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Interference effects in acoustic-phonon Raman scattering
from GaAs/AlAs mirror-plane superlattices
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Raman scattering of longitudinal-acoustic phonons has been studied in finite-size mirror-plane superlattices
~MPSL’s! with building blocksSL5~GaAs!13/~AlAs!18 andLS5~AlAs!18/~GaAs!13, arranged to form layer
sequences~SL!m/2 /(LS)m/2 with different numbers of building blocksm. In contrast to periodic structures
~SL!m , the folded LA-phonon doublets in MPSL’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 type~SL!m/2/
~GaAs!n /(LS)m/2 . @S0163-1829~97!05711-1#
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I. INTRODUCTION

In an ideal periodic superlattice consisting of an infini
sequence of building blocksABmade of different semicon
ductorsA andB, the branches of the acoustic-phonon disp
sion are backfolded and quasicontinuous due to the la
number of atoms involved. In Raman processes involv
longitudinal-acoustic~LA ! phonons in backscattering geom

etry along the growth direction (ẑ), crystal momentum is
conserved almost exactly, i.e., the wave vectorqz transferred
to the phonon corresponds to the sum of the magnitude
the wave vectors for incident and scattered photonskl and
ks , respectively. Characteristic doublets are observed in
spectrum which reflect the backfolded superlatt
dispersion.1,2 Crystal-momentum conservation at the doub
frequencies implies that all partial waves are coherently s
tered, e.g., all GaAs layers of a GaAs/AlAs superlattice c
tribute constructively to the total intensity. Therefore, t
doublets are very sharp and pronounced.

In a real superlattice the coherence of the scattering c
tributions from the individual wells is partly removed due
interface roughness and layer thickness fluctuations. T
yields an incoherent contribution to the Raman signal wh
causes a continuous emission background and is very st
under resonant excitation.3–7 Under such circumstance
crystal-momentum conservation is relaxed to a certain
gree and features of the phonon density of states may
observed.6,7 Interface broadening, e.g., by thermal treatm
which does not change the periodicity, only decreases
intensity of the folded-phonon doublets while their widt
and positions remain largely unaffected.1 On the other hand
layer thickness fluctuations lead to additional periodiciti
Doublet fine structure in the Raman spectra of Si/Si12xGex
550163-1829/97/55~11!/7124~6!/$10.00
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superlattices has been attributed to these effects and
ploited to establish a method of structural samp
characterization.8,9 Recently, the effect of different length
scales has been further investigated in Si/Ge microstruct
deliberately grown with two different periodicities.10

Crystal-momentum conservation is also relaxed in fini
size superlattices with only a few periods. Raman spectr
Si/Si12xGex structures thus show weak satellites around
main folded-phonon doublet peaks which originate fro
standing waves of the whole superlattice.8,9 As far as light
scattering is concerned, this effect is analogous to a mult
diffraction experiment with the satellites corresponding
the side maxima. Consequently, their intensity rapidly va
ishes away from the main doublets. In GaAs/AlAs superl
tices this effect is much harder to observe since the so
velocity, and thus the mode spacing, is only half as large
in Si/Si1-xGex .

9

In this paper we report an interesting approach to inve
gate finite-size effects and the coherence properties of
man scattering by acoustic phonons in GaAs/AlAs str
tures. This is possible in samples with built-in phase sh
consisting, e.g., of two building blocks which are denoted
SL5~GaAs! n/~AlAs! n8 and LS5~AlAs! n8/~GaAs! n in the
following. Stacking two of these entities in the form
~SL!m/2 /(LS)m/2 leads to mirror-plane superlattice
~MPSL’s! with the total number of blocksm. Further de-
grees of freedom arise when buffer~cavity! layers of differ-
ent thickness are introduced between theSL andLS compo-
nents.

II. EXPERIMENT

MPSL’s with nominal building blocksSL 5 ~GaAs! 13/
~AlAs! 18 and LS5~AlAs! 18/~GaAs! 13 were grown by
7124 © 1997 The American Physical Society
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55 7125INTERFERENCE EFFECTS IN ACOUSTIC-PHONON . . .
molecular-beam epitaxy on@001#-oriented GaAs substrates
The relative layer thicknesses were chosen to obtain a cl
to-maximum first-zone-edge dispersion gap around
cm21 which is easily accessible with most Ram
spectrometers.2 High-resolution x-ray-diffraction measure
ments yield actual layer thicknesses ofdGaAs513.55 ML and
dAlAs517.65 ML, with a variation from sample to samp
better than60.25 ML. We investigated~SL!m/2 /(LS)m/2
samples withm510, 20, and 40 as well as a reference spe
men ~SL! 20. Measurements on MPSL’s containing buffers
were done on~SL! 10/~GaAs! n/(LS)10 structures withn59,
18, 36, and 45. Raman spectra were recorded with
samples at room temperature using a Spex 1404 do
monochromator with a cooled GaAs photomultiplier a
conventional single-photon-counting electronics. The sp
tral resolution, as determined from measurements of the l
line, was set to about 0.4 cm21. The spectra were excite
with the 457.9-nm line of an Ar-ion laser using an avera
power of 250 mW focused to a point about 50mm diameter.
Care was taken to avoid effects due to sample heating.
experiments were performed in near-backscattering ge
etry. We used parallel polarizations of exciting and detec
light along the@001# axis.

III. RESULTS AND DISCUSSION

A. Interference effects in MPSL’s

Figure 1 shows Raman spectra of three MPSL’s and the
~SL! 20 reference sample in the frequency range of the fi
LA-phonon doublet. For the reference sample the crys
momentum transferqz5kl1ks54pn/l is about 0.3p/d0,
wheren is the average refractive index andd0531 ML is the
superlattice period. One therefore observes a folded-pho

FIG. 1. LA-phonon Raman spectra of~SL!m/2 /(LS)m/2 MPSL’s
with m510, 20, and 40 compared with that of the ide
finite-size structure ~SL!20. The building blocks are SL
5 ~GaAs!13/~AlAs!18 andLS5~AlAs!18/~GaAs!13 ~in ML !, respec-
tively. Minor lines are marked by vertical bars.
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doublet close to the center of the superlattice Brillouin zo
whose components are denoted byv16 . The spectra of the
MPSL’s display pronounced splittings of the doublet line
These splittings increase with decreasing total length of
SL and LS building blocks. Furthermore, additional mino
lines~marked by vertical bars! with characteristic separation
appear.

In the following we present a theoretical model f
acoustic-phonon Raman scattering in finite-size MPSL’s,
and compare it with the experimental results. Assuming p
toelastic scattering the Raman intensity is proportional to1,11

I ~vqz
!;

1

vqz
Fn~vqz

!1
1

2
6
1

2GU E dz ei ~kl1ks!zp~z!
]u~z!

]z U2.
~3.1!

The integration over exponentials for an infinite superlatt
leads to crystal-momentum conservation, and doublet pe
are observed at wave vectorsqz5kl1ks . In Eq.~3.1! p(z) is
the spatially varying photoelastic constant,u(z) the phonon
displacement, andn(vqz

) the Bose-Einstein statistical facto
The plus and minus signs hold for Stokes and anti-Sto
scattering, respectively. The derivative]u(z)/]z is the ezz
component of the strain caused by a LA phonon propaga
along ẑ. We further assume that the light propagates in
MPSL like in a homogeneous medium.

From the observation of equidistant minor lines in t
spectra of the MPSL’s shown in Fig. 1, we conclude that th
relevant u(z) are standing waves of the whole structu
along the growth direction. We thus take

u~z!5cos~qzz!, qz5p l /D,

vqz
5uqzuvac ~ l561,62,63, . . .!. ~3.2!

The total length of the MPSL is D5m(dGaAs1dAlAs). The
average sound velocity in the MPSL is approximated by tha
of an ideal superlattice, i.e., vac5(dGaAsvGaAs
1dAlAsvAlAs)/(dGaAs1dAlAs), vGaAs andvAlAs being the ve-
locities of LA phonons in the two constituent materials.1,11

The integration in Eq.~3.1! has to be carried out over th
MPSL. In Eq. ~3.2! we have assumed that the strain vanish
at both ends of the MPSL. We also use a linear dispersio
which is valid in the superlattice Brillouin zone away fro
the edges where gaps occur. For the specific relative la
thickness chosen here, this approximation holds even at
zone center since the dispersion gaps there almost van2

The assumption of slablike LA phonons localized within t
MPSL is somewhat artificial. We therefore also consid
mode penetration into the underlying GaAs. For thick su
strates the phonon wave vector then becomes quasicon
ous, i.e.,qz andvqz

in Eq. ~3.2! can take arbitrary values.
In order to obtain a better understanding of the interf

ence effects we have integrated Eq.~3.1! analytically using
Eq. ~3.2!. By taking dGaAs5dAlAs5d/2, where d5dGaAs
1dAlAs , we avoid tedious summations over different exp
nentials and a loss of physical insight. However, this do
not affect the mirror-plane symmetry of the system and
interference effects. With this approximation we obtain t
following equation for the Raman intensity of
~SL!m/2 /(LS)m/2 structure
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I ~vqz
!;uA~k1qz!B~k1qz!C~k1qz!

1A~k2qz!B~k2qz!C~k2qz!u2, ~3.3!

with

A~k6qz!5qz(
r51

m/2
ei ~k6qz!rd

k6qz
, ~3.4!

B~k6qz!5e2 i ~k6qz!~d/2!21, ~3.5!

C~k6qz!56~pGaAs2pAlAs!@12ei ~k6qz!~m/2!d#, ~3.6!

and k5kl1ks54pn/l. Due to the small phonon energie
involved kl1ks can be approximated by 2kl . A fixed value
of k is thus determined by the exciting laser wavelength u
in an experiment. The values ofqz are determined by Eq
~3.2! and the phonon energy whereI (vqz

) is evaluated. Fig-
ure 2 displays the Raman spectrum calculated accordin
Eq. ~3.3! ~solid line! and the squared magnitudes of the thr
individual terms of Eqs.~3.4!–~3.6! ~dashed, dashed-doub
dotted, and dotted lines, respectively! for a (SL)10/(LS)10
structure. For clarity we only consider effects on the low
energy componentv12 of the folded-phonon doublet in th
following, i.e., terms depending onk2qz in Eq. ~3.3!
are neglected. The spectra were computed withvGaAs54.71
3105 cm/s, vAlAs55.653105 cm/s,11 pGaAs540.71199.1i ,
andpAlAs528.3.12 For the average refractive index we us
n53.9 for 458 nm excitation.13 For the building block thick-

FIG. 2. Calculated Raman spectrum around the lower-ene
folded-phonon doubletv12 in a ~SL!10/(LS)10 structure~building
blocks as in Fig. 1!. Solid line: total intensity@Eq. ~3.3!#; dashed,
dash-double dotted, and dotted lines indicate the squared m
tudes of the contributions from Eqs.~3.4!, ~3.5!, and~3.6!, respec-
tively. Due to interference effects thev12 line is split in two lines
separated byDMPSL . The various contributions are normalized d
ferently. The frequencies of the discrete eigenmodes of the w
structure according to Eq.~3.2! are given by the vertical bars. Se
text for details.
d

to
e

-

ness we tookd531.4 ML. The vertical bars in Fig. 2 denot
the frequencies of the standing waves according to Eq.~3.2!
for a superlattice or MPSL with 20 building blocks.

Equation~3.4! ~the dashed line in Fig. 2! represents the
conservation of crystal momentum which is exact f
m→`. However, due to the finite size of the structure we
not obtain ad-like peak for the low-frequency doublet com
ponentv12 but a maximum with nonvanishing width an
several side peaks. As can be seen by a comparison o
dashed line with the vertical bars in Fig. 2, the scatter
intensity of a folded-phonon doublet peak does not arise o
from one model, but from several modes. For the aver
frequency of the folded-phonon doubletsvs5(vs1

1vs2)/2 ~corresponding tok50) we directly obtain, using
Eq. ~3.4!, the well-known relationvs52svBragg1, where
vBragg15vacp/d, ands50,1,2 . . . is theindex of the zone-
center doublet. The frequency splitting of the doublet lin
~for kÞ0) isD656(qzd/p)vBragg1, hence the doublet fre
quencies of the ideal structure, arevs65vs1D6 . For the
mode indexl s of the standing sound wave at the avera
doublet frequencyvs Eq. ~3.4! gives l s52sm. For the
~SL! 10/(LS)10 structure, we obtain v1519.7 cm21,
l 1540, andD6563 cm21. For a periodic~SL!m structure
Eq. ~3.4! has the same form except that the summation
tends up tom. Therefore, the doublet frequencies are t
same for a~SL!m/2 /(LS)m/2 MPSL and a~SL!m superlattice.
However, as we shall discuss below, interference effects
to a frequency separation between minor lines with nonv
ishing Raman intensity in the MPSL which is twice as large
as in a superlattice with identical total thickness.

The contribution of Eq.~3.5! to the doublet intensities is a
slowly varying function of frequency as shown by th
dashed-double dotted line in Fig. 2. Equation~3.5! has the
same form for MPSL’s andSL’s. It is responsible for the
vanishing intensity of the even-s folded-phonon doublets in
samples wheredGalAs.dAlAs .

2

The first term of Eq.~3.6! is the same forSL’s and
MPSL’s. Due to its presence the contribution of all GaA
wells to the scattered field is partly compensated for the c
tributions of all AlAs wells, and scattering arises only fro
the modulation of the photoelastic constants. For a homo
neous material the folded-phonon doublets thus disapp
The second term in Eq.~3.6! describes the interference effe
of the scattered field from the (LS)m/2 unit with that of the
~SL!m/2 building block. It has a strongly oscillatory behavio
~see the dotted lines in Fig. 2!. The most dramatic conse
quence of this term is the vanishing intensity of the folde
phonon doublet component atv12 and its splitting into two
separate lines. Atk50 we obtainv s̄5(4s̄/m)vBragg1for the
frequencies where Eq.~3.6! becomes zero (s̄50,1,2 . . . is
the index of the minimum!. The comparison with Eq.~3.2!
yields l54s̄. This means that the intensity of every four
standing wave in a MPSL is suppressed by interference e
fects due to the mirror-plane symmetry. The frequencies
these modes are indicated by the longer vertical bars in
2. For kÞ0 the minima of Eq. ~3.6! shift by
D656(qzd/p)vBragg1, i.e., by the same amount as the do
blet lines. Therefore, Eq.~3.6! becomes zero at the frequen
cies of the doublet linesvs1D6 , independent of the value
of k transferred in the scattering process. At the folde
phonon doublets the contribution of the~SL!m/2 building
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55 7127INTERFERENCE EFFECTS IN ACOUSTIC-PHONON . . .
block is thus completely canceled by the contribution of
(LS)m/2 unit, i.e., the coherent contributions to the Ram
signal of both building blocks in a MPSL have the same
magnitude but a phase shift ofp. The total scattering inten
sity in the MPSL ~solid line in Fig. 2! thus vanishes at fre
quencies where the ideal superlattice has folded-phonon
blet peaks. In the Raman spectra of MPSL’s the superlattice
folded-phonon doublets are therefore split into two com
nents, respectively. However, the positions of the wea
side peaks, which have nonvanishing intensities due to fin
size effects~see above!, remain almost unaffected. As can b
seen in Fig. 2, the modulation due to Eq.~3.6! ~dotted line!,
is now in phase with the side maxima given by Eq.~3.4!
~dashed line!, and constructive interference occurs. Th
leads to an enhancement of their scattering intensity wh
facilitates the experimental observation. Note that the
quency separation between the split main lines is not exa
equal to 4vBragg1/m, as demonstrated by the dotted line
Fig. 2. Due to the strong contribution of Eq.~3.4! ~dashed
line in Fig. 2! the product of all three terms in Eq.~3.3! for
the Raman intensity reduces the splitting to an effect
value ofDMPSL.3vBragg1/m. For the minor lines, however
the influence of Eq.~3.4! is small, and therefore thei
frequency separation is equal to that expected fr
Eq. ~3.6!, i.e., DMPSL,sub54vBragg1/m. For a
~SL! 10/(LS)10 MPSL we thus calculate for the frequenc
separation of the main linesDMPSL51.5 and for the minor
lines DMPSL,sub52 cm21. For a ~SL! 5 /(LS)5 @~SL)20/
(LS)20# structure we obtain DMPSL53 cm21 ~0.74
cm21) andDMPSL,sub53.9 cm21 ~1.0 cm21). Note that the
calculations in Fig. 2 will be modified slightly due to th
interference of the (k1qz) and (k2qz) terms in Eq.~3.3!,
which has been neglected so far. However, the freque
splittings are not affected.

We now compare our theoretical and experimental resu
Figure 3 shows Raman spectra calculated by integrating
~3.1!. The thicknessd of a ~GaAs! 13/~AlAs! 18 unit has been
used as a fitting parameter. In deriving individual layer thic
nesses from the values ofd obtained by the fits, we used th
relationdGaAs/dAlAs'vGaAs/vAlAs , which holds for samples
which maximize the first-zone-edge gap such as those
sidered here. For the samples~SL! 20 and~SL!m /(LS)m with
m 5 5, 10, and 20, we obtain values ofd 5 31.4, 30.2, 31.7,
and 30.0 ML, respectively, in agreement with the x-ray da
In order to take the finite penetration depth of light in
account, we further assume that the amplitude of the elec
field decreases to 1/e over a distance of 2D„(SL)20… corre-
sponding to an average absorption coefficient of ab
2.83104 cm21.

The results of calculations assuming discrete confi
slab modes of the whole structure in Eq.~3.2! are shown in
Fig. 3 as vertical lines. The results assuming mode pene
tion into the substrate, i.e., allowing for continuous values
qz andvqz

are given by solid lines. Both types of spect
display essentially the same behavior. Therefore it is not
effect of mode confinement in the MPSL or superlattice
which is important but that of coherence, i.e., the interf
ence of the scattering contributions from different parts
the structures.
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Comparing Figs. 1 and 3, we find rather good agreem
between the measured and calculated Raman spectra.
the calculations we obtain for the frequency splittings valu
of DvMPSL52.6, 1.5, and 0.8 cm21 for m510, 20, and 40,
respectively. This is in good agreement with the analytica
estimated values given above, and the experimentally de
mined ones of 3.560.4, 1.460.1, and~0.7560.1! cm21.
Due to the larger intensity difference between major and
jacent minor lines in~SL! 20 than in the MPSL’s and the
smaller frequency separation between minor lines for
same total thickness of the structure, finite-size feature
periodic GaAs/AlAs superlattices cannot be clearly identifi
experimentally, as was already pointed out in Ref. 9. Th
are, however, quite prominent in MPSL’s where scattering is
modified by interference effects.

The linewidths of the peaks in Fig. 1 are determined
the degree of relaxation in crystal-momentum conserva
due to finite-size effects and by the spectral resolution. T
determination of the intrinsic phonon linewidth due to anh
monic interactions requires higher-resolution measurem
which are in progress.

A complete cancellation of the folded-phonon doublet
tensities (v16) occcurs only if the scattering contributions o
the first and second building blocks of the MPSL have the
same magnitude and a phase shift ofp. However, if the light
is attenuated within the MPSL, the scattered intensity doe
not go to zero atv16 . In order to obtain a complete cance
lation, the mirror plane should be shifted from the cen
toward the front side of the sample, depending on the p
etration depth of the light. Zero intensity might thus b
achieved, e.g., in~SL! n /(LS)m samples withn,m.

FIG. 3. ~a! Raman spectra calculated numerically according
Eq. ~3.1! for the samples of Fig. 1. The vertical bars give the sc
tering intensities of the discrete eigenmodes of the whole structu
The solid lines were calculated under the assumption of a cont
ous mode spectrum.~b! Modes observed for~SL!20 ~dots! in com-
parison with the LA-phonon superlattice dispersion.
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B. MPSL’s with a buffer layer

The phase shift between the two MPSL building blocks
can be modified by the introduction of a buffer layer into t
center of a sample. For a~SL!m/2/~GaAs! n /(LS)m/2 system,
this leads to a modification of Eq.~3.6!, which has to be
replaced by

C~k6qz!56~pGaAs2pAlAs!@12ei ~k6qz!dcavei ~k6qz!~m/2!d#,
(3.7)

wheredcav is the thickness of the~GaAs! n buffer layer. The
effect of the buffer layer on the phase difference between
waves scattered by the~SL!m/2 and (LS)m/2 building blocks
is described by the additional phase factorei (k6qz)dcav. For
increasing buffer layer thickness the period of the osci
tions in Eq.~3.7! decreases and, depending on the spec
value ofdcav, the interference between the two superlatt
blocks at the folded-phonon frequencyv16 can be continu-
ously tuned from fully constructive~periodic superlattice
with unsplit folded-phonon lines! to destructive~MPSLwith
split lines!. Figure 4 shows measured~solid lines! and calcu-
lated Raman spectra@dashed lines, Eq.~3.1!# of such cavity
structures with GaAs buffers between~SL! 10 and (LS)10
building blocks.

For the sample withdcav59 ML, the reduction in the pe-
riod of the term given by Eq.~3.7! causes a shift of the
MPSL peaks atv166DMPSL/2 toward lower frequencies
The components atv162DMPSL/2 therefore have to be mul
tiplied by smaller values of the envelope given by Eq.~3.4!
~see the dashed line in Fig. 2! and their intensity decrease
For the peaks atv161DMPSL/2 the factor from Eq.~3.4!
increases, and the Raman signal becomes stronger.

FIG. 4. Measured~solid lines! and calculated~dotted lines! Ra-
man spectra of buffer layer MPSLs ~SL!10/~GaAs!n /(LS)10 for dif-
ferent values ofn in ML.
e

-
c
e

his

leads to the strongly asymmetric calculated doublets sho
in Fig. 4, which are in good agreement with the experimen
results.

For dcav5d/2 the~SL!m/2/~GaAs! n /(LS)m/2 structure can
be approximated by a~SL!m11 superlattice. Atv16 all
GaAs quantum wells contribute constructively to the int
ference. This case is realized for the sample withdcav518
ML in Fig. 4 which displays only unsplit folded-phonon dou
blets. Compared to the~SL! 20 spectrum in Fig. 3, however
the peaks are shifted toward lower frequencies becausedcav
exceeds the width of the other GaAs quantum wells in t
sample~13 ML! by a few monolayers.

When dcav5d, Eq. ~3.7! is the same as Eq.~3.6! for a
system with two more periods~i.e., m→m12). We there-
fore expect effects similar to those in MPSL’s without a
buffer. This can be seen by comparing the spectrum for
sample with dcav536 ML in Fig. 4 with the curve for
~SL! 10(LS)10 in Fig. 3. The asymmetry of the split-line in
tensities arises fromdcavbeing slightly larger thand.31 ML
in this sample.

With increasing buffer thickness the alternation betwe
unsplit and split phonon doublets repeats itself periodica
due to the extra factor in Eq.~3.7!. The spectrum for
dcav545 ML in Fig. 4 is rather similar to the one fo
dcav59 ML, since the cavity lengths differ by about on
period. For large cavity lengths (dcav@d), however, this ad-
ditional modulation introduces new zeros in the Raman
tensity and we expect further splittings to appear.

MPSL’s are systems where interference effects of diff
ent contributions to the Raman intensity can be convenie
studied. However, mirror-plane symmetry is not a prereq
site for these effects to occur. We expect similar effects
any layer sequence with artificially introduced phase shi
As illustrated here for the case of finite-size effects
MPSL’s, controlling the phase in Raman processes op
ways to investigate phenomena which are otherwise ha
accessible. These effects should also be useful for the c
acterization of microcavity lasers where active layers are e
bedded in Bragg mirrors consisting of superlattices.

IV. CONCLUSIONS

We studied interference effects in the acoustic-phon
Raman spectra of MPSL’s which arise from phase shifts be
tween the contributions of different layers to the scatter
intensity. This allowed us to investigate finite-size effec
which are otherwise hardly accessible. We demonstrated
the interferences and phase shifts can be tuned by the in
duction of buffer layers in the center of the MPSL’s.
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