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Raman scattering of longitudinal-acoustic phonons has been studied in finite-size mirror-plane superlattices
(MPSL’s) with building blocksSL=(GaA9 14/(AlAs) ;g andLS= (AlAs) ;¢/(GaAs ,3, arranged to form layer
sequences$SL) /(L S) . with different numbers of building blockm. In contrast to periodic structures
(SL,, the folded LA-phonon doublets in MR's experience pronounced splittings, while satellites appear
around the main lines. These effects are due to the interference of the scattering contributions from the
different quantum wells in the sample, and reflect a phase shift introduced by the mirror-plane symmetry.
This phase shift can be tuned by GaAs buffers of different widths in structures of the(3}pg,,/

(GaA9 ,/(LS) . [S0163-18207)05711-1

[. INTRODUCTION superlattices has been attributed to these effects and ex-
ploited to establish a method of structural sample
In anideal periodic superlattice consisting of an infinite characterizatiof® Recently, the effect of different length
sequence of building block&B made of different semicon- scales has been further investigated in Si/Ge microstructures
ductorsA andB, the branches of the acoustic-phonon disper-deliberately grown with two different periodicitieS.
sion are backfolded and quasicontinuous due to the large Crystal-momentum conservation is also relaxed in finite-
number of atoms involved. In Raman processes involvingiz€ superlattices with only a few periods. Raman spectra of
longitudinal-acousti¢LA) phonons in backscattering geom- Sl/Sll,XGex structures thus show weak s_atelllte_s_around the
N . main folded-phonon doublet peaks which originate from
etry along the growth directionz], crystal momentum is

dal ¢ N wansferred standing waves of the whole superlattfceAs far as light
conserved almost exactly, 1.€., the wave vedptransterre scattering is concerned, this effect is analogous to a multislit

to the phonon corresponds to the sum of the magnitudes Qfitraction experiment with the satellites corresponding to
the wave vectors for incident and scattered photanand  he side maxima. Consequently, their intensity rapidly van-
ks, respectively. Characteristic doublets are observed in th@hes away from the main doublets. In GaAs/AlAs superlat-
spectrum  which  reflect the backfolded superlatticetices this effect is much harder to observe since the sound
dispersiorfL.'2 Crystal-momentum conservation at the doubletyelocity, and thus the mode spacing, is only half as large as
frequencies implies that all partial waves are coherently scain Si/Si; ,Ge,.°
tered, e.g., all GaAs layers of a GaAs/AlAs superlattice con- In this paper we report an interesting approach to investi-
tribute constructively to the total intensity. Therefore, thegate finite-size effects and the coherence properties of Ra-
doublets are very sharp and pronounced. man scattering by acoustic phonons in GaAs/AlAs struc-
In areal superlattice the coherence of the scattering contures. This is possible in samples with built-in phase shifts
tributions from the individual wells is partly removed due to consisting, e.g., of two building blocks which are denoted by
interface roughness and layer thickness fluctuations. ThiSL=(GaAs ,/(AlAs), and LS=(AlAs),/(GaAs, in the
yields an incoherent contribution to the Raman signal whictfollowing. Stacking two of these entities in the form
causes a continuous emission background and is very strof@L) ,,»/(LS), leads to mirror-plane superlattices
under resonant excitatioch! Under such circumstances (MPSL's) with the total number of blocksn. Further de-
crystal-momentum conservation is relaxed to a certain degrees of freedom arise when buff@avity) layers of differ-
gree and features of the phonon density of states may bent thickness are introduced between $eandL S compo-
observed:’ Interface broadening, e.g., by thermal treatmenments.
which does not change the periodicity, only decreases the
intensity of the folded-phonon doublets while their widths Il. EXPERIMENT
and positions remain largely unaffecte@n the other hand,
layer thickness fluctuations lead to additional periodicities. MPSL's with nominal building blocksSL = (GaAs9 4/
Doublet fine structure in the Raman spectra of Si/SGe, (AlAs) g and LS=(AlAs).d(GaAs 3 were grown by
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doublet close to the center of the superlattice Brillouin zone
whose components are denoteddy. . The spectra of the
MPSL'’s display pronounced splittings of the doublet lines.
These splittings increase with decreasing total length of the
SL and LS building blocks. Furthermore, additional minor
lines(marked by vertical bajsvith characteristic separations
appear.

In the following we present a theoretical model for
acoustic-phonon Raman scattering in finite-size SUR,
and compare it with the experimental results. Assuming pho-
toelastic scattering the Raman intensity is proportionatto

sL),

- |
! | (qu) o,

LS)
’ u(z) |2

0z
(3.

The integration over exponentials for an infinite superlattice

Scattered intensity [100 counts/s}

1 1 .
n(qu)+§i§Hf dz ditkIzp(z)

ey leads to crystal-momentum conservation, and doublet peaks
A N SN A are observed at wave vectars=k,+ks. In Eq.(3.2) p(2) is
10 15 20 25 30 the spatially varying photoelastic constantz) the phonon
Raman shift [cm-1] displacement, and(qu) the Bose-Einstein statistical factor.

The plus and minus signs hold for Stokes and anti-Stokes
FIG. 1. LA-phonon Raman spectra @L) m/(LS)m2 MPSL'S  scattering, respectively. The derivative(z)/dz is the e,,

with m=10, 20, and 40 compared with that of the ideal component of the strain caused by a LA phonon propagating
finite-size structure (SL),;. The building blocks are SL

. alongz. We further assume that the light propagates in the
= (GaAs 14(AlAs) ;g andL S= (AlAs) ;¢/(GaAs 13 (in ML), respec- L .
tively. Minor lines are marked by vertical bars. MPSL like in a homog_eneous m?d_'“m- . . .
From the observation of equidistant minor lines in the

molecular-beam epitaxy of001]-oriented GaAs substrates. spectra of the MBL's shqwn in Fig. 1, we conclude that the
relevantu(z) are standing waves of the whole structure

;E)r]ren;ili?rtlll\j%Iaﬁ?srtfscl)cnkg-eesdses were ch_osen to obtain a Closgflong the growth direction. We thus take
ge dispersion gap around 1

cm ! which is easily accessible with most Raman
spectrometers. High-resolution x-ray-diffraction measure-
ments yield actual layer thicknessesdgf, s~ 13.55 ML and
daas=17.65 ML, with a variation from sample to sample

better than+0.25 ML. We investigatedSL) m>/(LS)m2  The total length of the MBL is D =m(dgaas+ daas). The
samples witm=10, 20, and 40 as well as a reference specipyerage sound velocity in the NS is approximated by that
men (SL),o. Measurements on MFL's containing buffers of an ideal superlattice,  i.e., va=(dgard Gans
were done Or(S L) lOl(GaAS n/(LS) 10 structures Wltm:'g’ +dAIAstIAs)/(dGaAs+ dAlAS)' UGaAs and U AlAs being the ve-

18, 36, and 45. Raman spectra were recorded with thgycities of LA phonons in the two constituent materiaig.
samples at room temperature using a Spex 1404 doublgne integration in Eq(3.1) has to be carried out over the
monochromator with a cooled GaAs photomultiplier andppsl. In Eq.(3.2) we have assumed that the strain vanishes
conventional single-photon-counting electronics. The specat poth ends of the MBL. We also use a linear dispersion
tral resolution, as determined from measurements of the lasgynich is valid in the superlattice Brillouin zone away from
line, was set to about 0.4 crh. The spectra were excited the edges where gaps occur. For the specific relative layer
with the 457.9-nm line of an Ar-ion laser using an averagethickness chosen here, this approximation holds even at the
power of 250 mW focused to a point about an diameter.  zone center since the dispersion gaps there almost vanish.
Care was taken to avoid effects due to sample heating. Thghe assumption of slablike LA phonons localized within the
experiments were performed in near-backscattering geomypsL is somewhat artificial. We therefore also consider
etry. We used parallel polarizations of exciting and detectegnode penetration into the underlying GaAs. For thick sub-

u(z)=cogd,z), d,==l/D,

qu:|qz|Uac (I=%x1,£2,+3,...). (3.2

light along the[001] axis. strates the phonon wave vector then becomes quasicontinu-
ous, i.e.,q, and wq, in EqQ. (3.2 can take arbitrary values.
Ill. RESULTS AND DISCUSSION In order to obtain a better understanding of the interfer-

ence effects we have integrated Eg.1) analytically using
Eq. (3.2. By taking dgaas=daas=0d/2, where d=dgaas

Figure 1 shows Raman spectra of three 33 and the  +daas, We avoid tedious summations over different expo-
(SL) , reference sample in the frequency range of the firsnentials and a loss of physical insight. However, this does
LA-phonon doublet. For the reference sample the crystalnot affect the mirror-plane symmetry of the system and the
momentum transfeq,=k|+ks=4an/\ is about 0.37/dy, interference effects. With this approximation we obtain the
wheren is the average refractive index adg=31 ML isthe  following equation for the Raman intensity of a
superlattice period. One therefore observes a folded-phondi®L) 2/ (LS) e Structure

A. Interference effects in MPSL'’s
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2.0 e ——— : — ness we tooki=31.4 ML. The vertical bars in Fig. 2 denote
o ® the frequencies of the standing waves according to(&Q)
for a superlattice or MBL with 20 building blocks.
Equation(3.4) (the dashed line in Fig.)2represents the
conservation of crystal momentum which is exact for
m—oo. However, due to the finite size of the structure we do
not obtain as-like peak for the low-frequency doublet com-
ponentw,_ but a maximum with nonvanishing width and
several side peaks. As can be seen by a comparison of the
dashed line with the vertical bars in Fig. 2, the scattering
intensity of a folded-phonon doublet peak does not arise only
from one model, but from several modes. For the average
frequency of the folded-phonon doublet&=(wg,
+ ws_)/2 (corresponding t&=0) we directly obtain, using
Eqg. (3.4, the well-known relationws=2swgagq1, Where
Wpraggi=Vac/d, ands=0,12. .. is theindex of the zone-
center doublet. The frequency splitting of the doublet lines
(for k#0) is A= *(q,d/ 7) wgagq1, hENCE the doublet fre-
12 14 16 18 20 22 guencies of the ideal structure, a#g. = ws+ A~ . For the
mode indexl4 of the standing sound wave at the average
doublet frequencyws Eq. (3.4 gives |;=2sm. For the

SL)10/(LS);o structure, we obtain w;=19.7 cm 1,

————,

[ S

Intensity [arb. units]

Raman shift [cm-1]

FIG. 2. Calculated Raman spectrum around the Iower-energ)? _ . _ -
folded-phonon doubleb;  in a (SL)1¢/(LS)4, structure(building 1=40, andA. =3 cm . For a periodidSL) structgre
blocks as in Fig. L Solid line: total intensityfEq. (3.3)]; dashed, Eq. (3.4 has the same form except that the sur_nma’uon ex-
dash-double dotted, and dotted lines indicate the squared magrl€ndS Up tom. Therefore, the doublet frequencies are the
tudes of the contributions from Eqe8.4), (3.5), and(3.6), respec-  same for asu m2/(LS)mz MPSL and ?‘(S L) superlattice.
tively. Due to interference effects the, _ line is split in two lines ~However, as we shall discuss below, interference effects lead
separated by\yps, . The various contributions are normalized dif- t0 @ frequency separation between minor lines with nonvan-
ferently. The frequencies of the discrete eigenmodes of the wholéshing Raman intensity in the MFL which is twice as large
structure according to Eq3.2) are given by the vertical bars. See as in a superlattice with identical total thickness.

text for details. The contribution of Eq(3.5) to the doublet intensities is a
slowly varying function of frequency as shown by the
| (@q,)~ |A(k+0z)B(Kk+ ) C(k+0y) dashed-double dotted line in Fig. 2. Equati@?) has the

same form for MBL's and SL’s. It is responsible for the
+A(k—0,)B(k—0g,)C(k—q,)|? (3.3  vanishing intensity of the evesfolded-phonon doublets in
samples wher@guas=dajas -2

with The first term of Eq.(3.6) is the same forSL’s and

M2 (ke q,rd MPSL's. Due to its presence the contribution of all GaAs
A(k=q,)=q E e ‘ (3.4) wells to the scattered field is partly compensated for the con-
TS k*q, ' tributions of all AlAs wells, and scattering arises only from

the modulation of the photoelastic constants. For a homoge-
B(k+qgy)=e k=a(d2_1 (3.5  neous material the folded-phonon doublets thus disappear.
The second term in E@3.6) describes the interference effect
C(K*0,)=* (Pgaas— Pans)[1— €' K=9(M2d] (3.6 of the scattered field from the.§) . unit with that of the
(8L pyp building block. It has a strongly oscillatory behavior
and k=k,+ks=4mn/\. Due to the small phonon energies (see the dotted lines in Fig.).2The most dramatic conse-
involved k| +ks can be approximated bykp. A fixed value  guence of this term is the vanishing intensity of the folded-
of k is thus determined by the exciting laser wavelength Use%honon doublet component at_ and its splitting into two
in an experiment. The values of, are determined by Eq. separate lines. At=0 we obtainws——(4§m)w8ragg1forthe
(3.2 and the phonon energy whelréw, ) is evaluated. Fig-  frequencies where Eq3.6) becomes zeros=0,12... is
ure 2 displays the Raman spectrum calculated according tine index of the minimum The comparison with Eq.3.2)
Eg. (3.3 (solid line) and the squared magnitudes of the threeyields | =4s. This means that the intensity of every fourth
individual terms of Eqs(3.4)—(3.6) (dashed, dashed-double standing wave in a MBL is suppressed by interference ef-
dotted, and dotted lines, respectivefpr a (SL),o/(LS);p  fects due to the mirror-plane symmetry. The frequencies of
structure. For clarity we only consider effects on the lower-these modes are indicated by the longer vertical bars in Fig.
energy componenb, _ of the folded-phonon doublet in the 2. For k#0 the minima of Eg. (3.6) shift by
following, i.e., terms depending ok—q, in Eq. (3.3  A.==*(q,d/7)wgagg I-€., by the same amount as the dou-
are neglected. The spectra were computed wighh—=4.71  blet lines. Therefore, Eq3.6) becomes zero at the frequen-
X 10° cm/s, v aas=5.65X 10° cm/s!! pgaas=40.7+199.1, cies of the doublet lines s+ A ., independent of the value
and paas=28.31 For the average refractive index we usedof k transferred in the scattering process. At the folded-
n= 3.9 for 458 nm excitatioh® For the building block thick- phonon doublets the contribution of tH&L) ., building
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block is thus completely canceled by the contribution of the
(LS) 2 unit, i.e., the coherent contributions to the Raman “T a
signal of both building blocks in a MPL have the same
magnitude but a phase shift ef. The total scattering inten-
sity in the MPSL (solid line in Fig. 3 thus vanishes at fre-
guencies where the ideal superlattice has folded-phonon dou-
blet peaks. In the Raman spectra of $1Ps the superlattice
folded-phonon doublets are therefore split into two compo-
nents, respectively. However, the positions of the weaker
side peaks, which have nonvanishing intensities due to finite-

35}

sor (SL),,(L8),,

25

20 ” ” 4 \ M (SL),,(LS),,

Scattered intensity [arb units)

15F (SL)LS)
size effectgsee above remain almost unaffected. As can be I e W 7 @ % o N
seen in Fig. 2, the modulation due to E§.6) (dotted ling, 10k
is now in phase with the side maxima given by E8§.4)
. L . 05|
(dashed ling and constructive interference occurs. This (sL)
leads to an enhancement of their scattering intensity which 0.0 i MUY ' : 2_°
1.0

facilitates the experimental observation. Note that the fre-
guency separation between the split main lines is not exactly
equal to 4vgaqq1/M, as demonstrated by the dotted line in

q, [vd]
o o
o w
T
Z
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Fig. 2. Due to the strong contribution of E(B.4) (dashed ' 10 15 20 25 30

line in Fig. 2 the product of all three terms in E¢3.3) for Raman shift [cm-1]

the Raman intensity reduces the splitting to an effective

value of A yps| =3 wgagg/ M. For the minor lines, however, FIG. 3. (a) Raman spectra calculated numerically according to

the influence of Eq.(3.4) is small, and therefore their Eq. (3.1) for the samples of Fig. 1. The vertical bars give the scat-
frequency separation is equal to that expected frontering intensities of the discrete eigenmodes of the whole structures.
Eq. (3.6 ie AypsL sut= 4@prage/ M For a Thesolidlines were calculated under the assumption of a continu-

‘ T T -Su raggL """ ous mode spectrunib) Modes observed fofSL) ,, (dot in com-
Salp;;lr(;/t(ilc;ns)é? t“r:l:?“nl_aivr\llelir:ggs Calfullegearf]c:jr fg}et;ree%ﬁgfy parison with the LA-phonon superlattice dispersion.

MPSL= L.

lines AypsLsus=2 cm L. For a (SL)s/(LS)s [(SL)ao/ _ . _
(LS),q structure we obtain Ayps =3 cm~! (0.74 Comparing Figs. 1 and 3, we find rather good agreement
cm~1) and A yps, su=3.9 cm! (1.0 cm™1). Note that the between the measured and calculated Raman spectra. From
calculations in Fig. 2 will be modified slightly due to the the calculations we obtain for th_elfrequency splittings values
interference of theK+gq,) and k—q,) terms in Eq.(3.9,  ©f A@wes.=2.6, 1.5, and 0.8 cm" for m=10, 20, and 40,

which has been neglected so far. However, the frequenCSPSpeCtiVeW- This is in good agreement with the analytically
splittings are not affected. estimated values given above, and the experimentally deter-

. -1
We now compare our theoretical and experimental resultgnined ones of 3.50.4, 1.4-0.1, and(0.75+0.1) cm™".

Figure 3 shows Raman spectra calculated by integrating E(Pue to th_e Iarger intensity dlfferer!ce between major and ad-
(3.1). The thicknessl of a (GaAs ;4/(AlAs) 15 unit has been Jacent minor lines in(SL) 20 than in the I\/II_EL’S _and the
used as a fitting parameter. In deriving individual layer thick-Smaller frequency separation between minor lines for the
nesses from the values dfobtained by the fits, we used the Same .total thickness of the structure, finite-size f(_aaturg_s in
relation dgaas/ daas ~ U caas/V aias » Which holds for samples per|0d_|c GaAs/AlAs superlattices ca_mnot be c_IearIy identified
which maximize the first-zone-edge gap such as those cor@XPerimentally, as was already pointed out in Ref. 9. They
sidered here. For the sampl&L) ,0 and(SL) ,/(LS), with &€ 'h'owever, quite prominent in NBR’s where scattering is

m = 5, 10, and 20, we obtain valuesdf= 31.4, 30.2, 31.7, modified by interference effects. .

and 30.0 ML, respectively, in agreement with the x-ray data, 1he linewidths of the peaks in Fig. 1 are determined by
In order to take the finite penetration depth of light into tN€ degree of relaxation in crystal-momentum conservation
account, we further assume that the amplitude of the electrieU® to finite-size effects and by the spectral resolution. The
field decreases to d/over a distance of 2((SL),) corre- dete.rm_matmn Qf the intrinsic phonon I|neW|.dth due to anhar-
sponding to an average absorption coefficient of aboufNONIC Interactions requires higher-resolution measurements
28x10f em™ L. which are in progress.

The results of calculations assuming discrete confined A complete cancellation of the folded-phonon doublet in-
slab modes of the whole structure in E§.2) are shown in  tensities {v;-.) occcurs only if the scattering contributions of
Fig. 3 as vertical lines. The results assuming mode penetrdhe first and second building blocks of the BIP have the
tion into the substrate, i.e., allowing for continuous values ofsame magnitude and a phase shiftroHowever, if the light
g, and wg, are given by solid lines. Both types of spectrais attenuated within the MPL, the scattered intensity does
display essentially the same behavior. Therefore it is not th&0t go to zero at»,- . In order to obtain a complete cancel-
effect of mode confinement in the N8R or superlattice lation, the mirror plane should be shifted from the center
which is important but that of coherence, i.e., the interfer-toward the front side of the sample, depending on the pen-
ence of the scattering contributions from different parts ofetration depth of the light. Zero intensity might thus be
the structures. achieved, e.g., iiSL) ,/(LS),, samples withhn<<m.
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25 leads to the strongly asymmetric calculated doublets shown
in Fig. 4, which are in good agreement with the experimental
iy HE results.
Lol T A E For deay=0d/2 the (SL) y»/(GaAs /(L S) s, Structure can
’ n=45mi be approximated by &SL).; superlattice. Atw;. all

GaAs quantum wells contribute constructively to the inter-
Y FA A ference. This case is realized for the sample with,= 18
1.5 e . e e SN e e

ML in Fig. 4 which displays only unsplit folded-phonon dou-
M blets. Compared to thé€SL) ,, spectrum in Fig. 3, however,
the peaks are shifted toward lower frequencies becdgge
exceeds the width of the other GaAs quantum wells in this
sample(13 ML) by a few monolayers.

Whend.,=d, Eq. (3.7) is the same as Ed3.6) for a
system with two more period§.e., m—m+2). We there-
fore expect effects similar to those in I8P's without a
buffer. This can be seen by comparing the spectrum for the
sample withd.,,=36 ML in Fig. 4 with the curve for

Scattered Intensity [100 counts/s}]

00 — - (SL) 1o(LS) 10 in Fig. 3. The asymmetry of the split-line in-
15 20 25 tensities arises frord,,, being slightly larger thad=31 ML
Raman shift [cm~"] in this sample.

With increasing buffer thickness the alternation between
FIG. 4. Measuredsolid lines and calculateddotted liney Ra-  unsplit and split phonon doublets repeats itself periodically
man spectra of buffer layer MFLs (SL),¢/(GaA9 ,/(LS), for dif- due to the extra factor in Eq(3.7). The spectrum for
ferent values of in ML. deay=45 ML in Fig. 4 is rather similar to the one for
de.a=9 ML, since the cavity lengths differ by about one
period. For large cavity lengthsi{, >d), however, this ad-
B. MPSL's with a buffer layer ditional modulation introduces new zeros in the Raman in-

The phase shift between the two BP building blocks ~ tensity and we expect further splittings to appear.
can be modified by the introduction of a buffer layer into the MPSL's are systems where interference effects of differ-
center of a sample. For @L) ,,/(GaAs ,/(LS)y, System, ent contributions to the Raman intensity can be conveniently
this leads to a modification of Eq3.6), which has to be studied. However, mirror-plane symmetry is not a prerequi-
replaced by site for these effects to occur. We expect similar effects for
any layer sequence with artificially introduced phase shifts.
As illustrated here for the case of finite-size effects in
C(K=0,) = * (Poanc Pans)[ 1— €/ (K@ deagik=a(m2d) - MPSL's, controlling the phase in Raman processes opens
(3.7) ways to investigate phenomena which are otherwise hardly
accessible. These effects should also be useful for the char-

whered,, is the thickness of théGaAs , buffer layer. The acterization of microcavity lasers where active layers are em-
effect of the buffer layer on the phase difference between th@edded in Bragg mirrors consisting of superlattices.

waves scattered by th&L) ., and L S)» building blocks

is described by the additional phase faced<*9)%av, For

increasing buffer layer thickness the period of the oscilla- IV. CONCLUSIONS

tions in Eq.(3.7) decreases and, depending on the specific

value ofd,,, the interference between the two superlattice \we studied interference effects in the acoustic-phonon
blocks at the folded-phonon frequenay . can be continu-  Raman spectra of MBL’s which arise from phase shifts be-
ously tuned from fully constructiveperiodic superlattice yyeen the contributions of different layers to the scattering
with unsplit folded-phonon lingdo destructiveMPSL with  jnsengity This allowed us to investigate finite-size effects
split lines). Figure 4 shows mt_aasurésblld lineg and calc_u— which are otherwise hardly accessible. We demonstrated that
lated Raman spectialashed lines, Eq3.1)] of such cavity the interferences and phase shifts can be tuned by the intro-

structures with GaAs buffers betwedSL) 1o and (S duction of buffer layers in the center of the I@P’s.
building blocks.

For the sample withl.,,=9 ML, the reduction in the pe-
riod of the term given by Eq(3.7) causes a shift of the

MPSL peaks atw;.*Apyps /2 toward lower frequencies. ACKNOWLEDGMENTS
The components ab,. — Ayps /2 therefore have to be mul-
tiplied by smaller values of the envelope given by E2j4) We would like to thank H-P. Scimterr for the growth of

(see the dashed line in Fig) and their intensity decreases. our the samples, H. Hirt and M. Siemers for technical assis-
For the peaks atv;-+Apyps /2 the factor from Eq(3.4)  tance, and B. Koopmans for a critical reading of the manu-
increases, and the Raman signal becomes stronger. Thasript.
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