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Using a micro-Raman setup, in-plane Raman scattering was performed on short-period (001)-Si/Ge
superlattices, and the complete phonon spectrum (longitudinal and transverse, optical and acoustic
modes) could be studied. In the relevant wave-vector range, the in-plane dispersion was found to affect
the frequencies of folded-acoustic modes, while being negligible for confined optical modes. The com-
parison with theoretical spectra, calculated by means of first-principles interatomic force constants,
shows that the observed deviations of "unfolded" confined optical modes from the bulk dispersions can
be attributed to interface roughness and is well described by a simple alloy layer model (2-3 intermixed
SiGe atomic layers at interfaces).

I. INTRODUCTION

In recent years there has been considerable interest in
Si/Ge superlattices (SL's) since they provide a possibility
to overcome the restrictions in the optical and electronic
properties of bulk Si as compared to III-V semiconduc-
tors. ' Short-period Si/Ge SL's have proven to be
promising candidates for quasidirect band-gap lumines-
cence. Raman spectroscopy is a useful tool for charac-
terizing short-period SL s, since their vibrational proper-
ties depend strongly on their microscopic structure.

Conventionally, Raman scattering is performed in
backscattering from the growth direction (usually the
[001] direction). In this case, from the (001) surface only
longitudinal modes are observable off resonance. In or-
der to establish a full picture of the vibrational modes of
SL s, their symmetry, and their coupling to light, it is
necessary to perform Raman scattering along each primi-
tive axis of the SL crystal. Such a full analysis was re-
cently presented for the optical-phonon modes of (001)-
GaAs/A1As SL's, ' where in-plane studies were shown
to be possible by reducing the probe laster spot to a sub-

pm focus (micro-Raman scattering). Using this ap-
proach, we are now able to study the quantized
longitudinal-optical (LO) and transverse-optical (TO)
modes, as well as the folded longitudinal-acoustic (LA)
and transverse-acoustic (TA) ones in our Si/Ge struc-
tures.

A similar improvement has recently taken place on the
theoretical side. Earlier ab initio treatments of the pho-
non spectra were limited to modes with wave vectors
along the growth direction, for which one-dimensional
approaches could successfully be adopted. Just recently

we have been able to extend first-principles studies to
three-dimensional SL dispersions by using higher-order
interatomic force constants which allow us to account for
both strain and interface intermixing. '

The aim of this paper is to describe the features found
in the experimental Raman spectra, and to compare them
with theoretical predictions. In particular, we shall focus
on the confinement properties of Si-like longitudinal and
transverse vibrations, and on the behavior of higher-
order acoustic modes. The specific properties of the Si-
Ge-like interface mode have been reported elsewhere
and will be only briefly summarized here. We will show
that experimental spectra deviate significantly from the
theoretical spectra expected for abrupt-interface
geometries. On the other hand, by taking into account
interface intermixing (2—3 monolayers of SiGe alloy at
the interfaces) a general agreement between theory and
experiments is recovered.

The paper is organized as follows. Section II gives a
brief illustration of the sample preparation and the exper-
imental technique, while Sec. III summarizes the essential
features of our theoretical approach. Section IV presents
our results for the optical frequency range: We first re-
call the general features of the LO- and TO-phonon spec-
tra of ideal SL's, and discuss the reliability of simple "un-
folding" rules for confined SL modes. Systematic experi-
mental results for a series of (001)-Si„/Ge„SL'sare re-

ported and discussed in terms of these "unfolding" rules.
The analysis of the observed deviations is then performed
on the basis of a detailed treatment of disorder effects.
Section V is devoted to acoustic modes, while Sec. VI
contains a general discussion and comparison with
GaAs/A1As SL's, together with our conclusions.
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II. EXPERIMENTAL TECHNIQUE

The samples were grown by low-temperature
molecular-beam epitaxy (MBE) on Si(001) and Ge(001)
substrates, using Sb as a surfactant layer. Strain sym-
rnetrization was achieved by using a 200-A partially re-
laxed Sio 25Geo 75 alloy bu8'er layer. The total SL
thicknesses are between 0.2 and 1.0 pm. Typical Aux

rates were R =—0.3 A/s for Si and Ge, with substrate tem-
perature T, =—310'C. More details on substrate prepara-
tion, growth conditions, and characterization are given in
Ref. 11.

In our Raman experiments, a microscopic objective
was used for focusing and collecting the light. The power
density was kept below 10 W/cm in order to preclude
sample heating. The measurements were performed at
room temperature with the 514.5-nm line of an Ar+
laser, and with a dye laster at 598 nm, using a triple-
grating spectrometer in the subtractive mode with a spec-
tral resolution of 2.5 cm . The excitation energy is near
the E, +6, gap of Ge (near-resonance condition). The
signal was detected with a cooled photodiode multichan-
nel detector. A reduction of the stray light was achieved
by tilting the normal of the surface away by about 30'
with respect to the incident light. The large refraction in-
dex (n —=4) helps to significantly reduce the deviation
from ideal backscattering conditions caused by the rela-
tively large aperture of the lens and the inclination of the
sample surface. The scattering configurations we have
used are shown in the insets of Fig. 4 below. The labeling
of the axes —x~~[001], ye~[010), z~~[001], where z is the
growth direction —refers to the cubic conventional unit
cell of the bulk materials. Also, a second coordinate sys-
tem with x'~( [1—10],y'(~ [110],z'=z is used.

IH. THEORETICAL APPROACH

As in previous studies of Al„Ga& „As-based hetero-
structures, ' we have chosen to use accurate interatomic
force constants which are calculated from first principles
within density-functional theory in the local-density ap-
proximation by means of a linear-response scheme. The
ability of such force constants to reproduce the bulk vi-

brational properties of Si and Ge was demonstrated in
Ref. 8 (see also the comparison between theoretical and
experimental I -I dispersions in Fig. 1). In order to ex-
tend this approach to Si/Ge heterostructures, however,
additional diSculties related to strain effects have to be
faced. Such effects include homogeneous strain induced

by lattice matching to the substrate, as well as local
bond-length variations depending on the local atomic
configuration in regions of mixed SiGe composition. As
shown in Ref. 8, this problem can be solved by using
higher-order interatomic force constants, which are also
obtained within a first-principles scheme.

To model SL's with disordered layers, an additional
periodicity in the xy plane parallel to the interfaces has
been assumed; Si and Ge atoms in the alloyed planes are
distributed at random in an 18-atom two-dimensional
unit cell according to the given concentration, and the
calculated properties are averaged over =10 different
configurations. Phonon spectra (frequencies and dis-
placement profiles) are then obtained by direct diagonali-
zation of the dynamical matrix, and the corresponding
Raman strengths are estimated assuming the same bond
polarizability in both materials. We consider the latter
approximation acceptable because we are mostly interest-
ed in comparing Raman intensities of modes having the
same origin.
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FIG. 1. Calculated bulk dispersions along
(001) for Si and Ge and the Sio 5Geo 5 alloy. L
and T polarizations are shown in the top and
bottom panels, respectively. For Si and Ge,
different strain configurations are shown: un-

strained (solid lines), and lattice matched to
the Sio 5Geo 5 alloy (dashed lines) or to the oth-
er semiconductor (dotted lines). The symbols
are neutron-scattering data for the unstrained
configuration. The shaded lines in the central
panel indicate the width of the alloy quasi-
dispersion (see Ref. 9).
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As a reference for the forthcoming discussion on SL
spectra, in Fig. 1 we report the calculated L and T disper-
sions of bulk Si and Ge along the [001) direction. Besides
the curves for the unstrained case (solid lines), which are
compared with neutron-scattering data' (full symbols),
we also show by dashed lines the dispersions obtained for
a biaxial strain configuration corresponding to lattice
matching to a Sio5Geo ~ alloy substrate (compressive
strain for Ge, and dilational strain for Si); dotted lines

correspond to lattice matching of Si to Ge and vice versa.
Moreover, in the central panels we show the L and T
quasidispersions calculated for the unstrained Sio 56eo,
alloy. '4

IV. OPTICAL MODES

A. Theoretical predictions
for ideal superlattices:

"unfolding" rules, in-plane dispersion

To introduce notations, let us first recall the main
features that are known to characterize the optical-
phonon spectrum of (001)-Si/Ge SL's with ideally abrupt
interfaces. We refer to Fig. 2, where a strain-
symmetrized Sis/Ges SL is taken as an example.

For wave vectors along the (001) direction (right-hand
panel of Fig. 2) the L and T polarizations are decoupled
(solid and dashed lines, respectively). Above =310 cm

(upper edge of the L dispersion of strained Ge, see Fig. 1),
L modes are nondispersive, reQecting confinement in the
Si layer (Si-like modes}. Around and below 310 cm ', L
Ge-like resonant modes exist, which have a maximum
amplitude in the Ge layer but an oscillatory behavior also
in the Si layers (quasiconfined modes). ' The situation is
different for the T polarization. Here the bulk TO
branches of Si and Ge do not overlap in frequency, so
that SL modes are confined either in the Si or Ge regions.

Moreover, T Si-Ge interface modes, sharply localized at
the interfaces between the Si and Ge layers, are found to
fall around 400 cm ', in the gap between the TO bulk
branches of Si and Ge. '

As in GaAs/AlAs SL's, confined SL frequencies can be
related to the corresponding bulk dispersions. Within a
simple "standing-wave" model, an effective confinement
wave vector q can be associated with the mth confined
mode:

b01I((
) (2)

provided that co
"'" (q) is the bulk Si or Ge dispersion in

the appropriate strain configuration. For a strain-
symmetrized Si„/Ge„SL,we will have to refer to the
bulk dispersions corresponding to lattice matching to
Sio 5Geo &

(dashed lines in Fig. 1).
Figure 3 shows the frequencies of the Si-like m = 1 and

3 modes for the L and two T polarizations (Tl and T2}
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where n is the nominal number of atomic planes in the vi-

brating (Si or Ge) region, ao is the bulk lattice parameter,
and y accounts for penetration of the envelope function
of the displacements into adjacent layers. ' With the
correct choice of y, the frequency co of the mth

confined mode will be such that
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FIG. 2. Calculated dispersion for an ideal Sis/Ges SL along
the [001] growth direction (right-hand panel), aud along the
[100] in-plane direction. For [001]propagation, the L and T po-
larizations are decoupled, and are indicated by solid and dashed
lines, respectively.

wave vector [2m/a j
FIG. 3. Calculated frequencies of L and T Si-like modes of

strain-symmetrized Si„/Ge„ideal SL's, unfolded onto the corre-
sponding bulk dispersion according to Eq. (1). Values of y are

y = 1 for L ( n even or odd) and T1 modes (n even), y =2 for T1
and T2 modes (n odd), and y =3 for T2 modes (n even). Empty
and full symbols denote m =1 and 3 modes, respectively. The
inset shows the displacement amplitude of a Si6/Ge6 SL.
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for strain-symmetrized Si„/Ge„SL'swith ideally sharp
interfaces and n =4-12. They are plotted as a function of
q in the first half of the Brillouin zone (BZ}, together
with the corresponding strained bulk branches. The pa-
rameter y in Eq. (1) was taken as follows: y = 1 for the L
(n even or odd) and Tl (n even) polarizations, y=2 for
Tl and T2 (n odd; in this case T 1 and T2 are degenerate
due to the tetragonal symmetry), and y =3 for the T2 po-
larization (n even). The mapping ("unfolding"} onto the
bulk dispersion is very good with this choice.

The different values of y are due to the dependence of
the phonon spectrum and mode confinement on the mode
symmetry, as shown by the displacement patterns for
n =6 in the inset of Fig. 3. For the L polarization the
displacement pattern is similar for any choice of n, with
y=1. For T vibrations we have to consider that the
interplanar forces connecting atomic planes are of two
different types, one much stronger than the other, and al-
ternate along the [001]direction. If n is even for a given
T polarization (Tl },both interfaces are strongly coupled,
while for T2 the interface bonds are light. This is the
reason why two interface modes arise for T1 while there
are no interface modes for T2. Interface planes involved
in interface modes do not participate in Si-like vibrations,
since the modes must orthogonalize to each other. This
leads us to the values y=1 for T1 and y=3 for T2,
which are consistent with the displacement patterns. For
n odd, one of the two interfaces in the SL unit cell has a
strong bond, while the other one is weak, giving rise to a
single interface mode. As a result, in this case y=2.
Thus for ideal structures the frequencies of Si-like
confined optical modes can be described by the simple
unfolding rule (1) and appropriate values of y.

The left-hand panel of Fig. 2 shows the in-plane disper-
sion for the same (001)-oriented Sis/Ges SL versus in-
plane wave vector along [100]. As reported previously, '

we find that optical modes become dispersive for propa-
gation away from the growth direction. However, close
to the zone center their in-plane dispersion is in general
weak compared to acoustic modes. As expected for non-
polar SL's, the optical-phonon spectra are isotropic close
to the zone center, contrary to the well-known behavior
of GaAs/A1As structures.

B. Experimental results

Figure 4 shows experimental Raman spectra of a
(001)-Sis/Ges SL in different scattering configurations.
The upper spectrum was taken from the as-grown surface
in the z(x', x')-z configuration, while the lower ones were
observed from various surfaces with different polariza-
tions of incident and scattered light.

In order to interpret these spectra, we first introduce a
brief discussion of the relevant selection rules. In back-
scattering from the (001) surface, for the odd confined-
optical-phonon modes these can be derived —to a first-
order approximation —from the 0& point-group Raman
tensors of the bulk materials, thus neglecting any conse-
quences of phonon confinement on the selection rules.
The result is compiled in the topmost part of Table I.
The even-order modes are expected to have negligible in-

(si)ÃGe),
e1

Si-Ge Si,

LO

LO
(D

C

TO

TO

tensity due to their symmetry, which results in a vanish-
ing dipole moment.

We also use the bulk point group 0& for establishing
the selection rules for in-plane scattering. Note, howev-
er, that in Table I the labeling of the polarizations (TO
and LO) is taken with respect to the growth direction
rather than the direction of the transferred photon
momentum. (In practice, this means that in-plane pho-
non modes are labeled TO- and LO-like simply according
to their frequency range. } This is due to the fact that we
have to take into account the momentum associated with
optical-phonon quantization, which is considerably larger
than that of the photons. Because the confinement wave
vector is only an effective wave vector and is not associat-
ed with phonon propagation, this notation is only con-
ventional (at the I point we have longitudinal modes la-
beled TO, and vice versa ). As concerns optical modes,
the important point to be retained from Table I'is that—
despite their negligible dispersion —micro-Raman still
yields additional information with respect to the usual
backscattering from the growth surface alone, since for
geometric reasons it gives access to additional polariza-
tions.

Given these selection rules, we now come to the inter-
pretation of the spectra of Fig. 4. From Table I we find
that only longitudinal modes are expected in the upper
spectrum [backscattering from the as-grown surface in
the z(x', x'}-z configuration]. The m =1 Ge-like and the

100 200 300 400 500

frequency cm '
FIG. 4. Micro-Raman spectra of a (001)-Si8/Ge8 SL taken

from the (001), (110), and (010) surfaces with laser wavelength
X=514.5 nm. The scattering configurations are shown as in-
sets.
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m =1 the 3 Si-like L modes are resolved. As expected,
they are shifted with respect to the bulk LO(1 ) frequency
due to confinement, and to the built-in strain in the Si
and Ge layers. ' ' The peak around 400 cm ', which
is not expected for ideal SL s in the L polarization, is at-
tributed to a Si-Ge alloylike vibration, due mainly to in-
terface roughness.

The spectra in the lower part of Fig. 4 correspond to
in-plane wave vectors. They all show an additional peak
from the Si substrate, since in this case the SL thickness
is smaller than the laser spot diameter. Comparing the
z(x', x')-z spectrum from the as-grown surface to the
y'(x', x')-y' spectrum from the (110) edge, we find the op-
tical phonons to be similar. This confirms that the
dependence on the scattering wave vector q is negligible
for the optical modes. In contrast, the optical-phonon
modes in the y'(x', z )-y' and y(x, z )-y spectra taken along
[110] and [010] are shifted in energy and are of different
relative intensities. With reference to Table I, these
modes are attributed to TO modes. Since they are ex-
pected to be polarized along different directions, the simi-
larity of the last two spectra indicates that the confined-

TO modes are degenerate, which is expected for tetrago-
nal symmetry.

Measuring various in-plane configurations for this sam-
ple, we found good agreement with the modified bulk
selection rules, although some relaxation —attributed to
surface roughness caused by sample preparation and to
scattering from the growth surface —is observed. Strain
relaxation due to polishing was investigated by compar-
ing the z(x', x')-z and y'(x', x')-y' spectra. As expected,
partial strain relaxation detected from a shift of the opti-
cal phonons was observed for asymmetrically strained
SL's, whereas the strain-symmetrized SL's remain stable.

%e have performed a similar study for a series of
Si„/Ge„SL's(n =4, 5, 6, 8, and 12) grown on strain-
symmetrizing alloy bufFers. From measurements in back-
scattering configuration along the [110]direction, L and
T modes are easily distinguished by the polarization of
the light. The results are plotted as full symbols in Figs.
5 and 6, respectively, together with the calculated fre-
quencies of Fig. 2, following the unfolding rule (1). For
simplicity, we use @=1 for L and @=2 for T polariza-
tion. It appears very clearly that —contrary to the

TABLE I. Raman- and Brillouin-scattering selection rules for backscattering from (001) and (110)
surfaces, derived from the Oi, point group for different scattering geometries. For Brillouin scattering,

q ~~
[001] is assumed. In the case of the SL the photoelastie constants p;, are the Fourier components of

~p;, (Si)—p;, (Ge) ~. The phonon polarization is labeled with respect to the wave vector of the SL period-
icity (see text). x:[100],y:[010],z:[001],x':[110],y':[110],z'=z:[001].

Bulk
Raman scattering Brillouin scattering

[001]
z(x,x )z

z(x,y)z
z(x', x')z
z(x', y')z

x(TO)
0
0
0
0

y(TO)
0
0

z(LO)
0
d2
d2

0

x(TA)
0
0
0
0

y(TA)

0
0
0

z(LA)
2

P12
0

2
P12
0

[110]
y'(x', x')y
y'(x', z)y
y'(z, z )y

x'(TO)
0

0

z(TO)
d2

0
0

y'(LO)
0
0
0

x'(TA)
0
0
0

z(TA)
0
0
0

37'(LA)

[(P„+PI2 )/2 P~]'—
0

2
P12

Raman scattering
Superlattice

Brillouin scattering (q~~[001]}

[001]
z(x,x)z
z(x,y)z
z(x', x')z
z(x', y')z

x(TO)
0
0
0
0

y(TO)
0
0

0

z(LO)
0
d2
d2

0

x(TA)
0
0
0
0

y{TA)

0
0

z(LA)
2

P12
0

2
P12
0

[010]
y(x, x )y

y(x, z)y
y(x+z, x+z )y
y(x+z, x —z)y
y(z, z)y

x(TO)
0
0
0
0
0

y(TO)
0
d
d2

0
0

z(LO)
0
0
0
0
0

x(TA)
0

2
p44

2
p44
0
0

37(TA)

0
0
0
0

z{LA)
2

P12
0
{P»+P12)'~4
{P12 P11)'~4

2
P11

[110]
y'(x', x')y'
y'(x', z )y'
y'(z, z )y'

x'(TO)
0

0

y'(TO)
0
0
0

z(LO)
d
0
0

x'(TA)
0

2
p44
0

y'(TA)
0
0
0

z(LA)
2

P12
0

2
P11
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FIG. 5. Experimental (full symbols) and calculated (empty
symbols) frequencies of L Si-like modes of strain-symmetrized
Si„/Ge„SL's,unfolded onto the corresponding bulk dispersion
according to Eq. (1) with y=1. Circles and diamonds corre-
spond to m =1 and 3 modes, respectively. The calculations are
for intermixed SL's with three monolayers of Si„Ge& „atinter-
faces (x =0.25, 0.50, and 0.75). As a reference, the frequencies
calculated for ideal SL's from Fig. 3 are also given (crosses).
The dotted line is the corresponding strained bulk dispersion.

theoretical findings for ideal SL's (Fig. 3}—both L- and
T-polarized modes deviate considerably from the strained
bulk dispersions (dotted lines in Figs. 5 and 6). The devi-

ation is most pronounced for I. modes associated with
large q,z. For T modes, however, the main discrepancy
is the absence of a splitting in the experiment. These
effects will be discussed in Sec. IV C.

In Fig. 7 the linewidths of the optical phonons are plot-
ted for Si„/Ge„SL'sfor the y'(x', x')-y' (L) and
y'(x', z }-y' (T) polarizations. For the Si-like mode, the T
peaks are in general broader, especially for the Si3 mode.
This might be due to a small residual splitting between
T1 and T2 polarizations even for intermixed SL's, as will

be shown in Sec. IVC. The linewidth of the SiGe-like
mode around 400 cm ' is considerably smaller in the L
as compared to the T polarization. The nature of this
mode is extensively discussed in Ref. 9 on the basis of
that discussion, the sharper L line shape is attributed to
its stronger spatial localization. For the Ge-like modes
the T line shape is always narrower than the I. for the
thinnest Ge layers, whereas the behavior is opposite for
the thicker Ge layers. T Ge-like modes are expected to
be confined more rigorously within the Ge layers since
there is no overlap of the [001]-TO Ge and TA Si bulk
dispersion branches. The corresponding I. branches
overlap and thus the confined L Ge-like modes have a
resonant propagative nature. ' This means that the ex-
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FIG. 6. Experimental and calculated frequencies of T Si-like
modes of strain-symmetrized Si„/Ge„SL's,unfolded onto the
corresponding bulk dispersion according to Eq. (1) with y=2.
The calculations are for intermixed SL's with three monolayers
of Si„Ge& „atinterfaces with x =0.25, 0.50, and 0.75, respec-
tively, and for the ideal SL's. Notations are as in Fig. 5.

8

6
I I I I
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FIG. 7. Linewidths of optical modes of Si„/Ge„SL's,as ob-
tained from spectra taken from the (110)surface. Full and emp-
ty symbols denote L- and T-like modes, respectively.
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tension of the confined T Ge-like modes to the disordered
interface region is smaller, and therefore the disorder in-
duced inhomogeneous broadening must be smaller as
compared to L modes. The effect is expected to be more
pronounced for very thin layers, for which the relative in-
terface contributions is larger. Therefore the narrowing
of the confined T Ge-like modes as compared to the L
modes is evidence of their less dispersive nature. For the
thicker layers, however, the inhomogeneous broadening
should be small even in the L polarization. The broaden-
ing of the T mode in this case might again be due to a
small residual splitting between T1 and T2.

C. Theoretical results
for intermixed superlattices

To explain the origin of the discrepancy between ex-
perimental results and theoretical predictions for ideal
SL's, we have performed calculations which take into ac-
count interface roughness by assuming three intermixed
Si„Ge& alloylike layers at the interfaces, with sym-
metric or asymmetric (e.g., x =0.25, 0.50, and 0.75)
profiles. The results are shown by open symbols in Figs.
5 and 6. As for experimental data, all values are plotted
for y = I and 2 for L and T modes, respectively (the un-
folding rules derived for the ideal structures have no
meaning for the intermixed SL's). Now the agreement
between theoretical and experimental results both for L
and T polarizations is much closer, with the calculated
frequencies also falling also considerably above the bulk
dispersion for large q, ff.

Note that for the T polarization, a splitting between
T1 and T2 remains for n even in our theoretical results,
although much smaller than expected for ideal SL's.
Thus n,z still depends slightly on the SL symmetry. We
believe the splitting between different scattering
configurations very difficult to observe experimentally,
since every monoatomic step on the substrate would ro-
tate the SL unit cell by 90', thus interchanging the role of
T1 and T2 symmetries. Therefore the expected experi-
mental line shape should be a superposition of the two for
T-allowed configurations. This is consistent with the
broader line shape observed experimentally for T modes
as compared with L modes (Fig. 7).

These results can be interpreted as follows. The modes
whose frequency falls above the alloy bands of the inter-
face alloy layers are confined in the pure Si layer. This is
the case for modes with small q,z, which therefore map
quite closely to the bulk dispersion for y=1. Modes as-
signed to large values of q,z fall within the alloy bands.
Thus they extend further into the alloy layers, which ex-
plains their large deviation from the bulk dispersion. An
effective confinement length d,z can be extracted from
the calculated local density of states for a given intermix-
ing configuration. This leads to y-=0 for LO, modes,
while for higher-order modes y=2 —2.5. Usjpg these
values, the LS mode frequencies map closely onto the
bulk dispersion.

We have therefore shown that simple models of inter-
face mixing account for the experimentally observed de-

viation between unfolded Si-like SL mode frequencies and
the bulk dispersion. '

V. ACOUSTIC MODES
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FIG. 8. Folded-acoustic modes of the Sis/Ge8 SL for scatter-
ing from the (001)-growth plane and from the (110) edge.
Schematic features of the FI.A& region of the dispersion near
the I point are shown in the inset for wave vectors parallel
(solid lines) and perpendicular (dashed lines) to the growth
direction. The vertical dashed line indicates momentum
transfer by the light.

As is apparent from Fig. 2, a prominent feature of the
SL spectra is the existence of equidistant folded-acoustic
doublets due to the artificial periodicity in the growth
direction. As long as these modes originate from the
linear part of the bulk dispersions, their I -point frequen-
cies are very well described by the elastic continuum
model of Rytov. ' Their in-plane dispersion is found to
be larger than for optical modes, as apparent from the
left-hand panel of Fig. 2.

In Fig. 8 we compare the z(x', x')-z and the in-plane
y'(x', x')-y' spectra of the Si8/Ge8 SL. Thus we can
study the effect of an in-p1ane momentum transfer on the
frequencies of the folded-acoustic modes. A shift of 3
cm ' in the energy of the first folded LA (FLA, ) peak is
observed, and the doublet structure of the peak is lost. In
the inset of Fig. 8 general features of the acoustic in-plane
dispersion are represented schematically. The effect on
the m = —1 branch is more pronounced as compared to
the m =+1 branch. Since q has a finite value due to the
backscattering geometry, the energy of the m = —1 peak
is expected to increase for in-plane q, because the disper-
sion of this branch is upwards instead of downwards, as
for q parallel to the growth direction. The m =+1
branch is upwards in both cases, and so the m = + 1 peak
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should remain rather constant. The doublet structure
disappears, since the two peaks are now too close togeth-
er to be resolved.

In order to understand the intensity of the peaks, we
need also to discuss the selection rules for the case of
acoustic modes. As concerns scattering from the growth
surface, for a rough determination of the selection rules
of the folded-acoustic modes —neglecting, for instance,
the doublet splitting —the Brillouin tensors of the bulk
materials (Table I) can be used, as the elastooptic mecha-
nism dominates the scattering of these modes. The
lower point symmetry of the SL is thus neglected. For
scattering parallel to the growth direction, a detailed
analytical analysis on the absolute scattering intensity of
folded-acoustic modes in (001)-GaAs/A1As SL's was
given by He, Djafari-Rouhani, and Sapriel. A numeri-
cal approach, also including SL s with layer intermixing,
was used by Jusserand et al.

For scattering perpendicular to the growth direction,
to our knowledge no detailed theory has been worked out
so far. For Brillouin scattering a mode is active due to
the finite q induced by the momentum transfer of the
light, whereas the Raman selection rules are valid for q
exactly equal to zero. Consequently we have to consider
the effective wave vector q,'z —which in the case of the
folded-acoustic modes corresponds to the actual wave
vector in the extended-zone scheme (i.e., depending only
on the SL period) —not only for the determination of the
transverse or longitudinal character of the phonons, as
done for the confined-optical modes, but also for the
scattering mechanism. Since for short-period SL's q,'z is
much larger than the photon momentum, for in-plane
scattering we will also use the Brillouin tensors appropri-
ate for q parallel to the growth direction.

In the bulk case q is parallel to the scattering wave vec-
tor. Both cases are identical for backscattering from the
growth plane. The labeling TA and LA in Table I refers
to the direction of q,z, i.e., the growth direction. In close
analogy to confined-optical modes, these modes are TA-
and LA-like. Thus in the y'(x', x')-y' configuration we
expect a FLA mode with the same intensity as in
z(x', x')-z, which is consistent with the spectra in Fig. 8.
The y(z, z)-y spectrum showed no significant FLA& inten-

sity, though the selection rules yield (p&&). In the
y'(x', z)-y' geometry, a pronounced peak appears with an
energy which is expected for the FTA& mode, whereas
the FLA, mode is much weaker than in the polarized
spectra. The presence of FTA modes in depolarized

spectra is in agreement with Table I. However, a much
broader structure around the first folded TA (FTA) fre-

quency is also observed in the polarized spectra, although
TA modes are forbidden for parallel polarization by the
bulk selection rules. The mechanism which allows their
observation in this case is not yet clearly understood.
In general, we found that within the experimental error
the observed intensities of the folded-acoustic modes are
consistent with the selection rules of Brillouin scattering
with q parallel to the growth direction, if we assume p»,
@44 (&p&2. A more detailed theory based on the photo-
elastic mechanism is needed for in-plane backscattering,
but our model may serve as a rough approximation.

VI. DISCUSSION AND SUMMARY

By performing in-plane Raman scattering on Si/Ge
SL's grown along (001), we were able to observe optical
and acoustical modes, both with I. and T polarizations.
The polarization character of the confined-optical and
folded-acoustic modes was found to be governed by the
wave vector corresponding to the confinement length or
SL periodicity, respectively. A Brillouin mechanism
determines the intensities of the folded-acoustic modes;
however, contrary to the bulk case, the relevant q is no
longer given by the scattering wave vector but by the SL
periodicity. For in-plane scattering the frequencies of the
FLA modes increase due to the photon momentum
transfer and the in-plane dispersion; such dispersion was
found to be negligible for confined modes.

We have interpreted our experimental data in terms of
first-principles calculations of the phonon spectra. For
ideal SL's, theoretical results delivered simple unfolding
rules for mapping confined LO and TO modes onto the
bulk dispersion. The deviations from such rules observed
in the experimental data were shown to be due to inter-
face roughness. As found in previous studies of
GaAs/A1As structures, ' a simple model assuming the
existence of a thin intermixed alloy layer at the interfaces
is therefore able to account for the Raman spectra of thin
superlattices.
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