been per-
formed in the framework of an empirical tight-binding
model.

FIG. 13. Static dielectric constant, £,(0), for strained Si
(solid lines) and strained Ge (dashed lines) coherently grown
on a Si;—.Ge.(110) substrate, as a function of z, for polar-
izations along (i) [110], (¢}?, (&), (ii) [001], (¢33, (O)), and
(iii) [110], (¢33, (o)) directions.
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The dependence of band-edge energies on strain and
the direction of growth is presented and the calculated
results are compared with those of the linear deforma-
tion potential theory. For strain along [111] and [110]
directions, nonlinear effects becomes very important, es-
pecially for large strains. The fourfold lowest conduction-
band state at the X point of the unstrained bulk BZ
splits with strain into two twofold states. This nonlinear
splitting produces a significant shift in the A conduction-
band minima, not reproduced by the linear deformation
potential theory. The ETB calculations predict that s-Si
and s-Ge remain indirect gap semiconductors for both
cases of strain and for all substrate compositions.

We have studied also the linear optical properties of
(111)- and (110)-strained Si and Ge, calculating their
dielectric tensors [e(w)]. The optical anisotropy as well
as the dependence of the several structures appearing in
the €2 spectra on the strain has been investigated, and
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explained in terms of the band structure and transition
probabilities. The anisotropy is quite large from the ab-
sorption edge up to the region of the E,-like structure.
For larger energies, the anisotropy almost diminishes.

Finally, we have calculated the static dielectric con-
stant, €; (0), for strained Si and Ge. The results show
that for light polarization normal to the growth plane,
€1(0) changes slightly with strain for both directions of
growth. For polarizations in the growth plane, the static
dielectric constant depends in a sensitive way on the
strain.
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