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We study resonant acoustic waves of sagittal polarization in a bilayer deposited on a substrate. Such
resonances were initially studied by Brillouin light scattering in a buffer silica layer of a Si{sl@yer on a
Si substrate. Using a Green’s-function method, we have obtained the local and total densities of states as a
function of the frequencw and the wave vectdr, parallel to the interfaces. When the velocities of sound in
the buffer layer are higher than those in the topmost layer the former acts as a barrier between phonons of the
topmost layer and those of the substrate; therefore well-confined resonant waves may exist in the higher slab,
which appear as well-defined peaks in the density of states. The positions of these peaks enable us to study the
speed of resonant modes as a function of the parallel wave vector and the thicknesses of the buffer and topmost
layers. Specific applications of our analytical results are given in this paper for a GaAs-Si bilayer on a GaAs
substrate.

I. INTRODUCTION this system are related to the buried Si@yer. Thep-p
Brillouin spectra show, in addition to the usual sagittal
The propagation of surface acoustic waves in adsorbethodes (Rayleigh and Sezawa wavyestwo longitudinal
layers, the so-called Loveand Sezawa and Karfainodes, guided pseudomodes near the longitudinal threshold of Si
has been extensively studied since the beginning of this cernthat are analogous to those previously observed in a single
tury. These modésare respectively of shear horizontal and adsorbed layet*~® Similar investigations were performed
sagittal polarizations, which means a polarization perpenen a silicon-oxynitride-fused-silic&Si-SION) double layer
dicular or parallel to the sagittal plane defined by the normatieposited onto a Si substriteand on ZnSe-Z,Se _,S,
to the surface and the wave vectqrparallel to the surface. strained layer superlatticé$ The measure of surface modes
These studiés?have been performed mostly in the vicinity and pseudomodes by Brillouin spectroscopy helps one to
of the transverse threshold of adsorbate layers and below theharacterize the elastic properties of thin fild’ and
transverse velocity of sound in the substrate and thereforsuperlattice$%2
these modes become guided waves of transverse character inAmong different mathematical approaches, the Green'’s-
adsorbed layers. function method is quite suitable for studying the spectral
Some years agt >’ much attention has been devoted to properties of these composite materials; in particular, it en-
the propagation of acoustic modes lying above the substratbles us to calculate the total or local density of stéb&3S)
velocity of sound and at the vicinity of the longitudinal in which the localized or resonant surface modes appear as
threshold of the adsorbate, the so-called longitudinal guidesvell-defined peaks. We have previoudSigpplied such a for-
modes (LGM’s). The LGM'’s are resonance@lso called malism to the case of one adsorbed layer. In the present
leaky or pseudowavesvith a displacement field having lon- paper we are interested in calculating both local and total
gitudinal character and propagating in the film. TheseDOS associated with the more complicated case of sagittal
pseudomodes are of sagittal polarization and are withouhcoustic modes in an adsorbed bilayer. The knowledge of the
analogy in the case of shear horizontal polarization. LGM’SDOS in these structures enables us to determine the spatial
in one adsorbed lay¥!” were investigated by Brillouin distribution of the modes and in particular the possibility of
light scattering, and the experimental results were found tguided pseudomodes, which may appear as well-defined
be in agreement with a Brillouin scattering cross-sectiorpeaks of the DOS in the continuum of the substrate bulk
theory® band. The Green’s-function approach used in this work is
Some very recent papér<® gave experimental evidence also of interest for the calculation of transmission and reflec-
and theoretical explanation of Brillouin light scattering from tion coefficients>?*or for studying the scattering of light by
sagittal surface acoustic phonons in a structure composed sfirface phonon%
a Si-SiQ double layer on a Si substrate. The main features in  Our analytical results can of course be applied to any
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Due to the isotropy within thexg,x,) plane, the shear
horizontal vibrations are decoupled from those polarized
within the sagittal plane, for any value of the propagation
vectork, parallel to the surface.

We obtain the local and total DOS associated with the

supported double layers from the knowledge of the corre-
d, sponding Green’s function, which is calculated here by using

the theory of interface response in composite mateftalis.
this theory, the Green functiog of a composite system can
si \\ idl be written a&®
g(DD)=G(DD)+G(DM)[G"{ MM)g(MM)G {(MM)

Lo
/ -G Y{MM)]G(MD), 2
supstrate
whereD andM are, respectively, the whole space and the
space of the interfaces in the composite material. Within an
elastic model, M is just limited to the planes
X3=0=-d,/2,d,/2=~-d,/2 andd,/2 (see Fig. L G is a

block-diagonal matrix in which each blo&k corresponds to
the bulk Green function of the subsystémin our case, the
Lomposite material is composed of slabs of materia(s
=1,2) with thicknessl; deposited on a substrate of material
i=s. In Eg. (2) the calculation ofg(DD) requires, besides
G;, the knowledge ofg(MM). In practice, the latter is
combination of material parameters in the bilayer and in theybtained® by inverting the matrixg™}(MM), which can be
substrate. In this paper we shall focus our attention on &imply built from a juxtaposition of the matriceg;*(MM),
phenomenon that apparently has not been discussed in pr@hereg,;(M M) is the interface Green’s function of the slabs
vious works: this is the possibility of finding well-defined (i=1,2) and of the substrate alone. Let us emphasize that,
guided pseudomodes in the topmost layer, as a consequenigethe geometry of the adsorbed bilayer, the elements of the
of its separation from the substrate by the buffer layer, wheiGreen’s function take the forngaﬁ(wz,k”“,xs;i’,xg),
the velocities of sound in the buffer are higher than those inwhere w is the frequency of the acoustic wave,the wave
the topmost layer. This phenomenon results from the facyector parallel to the interfaces, ang denote the direc-
that some of the slab modes of the top layer, even if they argons x, (=1), x, (=2), andx; (=3). For the sake of
in resonance with the substrate bulk modes, cannot propagaégmplicity, we shall omit in the following the parametard
in the intermediate layer and therefore remain WeII-definedandkH, and we note ag(i,x5;i’,x3) the 3x3 matrix whose
guided waves of the higher slab. A preliminary report of elements arg,g(i,x3,i",x3) (,8=1,2,3.
these resulf§ as well as the results associated with the sim- By assuming thak, is along thex, direction, the compo-
plest case of transverse polarizafibmwere presented else- nentsg,, of the Green function decouple from the compo-
where. _ _ _ _nents 013,013931,933 (.8, 91=021=023=93,=0); the
After a brief presentation of the model in Sec. Il, we give former corresponds to shear horizontal vibrations, whereas
in Sec. Il some numerical results for a GaAs-Si bilayer de-the latter are associated with the vibrations polarized in the
posited on GaAs. sagittal plane.
From the knowledge of the Green’s function in the sup-
ported double layers, one obtains for a given valug,ahe
Il. MODEL local density of states

The adsorbed bilayer is formed out of two different slabs 1
(i=1,2) deposited on a homogeneous substrate. The  n_(w? k ix3)=—— Im g (w2 k|i,X3;i,Xs) (@=1,2,3
slabs are respectively of thickneds andd,. All the inter- 7T
faces are taken to be parallel to the &,) plane. A space (33
position along the; axis in mediumi is indicated by {(,X3), or
where —d;/2<x3=<d;/2 in the two adsorbed layers and
X3=<0 in the substratésee Fig. 1 2w .

The media forming the slabs and the substrate are adle(®.Kj;Xs)=—-——1Im Jaal@?KyliX331,X5)  (@=1,2,3
sumed to be isotropic elastic media characterized by their (3b)
mass densities and their elastic constant;; andC,,. The
squares of the bulk longitudinal and shear plane wave veloci- The total density of states for a given valuelgfis ob-
ties are, respectively, tained by integrating ovex; the local density of state

n(w?k,;X3) and by summing over the index This expres-
sion can be written as the sum of three contributions:

X3

FIG. 1. Schematic representation of a bilayer deposited on
homogeneous substrai, andd, are, respectively, the thickness
of the buffer and of the surface layer.

cr=t cp S 1)
T T n(w?) =n;(0?)+n,(w?)+ng w?), (4)
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TABLE I. Transverse and longitudinal velocities and mass den-
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sities for GaAs and Si.
C; (/9 Ci (mfy) p (kg/n?) v
5
GaAs 3342 4710 5316.9 =z
Si 5845 8440 2330 §
" ~ lcyGaas) Ct(GaAs)TCt(Si) Tc,(sn
wheren, (w?) andn,(w?) are the contributions of layers 1
and 2, respectively, andy(w? comes from the substrate. (b)
Actually, in the latter term, we subtract the contribution S
nB(wZ) of the bulk of the substrate, which is an infinite quan- X
tity and write ny(»?) =ng(w?) + An(w?). S
Then we have §
pH A2 _ o CiGans) 'cqGansifcsi 1c4si)
nl(w2)=——lmtrf g(i=1x3;i=1x3)dx3, (5 - ’ ‘ ' ‘ ’ " ‘
™ —dy/2
30 | RW (©
) p(z) dy,/2 ) ) ? 20
Ny(w)=——1Imtr g(i=2x3;i=2x3)dX3, (6) 5
™ —d2/2 } 10
2
Q
(s) 0 a o
An(w?)= i Im trf [g(i=s,X3;i=5,X3) " C(Gars) ICGanscysi feds
2 3 4 5 6 7 8 9 10

—Gg(X3,X3) ]dXs.

)

C (kmvs)

g and G, are, respectively, the response functions of the FIG. 3. Variation of the DOS due to the adsorption of the
adsorbed bilayer and of an infinite substrate. The trace i§$aAs-Si bilayer on the GaAs substratekgd,=5 (a), 10 (b), and
taken over the components 11 and 33, which contribute td5 (c). The antiresonances appt;—‘afingGifGaAS) and C,(GaAs
the sagittal modes we are studying in this paper. The intecorrespond ta5 peaks of weight-3, resulting from the subtraction
gration overx, can be performed very easily because the°f the substrate bulk band in the variation of the Di3&e Eq(7)].
Green's-functions elements are only composed of eXponeﬁ[he arrows indicate the positions of the transverse and longitudinal
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velocities of Si.

To end this section, let us notice that, to the best of our
knowledge, the supported double-layer Green'’s function as-
sociated with sagittal modes has not been calculated
before?® The shear horizontal component of this Green’s
function was given recentf#%’

Ill. NUMERICAL RESULTS

This section contains a few illustrations of local and total
densities of states and dispersion curves for sagittal acoustic
waves in a GaAs-Si bilayer deposited on a GaAs substrate
cut along thg(001) plane and for propagation wave vectqr
along theg[100] direction(see Fig. L The parameters for the
materials are listed in Table I. In this structure the velocities
of sound in the Si buffer layer are higher than those in the
GaAs topmost layer; therefore the former acts as a barrier
between phonons of the topmost layer and those of the sub-
strate, and well-confined resonant waves may exist in the
higher slab in such a way as to realize an acoustic wave-
guide. Similar illustrations were presented for pure shear
horizontal(SH) waves in a very recent pap&rin the case of
sagittal acoustic waves studied here, we show that guided

FIG. 2. Dispersion curves of resonant sagittal modes for dongitudinal acoustic waves with velocities lying in the range

GaAs-Si bilayer on a GaAs substrat.is the velocity. The figure

of longitudinal velocities of sound may be confined in the

is sketched fod,/d,=0.5, whered, andd, are, respectively, the topmost layer.
thickness of the Si and GaAs slabs.

Figure 2 gives an illustration of the dispersion cur¢es-



55 RESONANT GUIDED ELASTIC WAVES IN AN . .. 4445

60
50 - (a) 15 (@) GaAs substrate
w2
40 2 10 -
bl R BN =
“N 30—-“&\.\} ------------------------------------------- é 5 C=4.116 knv/s
< 20
=<
8 10 0 T
I8 A
2 0+ 15 - (b)  GaAs substrate
-10 CiGaAs) fcqGaasfcysi) Tegsiy 8
T T T T T T Q 10+
60 3 C=5.11 km/s
(b) = 54
g
] 0 = ==
o
} 15 4(¢)  GaAs substrate
~ [72]
§ g 104
3 € = 6.609 knvs
=254
0 T
0.8 4@ GaAs substrate Si GaAs
-
@ = C=7.032 km/s
I R g 0.4
< RW : - i o
Z 20 1 VAYAVATAVAY
< 0.0 L T
g Ll |
Q 0 ll l l l L 038 |(®  GaAs substrate Si . GaAs
w B :
-10 CiGaAs) fcqGansffeysi) fedsh 2 ; Rt
' ' ' ' ‘ ’ ' 3 044 €=9335kmss o :
2 3 4 5 6 7 8 9 10 S - o /\/ b ]
C (knv/s) 00 I FATA W VY
o o -5 <10 05 0.0 0.5 1.0 1.5
FIG. 4. Same as in Fig. 3, where the contributions of shear X3/d;
vertical (full curves and of longitudinal(dashed curvgscompo-
nents in the DOS are separated. FIG. 5. Spatial representation of the local DOS @+4.116
p

km/s, 5.11 km/s, 6.609 km/s, 7.032 km/s, and 9.335 km/s at
k,d,=10. These pseudomodes are, respectively, labeled 1, 2, 3, 4,
and 5 in Fig. 8b). The full (dashed curves correspond to shear-
vertical (longitudina) components of the local DOS. The space
positions of the different interfaces are marked by vertical lines.

locity C versus the reduced parallel wave vedtg,). The
thicknessd, of the Si slab is such that; =0.5d,, whered,
is the thickness of the GaAs lay¢see Fig. 1L Apart the
lowest branch corresponding to the Rayleigh wéeR®) lo-
calized at the surface of the GaAs layer, the other branches
represent resonant modes induced by the bilayer in the coshear vertical (full curves and of longitudinal (dashed
tinuum of the substrate bulk band, which means above theurves components. One can also notice in Fig. 2 important
transverse velocity of sound of the GaAs substrate. Theseoupling and anticrossing of these pseudomodes in the vicin-
resonant modes are depicted from the maxima of the DOSty of the GaAs longitudinal sound line. In Fig. 2 there are
shown in Fig. 3 for a few values of the wave veciqd,.  also well-defined resonances with velocities falling between
The full (dashedl horizontal lines in Fig. 2 represent the po- C(Si) and C,(Si), which are guided waves of the whole
sitions of transverse and longitudinal velocities of sound ofGaAs/Si bilayer. More specifically, as will be shown below,
GaAs(Si) medium. In the limitk,d,—« in Fig. 2, the reso- one can distinguish in this velocity range narrow and intense
nant modes move to the GaAs transverse sound line. Thesonances that are associated with the GaAs topmost layer,
pseudomodes belo®,(Si) represent resonant guided waves separated by small and broad peaks corresponding to the Si
of the topmost GaAs layer, and appear as well-defined peaksuffer layer[see Figs. &) and 3c)]. These resonances have
in the DOS of Fig. 3, even though they are in resonance withmixed shear vertical and longitudinal character as shown in
the bulk modes of the GaAs substrate. For the sake of illusFig. 4. AboveC,(Si), the resonances become very weak es-
tration of very narrow peaks, these resonances are enlarggecially for small values ok,d,.
by adding a small imaginary par¢ to the velocity C An analysis of the local DOS as a function of the space
[e=103XC,(GaAs9]. One can, however, notice that the positionx; (Fig. 5 clearly shows the localization properties
widths of these peaks become large when eilép or the  of the different kinds of modes belonging to different veloc-
thicknessd; of the buffer layer decreasésee below. ity range. The local DOS reflects the spatial behavior of the
Among the above guided waves, one can distinguish thequare modulus of the displacement field. Figurés &nd
modes falling betweelC,(GaAs and C,(GaAs, which are  5(b) correspond to the modes respectively labeled 1 and 2 in
predominantly of shear vertical character and the branchesigs. 3b) and 4b), showing that these pseudomodes are
falling betweenC,(GaAs and C,(Si), which are predomi- confined in the GaAs slab and do not propagate into the Si
nantly of longitudinal character. This is shown in Fig. 4 buffer layer. Consequently, they remain well-defined guided
where we have separated in the DOS the contributions oivaves of the topmost GaAs slab; however, the first [éig.
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5(a)] is predominately of shear vertical character as its ve- € tan’s)

locity (C=4.116 km/$ lies between C,(GaAs and
C,(GaAs9, while the second onfFig. 5b)] with a velocity
C=5.11 km/s lying betweer,(GaAs and C,(Si) is mostly
of longitudinal character. Figuresd and 5d) correspond to
the modes respectively labeled 3 and 4 in Fi¢h)3with
velocities lying betweeg,(Si) andC,(Si). The mode labeled
3in Fig. 3b) (C=6.609 km/$ shows a strong localization in
the topmost GaAs laygsee Fig. ¥)] and, therefore, is con-
fined in the latter even though the shear component of this 4

FIG. 7. Variation of the DOS due to the adsorption of the
GaAs-Si bilayer on the GaAs substrate fqd,=10 and different
values ofd;/d,: 0.2 (a), 1.5 (b), 3 (¢).

wave is traveling in the Si buffer layer. The mode labeled 4
in Fig. 3(b) is propagating in the two adsorbed layers with a Lo T oy ot S S
pronounced amplitude of the transverse componentin the Si 7 T, . . oo, oo e tont ooosn ot
buffer layer, while the longitudinal partial wave is evanes- e e, e e, St CS)
cent in the latter as its velocityQ=7.032 km/$ lies below R T R
C,(Si). The mode labeled 5 in Fig.(18 shows, as predicted, e T S T, R R,
a propagation of the acoustic wave in the whole Lo, e o, e, e T, e B ot
GaAs/Si/GaAs systerfFig. 5e)] as its velocity C=9.335 e ey e e ey el e e
km/s) lies aboveC,(Si). Figures %a), 5(b), and c) evidence 2 L, ", oo o %%%%8%%08 e
what we believe is one of the main outcomes of this work, § 6 ™ " ", BN W K JOO
namely, the existence of well-confined modes in the topmost © PR 38% °°332::3:e:§:;;§fl '
GaAs layer even though they are in resonance with the bulk 51 Tele, i} °°°:: - .
modes of the GaAs substrate. Figurdgsl)5and Fe) have - e cccailtioenst  (GaAs)
been presented for the sake of completeness but the corre- . S S,
sponding peaks are probably very weak to be observable 47, °°°°@°°e«%w%:°°°°°°°%o%s:::
experimentally. et C(Gahs)

As mentioned above, the pseudomodes induced by the ;] "o, Cy(GaAs)
bilayer are dependent on the width of the buffer layer. Figure
6 illustrates the variation of the velocity of the pseudomodes
as a function of the thickness ratij/d,, for a given value 2 ‘ ' ‘
of the surface layer thicknesk such thak,d,=10. Besides 00 03 dljc)l 13 20

274

the Rayleigh branch, the next branches beldySi) and a
few branches betweed,(Si) and C,(Si) are almost horizon-
tal, which means that the velocities of the corresponding FIG. 8. Variation of the velocity of the resonant modes, for
pseudomodes are independent of the thickmissf the Si k,d;=10, as a function ofl,/d; .
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buffer layer; these pseudomodes, which are essentiallgubstrate; this requirement is, for example, achieved in the
guided modes of the topmost GaAs layer, appear in generalse of a Si-Si@bilayer on a Si substrafe:?°

as very sharp peaks in the DQ@i8ustrated in Fig. 7, except

for small values ofd, [Fig. 7(a)] where the phonons in the IV. CONCLUSION

surface layer may keep an important interacti_on with th_ose i The results presented in this paper are based on an ana-
the substrate. In the velocity range betw&k(Si) andC,(Si))  ytical calculation of the response functions for acoustic
there also exist dispersive branches in Fig. 6 that go asymRyaves of sagittal polarization in an adsorbed bils/éFhese
totically to C(Si) for increasing values ofl;. The latter complete response functions can be used to study any physi-
pseudomodes actually correspond to small peaks of the DO&al property of the adsorbed bilay@rThese include the cal-
(Fig. 7) and are associated with a resonant behavior insideulation of local and total densities of states and the deter-
the Si buffer layer or in both surface layers. At the crossingsmination of the dispersion relation for surface guided waves
of the flat and dispersive branches in Fig. 6, the peaks in tha this structure. Of course, the Green’s-function approach
DOS broaden and become rather small. Finally in the velocused in this analysis also enables us to obtain the displace-
ity range aboveC,(Si) the peaks in the DOS remain always ment field associated with multiple reflection and transmis-
very small(see Fig. 7. sion at the different interfaces, even though we do not em-
In the same manner, we have studied the behavior of thphasize this aspect here.
resonant modes as a function of the surface GaAs layer The expressions of the DOS enable us to derive the dis-
thickness. Figure 8 presents the variation of the velocity opersion of localized and resonant modesalled also leaky or
the resonances as a function of the ratigd,, for a given  pseudowavesin the adsorbed bilayer. Particular attention
value of the buffer layer thickness; such thatk,d,=10.  was devoted to sharp guided resonant waves confined in the
Except the lowest branch associated with the Rayleigh waveppmost layer, as a consequence of its separation from the
the next branches are all dispersive and go asymptotically teubstrate by the buffer layer, when the velocities of sound in
the limit of C,(GaAs9 for an increasing value af,. One can the buffer are higher than those in the topmost layer. These
observe coupling and anticrossing between the branches mesonances appear as well-defined peaks of the DOS, with
the vicinity of C;(GaAs as well as in the velocity range from their relative importance being very dependent on the wave
C,(GaAs to the C(Si). BetweenC,(Si) and C,(Si), we ob-  vectork; and the thicknesses of the buffer and topmost layers
tained guided resonant modes in the adsorbed bilayer with aas well as on the parameters of the constituents. Although in
important coupling of these pseudomodes at the crossingur illustrations(Figs. 2, 6, and Bmost of these resonances
points. In addition there are no flat branches associated wittvere situated below the buffer bulk band, the opposite situ-
guided modes of the Si buffer layer because the velocities adition can also be realized by interchanging the two constitu-
sound in Si are higher than those of GaAs. To emphasize thent material$??° The experimental observation of the sharp
guided modes of the buried layer, its velocities of sound haveesonances in an adsorbed slab predicted here can be pos-
to be chosen lower than those of the topmost layer and of thsible with Brillouin scattering®1%2°
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