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We present a detailed Raman scattering study of folded longitudinal acoustic modes in
Si/Ge,Si,_, strained-layer superlattices with 0.2 <x <0.5. Rytov’s theory of acoustic vibrations in
layered media was found to model accurately the observed Raman line frequencies and intensities.
Studies of large-period (d > 275 A) superlattices, where the scattering wave vector of the photon lies
outside the mini-Brillouin-zone, have allowed observation of umklapp-mediated Brillouin and Ra-
man lines involving the folding of the photon wave vector.

I. INTRODUCTION

Raman scattering from semiconductor superlattices
made up of alternating layers of GaAs/Al,Ga,_,As has
received much attention for several reasons. Raman
scattering provides a rapid means of characterizing a su-
perlattice and also provides a technique for studying the
“folding” of the phonon dispersion in the reduced (or
mini) Brillouin zone caused by the new periodicity d of
the superlattice.!™> In a recent Rapid Communication®
we reported Raman scattering studies of phonon folding
in molecular-beam epitaxy (MBE) grown Si/Ge,Si;_,
strained-layer superlattices. Using superlattices with
thick layers (hence large d) the mini-Brillouin-zones were
reduced to such an extent that umklapp processes could
be observed. Here we give a more detailed account of Ra-
man scattering from strained layer Si/Ge, Si;_, superlat-
tices grown by MBE on (001) Si substrates.

In this paper we consider only the scattering from fold-
ed acoustic phonons. The folded optic modes were not
resolvable in these experiments. Six MBE-grown samples,
labeled MBE-17, -26, -35, -37, -43, and -44 were studied,
with varying periodicities and germanium composition.
For suitable samples, the momentum transferred from the
photon, q,, could be made to probe internal or external
regions of the minizone by changing the experimental
conditions. In the following section (Sec. II) we outline
the theory, which is based on Rytov’s model of acoustic
wave propagation in layered media. In Sec. III experi-
mental details are given. This is followed by a discussion
of the spectra of the various samples in Sec. IV and the
conclusions in Sec. V.

II. RYTOV’S MODEL
FOR FOLDED ACOUSTIC PHONONS

A number of different approaches to modeling phonons
in superlattices have been proposed, the most comprehen-
sive so far being that of Yip and Chang.” In Refs. 2 and 4
several models were compared and it was concluded that
Rytov’s elastic wave model was adequate for describing
acoustic phonons in GaAs/AlAs superlattices with, say,
more than ten atomic layers per period. This is expected
to hold true for Si/Ge,Si;_, superlattices as well. Since
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the superlattices studied by us contain over 70 atomic
layers per period (smallest d =200 A), and since the Ra-
man frequency shifts were less than 75 cm™!, we have
adopted the Rytov model.?

In a superlattice made up of alternating layers of Si of
thickness d; and Ge,Si;_, of thickness d,, the new
periodicity d =d;+d, along the growth direction [001]
leads to a minizone with the [001] zone edge at 7/d, in-
stead of 7/(a/2), as in the bulk crystal where the lattice
parameter a=5.43 A for Si and 5.65 A for Ge. Thus the
longitudinal acoustic branch that extended from goo;;=0
to 27/a in the bulk crystal is folded back into g1} =0 to
7 /d, giving many branches which intersect the g=0 axis.
This simple construction of the phonon branches in the
superlattice by “folding” applies to situations where the
elastic properties of the two materials are similar. For
large d and for frequencies less than 100 cm~! the disper-
sion is assumed to be linear and the folded phonons can be
described by

W=wom + VSLq N

C{)OzVSL(z'TT/d) >

(1)

where the folding index m =0,1,2, ..., with m=0 cor-
responding to the acoustic branch, and g being the super-
lattice wave vector. The acoustic velocity in the superlat-
tice, Vgp, is given in Rytov’s theory by

di  dj d\d,

S+t 5+ T
vioov3 ViV,
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VsL=d R

(2)
R =p,V,/p1Vy,

where V) and V,, p; and p, are the sound velocities and
densities for the Si and Ge,Si;_, alloy layers, respective-
ly. Equation (2) results from Rytov’s more complete
dispersion relation

(qd) ° wdy
cos( gd)=cos 2 cos v,
wd wd
—% R+71{- sin Vll sin sz , (3)

where g is the superlattice wave vector perpendicular to
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the layers and w is the circular frequency of the superlat-
tice phonons. Rytov’s theory also predicts the formation
of minigaps so that Eq. (1) is only an approximation valid
when the minigaps are negligible. The minigaps at g=0
are approximately given by*

P2—P1
pd

2mwd

A i , 4
@y <V sin p (4)

where v and p are “virtual crystal” values for the sound
velocity and the density. Hence, for thick-layer crystals
(large d) Eq. (1) is an excellent approximation.

The two branches (¥gq), viz., m, and m,, associated
with a given folding index m are assigned to the 4, and
B, irreducible representations in Refs. 1, 2, and 4. A
more detailed discussion of the group theory of the pho-
non branches is found in Ref. 3, where it is shown that for
q+#0 the B, modes and the 4; modes mix, the pure B,
behavior being valid only for g—0. This is of some im-
portance since the symmetry determines the selection
rules, and hence the intensities of the lines observed in a
given experimental geometry.

The experimental arrangement (to be discussed below)
involves a right angle scattering geometry, which is effec-
tively a backscattering geometry inside the superlattice
owing to the high refractive indices of the materials under
study. The component of the scattering wave vector per-
pendicular to the layers is given by

1

. (VO P
4[p(M)]?

=" |1

b (5)

where A is the incident laser light wavelength and 7(A)
the refractive index of the material at that wavelength.
Then we have

9p =qphtnG,, n=0,1,...,

G,,=2m/d ,

(6)

where g, is the wave vector of the scattered phonon and
G,,, is the reciprocal lattice vector in the direction of the
superlattice periodicity. If ns~0 we have scattering with
umklapp; note that it is the photon wave vector which is
“folded” in this process. Such an umklapp condition can-
not be realized in bulk crystals since g, <<gqpz. However,
superlattices can be made such that g, > g,,, and umklapp
scattering should occur, as reported in this study.

When ¢, is greater than g, the reduced scattering
momentum g, is obtained, as in Eq. (6), by adding a suit-
able reciprocal lattice vector G,,,. The resulting g,, with
0<§g, <m/d, is constructed by writing q,/qn,=n +f,
where 7 is an integer and f the fractional part. Then

Gp/qm:=R +(—=1)"f, (7)
where

R =0 for n even ,

R =1 forn odd .

This ““folding over” of the g vector is essentially the
literal meaning of the German word “umklapp.”
An important question regarding Raman scattering
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from superlattices concerns the microscopic details of the
scattering contributions to the photoelastic constants in
these materials. These constants are often poorly known,
both theoretically and experimentally. In terms of the es-
tablished mechanism for light scattering in superlattices,*
the Si/Ge,Si;_, system has less favorable photoelastic
constants than GaAs/AlAs,’ but the Raman scattering
from the folded phonons is still readily observable. The
Ge,Si;_, alloy layers of Si/Ge,Si;_, superlattices are
well known as being strongly strained.!'® Hence the atom-
ic positions would be displaced from the minima of the
potential wells. Thus, in addition to the usual scattering
contributions of the unstrained materials, one may expect
modifications in the photoelastic tensor due to changes in
the electron screening of phonons as well as multiphonon
effects. Such effects may possibly augment the differ-
ences in the photoelastic constants for Si and the alloy,
thus intensifying the Raman scattering from these
strained-layer superlattices.

The density p, and the acoustic velocity V, in the
Ge,Si;_, layers are needed to calculate the theoretical
spectrum using Rytov’s model. In the present study we
have used a linear interpolation between pure-Si and
pure-Ge values taken to be pg;=2.33 g/cm’, pg.=5.36
g/cm’ and Vg =8.44%10° cm/s, V. =4.90%10° cm/s.
The spectra calculated on the basis of the linear-
interpolation model agreed very well (see Sec. IV) with the
experimental data obtained for our samples where x <0.5.
On the other hand, in a recent study of acoustic phonons
in Si/Ge,Si,_, superlattices with x=0.5, Brugger et al.!!
used a slightly higher value for ¥, than that given by the
linear-interpolation model. They estimated ¥V, by fitting
the theoretical doublet splitting 2q, Vs, to the observed
value for three samples.

III. EXPERIMENTAL

Several Si/Ge,Si;_, superlattices of various thickness
and composition were deposited on (100) Si substrates in a
Vacuum Generator V80 MBE system. The layers were
grown at temperatures below 550°C and the base pressure
in the UHV system was less than 107! Torr. The
relevant parameters of the superlattices are summarized in
Table I. The superlattices were assessed by Rutherford
backscattering (RBS) channeling, conventional x-ray dif-
fraction, and cross-sectional transmission electron micros-
copy (TEM). The epitaxial material was of excellent crys-

TABLE 1. Physical data for the Si/Ge,Si,_, superlattices.

MBE Number

sample of d d, d,

number periods (A) (A) (A) x
35 40 185 145 40 0.30
43 30 185 92 93 0.20
44 20 205 102 103 0.20
17 21 275 225 50 0.20
37 20 410 300 110 0.45

26 21 650 450 200 0.33
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talline quality, as confirmed by RBS where Xi,’s <4%
were obtained. In all the superlattices, the Si/Ge,Si;_x
interfaces were commensurate as revealed by TEM. The
sharpness of the interfaces and the absence of dislocations
is apparent in the [110] TEM cross-section micrograph of
Fig. 1 obtained from sample MBE-44. The accompanying
selected-area diffraction pattern shows the typical satellite
spots_associated with the superlattice periodicity of about
200 A. In Si/Ge,Si;_, superlattices grown on (100) Si,
the lattice mismatch is accommodated by tetragonal dis-
tortion of the alloy layers. X-ray diffraction has been
used to investigate such structural features. The tetrago-
nal distortion of Si,_,Ge, alloy layers in sample MBE-26
is apparent in Fig. 2, which displays the (004) Bragg re-
flection for (a) a thick Ge epilayer, (b) the as-grown sam-
ple MBE-26, and (c) MBE-26 annealed at 1050°C for 30
min. The broad alloy peak in Fig. 2(b) is shifted with
respect to the unstrained (004) reflection b, by an amount
which corresponds to a tetragonal distortion of 2.2%, in
good agreement with classical elastic theory. The should-
er peaks seen on the broad alloy peak are unresolved satel-
lites that account for the superlattice periodicity. After
annealing, the superlattice structure is destroyed and the
x-ray diffraction spectrum corresponding to a dilute alloy
(x=0.09) is obtained.

The Raman scattering measurements were carried out
using the 90° scattering geometry depicted in Fig. 3. This

FIG. 1. A [110] cross-sectional TEM micrograph of superlat-
tice MBE-44. The inset displays the corresponding diffraction
pattern near the (T11) position. Satellites along the growth
direction (arrow) are due to the short superlattice modulation.

(a)

RELATIVE INTENSITY

(b)

(c)

69 66 67 66 65
DIFFRACTION ANGLE, 28 (deg)

FIG. 2. X-ray diffraction profiles about the (400) reflection
for (a) a thick epitaxial Ge layer (1.2 um) grown on (100) Si, (b)
superlattice MBE-26, (c) superlattice MBE-26 after annealing at
1050°C for 30 min.

configuration, which is nearly back-scattering inside the
sample, resulted in low stray light intensities and allowed
measurement of the Raman spectrum at frequency shifts
less than 4 cm~!. For most samples the spectra were ex-
cited with 300 mW of 4579-A argon-laser light and with

6=12.3°+0.5°, which corresponds to Brewster’s angle at

) SAMPLE
log]  AXES
100 B SCATTERED
[oT1] LIGHT
2' 1 -
x. LABORATORY
o] 8 AXES
,
Y
z
A
INCIDENT
LIGHT

FIG. 3. The scattering geometry used in the Raman experi-
ments.
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this wavelength. Under these conditions, and for
X(YZ +YX)Z polarization [corresponding closely to
x(y'z'+y'y')x polarization within the sample] which
avoided absorption of the scattered light by the Polaroid
polarization analyzer, the maximum Raman signal was
obtained from the superlattice with respect to any sub-
strate signal. This is because the sampling depth D,
where 90% of the incident light intensity has been ab-
sorbed, is comparatively small (see Table II). The optical
parameters given in Table II were deduced by interpolat-
ing between known values at nearby wavelengths.'? In ac-
cordance with the D values given in this table, the acous-
tic phonon signal reduced in relative intensity with in-
creasing laser wavelength and it could not be observed at
the red wavelengths (where D is very large). The polariza-
tion, 6 and A dependences of the Raman scattering were
studied in detail for sample MBE-17. The scattered light
was analyzed with a Spex 14018 double monochromator,
detected with a cooled RCA 31034A photomultiplier, and
recorded under computer control.!* All measurements
were carried out at 295 K in a helium-gas atmosphere,
which was used to eliminate air features from the spec-
trum.

IV. RESULTS AND DISCUSSION

In this section we present details of the observed Ra-
man spectra and their interpretation. Data are presented
first for samples MBE-35, -43, and -44 for the laser wave-
length A=4579 A. Sample MBE-17 is then discussed in
greater detail, viz., dependence on wavelength, polariza-
tion, scattering angle, and effects of annealing. Finally,
the data for samples MBE-26 and -37 are presented for
excitation with A=4579 A.

A. Samples MBE-35, -43, and -44

Raman spectra for these samples are shown in Fig. 4.
Sample 35 shows ten well-resolved lines (Table III) for
scattering with laser light of wavelength A=4579 A. At
this wavelength the scattered momentum g,~0.8¢,,,, i.¢.,
well within the Brillouin zone. The spectrum is qualita-
tively similar to some of the published GaAs/AlAs super-
lattice spectra (see, for example, Refs. 4 and 5). The lines
are very sharp, as is usual for acoustic modes, and their
widths are resolution limited in these Raman measure-
ments.

TABLE II. Estimates for the optical parameters of Si at the
laser wavelengths used in this study.

Laser Refractive Absorption Sampling
wavelength index coefficient depth
A (A) 7 a (em™") D (A)
4579 4.595 35800 6440
4765 4.445 24 600 9370
4880 4.370 20400 11300
5145 4.225 14 700 15700
6479 3.855 3240 71000
6764 3.811 2540 91000
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FIG. 4. Raman spectra of MBE-35, -43, and -44 recorded in
X(YZ + YX)Y polarization. Labels 4, B, C, and D refer to ex-
perimental resolutions of 0.8, 1.1, 1.6, and 3.1 cm™!, respective-
ly. The intensities have been corrected for the slit width effect,

using a standard resolution of 1.6 cm .

The experimental frequency shifts, Aweyy, given in
Table III (and elsewhere) have an absolute instrumental
error of +0.5 cm™!. The weak lines are larger Aweyp may
have larger uncertainties. The agreement between calcu-
lated'* and observed peak positions is excellent except for
the last three peaks of intensity less than 10. The
disagreements for these higher-frequency peaks are
greater than those resulting from errors (<0.1 cm™!) in
linearizing the Rytov model for @ < 100 cm™'. The ex-
perimental intensities are given in units of photomultiplier
counts/s under standard conditions of 300 mW excitation
at 476.5 nm, a resolution of 1.6 cm~! (100 pm slit width),
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TABLE III. Experimental and calculated Raman peaks and
intensities for sample MBE-35, with d, =149 A d,=43 A and
x=0.3. The calculated intensity is normalized to agree with the
mean experimental intensity for folding index m=1. The value
of I, has been rounded to the nearest 10 for I, > 10.

chxpt chalc Iexpl

m (ecm™1) (ecm~!) (counts/s) I
0 5.4 5.4 2000
la 9.0 8.8 260 200
16 20.0 19.5 170 200
2a 233 229 120 120
2b 343 33.7 96 120
3a 37.1 37.1 40 40
3b 47.6 47.9 22 40
4a 50.9 51.2 9 4
4b 60.8 62.0 5 4
Sa 64.3 65.4 2 3
5b 76.2 3
and 6=12.3°. The calculated intensities are obtained us-
ing the formula

I<m~%in(mmd, /d)w, (1, +1) (8)

with the w,,(n,, +1) Bose factor ignored. The calculated
intensities, [y, listed in Table III are normalized to the
mean experimental intensity of the m=1 doublet and
rounded to the nearest 10 (for > 10). The general agree-
ment between theory and experiment confirms the essen-
tial validity of Rytov’s model and the photoelastic mecha-
nism for light scattering* in these superlattices.

, Samples 43 and 44, for which g,~0.8¢,,, at A=4579
A, were specially prepared to have approximately equal
layer thicknesses since, by Eq. (8), when d | =d,=d /2 the
even-m peaks should be absent. This feature was indeed
noted in the observed spectra (Fig. 4) which agree quite
well with the calculated spectra (Tables IV and V). A
number of weak features were observed for sample 43 in
the regions where the “missing” peaks are expected to be,
but they were too numerous to be entirely explainable in
terms of the scattering from folded phonons with wave
vector g,. Some of the more prominent weak features
corresponded to frequencies that could arise from scatter-
ing due to zone center (ZC) (i.e., g=0) or minizone edge
(ZE) (q =m/d) phonons. These are also indicated in
Table 1V, and marked ZC (g=0) and ZE (q=w/d),
respectively. They do not correspond to the frequencies
of possible transverse modes. Microscopic examination of
the crystal (MBE-43) showed that the crystal is a relaxed
superlattice with misfit dislocations at the interfaces.
This could explain the presence of the weak features ob-
served in the spectrum. Another likely explanation for
the appearance of weak lines at frequencies corresponding
to acoustic phonons with g~0 is the presence of near-
forward scattering, as found recently in GaAs/AlAs su-
perlattices.!®> Such Raman scattering can occur under our
experimental conditions due to partial reflections of the
incident light at the alloy—Si-layer interfaces. The associ-
ated ¢,~0.01q,,, and the scattering would be weak, in
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TABLE 1V. Experimental and calculated Raman peaks and
intensities for sample MBE-43, with d,=d,=97 A and x=0.2.
The peaks corresponding to m=2 and 4, placed in parentheses,
are of negligible intensity and are not observed. Other weak
features are observed and can be correlated with zone center
(ZC) and minizone edge (ZE) scattering. I, is scaled to the ob-
served mean intensity of the m=1 doublet.

Awexpt chalc 1 expt
m (cm™1) (cm™1) (counts/s) )
0 5.4 5.3 2900
(ZE) 7.0 6.9 150
la 9.0 8.5 580 490
(ZC) 13.7 13.8 35
15 19.3 19.1 400 490
2a (22.4) 0
(ZC) 26.8 27.7 9
2b (33.0) 0
(ZE) 34.3 34.6 7
3a 36.8 36.2 36 60
3b 47.0 46.8 25 60
4a (50.0) 0
4b (60.7) 0
Sa 63.0 63.9 5 2
5b 73.0 74.5 3 2

agreement with experiment. However the weak peak at
16.6 cm~! observed for sample 44 (Table V) cannot be
correlated with any of these possible mechanisms.

B. Sample MBE-17

This sample was studied in great detail since its period

* d was such that the scattering vector could be convenient-

ly varied to probe the crystal inside (g, <g,,,) and outside
(gp > gpm;) the minizone.

We have used four laser wavelengths; 5145, 4880, 4765,
and 4579 A for which g,/g,,, becomes 0.89, 0.97, 1.01,

TABLE V. Experimental and calculated Raman peaks and
intensities for sample MBE-44, with d,=102 A, d,=103 A,

and x=0.2. Peaks corresponding to m=2 and 4 are in
parentheses as they are predicted to have negligible intensity.
AC')exp! chalc Iexp!
m (ecm~1) (cm™!) (counts/s) I
0 5.4 5.3 2300
la 7.1 7.8 450 200
? 16.6 ? 25
1b 18.2 18.4 200 200
2a (20.9) 0
2b (31.5) 0
3a 33.7 34.0 12 20
3b 44.0 44.6 8 20
4a (47.1) 0
4b (57.7) 0
Sa 60.5 60.2 3 8
5b 70.8 8
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FIG. 5. Raman spectra of MBE-17 recorded in X (YZ + YX)Y polarization using wavelengths of (a) 5145, (b) 4880, (c) 4765, and
(d) 4579 A and a slit width of 50 um (200 um for curve A4). The corresponding spectral resolutions are (a) 0.6 (2.5), (b) 0.7 (2.7), (c)

0.7 (2.9), and (d) 0.8 (3.1) cm~".

and 1.09, respectively. Since g, <g,,, for the two longer
wavelengths, normal Raman scattering is expected. For
the two shorter wavelengths g, is replaced by g, [Eq. (7)]
and the scattering is umklapp assisted. Typical spectra
are given in Fig. 5.

In Table VI we give the experimental and calculated re-
sults for the four wavelengths considered. The first
column labeled m gives the zone folding index (except for
the case marked X + U, to be discussed below) foor the two
cases where ¢,<gq,,. For A=5145 A, where
9p/9m;=0.89, the doublets (e.g., 1b,2a) are sufficiently
well separated and the agreement between the calculated
Aw and the experimental peaks (allowing for the basic in-
strumental error of +0.5 cm™!) is excellent. The calculat-
ed intensities have been normalized to the mean experi-
mental intensity (the experimental error is +12%) of the
la,1b peaks and rounded to the nearest 10. The agree-
ment is good. For A=4880 A, where g, /q,,,=0.97, the
a,b doublets are not resolvable. The experimental intensi-
ties given in the eighth column agree with the sum of the
calculated intensities of the overlapping lines.

For A=4765 and 4579 A, g, > g,,, and the peaks do not
order monotonically in the m index (ninth column of
Table VI). The reduced scattering vector g, is obtained

by folding over the g, into g, using Eq. (7), as shown in
Fig. 6. This is equivalent to changing the phonon branch
by *1 depending on whether the initial vector g, was an
a or b branch (e.g., la—0,0—1a, 2a—1b, 2b—3a, etc.,
see Fig. 6). If the m index of the ninth column is similar-
ly changed to give i, then /m is now a monotonic se-
quence identical to the first column. The intensities of the
observed lines for g, > g,,,, calculated using 77 would then
be identical to that given in the fourth column. If m
(ninth column) is used instead they will merely be rear-
ranged. In either case the extremely high intensity of the
line at 15.6 cm~! for A=4579 A or, equivalently, the line
at 15.1 cm~! for A=4765 A requires explanation. Even
the line at 24.7 cm ™! could be judged to be more intense
than expected but this is not so evident as the accentuated
intensity at 15.5 cm~!.

We suggest that the enhancement at 15.5 cm ™" arises
from umklapp processes whereby the Brillouin peak (BP)
at Awgp=g, Vs =5.5 cm~! is shifted to (gp +Gmz)Vsi,
giving Aw=13.55 cm~! for A=4579 A and 15.05 cm™'
for A=4765 A. Since the position of the Brillouin peak
on the dispersion curve has already been obtained by the
reduction g, = |g —G,,; |, the observed enhancement at
15.5 cm~! implies that momentum transfers correspond-

1
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TABLE VI. Experimental and calculated Raman peaks (in cm™!) and intensities (in counts/s) for sample MBE-17, with d,=225 A, d,=50 A, and x
varied to take the photon scattering vector g, from inside the minizone to the outside. When g, > g,,, the ordering of the peaks does not follow the folding index m, due to the umklapp

folding of g, to g, (see Fig. 6). The row marked X + U is explained in the text. The fourth column, /., is normalized to the mean I, for the m=1 doublet.

3

1.09, 4579 A

o

1.01, 4765 A

3

0.97, 4880 A

=5145 A
Icalc

4p/qm:=0.89, A
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FIG. 6. The dispersion curve for MBE-17 calculated accord-
ing to Rytov’s theory, showing the folding of the photon wave
vector into the minizone. The points inside the minizone are the
experimental results for excitation at 4579 A. The experimental
point at 15.5 cm~! (reduced wave vector ¢ /g,,; =0.91) shown as
a triangle corresponds to the triangle denoted by 1b at
q/qm;=1.09. Similarly, the two points marked as diamonds in-
side the minizone correspond to the 3a and 3 b doublet.

ing to both g, = | ¢£G,,, | are manifested in the observed
spectrum. In effect, we have two processes leading to al-
most the same shifted frequency.

Now we consider the row marked X + U in Table VI
(see also Fig. 6). We observe a peak at 10.2 cm~! and at
10.5 cm ™! for the two cases where 4p > qm;, but the struc-
ture disappears for wavelengths such that q <g,,,. This
line seems to arise from possibly momentum nonconserv-
ing scattering near the zone center (ZC), viz., the ¢~O0,
m=1 (o=10.1 cm™!) region. Since the peak is observed
only for g, >gm,, we have designated it X + U where X
denotes an unknown process and U indicates the need for
umklapp. A number of other weak features were also ob-
served, both for g,/g,,=0.97 and 1.01, but not at laser
wavelengths such that g,/g,,,=0.89 and 1.09 (see Table
VI). These weak lines which arise when g, ~g,,, may also
correspond to momentum nonconserving processes or to
states at the minigaps.

Since the experimental geometry allows a small amount
of transverse coupling we made careful studies of the
spectrum for variation of the incident angle 6, in the
range 1°<0<25°. No new peaks or features were ob-
served that could be attributed to transverse acoustic
modes. The previously identified features were very
weakly dependent on the incident angle and small varia-
tions in frequency could be entirely ascribed to the effect
of small wave-vector corrections to Eq. (5). The intensi-
ties of the acoustic modes relative to the intensity of the
Si-layer optic phonon at 520 cm ™! did not vary with 6.

The polarization dependence of the main peaks in the
spectrum of sample 17 is summarized in Fig. 7. The
scattering is strongest in X (YX)Y and X(ZZ)Y polariza-
tions; weak in X (ZX)Y; and not visible at all in X(YZ)Y.
The scattering geometry of Fig. 3 shows that the sample
{011} faces are aligned parallel or perpendicular to the
plane of scattering. This means that inside the crystal,
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where quasi-back-scattering occurs, the X(YX)Y and
X(ZZ)Y polarizations correspond closely to x (y'y’)x and
x(z'z')X polarizations, respectively, while the X(ZX)Y
and X(YZ)Y polarizations correspond to x(z'y’)x and
x(y'z")x, respectively. Thus the ¢+0 folded acoustic
modes all have 4; symmetry, in agreement with theoreti-
cal predictions (see Sec. II). The appearance of some weak
scattering in X (ZX)Y polarization can be attributed to the
imperfect back-scattering conditions.

C. Samples MBE-37 and -26

Sample 37 is a large period (d; =300 A, d,=110 A)
superlattice with x=0.45. This is a highly strained super-
lattice where the concentration corresponds to that sug-
gested to be optimal for ordering to occur in the Ge, Si;_,
alloy layers.16° Sample 26 has thicker layers (d;=450
A, d,=200 A) and a lower germanium concentration,
viz., x=0.33. The Raman spectra of both crystals (Fig. 8)

TABLE VII. Calculated and experimental Raman peaks and
intensities for sample MBE-26, with d;=450 A, d,=200 A,
and x=0.33. I, is normalized to the observed intensity of the
peak labeled 1b. The row marked (ZC) gives the zone center

frequency nearest to the observed peak at 16.1 cm ™.

Wexpt Deale Iexpl
m (cm™1) (cm™1) (counts/s) Ia

0 -5.5 5.3 2800
3a 6.7 7.0 360 90
15 94 9.4 1085 1085
4a 11.0 11.1 160 3
2b 13.5 13.5 510 510
Sa 14.4 15.2 70 60

(ZO) 16.1 16.5 55
3b 17.4 17.6 25 90
6a 19.7 19.4 75 60
4b 21.4 21.7 20 3
Ta 233 235 17 10
5b 26.3 25.8 60 60
8a 27.6 3
6b 31.2 29.9 60 60
9a 31.7 20
7b 34.1 10
10a 353 35.8 40 20
8b 38.2 3
11a 39.3 39.9 30 3
9b 42.1 423 35 20
12a 44.0 3
106 46.3 46.4 16 20
13a 48.1 10
1146 49.9 50.5 20 3
14a 52.2 9
126 54.6 3
15a 56.6 56.3 16 1
136 58.7 12
16a 60.2 60.4 14 3
1456 62.8 9
17a 64 64.5 6 7
156 66 66.9 8 1
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TABLE VIII. Calculated and observed Raman peaks aond in-
tensities for sample MBE-37, with d; =300 A, d,=110 A, and
x=0.45. ZC and ZE refer to the zone center and zone edge fre-
quencies nearest t0 Awexpt- {calc is normalized to agree with I,
for the peak 1b.

Awexpl chalc Iexpt
m (cm™1) (cm™!) (counts/s) I
0 5.5 5.2 5700
(ZC) 6.8 6.5 900
2a 7.8 7.6 1450 1700
(ZE) 10.2 9.7 900
16 11.8 11.6 3800 3800
3a 13.7 14.0 450 250
(ZE) 15.5 16.2 90
2b 18.4 18.1 1450 1700
4a 21.5 20.5 60 20
3b 25.0 24.5 130 250
Sa 27.6 26.9 190 220
4b 30.9 20
6a 335 333 250 180
5b 37.8 37.3 150 220
Ta 39.7 20
6b 43.7 43.7 70 180
8a 46.1 20
7b 49.0 50.2 30 20
9a 53.0 52.6 40 90
8b 56.6 20
10a 59.0 59.0 30 50

are extraordinarily rich in detail, with many peaks, and at
least in appearance quite unlike the GaAs/AlAs spectra
so far published.

For Raman scattering with laser light of wavelength
A=4579 A, q,/q,n;~1.63 and 2.58 for MBE-37 and -26,

respectively. In Table VII we compare the calculated and
observed spectra for MBE-26. Over 30 Raman peaks
were observed for Aw <65 cm™! and they agree well with
the calculations, which identified scattering from folding
index m as high as 17. A somewhat weak line observed at
16.1 cm™! cannot arise from folded phonons with quasi-
momentum conservation. The observed peak may be
identified with a zone center (ZC) phonon from a momen-
tum nonconserving process.

The spectrum of MBE-37 is also quite rich and interest-
ing. As shown in Table VIII, all of the principal peaks
are very well explained by the Rytov model. However, of
the 17 observed peaks, there are four less intense peaks
that do not fit into the present scheme. Calculations show
that they cannot be explained by invoking scattering from
transverse modes. These peaks are very close to the zone
center (ZC) and zone edge (ZE) frequencies as shown in
Table VIII and may arise from momentum nonconserving
processes.

V. CONCLUSIONS

We have presented a detailed study of Raman scattering
from folded longitudinal acoustic modes in Si/Ge, Si;_,
strained-layer superlattices. Rytov’s theory of acoustic vi-
brations in layered media is found to accurately model the
observed spectra.

By taking advantage of the possibility of growing thick
layer (large period) superlattices, we have been able to
probe the interior and exterior regions of the mini-
Brillouin-zone. These studies have led to the observation
of umklapp-mediated Brillouin and Raman scattering
peaks—processes which are impossible to observe by light
scattering in an ordinary bulk crystal.
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FIG. 1. A [110] cross-sectional TEM micrograph of superlat-
tice MBE-44. The inset displays the corresponding diffraction
pattern near the (T11) position. Satellites along the growth
direction (arrow) are due to the short superlattice modulation.



