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Structural and vibrational properties of (Si),/(Ge), superlattices
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The structural and vibrational properties of a strained (Si),/(Ge), superlattice grown on a (001)-
oriented Si;_,Ge, (0=x =1) substrate are studied. The geometries of the strained superlattice for
different substrates are obtained. The calculations show that with proper choice of x (0.46) the
symmetrically strained (Si)4/(Ge), superlattice can be obtained, yielding large superlattice thickness.
The strains are taken into account in the investigations of lattice dynamics of the superlattice. Pho-
non spectra of the superlattice grown on a Si substrate and phonon frequency shifts induced by

strain are discussed.

I. INTRODUCTION

The possibility of combining and manipulating materi-
als to obtain new materials that share the advantageous
properties of the constituent materials has generated
much interest. In the growth of superlattices, controlled
variation of the composition, strain, and thickness of the
layers provides electronic, optical, and dynamical proper-
ties unlike any ordinary bulk material.! Despite the large
lattice mismatch (4%) between Si and Ge, ultrathin su-
perlattices consisting of these materials have now been
grown by molecular-beam epitaxy (MBE).2"® The
growth of Ge up to six layers pseudomorphically restrict-
ed to a Si(100) substrate has been achieved by Pearsall
et al.” More important is the fact that direct optical tran-
sitions in (Si),/(Ge,) superlattices grown on a Si(001) sub-
strate are observed, which has been an encouraging step
towards making significant improvements in the electron-
ic properties of Si. Recently much attention has been
paid to the electronic properties of Si/Ge superlattices
with the hope of obtaining a direct-band-gap superlat-
tice.? 12

The vibrational properties of Si/Ge superlattices have
also been extensively studied both experimentally?~® and
theoretically.!3~ !5 Because of its conceptual simplicity
and the possibility of a straightforward interpretation of
the experimental data, one-dimensional models for Si/Ge
superlattices have been extensively used.'?”!* Only re-
cently, three-dimensional calculations of phonon spectra
have appeared.!* The large lattice mismatch (4%) be-
tween Si and Ge, which affects the electronic and vibra-
tional properties of superlattices, can be completely ac-
commodated by the lattice strain in the commensurate or
pseudormorphic Si/Ge layers. The strain was taken into
consideration in current studies of electronic structures
of Si/Ge superlattices grown on certain substrates.!?™!?
However, in many lattice-dynamics calculations, ™1 de-
tailed structural configurations of superlattices have not
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been taken into account. In order to understand further
details of the electronic and dynamical properties of su-
perlattices, the structural configurations of strained su-
perlattices must be investigated.

Generally, strain varies with the substrate selected.
Many experimental and theoretical studies have been car-
ried out with (001)-oriented Si substrate. Detailed band-
structure calculations have shown that’ ! the nature of
the lowest electronic transitions depends considerably on
the lattice constant to which the superlattices are
strained, i.e., on the substrate selected. However, a more
preferable superlattice (Si),/(Ge), might be grown on an
alloy substrate Si;_,Ge,. Naturally, the choice of the
substrate is of equal importance for the phonon spectra of
strained Si/Ge superlattices. In the present work,
geometrical structures and vibrational properties of
strained (Si),/(Ge), superlattices are investigated on
different (001)-oriented alloy substrate Si;_,Ge, with x
ranging from O to 1. The Keating model'® is adopted to
describe the elastic strain energy of the superlattice. The
structures of the superlattice are then determined by
minimization of the elastic strain energy. In Sec. II the
Keating model and parameters used are discussed. The
structural configurations of (Si),/(Ge), superlattices are
presented in Sec. III and the favorable substrate for the
growth of (Si),/(Ge), superlattices is given in Sec. IV.
The vibrational properties are discussed in Sec. V, and
Sec. VI gives discussion and conclusion.

II. KEATING MODEL

The Keating model'® has been widely used to describe

the elastic energy of covalent crystals with zinc-blende
structure for studying elastic'®!” and structural'®~2?
properties. The elastic energy described by the Keating
model'® is given by
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where X .=X;— X, is the position vector between atom
s and atom s’ and r is the equilibrium bond length. The
factor 1 in the second term gives a tetrahedral equilibri-
um bond configuration. The first sum is taken over all
nearest-neighbor bonds and af(s,s’) describes the site-
dependent bond-stretching interaction between atom s
and atom s’. The second sum is taken over all nearest-
neighbor bond pairs and f(s,s’,s"’) is the site-dependent
force constant governing the bond-bending interaction
between bond vector X and X ;. The values of param-
eters a and [ used in the present paper are given in Table
I. The values of Keating parameters for Ge are taken
from Ref. 17, while the parameters for Si are taken from
Ref. 15. These parameters give good descriptions of lat-
tice dynamics for both Si and Ge. By using these values
of a and B, Alonso et al.'® studied lattice dynamics of
Si/Ge superlattices without taking strain into considera-
tion. In the case of a structure with more than one kind
of atom in a unit cell, Eq. (1) should be changed to'®

E=3 als,s')[ XX, —(b,+b,")]
R,R’

+ S Bls,s s [ Xy X
R,R",R"

+ (b, +b, ) (b, +by) ], @)

where b; is the covalent radius of atom s. In the present
calculations, for Si/Ge superlattices, the Keating param-
eters a and f3 near the interface Si-Ge are determined by

a(SiGe)=1[a(SiSi) +a(GeGe)] , (3a)
B(SiGeSi)=B(GeSiGe) = L[ B(SiSiSi) + B(GeGeGe)] ,

(3b)
B(SiSiGe) = 1[2B(SiSiSi)+ B(GeGeGe)] , (3¢)
B( SiGeGe)=%[B(SiSiSi)+ZB( GeGeGe)] . (3d)

In the lattice-dynamical calculations of Alonso et al. P
all the values of B(SiGeSi), B(SiSiGe), and B(SiGeGe) are
assumed to take the average of B(SiSiSi) and B(GeGeGe).
In the recent ab initio calculations of Froyen et al.,'? it
was found that the differences between these parameters
are quite significant. The parameters deduced from Eq.
(3) seem to be more reasonable than those from Ref. 15
with respect to the results obtained by Froyen et al.'®

TABLE I. Values of the Keating parameters a and B (in
units of eV/A*) for Si and Ge.

a (ev/AY B ev/A%
si® 0.1851 0.0488
Ge® 0.1508 0.0443

? Reference 15.
b Reference 17.
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III. STRUCTURAL PROPERTIES
OF A (Si),/(Ge); SUPERLATTICE

The (001)-oriented (Si),/(Ge), superlattice is studied in
a tetragonal unit cell consisting of four atoms from each
constituent. This is illustrated in Fig. 1. Growth on
different kinds of substrates Si;_,Ge,(0=x =1) is con-
sidered in our calculations. When x =0, the correspond-
ing substrate is Si, and when x =1, the substrate is Ge. It
is assumed that the lattice mismatch between Si and Ge is
completely accommodated by the lattice strain in the
commensurate or pseudomorphic growth. To assure
commensurability in the (001) plane, the lateral lattice
constant of the pseudomorphic Si/Ge superlattices a is
then taken to be equal to that of the substrate selected as

a,=(1—x)ag txag, , 4)

where ag; =5.431 A and ag.=5.658 A are the bulk lat-
tice constants of Si and Ge, respectively. The interplanar
distances can be determined by elastic strain energy
minimization. The elastic strain energy of a (Si),/(Ge),
superlattice in a tetragonal unit cell is constructed by Eq.
(2). The superlattices experience a biaxial strain in the
[010] and [100] directions. The elastic strain energy can
be reduced both by deforming the cell tetragonally and
by relaxing the interplanar spacings in the [001] direc-
tion. With x varying from O to 1 the interplanar spacings
of a (Si),/(Ge), superlattice is shown in Table II, where d
denotes the Si-Ge interface interplanar spacing, d; the

1

B

d‘(Si-Si)

(

dz(Si-Si)

d‘(Si-Si)

d (S5i-Ge)

d‘(Ge—Ge)

dz(Ge-Ge)

d,(Ge-Ge)

IR0

FIG. 1. Tetragonal unit cell of (001)-oriented (Si),/(Ge), su-
perlattice grown on a Si;_,Ge, (0=<x =<1) substrate with solid
and open circles denoting Si and Ge atoms, respectively.
R{=R$=a;/V2, where a| is the lateral lattice constant. d
denotes the interplanar spacings.
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TABLE II. Interplanar spacings and lateral constants (in units of A) for a strained (S1)4/(Ge), super-
lattice grown pseudomorphically on the (001)-oriented Si,_,Ge, (0 <x =< 1) substrate.

x a; d,(Si-Si) d,(Si-Si) d(Si-Ge) d,(Ge-Ge) d,(Ge-Ge)
0.0 5.431 1.3562 1.3584 1.4075 1.4671 1.4579
0.1 5.454 1.3515 1.3537 1.4033 1.4622 1.4536
0.2 5.476 1.3468 1.3490 1.3990 1.4573 1.4494
0.3 5.499 1.3420 1.3442 1.3947 1.4524 1.4451
0.4 5.522 1.3372 1.3395 1.3904 1.4474 1.4408
0.5 5.545 1.3323 1.3346 1.3860 1.4424 1.4364
0.6 5.567 1.3274 1.3298 1.3816 1.4373 1.4320
0.7 5.590 1.3225 1.3249 1.3771 1.4323 1.4276
0.8 5.613 1.3175 1.3199 1.3727 1.4271 1.4231
0.9 5.635 1.3125 1.3149 1.3681 1.4220 1.4187
1.0 5.658 1.3076 1.3099 1.3636 1.4167 1.4142

spacing near the interface, and d, the spacing in the mid-
dle of the sublattice. It can be seen from Table II that the
interplanar spacings vary with Ge composition factor x
almost linearly. On a Si substrate (x =0) the Si-Si inter-
planar spacings are very close to those of bulk Si (1.358
A) and the Ge-Ge spacings are expanded in comparison
with their counterparts in bulk Ge (1.415 A). On a Ge
substrate (x =1), the Si-Si interplanar spacings are small-
er than their bulk counterparts and Ge-Ge spacings are
close to their bulk values. On a Si;_, Ge, alloy substrate,
the Si-Si spacings are contracted, whereas the Ge-Ge
spacings are expanded. In any case, the Si-Ge interplanar
spacings are close to the average of both sides. It is
found that there exists only a small deviation between d,
and d, for all values of x. On the Si side, d, is slightly
less than d,, whereas on the Ge side, d, is smaller. These
small deviations between d, and d, suggest that the
strain is not uniformly distributed over the layers. With
x varying from O to 1, the strain increases for Si layers
and decreases for Ge layers. On all substrates the
difference between d and d, is no more than 0.024 A for
a Si sublattice and 0.0108 A for a Ge sublattice. Since
the value of d, is very close to that of d,, it is reasonable
to neglect the deviation between d; and d, and this was
what many calculations of electronic structures did.'>!?

For a Si substrate, the bond length of Si is found nearly
the same as that of bulk Si and the bond length of Ge is
very close to that of bulk Ge for a Ge substrate. Howev-
er, for all values of x the Si—Si bond lengths are expand-
ed and those of Ge—Ge are contracted. Froyen et al.'°
suggested that the overshoot of the Si—Si bond length on
the Si side of the interface and of the Ge—Ge bond
length on the Ge side of the interface might cause charge
transfer across the interface. Charge will flow from Si to
Ge across the interface since Ge is more electronegative.
The largest variations of bond lengths of Si and Ge com-
pared with their bulk values are found to be only 1.7 and
—1.6 % in the case of Ge and Si substrates, respectively.
These results give further support to the assumption of
conservation of bond length in strained and reconstructed
semiconductor layers.?

1V. EFFECT OF SUBSTRATE ON THE GROWTH
OF A (Si),/(Ge) SUPERLATTICE

The variation of the elastic strain energy of a (Si),/
(Ge), superlattice with substrate composition factor x in
a tetragonal unit cell is shown in Fig. 2. The minimum of
the elastic strain energy appears at x =0.46, which indi-
cates that if one selects a Si; 5,Ge, 4¢ substrate the growth
of the (Si),/(Ge), superlattice is very close to the free
standing growth. This is very meaningful to experimen-
talists. In Fig. 3 the strain energy distribution at each
layer is plotted for x =0, 0.46, and 1. It is seen that for a
Si substrate (x =0), almost all strains are taken up by the
Ge layers. Whereas for a Ge substrate (x =1) the strains
are mainly taken up by Si layers. However, for a
Siy 54Geg 46 Substrate, the distribution of strains is almost
symmetrical. In this case the minimum of the elastic

0,08

ELASTIC ENERGY (eV)

0.06

0.04

FIG. 2. The elastic strain energy of a (Si),/(Ge), superlattice
in a tetragonal unit cell.
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FIG. 3. The elastic strain energy distributions of a (Si),/(Ge),
superlattice for x =0, 0.46, and 1.

strain energy can be obtained.

The thickness of superlattices is strongly dependent on
the strain distribution.® The unsymmetrical strain distri-
bution might produce an energetic instability.?* On the
other hand, symmetrically strained superlattices could be
stable up to an unlimited overall thickness. In order to
have a larger (Si),/(Ge), superlattice thickness, the
present results indicate that an appropriate Siy s4Geg 46
substrate is suggested. In this case the symmetrically
strained superlattices can be obtained.

V. VIBRATIONAL PROPERTIES
OF A (Si),/(Ge), SUPERLATTICE

Vibrational properties of Si/Ge superlattices are exten-
sively studied both experimentally?”® and theoretical-
1y.13715 To our knowledge, there are no lattice-dynamics
calculations of Si/Ge superlattices which take strain into
account. Under the results obtained in the above sec-
tions, lattice dynamics of a strained (Si),/(Ge), superlat-
tice grown on a (001)-oriented Si,_, Ge, substrate can be
studied. In the calculations the long-range (Coulomb) in-
teractions are neglected. This does not affect results sub-
stantially since the Si—Ge bonds are almost homopolar.
The calculations are performed only for phonons propa-
gating in the [001] growth direction, however in the same
framework, phonons in other directions can also be cal-
culated. The effect of strain is also considered in our cal-
culations. The Keating parameters used in this section
are the same as shown in Table I and Eq. (3). The
structural configurations of (Si);/(Ge), superlattices are
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taken from the above section. The force constants be-
tween two atoms can be obtained directly by
differentiating the elastic strain energy from Eq. (2). The
force-constant matrix element <I>,m'(s,s’) between atoms s
and s’ is given by

3’E

@y (s,s")= Ou,($)0u,(s)

(5)
where 77 and 7" denote Cartesian coordinates and u,(s) is
a small displacement of atom s from its equilibrium posi-
tion along the 7 direction. The elastic strain energy E is
obtained from Eq. (2). The force constant is composed of
a bond-stretching and bond-bending contribution.

The calculated phonon dispersion curves along the
[001] direction for (Si),/(Ge), superlattices grown pseu-
domorphically on a Si(001) substrate (corresponding to
x =0) are given in Figs. 4 and 5. For comparison, in Fig.
4 the phonon dispersion curves in longitudinal polariza-
tions calculated by Alonso et al.'’ are also plotted. It
can be seen from Fig. 4 that there exist some differences

500 T,

400

300

FREQUENCY (cm)

200

9

100 |-

FIG. 4. Phonon dispersion curves of the L mode ([001]-
polarized) along the [001] direction for (Si),/(Ge), superlattice
grown on a Si substrate (x =0). The solid curves are the present
results and dashed curves are given by Alonso et al. (Ref. 15).
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of phonon frequencies between the present results and
those of Alonso et al.'” since in our calculations strain
effect is taken into account. In addition, the difference in
the choice of Keating parameters B(SiGeSi), B(SiGeGe),
and (SiGeGe) might also affect the results. In Figs. 6-38,
the calculated phonon frequencies and displacement pat-
terns as a function of x are shown for a (Si),/(Ge), super-
lattice at the zone center in the [001] polarization (longi-
tudinal), [100] polarization (transverse), and [010] polar-
ization (transverse), respectively. It is found that the dis-
placement patterns remain unchanged with the variation
of x. The modes are numbered in the order of increasing
frequencies. Mode 1 corresponds to the zero frequency
mode. For the longitudinal (L) mode, the phonon fre-
quencies decrease almost linearly with the increase of x,
however for the transverse (T) modes the frequencies in-
crease linearly. This can be understood by the fact that
the presence of strain in Si/Ge superlattices causes the
lattices to distort both in the in-plane and growth direc-
tions, which produces a linear shift of phonon frequen-

500 pe-ccmccmr == .
400 p-~———=======-=== .

E 300 F

3]

= L

)

=)

4

B 200 F

—d
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100 \

L4 41\ 1 1 1

X

FIG. 5. Phonon dispersion curves of [100]-polarized T, (solid
lines) and [010]-polarized T, (dashed lines) modes along the
[001] direction for a (Si),/(Ge), superlattice grown on a Si sub-
strate (x =0).
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FIG. 6. (a) L mode ([001]-polarized) phonon frequencies of a
(Si)4/(Ge), superlattice at the zone center; (b) typical displace-
ment patterns of L modes.

cies.®> The changes of phonon frequencies with the
change of x are more significant for high-frequency
modes.

The L modes in Fig. 6 are [001]-polarized. Modes 6—8
are the typical Si-like confined LO modes with vibration-
al amptitudes mainly in Si layers. Since the frequency of
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FIG. 7. (a) T, mode ([100]-polarized) phonon frequencies of a
(8i),/(Ge), superlattice at the zone center; (b) typical displace-
ment patterns of T, modes.
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FIG. 8. (a) T, mode ([010]-polarized) phonon frequencies of a
(Si),/(Ge), superlattice at the zone center; (b) typical displace-
ment patterns of T, modes.

mode 5 overlaps with the bulk continuum of Si and Ge,
this mode is a resonant, quasiconfined Ge-like LO mode
with vibrational amptitudes localized mainly at Ge lay-
ers. Modes 1-4 are the mixed modes resulting from the
folding of the LA modes of Si and Ge. It was observed in
Raman-scattering experiments that there exist three main
peaks around 500, 400, and 300 cm ™!, which are current-
ly attributed to Si, Si-Ge, and Ge modes, respectively. In
our calculations there are modes around 500 and 300
cm™! corresponding to confined Si-like and Ge-like
modes, respectively. However, no interface modes
around 400 cm ™! are found. The interface modes around
400 cm ™! in the longitudinal polarization are also not
found in the calculations carried out by other au-
thors.!3™ 15 Molinari et al.'® concluded that interface Si-
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Ge modes around 400 cm ! cannot exist in the longitudi-

nal modes unless some alloying at the interface is intro-
duced.

It is worthwhile to note that mode 2 is really an inter-
face mode resulting from the first folding of the LA
mode. This mode can be observed in the ZZ scattering
geometry by Raman scattering.

The T, modes in Fig. 7 are [100]-polarized. Modes 7
and 8 are Si-like confined TO modes, modes 5 and 6 Ge-
like quasiconfined resonant TO modes, and mode 4 Si-
like confined TA mode. Mode 2 is an interface TA mode.

The T, modes in Fig. 8 are [010]-polarized. Mode 8 is
a Si-confined TO mode and mode 5 a Ge-like
quasiconfined resonant TO mode. Between modes 8 and
5, proper interface modes appear (modes 6 and 7) with
frequencies around 400 cm ™~ '. Modes 2 and 3 are found
to be interface TA modes.

VI. DISCUSSION AND CONCLUSION

The structural and vibrational properties of a [001]-
oriented (Si),/(Ge), superlattice grown on Si;_,Ge,
(0=x =1) substrates are obtained by the present calcula-
tions. Moreover, variations of interplanar spacings with
different substrates are also given.

For a Sij 5,Geg 4¢ substrate, the minimum of the elastic
strain energy is obtained and the strain distribution is al-
most symmetrical, which indicates that on this substrate
the growth of a (Si),/(Ge), superlattice is preferable. It is
hoped that some evidence for this conclusion will be
given in the near future.

In the lattice-dynamical calculations, the lattice strains
are taken into consideration. Thus, the results obtained
should be more reasonable than those obtained previous-
ly. The results show that with increasing x, frequencies
of L modes decrease almost linearly, whereas that of T
modes increase linearly. It is found that among L modes
the topmost one around 500 cm ™! is a Si-like confined
LO mode and the mode around 300 cm ™! is the Ge-like
quasiconfined resonant LO mode. These are in good
agreement with experiment. No interface modes around
400 cm ™! are found in [001] polarization in our calcula-
tions. However, interface modes with frequencies around
400 cm ! are present in the [010] polarization.
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