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Folded acoustic and confined optical phonons in a„Si15Ge4…50 atomic-layer superlattice

R. W. G. Syme,* D. J. Lockwood, and J.-M. Baribeau
Institute for Microstructural Sciences, National Research Council Canada, Ottawa, Ontario, Canada K1A 0R6

~Received 7 May 1998!

A Raman-scattering intensity analysis of folded acoustic modes in a high-quality (Si15Ge4!50 superlattice has
allowed a detailed comparison with various theoretical models. The modulus of the Ge/Si photoelastic coef-
ficient ratio is found to be;1 at 457.9 nm, but a satisfactory simultaneous fit to all the intensity information
could not be obtained with any of the models. The role of an interface translational displacement contribution
to the scattering cross section is shown to be significant. Odd and, for the first time, even index confined optic
modes are observed for the Si layers in the polarized Raman spectrum. Lower-frequency quasiconfined optic
modes exhibit dispersion that is consistent with previous model calculations.@S0163-1829~99!05203-0#
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I. INTRODUCTION

Raman-scattering spectroscopy is well established a
valuable and versatile technique in the study of semicond
tor superlattices, both for characterizing the superlat
structure and for probing the physical properties of such s
tems. There has been much work1,2 relating to III-V super-
lattices, such as GaAs/AlAs, in which various vibration
features have been identified with propagating, confined
interface modes in these heterostructures. In the cas
group-IV ~Si/Ge or Si/Si12xGex! superlattices there hav
been several studies of folded acoustic modes,3–10 while de-
tailed analyses of optic modes11–15have identified quasicon
fined Ge-Ge and confined Si-Si modes, around 300 and
cm21, respectively, together with a ‘‘Si-Ge’’ feature ne
400 cm21 whose position and intensity is particularly sen
tive to the interface sharpness. Model calculations14–19 have
elucidated the role of strain and interface quality in deter
nation of the Si/Ge superlattice vibrational spectrum. C
fined optic modes can be observed within the Si layers of
superlattices,12–15 but generally not within the Ge or allo
layers, depending on the Si layer thickness. As a result of
experimental conditions, previous analyses of the Ram
scattering from confined modes in group-IV superlattic
was restricted to study of odd index modes.13,15

As an adjunct to these studies, application of the pho
elastic model20 to light scattering from folded acousti
phonons has been applied to the evaluation of the ratio
Si12xGex to Si photoelastic coefficients from the spectra
both periodic21,22 and quasiperiodic23 superlattices. In the
prior studies of Si/Si12xGex superlattices a wide range o
photoelastic constant ratios was obtained21,22 for x>0.5 and
values forx.0.5 in the visible-wavelength region are u
known. To define better the trend with increasingx and for
further tests of theory24 it is important to obtain experimenta
information nearx51.

With continuing modification of growth methods25,26 it is
now possible to produce much better material in Si/
atomic-layer superlattices than that used for earlier Ram
studies. The availability of such a sample has enabled a
tailed analysis of folded acoustic modes in a (SimGen)p
atomic layer superlattice~wherem andn are the numbers o
Si and Ge monolayers in each period andp is the number of
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periods!, including the first consideration of informatio
about the relevant photoelastic coefficients of Ge and Si
tainable from the relative intensities of these modes.
though estimates of the Ge/Si photoelastic constant ratio
be obtained from our data, an analysis ofall Si/Si12xGex
superlattice results obtained to date indicates there are
experimental and theoretical difficulties to be overcome
fore a fully comprehensive understanding can be reach
Notably, it is clear from this analysis that the interfa
translational-displacement contribution to the scatter
mechanism must be considered. In addition, the observa
of a polarization dependence in the Raman spectrum ha
vealed Si layer confined modes of both even and odd ind
analogous to those seen previously only for III-
superlattices.1 These features are interpreted within a sla
mode model.

II. EXPERIMENT

The (Si15Ge4!50 superlattice studied here was grown on
~001! Si wafer held at 320650 °C in a VG Semicon V80
molecular-beam-epitaxy system. Further details of
growth methodology and growth parameters for this sam
are described elsewhere.25,26 X-ray diffraction using CuKa
radiation on a Philips MRD instrument determined the sup
lattice periodicity of the sample to be 2.58 nm with an av
age Si-layer thickness of 2.1060.05 nm and Ge-layer thick
ness of 0.4860.05 nm. X-ray specular reflectivity an
diffuse-scattering measurements were also carried out on
sample using a Philips PW1820 goniometer. These meas
ments, described in detail in Ref. 27, confirmed that
sample~referred to as Si1584 in Ref. 27! had a well-defined
periodicity and showed that the interfaces were also v
sharp~interface width less than 0.5 nm!. The interface rough-
ness exhibited some cross correlation~i.e., replication from
interface to interface! and was characterized by an undul
tion in the plane of growth of wavelength;0.5 mm, pre-
dominantly oriented along the wafer miscut azimuth. T
cross correlation was oriented along the growth direction
was not oblique, as reported earlier for a shorter period
perlattice grown on a wafer with a;10 times greater~4.3°!
misorientation.28 Atomic-force microscopy measuremen
were also performed on the sample. Mounds were seen
2207
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the surface of size;0.5 mm and amplitude 1 nm, approxi
mately oriented along the miscut direction. The mounds
not form clear ripples, but are elongated along the direct
of the surface steps.

Light-scattering measurements were carried out in a q
sibackscattering geometry with the sample in a helium
atmosphere to eliminate air features from the spectr
Room-temperature measurements used an angle of incid
of 77.7° for the incoming laser light on the~001! surface. For
low-temperature measurements the sample was mounte
the helium exchange gas of a Thor S500 cryostat with
angle of incidence increased to 85° to allow the specula
reflected component of the light beam to leave the cryo
cleanly. The temperature of the sample was monitored wi
gold-iron/Chromel thermocouple mounted on the sam
holder. Although there was inevitably some degree of la
heating it is estimated that the temperature of the sam
could be maintained constant to within 2 K during a series of
scans. The Raman spectrum was excited with 300 mW
457.9-nm or 514.5-nm argon-laser light, analyzed with
Spex 14018 or SOPRA DMP2000 double monochroma
and detected with a cooled RCA 31034A or Hamama
R928P photomultiplier. The incident light was polarized
the scattering plane and the scattered light~collected at 90°!
was either analyzed with Polaroid film or collected witho
polarization analysis. We describe the two polarization
ometries used as being effectivelyz(xx) z̄ or z(xy) z̄ within
the sample.4

III. RESULTS

The polarized Raman spectrum obtained with 457.9-
excitation at a spectral resolution of 3 cm21 is displayed in
Fig. 1. In addition to the expected longitudinal optical~LO!
phonon features around 300, 400, and 500 cm21 there is

FIG. 1. Polarized @z(xx) z̄; z(xy) z̄# Raman spectrum o
(Si15Ge4!50 with excitation at 457.9 nm~at 76 K and 295 K! and the
z(xx1xy) z̄ spectrum with excitation at 514.5 nm~at 295 K!.
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prominent structure around 100 and 200 cm21 in the z(xx) z̄
spectrum which, as discussed in the next section, is assig
to folded longitudinal acoustic~FLA! modes of the superlat
tice with folding indexm561 and62. These FLA features
are notably strong in comparison with the LO scattering a
the relatively small decrease in this strength on cooling
sample to a nominal 76 K confirms their first-order Ram
character. The complete absence of the FLA features for
z(xy) z̄ polarization geometry confirms their assignment a
that there is minimal polarization breakthrough in the expe
ment. Thus, the weaker peaks seen inz(xy) z̄ polarization in
the optic-mode region~see Fig. 1! are allowed peaks.

It is seen that cooling the sample sharpens the LO f
tures, particularly in the region of the Si-Si modes near 5
cm21. A scan of this region at a spectral resolution of 0
cm21 ~Fig. 2! clearly resolved peaks at room-temperatu
Raman shifts of 520, 518, and 509 cm21 in z(xx) z̄ polariza-
tion, and at 520 and 515.5 cm21 in z(xy) z̄ polarization. In
Fig. 2, we also show the corresponding results for a nom
sample temperature of 10 K. Here the room-temperat
structure is repeated, apart from a 3-cm21 increase in peak
wave-number shift and the appearance of further bro
weak structure in the region below 510 cm21. The strongest
peak in both polarizations corresponds to the LO mode
bulk Si and is here identified with scattering from the sup
lattice substrate. The appearance of a substrate peak with
intensity indicates the Ge optical absorption in these t
layers is much less than that of bulk Ge at these waveleng
The remaining peaks arise from Si-Si modes confined to
Si layers of the superlattice as discussed in the next sec

Of interest from the point of view of obtaining informa
tion about the relevant photoelastic constants is the inten
of the FLA peaks relative to the LA Brillouin peak (m
50). The relatively low background scattering from the su
face of this sample enabled partial resolution of a Brillou

FIG. 2. Polarized @z(xx) z̄; z(xy) z̄# Raman spectrum of
(Si15Ge4!50 at 10 and 295 K in the region of the Si-layer confine
modes. Excitation was at 457.9 nm.



tra
c-

a
r

3

es
a
tic

r

fo

d

p

o

lay
ng

o a

e

in

vec-

ulk
are
-

ted
ea-
Ra-

ut
evi-

ith
fre-

to

ion
al

n
e

Ge

0

PRB 59 2209FOLDED ACOUSTIC AND CONFINED OPTICAL PHONONS . . .
peak at 5.4 cm21 using the Spex monochromator at a spec
resolution of 0.6 cm21. On the SOPRA instrument, at a spe
tral resolution of 0.16 cm21, the structure of this Brillouin
feature was clearly resolved, as displayed in Fig. 3. Comp
son with the Brillouin spectrum of bulk Si under simila
conditions revealed that the main peak, at 5.6 cm21, arises
from the Si substrate LA mode and the weak feature at
cm21 from the substrate transverse-acoustic~TA! mode.
Again, the strength of these substrate features indicat
reduced Ge optical absorption. By a combination of subtr
tion of spectra and curve resolution the actual superlat
Brillouin peak was established to be at 5.2 cm21 and its
integrated intensity to be 54% of the total Brillouin scatte
ing. A scan of the FLA (m561) region under similar ex-
perimental conditions established the relative intensities
the photoelastic constant analysis.

IV. ANALYSIS

A. Acoustic modes

In the Rytov model,29 which has become well establishe
in this context for a range of superlattices,1,2 the acoustic
phonons are described by elastic waves propagating in a
riodic structure with alternating layers characterized by
thicknessdi , a sound velocityv i , and a densityr i ( i
51,2) leading to an acoustic phonon-dispersion relation
the form

cos~qd!5cosS vd1

v1
D cosS vd2

v2
D

2
1

2 S K1
1

K D sinS vd1

v1
D sinS vd2

v2
D . ~1!

Here d is the superlattice period andK5r2v2 /r1v1 is the
ratio of the acoustic impedances of the two component
ers. The effect of the superlattice periodicity is the foldi

FIG. 3. Unpolarized @z(xx1xy) z̄# Brillouin spectrum of
(Si15Ge4!50 at 295 K with excitation at 457.9 nm.
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back of the acoustic-phonon branch of the bulk crystal int
minizone, with maximum wave vectorqMZ5p/d. For pho-
non wave vectorq away from such minizone boundaries th
folded acoustic-phonon dispersion takes the linear form

v5VSLuq12pm/du, ~2!

wherem50,61,62, . . . is thezone-folding index andVSL
is the appropriate superlattice acoustic velocity obtainable
Rytov’s theory from thedi , v i , andr i . For the quasiback-
scattering geometry used here the relevant phonon wave
tor is given by

q5
4pnSL~l!

l F12
1

4@nSL~l!#2G , ~3!

wherenSL(l) is the effective~mean! superlattice refractive
index at the incident laser-light wavelengthl. In terms of the
refractive indices of the component layersnSL is given by

nSL
2 5~n1

2d11n2
2d2!/d. ~4!

The published values of the relevant parameters for b
Si and Ge used in application of the Rytov theory here
listed in Table I. For the (Si15Ge4!50 superlattice under con
sideration we find q50.101qMZ for l5457.9 nm and
q50.085qMZ for l5514.5 nm. Solution of Eq.~1! for these
phonon wave vectors gives the predicted Raman shifts lis
in Table II, where they are compared with the observed f
tures in the room-temperature Raman spectra. Here the
man features in the 100- and 200-cm21 regions have been
curve-resolved to give the listedm561 andm562 peaks.
The agreement with the Rytov model is excellent witho
any further adjustment of parameters. There is some
dence in the recorded spectrum~see Fig. 1! for m563 and
possiblym564 FLA scattering around 260 and 350 cm21,
respectively, but the situation is clouded by the overlap w
the Ge-Ge LO mode and these features are at lower
quency than the Rytov model would predict.

As it is, the fit to the observed spectrum out to 200 cm21

is a stringent test of the model, which is normally applied
Raman shifts of less than 100 cm21. We believe the Rytov
model works so well here because the LA mode dispers
for both Si and Ge is close to linear well out into the norm
first Brillouin zone.30 Curvature of the LA mode dispersio
will eventually lower the FLA mode frequencies below th
Rytov model predictions and, furthermore, form563 and
64 modes, overlap with the optic-mode dispersion in the
layers would invalidate a simple elastic-wave treatment.

TABLE I. Mass density~r!, sound velocity for longitudinal
(nL) or transverse (nT) waves propagating in a@001# direction, and
refractive indices~n! for bulk Si and Ge at 295 K, from Refs. 3
and 31.

Si Ge

r ~kg/m3! 2330 5323
nL ~m/s! 8433 4914
nT ~m/s! 5845 3542
n ~457.9 nm! 4.66 3.98
n ~514.5 nm! 4.27 4.51
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TABLE II. Experimental Raman peaks for (Si15Ge4)50 at 295 K in the acoustic-phonon region and pe
positions calculated using the Rytov model.

Mode Experimentaln ~cm21! Calculatedn ~cm21!

assignment l5457.9 nm l5514.5 nm l5457.9 nm l5514.5 nm

LA ( m50) 5.2 4.8 4.1
FLA (m521) 88 89 89.8 90.3
FLA (m511) 102 100 102.7 102.2
FLA (m522) 188 189 187.1 187.8
FLA (m512) 198 198 197.4 196.7
FTA (m521) 54 62.9
FTA (m511) 62 72.0
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Included in Table II are two additional weak peaks se
with 514.5-nm excitation~Fig. 1!. Although similar features
were not seen with 457.9-nm excitation, they are poss
associated with folded transverse-acoustic~FTA! modes,
weakly allowed as a result of the small departure from
exact backscattering geometry. A Rytov-model calculat
using the appropriate TA wave velocities~Table I! is seen to
predict higher Raman shifts than the observed features.
duction of thenT values by 10%, however, gives a muc
closer match to experiment and such a reduction is not
reasonable in view of the known TA phonon dispersion
Si and Ge.30

Before closing this section on acoustic phonons we
mark briefly on additional structure in the region of the Br
louin peak~see Fig. 3!. Clearly there is some extra scatterin
on the high-energy side of the substrate Brillouin peak in
region of 6.5 and 8.5 cm21. Similar features have been re
ported previously32 in ultrathin GemSin superlattices and
were there identified with resonant-phonon modes aris
from the interaction between the continuum of acous
modes of the Si substrate and the quasilocalized superla
modes. The extra scattering observed here is likely to b
similar origin, although the expected mode interval of ab
1 cm21 for an overall superlattice thickness of 129 nm (
32.58 nm) is not resolved.

B. Photoelastic constants

We now consider what information can be extracted fr
the observed relative intensities of the FLA scattering. T
experimental intensity data for 457.9 nm excitation are su
marized in Table III. Since cooling the sample did not res
in any significant narrowing of the FLA features we ha
restricted our attention to the room-temperature spectr
The inability to resolve the6m components experimentall
places a significant restriction on our knowledge of the
tensities of these individual components relative to the su
lattice Brillouin intensity (I 0). Attempts to resolve them
561 andm562 features by curve fitting led to a range
possibilities, which is reflected in the relatively high unce
tainties for I 11 /I 21 and I 12 /I 22 . The problem here is
knowing what allowance to make for the broad underlyi
background scattering, which is clearly present in the
corded spectrum. The varying background~possibly second-
order Raman! is obviously a problem for them562 peak,
n
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but also affects them561 peak, where the asymmetric lin
shape indicates some extra scattering on the high-freque
side.

The first attempt to model the intensities of superlatt
FLA features was that of Colvardet al.20 who proposed a
photoelastic mechanism for the light scattering. In their tre
ment, which assumed the same sound velocity in each la
the intensities of the1m and2m components are equal fo
a given m and the ratio of that intensityI m to that of the
Brillouin scattering (m50) is given by

I m

I 0
5

~Pb2Pa!2

P0
2

sin2~mpd1 /d!

p2m2

vm~nm11!

v0~n011!
. ~5!

Here Pa and Pb are the photoelastic constants for the tw
types of layer and are assumed to be real quantities,nm and
n0 are the relevant Bose-Einstein population factors at
sample temperature, andP0 is given by

P05
1

d
~d1Pa1d2Pb!. ~6!

For the sample studied here, the observedI 61 ~average!
(5 Ī 61) to I 0 ratio of 1.36~615%! gives two possible solu-
tions of Eqs.~5! and ~6! for the ratio of the photoelastic
constants of Ge and Si:PGe521.8(60.1)PSi or PGe

5256(123,2180)PSi . The observed ratioĪ 62 / Ī 61 dif-
fers, however, from the prediction of Eq.~5! by a factor of 2
and it is clear thatI 21 and I 11 are not equal so that th
model of Colvardet al. cannot be considered valid here.

A more detailed analysis of the propagation of L
phonons along the axis of a superlattice has been prese
by He, Djafari-Rouhani, and Sapriel,24 who included the ef-
fects of acoustic and also dielectric mismatch between
layers. In an attempt to improve on the predictions of C
vard et al. for our sample we have applied Eq.~58! of Ref.

TABLE III. Relative intensities of FLA features from the Ra
man spectrum of (Si15Ge4)50 at 295 K excited with 457.9-nm radia

tion. TheĪ 61 /I 0 ratio was obtained using the SOPRA spectrome

Ī 61

I 0

I 11

I 21

I 21

I 0

I 11

I 0

I 12

I 22

Ī 62

Ī 61

1.3660.20 1365 0.1960.07 2.561.0 0.9160.22 0.4260.05
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24 to evaluate the expected FLA intensity ratios for a ran
of PGe/PSi values.@It is noted that there is anm-dependent
factor of vm

22 ~or vp
22 in the notation of Heet al.! missing

from Eq. ~58! of Ref. 24.# Although the effect is small a
room temperature, we have included thevm(nm11) factor
of Eq. ~5! above to take account of the finite temperature
our sample. The results of this analysis, which treats
superlattice as a homogeneous medium as regards to
propagation of incident or scattered light@i.e., neglects any
difference in refractive index between the layers, using
mean refractive indexnSL of Eq. ~4!#, are presented in Fig
4~a!. It is seen that the relative intensitiesI 11 /I 21 and
I 12 /I 22 differ significantly from 5 and 0.46, respectively
only in a restricted range either side ofPGe/PSi51. In this
region I 21 /I 0 and I 11 /I 0 both fall to zero and vary rapidly
for 23,PGe/PSi,0. A similar pattern occurs form562.

It is of interest to note that the ratioĪ 62 / Ī 61 is predicted to
be 0.54 throughout most of the range255,PGe/PSi,
155, dropping slightly below this for 0.6,PGe/PSi,1.4.
Them562 mode intensities are expected to be more se
tive to the quality of the superlattice, and to any acous
attenuation and optical absorption effects33 than the m

561 components. Comparison of the experimentalĪ 62 /

Ī 61 ratio of 0.42 with the predicted 0.54 confirms the hi
quality of our sample and suggests that absorption effects
not dominant. Nevertheless, we take theI m /I 0 ratios for m
561 to be the more reliable measure of the photoela
properties. TheI 1m /I 2m ratios should not be particularl
sensitive to superlattice quality or absorption effects, b
because the individual contributions are not clearly resolv
these ratios have large experimental uncertainties.

Detailed inspection of Fig. 4~a! reveals noPGe/PSi value
for which the four plotted ratios fit the experimental rati
~Table III! within the estimated uncertainties. In particula
one cannot simultaneously fitI 21 /I 0 andI 11 /I 0 because, for
the PGe/PSi>0.6 needed to fit the observedI 11 /I 21 ratio,
the predictedI 21 /I 0 and I 11 /I 0 ratios are an order of mag
nitude or more too small. In view of the difficulty of resolv
ing I 21 from I 11 , we consider Ī 61 /I 0 to give PGe
521.21(60.07)PSi as a compromise ‘‘best fit’’ in this
model.

To what extent is the failure to obtain a good fit to t
experimental intensity ratios a result of neglecting the diff
ence in refractive index between the layers? Although
example considered by Heet al. suggested that the effect o
varying the refractive index should not be significant forq
within the first Brillouin zone, which is the case we consid
here, the possibility cannot be discounted that the ef
might be significant for the layer thicknesses in our samp
To investigate the effect of the refractive index inhomoge
ity of the Si/Ge superlattice the relevant intensities have b
recalculated using an algorithm based on a Green’s-func
formalism34 and the results are presented in Fig. 4~b!. On
comparison with Fig. 4~a! it is seen that the refractive-inde
variation has essentially no effect on the predictedI 12 /I 22
ratio, but that the other plotted ratios are all reduced a li
compared to the ‘‘mean refractive-index’’ model. A simila
pattern of dependence onPGe/PSi pertains, however, and
again it is not possible to fit the four plotted intensity ratio
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For this model the observedĪ 61 /I 0 ratio would givePGe

521.40(60.08)PSi as the compromise fit, although now,
one completely ignores the observedI 1m /I 2m ratios,
PGe/PSi values in the range230 to 245 would also match
the observedĪ 61 /I 0 .

In their development of the formalism we have used h
to treat the refractive-index variation, Djafari-Rouhani a

FIG. 4. Predicted relative Raman-scattering intensities,I m /I 0

~left scale! and I 1m /I 2m ~right scale!, of FLA modes (m51,2) of
(Si15Ge4)50 as a function of thePGe/PSi photoelastic-coefficient
ratio. ~a! Based on Eq.~58! of He, Djafari-Rouhani, and Saprie
~Ref. 24!. ~b! Including the effect of dielectric mismatch betwee
the layers, but not interface translational displacement~Ref. 34!. ~c!
Including the effects of dielectric mismatch and interface trans
tional displacement~Ref. 34!. In each case the relative intensitie
plotted refer to folding index~m! values of21/0 ~long dashes!,
11/0 ~solid line!, 11/21 ~short dashes!, and12/22 ~dash-dot!.
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Khourdifi34 identified a further contribution to the FLA
scattered intensities that results from the translational
placement of interfaces during a longitudinal vibration in t
presence of a mismatch between the dielectric constan
the superlattice constituents. Djafari-Rouhani and Khour
identify this effect as the analogue of the surface-wa
~ripple! contribution35 to the usual elasto-optic Brillouin
scattering from bulk materials. Since the contribution fro
this extra term was available to us34 and no comparison with
experiment has been made before, we present the resu
including it in Fig. 4~c!. Here we see some significan
changes cf. Figs. 4~a! and 4~b!. In particular, the region of
divergence of theI 1m /I 2m ratios from their limiting values
is displaced to the vicinity ofPGe517PSi and their varia-
tion asPGe/PSi approaches this region is reversed compa
to the previous results. Clearly this interface translation
displacement effect is significant for our sample, but we
no closer to a satisfactory fit of the observed intensity rat
We are left with yet another compromise fit ofĪ 61 /I 0 at
PGe511.8(60.2)PSi .

Overall, our failure to obtain a satisfactory fit of the o
served FLA relative intensities suggests that there mus
other contributions not yet considered. From our analysi
would seem thatPGe andPSi are most probably of a simila
magnitude, although they could possibly have opposite si
It is worth noting that our earlier conclusion concerning s
perlattice quality and absorption effects is reinforced by c
sideration of the refractive-index variation. Either with
without inclusion of the interface-vibration contribution th
predicted value ofĪ 62 / Ī 61 falls in the range 0.490–0.49
for almost the entire range ofPGe/PSi values considered
This prediction is even closer to the observed value of 0
than that from the meannSL model.

In Fig. 5 we make a comparison of earlier measures
photoelastic constant ratios for Si/Si12xGex superlattices21–23

with our result for Si/Ge. A word of caution is needed he
as the photoelastic constants used by He, Sapriel,
Brugger21 in their follow-up study of Si/Si0.5Ge0.5 differ from
those used in the other earlier paper by a factor of (2n4),

FIG. 5. Comparison of the photoelastic-coefficient ra
P(Si12xGex)/P(Si) for various values ofx from earlier studies with
thex51 value obtained here. As discussed in the text,H andJ label
recalculated results from the measurements of He, Sapriel,
Brugger~Ref. 21! and Jinet al. ~Ref. 22!, respectively.
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wheren is the refractive index at the laser wavelength us
Furthermore, we note that the refractive indices used by
Sapriel, and Brugger21 are a linear interpolation between th
Si and Ge values at each wavelength considered. A su
quent study of Si12xGex alloys31 has revealed that the actu
Si0.5Ge0.5 refractive indices differ significantly from the val
ues used by He, Sapriel, and Brugger. In order to mak
valid comparison we have, therefore, reevaluated the
Sapriel, and Brugger intensity-ratio data on the basis of
mean nSL model @using n(514.5 nm)55.04, n(488.0 nm)
55.34, andn(457.9 nm)55.64 for the Si0.5Ge0.5 alloy# to
give the points labeledH in Fig. 5. While thel5514.5 nm
fit is unambiguous, there is an increasing discrepancy
tween the photoelastic ratio giving a fit to the observ
I 21 /I 0 and that giving a fit toI 11 /I 0 as one goes to shorte
laser wavelengths, i.e. as was the case with our sample,
cannot fit these two ratios and the observedI 11 /I 21 simul-
taneously. Forl5457.9 nm a range of 11.9 to 15.6 fo
Palloy /PSi is needed to cover the measured intensities.
consistency we have also reevaluated the Si/Si12xGex results
of Jin et al.,22 using the same meannSL model, to give the
x50.5 points and thex50.51 point labeledJ in Fig. 5.
Again we have been unable to obtain a consistent fit~in these
cases even for 514.5-nm laser excitation! and the uncertainty
bars in Fig. 5 indicate the range of photoelastic const
ratios needed. Within these uncertainties our results enc
pass the values reported in Ref. 22~in which essentially the
same meannSL model was used36!, but analysis of thel
5514.5 nm spectrum forx50.51 was not reported by Jin
et al. Clearly the discrepancy between thex50.5 results in
Refs. 21 and 22 is not resolved by correcting the refract
indices used in the analysis.

Overall the data presented in Fig. 5 indicate a stronx
dependence for thePalloy /PSi ratio. In thex→0 limit this
ratio of photoelastic constants must approach 1. While
would appear to increase significantly asx is increased to
0.5, our results here suggest that this ratio must subsequ
decrease again asx→1. Such a wide variation with alloy
composition should not, perhaps, be unexpected in view
the variation of refractive index31 with x, since both effects
depend in some way on the electronic structure of the a
and the way it interacts with light. Much further work i
needed, however, to give a clear picture of thex dependence
of the photoelastic constant ratio for the Si12xGex /Si system.
Our analysis has indicated that there are still signific
hurdles, both theoretical and experimental, to be overco
before a satisfactory understanding is reached. Certain
would appear that the interface translational displacem
contribution to FLA intensities cannot be dismissed.

C. Optic modes

In the usual slab-mode model, first applied to GaAs/Al
superlattices,37,38 the confined optical phonons in the Si la
ers of the superlattice can be assigned an effective w
vectorkm :

km5pm/~n1d!d0 , m51,2,...,n. ~7!

Here n is the layer thickness in monolayers~each of thick-
nessd0! andm is the mode index~giving m11 displacement
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nodes along the normal of each Si layer!. d represents the
spread of the mode into the surrounding second mate
Following earlier calculated17 and experimental13 results for
Si/Ge superlattices we taked51, although the precise choic
of d within the usual range 0–1 is not significant in compa
son with our experimental uncertainties.

The observed room-temperature Raman peaks at
515.5, and 509 cm21, corresponding tom51, 2, and 3, re-
spectively, give a close match to the LO phonon dispers
along @001# of bulk Si,30 as was the case in an earlier stu
of short period~001! Si/Ge superlattices.13 The new feature
here is the observation that them51 and 3 slab modes ap
pear inz(xx) z̄ polarization, while them52 mode~not pre-
viously seen for Si! appears inz(xy) z̄ polarization. Such an
even/odd index polarization pattern has been previously
ported for the corresponding confined modes in GaAs/A
superlattices, but in that case the even@odd# index modes
appeared inz(xx) z̄ @z(xy) z̄# polarization.37,38 Our Si/Ge su-
perlattice, grown along the@001# direction, comprises 19
monolayers per period. According to the symmetry analy
of Alonso, Cardona, and Kanellis39 the appropriate space
group symmetry isI41 /amd. Here the odd index Si-S
modes haveA1g symmetry and the even modes are ofB1g
symmetry, which is consistent with the observed diago
and off-diagonal polarizations.

The Ge-Ge and Si-Ge LO mode peak wave numbers
457.9- ~514.5-! nm excitation are 297~300! and 417
(418) cm21, respectively, at 295 K. These correspond to f
quencies generally matching theoretical predictions for
two modes.14–17 The observed dispersion with wave-vec
change from q(514.5 nm)50.085qMZ to q(457.9 nm)
50.101qMZ of the quasiconfined Ge-Ge mode is in acco
with the dispersion of bulk Ge.30 The small shift in the Si-Ge
LO mode is consistent with model calculations15 indicating
some degree of alloying across the layer interface.

In z(xy) z̄ polarization with 457.9-nm excitation, wea
bands occur at 295 and 408 cm21. These features in th
spectrum are analogues of the Ge-Ge and Si-Ge modes
cussed above, but are shifted to lower frequency by
cm21. The polarization of these modes suggests they
quasi-transverse-optical~TO! vibrations. This is confirmed
by their frequencies, which reflect the similar LO-TO sp
tings observed at small wave vectors in bulk Ge and S30
w
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Calculations for Si6Ge6 superlattices reveal a similar LO-TO
relationship.17 The broader and more symmetric line shap
observed here for the Si-Ge TO mode compared to the
mode reproduces the observations of de Gironcoliet al.15 in
their Raman microprobe study of this interface mode usi
an in-plane scattering geometry.

V. CONCLUSIONS

Raman spectra obtained from a high-quality (Si15Ge4)50
atomic-layer superlattice have allowed for the first time
detailed analysis of the photoelastic coefficient ratioPGe/PSi
from FLA mode intensities. An extensive comparison wi
existing theoretical models showsuPGe/PSiu>1 at 457.9 nm.
However, a satisfactory fit to all the experimental data cou
not be obtained, and the same problem was found to e
with two earlier studies of FLA modes in Si/Si0.5Ge0.5 super-
lattices. The present analysis indicates a need for revision
current models of FLA mode Raman intensities. The existi
difficulties may be alleviated by consideration of comple
photoelastic coefficients in the theory for opaque semico
ductors, as in the present case of Si and Ge at visible wa
lengths. Whatever revisions are made, this paper has cle
shown the need for careful consideration of the interfa
translational-displacement contribution to the inelastic ligh
scattering cross section. The photoelastic-coefficient ra
obtained here may differ appreciably from that found in bu
material owing to electronic-confinement effects in this thi
layer superlattice modifying the optical response, especia
for the Ge layers.

The odd and even index confined optic modes observ
for the Si layers of the superlattice are readily interpreted
the slab-mode model that has found equal success in II
systems. Two lower-frequency quasiconfined optic mod
exhibit dispersion that is consistent with previous model c
culations.
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