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Folded acoustic and confined optical phonons in &Si;sGey)s, atomic-layer superlattice
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A Raman-scattering intensity analysis of folded acoustic modes in a high-qualitBEk, 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 calculafi®8%63-1829)05203-0

I. INTRODUCTION periods, including the first consideration of information
about the relevant photoelastic coefficients of Ge and Si ob-
Raman-scattering spectroscopy is well established as tainable from the relative intensities of these modes. Al-
valuable and versatile technique in the study of semicondudhough estimates of the Ge/Si photoelastic constant ratio can
tor superlattices, both for characterizing the superlatticde obtained from our data, an analysis af Si/Si;_,Ge,
structure and for probing the physical properties of such syssuperlattice results obtained to date indicates there are still
tems. There has been much wbfkelating to 1lI-V super-  experimental and theoretical difficulties to be overcome be-
lattices, such as GaAs/AlAs, in which various vibrational fore a fully comprehensive understanding can be reached.
features have been identified with propagating, confined oNotably, it is clear from this analysis that the interface
interface modes in these heterostructures. In the case ¢fanslational-displacement contribution to the scattering
group-1V (Si/Ge or Si/Sj_,Ge) superlattices there have mechanism must be considered. In addition, the observation
been several studies of folded acoustic moté3while de-  of a polarization dependence in the Raman spectrum has re-
tailed analyses of optic mod€s'®have identified quasicon- vealed Si layer confined modes of both even and odd index,
fined Ge-Ge and confined Si-Si modes, around 300 and 508nalogous to those seen previously only for [I-V
cm L, respectively, together with a “Si-Ge” feature near superlatticed. These features are interpreted within a slab-
400 cm * whose position and intensity is particularly sensi- mode model.
tive to the interface sharpness. Model calculatt8ms have
elucidated the role of strain and interface quality in determi-
nation of the Si/Ge superlattice vibrational spectrum. Con-
fined optic modes can be observed within the Si layers of the The (SisGey)sg Superlattice studied here was grown on a
superlatticed?~2% but generally not within the Ge or alloy (001) Si wafer held at 32850 °C in a VG Semicon V80
layers, depending on the Si layer thickness. As a result of thenolecular-beam-epitaxy system. Further details of the
experimental conditions, previous analyses of the Ramagrowth methodology and growth parameters for this sample
scattering from confined modes in group-IV superlatticesare described elsewhef®?® X-ray diffraction using CuK,
was restricted to study of odd index modés® radiation on a Philips MRD instrument determined the super-
As an adjunct to these studies, application of the phototattice periodicity of the sample to be 2.58 nm with an aver-
elastic model to light scattering from folded acoustic age Si-layer thickness of 2.30.05 nm and Ge-layer thick-
phonons has been applied to the evaluation of the ratio afiess of 0.480.05 nm. X-ray specular reflectivity and
Si;_4Ge, to Si photoelastic coefficients from the spectra of diffuse-scattering measurements were also carried out on this
both periodié*“? and quasiperiodf¢ superlattices. In the sample using a Philips PW1820 goniometer. These measure-
prior studies of Si/Si,Ge, superlattices a wide range of ments, described in detail in Ref. 27, confirmed that the
photoelastic constant ratios was obtaffteédfor x=0.5 and  sample(referred to as Si1584 in Ref. 2fiad a well-defined
values forx>0.5 in the visible-wavelength region are un- periodicity and showed that the interfaces were also very
known. To define better the trend with increasignd for  sharp(interface width less than 0.5 nnThe interface rough-
further tests of theoR/ it is important to obtain experimental ness exhibited some cross correlati@e., replication from
information neax=1. interface to interfageand was characterized by an undula-
With continuing modification of growth metho@s®it is tion in the plane of growth of wavelengtkh0.5 mm, pre-
now possible to produce much better material in Si/Gedominantly oriented along the wafer miscut azimuth. The
atomic-layer superlattices than that used for earlier Ramanross correlation was oriented along the growth direction and
studies. The availability of such a sample has enabled a devas not oblique, as reported earlier for a shorter period su-
tailed analysis of folded acoustic modes in a (Gg,), perlattice grown on a wafer with &10 times greate(4.3°)
atomic layer superlatticevherem andn are the numbers of misorientatior?® Atomic-force microscopy measurements
Si and Ge monolayers in each period gnid the number of were also performed on the sample. Mounds were seen on
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FIG. 1. Polarized[z(xX)z; z(xy)z] Raman spectrum of FIG. 2. Polarized[z(xx)z; z(xy)z] Raman spectrum of
(Si1zGey)so With excitation at 457.9 nnfat 76 K and 295 Kand the  (Si;sGey)sg at 10 and 295 K in the region of the Si-layer confined
z(xx+Xxy)z spectrum with excitation at 514.5 nfat 295 K. modes. Excitation was at 457.9 nm.

the surface of size-0.5 um and amplitude 1 nm, approxi- prominent structure around 100 and 200 ¢rin the z(xX)Z
mately oriented along the miscut direction. The mounds d&pectrum which, as discussed in the next section, is assigned
not form clear ripples, but are elongated along the directiong folded longitudinal acoustitFLA) modes of the superlat-
of the surface steps. _ _ tice with folding indexm= +1 and+2. These FLA features

_ Light-scattering measurements were carried out in a quagre notably strong in comparison with the LO scattering and
sibackscattering geometry with the sample in a helium gage relatively small decrease in this strength on cooling the
atmosphere to eliminate air features from the spectrumsample to a nominal 76 K confirms their first-order Raman
Room-temperature measurements used an angle of incidenggaracter. The complete absence of the FLA features for the
of 77.7° for the incoming laser light on tl601) surface. For z(xy)Z polarization geometry confirms their assignment and
low-temperature measurements the sample was mounted {Rat there is minimal polarization breakthrough in the experi-
the helium exchange gas of a Thor S500 cryostat with thenent, Thus, the weaker peaks seem(ry)z polarization in
angle of incidence increased to 85° to allow the specularlype optic-mode regiosee Fig. 1 are allowed peaks.

reflected component of the light beam to leave the cryostat |t is seen that cooling the sample sharpens the LO fea-
cleanly. The temperature of the sample was monitored with fures, particularly in the region of the Si-Si modes near 500
gold-iron/Chromel thermocouple mounted on the samplg,~1 A scan of this region at a spectral resolution of 0.8
holder. Although there was inevitably some degree of lasegy,-1 (Fig. 2) clearly resolved peaks at room-temperature
heating it is estimated that the temperature of the sampl&aman shifts of 520, 518, and 509 chin z(xX)Z polariza-
could be maintained constant to with K during a series of {5y and at 520 and 515.5 cthin z(xy)Z polarization. In
scans. The Raman spectrum was excited with 300 MW Ofjg 2 we also show the corresponding results for a nominal

457.9-nm or 514.5-nm argon-laser light, analyzed with asample temperature of 10 K. Here the room-temperature
Spex 14018 or SOPRA DMP2000 double monochromatorgiycture is repeated, apart from a 3=Cnincrease in peak

and detected with a cooled RCA 31034A or Hamamatsyyaye-number shift and the appearance of further broad,
R928P phqtomulUpher. The incident Ilg.ht was polarized in\eak structure in the region below 510 ¢ The strongest
the scattering plane and the scattered liglalected at 90F peak in both polarizations corresponds to the LO mode in
was either analyzed with Polaroid film or collected withouty, |k Sj and is here identified with scattering from the super-
polarization analysis. We describe the two polarization gejagiice substrate. The appearance of a substrate peak with this
ometries used as being effectivetfxx)z or z(xy)z within  jntensity indicates the Ge optical absorption in these thin
the samplé. layers is much less than that of bulk Ge at these wavelengths.
The remaining peaks arise from Si-Si modes confined to the
Si layers of the superlattice as discussed in the next section.
Of interest from the point of view of obtaining informa-
The polarized Raman spectrum obtained with 457.9-nntion about the relevant photoelastic constants is the intensity
excitation at a spectral resolution of 3 this displayed in  of the FLA peaks relative to the LA Brillouin peakm(
Fig. 1. In addition to the expected longitudinal opti¢aD) =0). The relatively low background scattering from the sur-
phonon features around 300, 400, and 500 trhere is  face of this sample enabled partial resolution of a Brillouin

lll. RESULTS
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4 I T I I TABLE |I. Mass density(p), sound velocity for longitudinal
(¥%) or transverse ') waves propagating in [@01] direction, and

(’;’:X}{) refractive indicesn) for bulk Si and Ge at 295 K, from Refs. 30
5 LA and 31.

units)

3r . Si Ge

p (kg/nm) 2330 5323
vh (ml9 8433 4914
v (mls) 5845 3542
2r 7 n (457.9 nm 4.66 3.98
n (514.5 nm 4.27 451

(arb.

e back of the acoustic-phonon branch of the bulk crystal into a
i minizone, with maximum wave vectay,,= 7/d. For pho-

non wave vectog away from such minizone boundaries the

folded acoustic-phonon dispersion takes the linear form

RAMAN INTENSITY

TA

0 l | | I o=Vg|q+2m7m/d|, (2

0 2 4 6 8 10
4 wherem=0,+1,+2, ... is thezone-folding index and/g,
FREQUENCY SHIFT (em™) is the appropriate superlattice acoustic velocity obtainable in
FIG. 3. Unpolarized [z(xx+xy)Z] Brillouin spectrum of Rytov's theory from thed;, v;, andp;. For the quasiback-
(SipsGeysp at 295 K with excitation at 457.9 nm. scattering geometry used here the relevant phonon wave vec-
tor is given by

peak at 5.4 cm’ using the Spex monochromator at a spectral
resolution of 0.6 cm’. On the SOPRA instrument, at a spec- _Amng () 1
tral resolution of 0.16 cm!, the structure of this Brillouin N A

. - . ~4lng (M)]?
feature was clearly resolved, as displayed in Fig. 3. Compari- . . i )
son with the Briliouin spectrum of bulk Si under similar Wherensi (1) is the effective(mean superlattice refractive

conditions revealed that the main peak, at 5.6 §narises index at the incident laser-light wavelengthin terms of the

from the Si substrate LA mode and the weak feature at 3.gefractive indices of the component layers is given by
—1

cm * from the substrate transverse-acoudfiA) mode. > 0 2

Again, the strength of these substrate features indicates a ng.=(n1d;+n3d,)/d. (4

reduced Ge optical absorption. By a combination of subtrac-

tion of spectra and curve resolution the actual superlattic%i

Brillouin peak was established to be at 5.2 ¢mand its

integrated intensity to be 54% of the total Brillouin scatter- : ) . =

ing. A scan of the FLA th=+1) region under similar ex- sideration we findq=0.101qy; for A=457.9 nm and

perimental conditions established the relative intensities fofJ:O'OSEﬂ’VIZ for )‘:514.'5 nm. SOIU“‘?” of Eqc) for these'
the photoelastic constant analysis phonon wave vectors gives the predicted Raman shifts listed

in Table Il, where they are compared with the observed fea-

tures in the room-temperature Raman spectra. Here the Ra-
IV. ANALYSIS man features in the 100- and 200-chregions have been

A. Acoustic modes curve-resolved to give the listed= =1 andm= * 2 peaks.

. : The agreement with the Rytov model is excellent without
9
In the Rytov modef; which has become well established any further adjustment of parameters. There is some evi-

in this context for a range of superlattice$the acoustic dence in the recorded spectrigee Fig. 1for m=+3 and
phqnons are described by ela}stic waves propagat.ing in a F;Bbssiblymz +4 FLA scattering around 260 and 550 ch
r|qd|c structure with alternatl_ng layers charactgnzed _by respectively, but the situation is clouded by the overlap with
thicknessd;, a sound velocityv;, and a densityp; (i he Ge-Ge LO mode and these features are at lower fre-
=1,2) leading to an acoustic phonon-dispersion relation Oéuency than the Rytov model would predict

the form As it is, the fit to the observed spectrum out to 200 ¢m
S(wdz) is a stringent test of the model, which is normally applied to

, ()

The published values of the relevant parameters for bulk
and Ge used in application of the Rytov theory here are
listed in Table I. For the ($iGey)so superlattice under con-

Raman shifts of less than 100 ch We believe the Rytov
model works so well here because the LA mode dispersion
(wdz) for both Si and Ge is close to linear well out into the normal

(l)dl
cogqd)=cog —
U1

(1) first Brillouin zone® Curvature of the LA mode dispersion
will eventually lower the FLA mode frequencies below the
Hered is the superlattice period arfl=p,v,/p,v4 is the  Rytov model predictions and, furthermore, for=+3 and
ratio of the acoustic impedances of the two component lay==4 modes, overlap with the optic-mode dispersion in the Ge
ers. The effect of the superlattice periodicity is the foldinglayers would invalidate a simple elastic-wave treatment.
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TABLE Il. Experimental Raman peaks for (gbe,)sg at 295 K in the acoustic-phonon region and peak
positions calculated using the Rytov model.

Mode Experimentab (cm™ %) Calculatedr (cm™)
assignment A=457.9 nm A=514.5nm A=457.9 nm A=514.5nm
LA (m=0) 5.2 4.8 4.1
FLA (m=—1) 88 89 89.8 90.3
FLA (m=+1) 102 100 102.7 102.2
FLA (m=—2) 188 189 187.1 187.8
FLA (m=+2) 198 198 197.4 196.7
FTA (m=—1) 54 62.9
FTA (m=+1) 62 72.0

Included in Table Il are two additional weak peaks seerbut also affects then= =1 peak, where the asymmetric line
with 514.5-nm excitatior{Fig. 1). Although similar features shape indicates some extra scattering on the high-frequency
were not seen with 457.9-nm excitation, they are possiblyide.
associated with folded transverse-acoudfitTA) modes, The first attempt to model the intensities of superlattice
weakly allowed as a result of the small departure from arFLA features was that of Colvaret al*® who proposed a
exact backscattering geometry. A Rytov-model calculatiorPhotoelastic mechanism for the light scattering. In their treat-
using the appropriate TA wave velociti€Eable ) is seento  Ment, whlp_h assumed the same sound velocity in each layer,
predict higher Raman shifts than the observed features. R&2€ intensities of the- m and —m components are equal for
duction of thev™ values by 10%, however, gives a much a givenm and t_he ratio of_ that intensity,, to that of the
closer match to experiment and such a reduction is not urBrillouin scattering (n=0) is given by
rgasonableoln view of the known TA phonon dispersion for I, (Py—P,)? si(mmd,/d) wp(n,+1)

Si and Gé’ = 5 — :
. . . . lo P Tm wo(np+1)
Before closing this section on acoustic phonons we re- 0

mark briefly on additional structure in the region of the Bril- Here P, and P, are the photoelastic constants for the two
louin peak(see Fig. 3. Clearly there is some extra scattering types of layer and are assumed to be real quantitigsand
on the high-energy side of the substrate Brillouin peak in then, are the relevant Bose-Einstein population factors at the
region of 6.5 and 8.5 ciit. Similar features have been re- sample temperature, am}, is given by
ported previousi¥? in ultrathin Gg,Si, superlattices and
were there identified with resonant-phonon modes arising
from the interaction between the continuum of acoustic
modes of the Si substrate and the quasilocalized superlattice .
modes. The extra scattering observed here is likely to be of For the sample studied here, the observed (average
similar origin, although the expected mode interval of about(=!=1) 0 I ratio of 1.36(+15%) gives two possible solu-
1 cm ! for an overall superlattice thickness of 129 nm (50tions of Egs.(5 and (6) for the ratio of the photoelastic
X 2.58 nm) is not resolved. constants of Ge and S|PGe=—1.8(i0.1lPSi_or Pge
=—56(+23,—180)Pg;. The observed ratid ./l ., dif-
fers, however, from the prediction of E¢) by a factor of 2
B. Photoelastic constants and it is clear that _; and |, are not equal so that the

We now consider what information can be extracted frommogel of Co:;/arqlet dal. car;nqt be fcorr]15|dered Val'.d her(fa. LA
the observed relative intensities of the FLA scattering. The more detalled analysis of the propagation o
experimental intensity data for 457.9 nm excitation are sumphonons _alon_g the axis of a supe_rlattlce _has been presented
marized in Table Ill. Since cooling the sample did not result’y He. D]afarl-Rouham, and _Saprﬁé_‘l,whp included the ef-
in any significant narrowing of the FLA features we havefects of acoustic and also dielectric mismatch between the
restricted our attention to the room-temperature spectrurﬂ‘f"yzrs' 'T fan attempt th> |mpr?1ve on th? FéreEdlcgmnstoffCol—
The inability to resolve the- m components experimentally Vard et al-for our sample we have applied EG8) of Ref.
places a significant restriction on our knowledge of the in-

tensities of these individual components relative to the super- TABLE Il Relative intensities of FLA features from the Ra-
; S . P P man spectrum of ($iGe,) 5o at 295 K excited with 457.9-nm radia-
lattice Brillouin intensity (o). Attempts to resolve then —

= +1 andm=+2 features by curve fitting led to a range of tion. Thel .., /1, ratio was obtained using the SOPRA spectrometer.

possibilities, which is reflected in the relatively high uncer-— — | | | | —
tainties forl.,/1_; and 1,,/I_,. The problem here is LS ILl — ILl Iﬁ 12
knowing what allowance to make for the broad underlying 0 -1 0 0 -2 leq
background scattering, which is clearly present in the re-
corded spectrum. The varying backgroupadssibly second- 1.36+0.20 135 0.19-0.07 2.5:1.0 0.9t-0.22 0.42-0.05
order Ramahis obviously a problem for then=*2 peak,

®)

1
Po=7 (d1Pa+d;Py). (6)
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24 to evaluate the expected FLA intensity ratios for a range 10 -
of Pge/Pg; values.[It is noted that there is am-dependent

factor of w,* (or ,? in the notation of Heet al)) missing

from Eq. (58) of Ref. 24] Although the effect is small at

room temperature, we have included tag(n,,+1) factor

of Eqg. (5) above to take account of the finite temperature of <:
our sample. The results of this analysis, which treats the ~—
superlattice as a homogeneous medium as regards to the
propagation of incident or scattered liglte., neglects any
difference in refractive index between the layers, using the
mean refractive indexg, of Eq. (4)], are presented in Fig.

4(a). It is seen that the relative intensitids;/I_; and

| .»/1_5 differ significantly from 5 and 0.46, respectively,

only in a restricted range either side Bg./Pgi=1. In this

regionl _,/ly andl .1/l both fall to zero and vary rapidly

for —3<Pge/Psi<<0. A similar pattern occurs fom= * 2.

It is of interest to note that the ratio., /1 .., is predicted to

be 0.54 throughout most of the range55<Pg./Pg<

+55, dropping slightly below this for 06Pg./Pg<1.4. =°
Them= +2 mode intensities are expected to be more sensi- —
tive to the quality of the superlattice, and to any acoustic
attenuation and optical absorption effédtshan the m

==1 components. Comparison of the experimerita}/

| .41 ratio of 0.42 with the predicted 0.54 confirms the high L
quality of our sample and suggests that absorption effects are -30 -20 -10 0 10 20 30
not dominant. Nevertheless, we take the'l, ratios form Ps/Ps

==+1 to be the more reliable measure of the photoelastic

properties. Thd . ,/l _,, ratios should not be particularly T3 8
sensitive to superlattice quality or absorption effects, but, (c) 1
YA N 37

because the individual contributions are not clearly resolved, 1
these ratios have large experimental uncertainties. ] 6

Detailed inspection of Fig.(4) reveals noPg./Pg; value o cm=1—1] c
for which the four plotted ratios fit the experimental ratios ¢ e s =
(Table 1Il) within the estimated uncertainties. In particular, ~— m=2 — =
one cannot simultaneously fit /1 andl ., /1, because, for x10) - 4
the P¢./P5=0.6 needed to fit the observéd,/l_; ratio, ]
the predicted _, /15 andl, {/I, ratios are an order of mag- i - - E 3
nitude or more too small. In view of the difficulty of resolv- T \ Ve >
ing 1_; from 1,4, we considerl. /I, to give Pg, 20 30

=—1.21(=0.07)Pg; as a compromise “best fit” in this
model.

To what extent is the failure to obtain a good fit to the FIG. 4. Predicted relative Raman-scattering intensitigg,| o
experimental intensity ratios a result of neglecting the differ-(left scalg and| /I _, (right scal¢, of FLA modes (n=1,2) of
ence in refractive index between the layers? Although th€Si;sGey)sq as a function of thePs./Pg; photoelastic-coefficient
example considered by Het al. suggested that the effect of ratio. (a) Based on Eq(58) of He, Djafari-Rouhani, and Sapriel
varying the refractive index should not be significant épr (Ref. 24. (b) Including the effect of dielectric mismatch between
within the first Brillouin zone, which is the case we considerthe layers, but not interface translational displaceniBet. 34. (c)
here, the possibility cannot be discounted that the effecllncludin_g the effects of dielectric mismatch and int_erfa?ce trqnsla—
might be significant for the layer thicknesses in our Samplet'onal dlsplacemen(Ref. '34. In each case the relative intensities
To investigate the effect of the refractive index inhomogenePlotted refer to folding indexm) values of —1/0 (long dasheg
ity of the Si/Ge superlattice the relevant intensities have beeif /0 (solid line), +1/~1 (short dashes and +2/-2 (dash-dot
recalculated using an algorithm based on a Green’s-function . — ] .
formalism and the results are presented in Fig)4On  For this model the observed.,/l, ratio would givePge
comparison with Fig. @) it is seen that the refractive-index = —1.40(=0.08)Pg; as the compromise fit, although now, if
variation has essentially no effect on the predidted/l _, ~ one completely ignores the observed /I ., ratios,
ratio, but that the other plotted ratios are all reduced a littlePce/ Psi values in the range-30 to —45 would also match
compared to the “mean refractive-index” model. A similar the observed ., /1.
pattern of dependence dPg./Pg; pertains, however, and In their development of the formalism we have used here
again it is not possible to fit the four plotted intensity ratios.to treat the refractive-index variation, Djafari-Rouhani and
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L wheren is the refractive index at the laser wavelength used.
o e 4579 nm 1] Furthermore, we note that the refractive indices used by He,
w880 nm | Sfapriel, and Bruggét are a linear interpolatiqn between the
@ 20 J —— Si and Ge value_s at each w:ilvelength considered. A subse-
& F wih E quent study of Si_,Ge, alloys™ has revealed that the actual
8* g J ] Sip.sG& 5 refractive indices differ significantly from the val-
210 F = ues used by He, Sapriel, and Brugger. In order to make a
o E & H 5 3 valid comparison we have, therefore, reevaluated the He,
e S d * HO E Sapriel, and Brugger intensity-ratio data on the basis of the
o + mean ng; model [using n(514.5 nm)=5.04, n(488.0 nm)
Sh =5.34, andp(457.9 nm)f5.§4 for thg SisGe 5 alloy] to
0 0.2 0.4 0.6 0.8 1 give the points labele#i in Fig. 5. While thex=514.5 nm
Ge concentration (x) fit is unambiguous, there is an increasing discrepancy be-

tween the photoelastic ratio giving a fit to the observed
FIG. 5. Comparison of the photoelastic-coefficient ratio|_, /I, and that giving a fit td , ; /1, as one goes to shorter
P(Si,—xGe,)/P(Si) for various values ok from earlier studies with  |aser wavelengths, i.e. as was the case with our sample, one
thex=1 value obtained here. As discussed in the ted@andJlabel  cgnnot fit these two ratios and the observed/! _; simul-
recalculated results fr(_)m the measurements _of He, Sapriel, a”ﬂineously. Fora=457.9nm a range of 11.9 to 15.6 for
Brugger(Ref. 23 and Jinet al. (Ref. 22, respectively. Paioy/ Psi is needed to cover the measured intensities. For
consistency we have also reevaluated the Si/&be, results
of Jin et al,?? using the same meams, model, to give the
Khourdifi** identified a further contribution to the FLA- x=0.5 points and thex=0.51 point labeled) in Fig. 5.
scattered intensities that results from the translational disAgain we have been unable to obtain a consistefifithese
placement of interfaces during a longitudinal vibration in thecases even for 514.5-nm laser excitatiand the uncertainty
presence of a mismatch between the dielectric constants ®ars in Fig. 5 indicate the range of photoelastic constant
the superlattice constituents. Djafari-Rouhani and Khourdiffatios needed. Within these uncertainties our results encom-
identify this effect as the analogue of the surface-wave?ass the values reported in Ref. @2 which essentially the
(ripple) contributior’® to the usual elasto-optic Brillouin Sa@Me meamg model was uset), but analysis of thex _
scattering from bulk materials. Since the contribution from=914.5 nm spectrum fork=0.51 was not reported by Jin
this extra term was available toldsnd no comparison with &t al- Clearly the discrepancy between the=0.5 results in
experiment has been made before, we present the results BE'S: 21 and 22 is not resolved by correcting the refractive
including it in Fig. 4c). Here we see some significant indices used in the analysis. N -
changes cf. Figs. (@) and 4b). In particular, the region of Overall the data presented n Fig. 5 |nd|cat§ a strang
. g R dependence for th@,,,/Pg; ratio. In thex—0 limit this
divergence of the . iy/I -y ratios from their limiting values ratio of photoelastic cénstants must approach 1. While it
is displaced to the vicinity oPg.= +7Pg; and their varia- .

. P /p hes thi . d ould appear to increase significantly ags increased to
tion asPge/ Psj approaches this region is reversed compare .5, our results here suggest that this ratio must subsequently

to the previous results. Clearly this interface translationalyyacrease again as—1. Such a wide variation with alloy

displacement effect is significant for our sample, but we arg.omposition should not, perhaps, be unexpected in view of
no closer to a satisfactory fit of the observed iriensity ratiosihe variation of refractive indék with x, since both effects
We are left with yet another compromise fit bf1/15 at  depend in some way on the electronic structure of the alloy
Pge= +1.8(£0.2)Pg;. and the way it interacts with light. Much further work is
Overall, our failure to obtain a satisfactory fit of the ob- needed, however, to give a clear picture of rdependence
served FLA relative intensities suggests that there must bgf the photoelastic constant ratio for the SiGe, /Si system.
other contributions not yet considered. From our analysis iDur analysis has indicated that there are still significant
would seem thaP ¢, and Pg; are most probably of a similar hurdles, both theoretical and experimental, to be overcome
magnitude, although they could possibly have opposite signgefore a satisfactory understanding is reached. Certainly it
It is worth noting that our earlier conclusion concerning su-would appear that the interface translational displacement
perlattice quality and absorption effects is reinforced by concontribution to FLA intensities cannot be dismissed.
sideration of the refractive-index variation. Either with or
without inclusion of the interface-vibration contribution the

] - = ) C. Optic modes
predicted value ol .5/l ., falls in the range 0.490-0.495

for almost the entire range dPge/Ps; values considered.  In the usual slab-mode model, first applied to GaAs/AlAs
This prediction is even closer to the observed value of 0.48uperlattices,**the confined optical phonons in the Si lay-
than that from the meang, model. ers of the superlattice can be assigned an effective wave

In Fig. 5 we make a comparison of earlier measures oVeCtorkp:
photoelastic constant ratios for Si{SjGe, superlatticed 23
with our result for Si/Ge. A word of caution is needed here Kn=mm/(n+8)dy, m=1,2,.n. (7
as the photoelastic constants used by He, Sapriel, and
Bruggef® in their follow-up study of Si/Sj<Ge, s differ from Heren is the layer thickness in monolayefsach of thick-
those used in the other earlier paper by a factor-eff), nessdy) andmis the mode indexgiving m+ 1 displacement
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nodes along the normal of each Si layes represents the Calculations for SiGe; superlattices reveal a similar LO-TO
spread of the mode into the surrounding second materiatelationship'’ The broader and more symmetric line shape
Following earlier calculatéd and experimentdf results for  gbserved here for the Si-Ge TO mode compared to the LO
Si/Ge superlattices we taki=1, although the precise choice mode reproduces the observations of de Gironeb#l® in

of §within the usual range 0-1 is not significant in compari-their Raman microprobe study of this interface mode using
son with our experimental uncertainties. an in-plane scattering geometry.

The observed room-temperature Raman peaks at 518,
515.5, and 509 citt, corresponding tan=1, 2, and 3, re-
spectively, give a close match to the LO phonon dispersion
along[001] of bulk Si’® as was the case in an earlier study Raman spectra obtained from a high-quality,(Sg,)
of short period(001) Si/Ge superlatticeX’ The new feature atomic-layer superlattice have allowed for the first time a
here is the observation that the=1 and 3 slab modes ap- detailed analysis of the photoelastic coefficient r&ig/Pg;
pear inz(xx)z polarization, while then=2 mode(not pre-  from FLA mode intensities. An extensive comparison with
viously seen for Siappears ire(xy)z polarization. Such an existing theoretical models shoyBg./Pg|=1 at 457.9 nm.
even/odd index polarization pattern has been previously reHowever, a satisfactory fit to all the experimental data could
ported for the corresponding confined modes in GaAs/AlAsot be obtained, and the same problem was found to exist
superlattices, but in that case the ejedd] index modes with two earlier studies of FLA modes in SilSGe, s super-
appeared ire(xx)z [z(xy)z] polarization®”® Our Si/Ge su- lattices. The present analysis indicates a need for revisions to
perlattice, grown along th¢001] direction, comprises 19 current models of FLA mode Raman intensities. The existing
monolayers per period. According to the symmetry analysigiifficulties may be alleviated by consideration of complex
of Alonso, Cardona, and Kaneffisthe appropriate space- photoelastic coefficients in the theory for opaque semicon-
group symmetry isl4;/amd. Here the odd index Si-Si ductors, as in the present case of Si and Ge at visible wave-
modes haveA;; symmetry and the even modes areRyf;  lengths. Whatever revisions are made, this paper has clearly
symmetry, which is consistent with the observed diagonakhown the need for careful consideration of the interface
and off-diagonal polarizations. translational-displacement contribution to the inelastic light-

The Ge-Ge and Si-Ge LO mode peak wave numbers foscattering cross section. The photoelastic-coefficient ratio
457.9- (514.5) nm excitation are 297(300 and 417 obtained here may differ appreciably from that found in bulk
(418) cm'l, respectively, at 295 K. These correspond to fre-material owing to electronic-confinement effects in this thin-
guencies generally matching theoretical predictions for théayer superlattice modifying the optical response, especially
two modes*~!" The observed dispersion with wave-vector for the Ge layers.
change from q(514.5 nm}=0.085y,; to Q(457.9 nm) The odd and even index confined optic modes observed
=0.101gy,; of the quasiconfined Ge-Ge mode is in accordfor the Si layers of the superlattice are readily interpreted in
with the dispersion of bulk G& The small shift in the Si-Ge the slab-mode model that has found equal success in IlI-V
LO mode is consistent with model calculatidhindicating  systems. Two lower-frequency quasiconfined optic modes
some degree of alloying across the layer interface. exhibit dispersion that is consistent with previous model cal-

In z(xy)z polarization with 457.9-nm excitation, weak culations.
bands occur at 295 and 408 cf These features in the
spectrum are analogues of the Ge-Ge and Si-Ge modes dis-
cussed above, but are shifted to lower frequency by 2-9
cm L. The polarization of these modes suggests they are We thank H. J. Labband E. Estwick for technical assis-
guasi-transverse-optic&lTO) vibrations. This is confirmed tance, B. Djafari Rouhani for comments on the photoelastic
by their frequencies, which reflect the similar LO-TO split- coefficient calculations, and Jin Ying for further details of
tings observed at small wave vectors in bulk Ge and’Si. his work®8?22

V. CONCLUSIONS
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