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Effects of isotropic overlayer on the focusing of surface phonons
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Based on the geometrical acoustic approximation, we study theoretically the phonon focusingl@0the
face of silicon with a thin oxide overlayer. The oxide layer is assumed to be isotropic elastically and the
focusing factors of both the Rayleigh-surface and pseudosurface phonons are calculated for several values of
k (wave number X h (thickness of the oxide layerAs kh increases we find that the strong focusing region
of Rayleigh-surface phonons in between two caustic directions becomes narrow and moves tostd]|the
direction. Also the directions around th&10] axis, where the pseudosurface phonons are allowed to exist, are
diminished and eventually their spatial intensity distribution disappg&663-18207)02308-4

Ballistic phonon propagation in a crystalline solid is af- surface of SiQ layer (z=—h) and the Si-SiQ interface
fected profoundly by the presence of the elastic anisotropy ofz=0) are parallel to the plane containing the vector
the lattice, leading to the spatial focusing and defocusing ok = (X1,X) =(X,y). Thus, in Si the displacement vector
acoustic energy. This effect was first found for bulk phonondakes the form
with a heat pulse methddand then studied in detail with
phonon imaging techniqu@s the 1980s. The ballistic pho-
non focusing at crystal surfaces was also predicted theoreti-
cally many years agd? but it is quite recently that the effect
was observed experimentally. An optical excitation of low-Wherek =kn=(ky,k;) is the two-dimensional wave vector
frequency, incoherent surface phonons in the 50-MHzZOMMon to that in the oxide layen(is the direction cosine
rangé® and also an excitation of coherent surface acousti®f the wave vector, i.e|n|=1), w is the angular frequency,
waves of~ 15 MHz with focused immersion transducefs a (=1, 2, and 3 discriminates three partial waves with am-
are employed for the observation of this effect. More re-plitudes A, £(“)'s are the unit polarization vectors, and
cently, Hss and Kinder have tried an imaging experimentk(f”s determine the spatial variation of the lattice displace-
with a traditional heat pulse methddhey have used @00 ment perpendicular to the interface. The wave numbers
silicon surface for which the laser-annealing technique Wak(;‘”s are determined by solving the equation of motion with
applied to obtain as clean a surface as possible. Unforthz(k”,k3),
nately, the signal of observed ballistic surface phonons is
rather weak due to strong scatterings from surface roughness (ps®?8im—CijmnKikn)em=0 (i=1,2,3 2
and an improved spatial resolution of surface-phonon imageP

: : ; : P or givenk and w, wherepg is the mass density of silicon
is necessary for a detailed comparison with existing theory., ndC.. is the stiffness tensor. The summation convention
They also suggest the existence of a thin oxide laye mn )

(SiO,) on the sample surface, which should affect the focus— ! repeated indices is assumed in E2). It should be

ing of high-frequency surface phonons if phonon wave-"0ted that Irik§”]>0 (a=1, 2, and 3 for Rayleigh-surface
lengths are comparable to the thickness of the layer. ThBhonons, but for pseudosurface phonons[kiH]>0
purpose of the present paper is to study theoretically thé=1,2) and Inik§”]<0. For the latter case the wave am-
surface phonon focusing in the presence of a noncrystallinglitude should decay as the wave propagates along the inter-

3
u= 2 A(a)g(a)eXF[i(kH-XH-f—kga)Z_a)t)], (1)
a=1

oxide overlayer considered to be elastically isotropic. face, sok; is a complex vector with a positive imaginary
We note that the dominant phonon frequencies involvedart. . _ .
in a heat pulséseveral hundred gigahe)tare in the region Similarly, the displacement vector associated with the

where the continuum elasticity theory is well applicable. Theacoustic wave in the oxide layer is written as
elastic-wave problem in a layered half space has already
been studied extensively and the existence of several
branches of surface waves has been fotfnd. the present
study, however, we concentrate our discussion on the gener-
alized Rayleigh phonons, which are reduced to the Rayleighwhereel®)’s are the unit polarization vectors agd”’s de-
surface phonons on a free-flat surface and also pseudosurfaigmine the spatial variation of the partial waves inside the
phonons. By the pseudosurface phonons we mean the acouide layer perpendicular to the surface. Here we note that
tic mode for which the displacement of one of three partialinside the layer the displacement vector consists of six partial
waves in a silicon substrate grows exponentially with thewaves that are indexed hy (=1—6) with amplitudesB(®
distance from a Si—Si@interfacél [three of them &=1,2,3) are+z going and the other three
We take a Cartesian coordinate system such that a Si sube=4,5,6) are—z going waves The wave numbers(®
strate(a SiO, layen occupiesxz=z>0 (0>z>—h) and the (q®"®=—-q(®),a=1,2,3) satisfy the dispersion relations

6
U= 2 B@e¥exdi(k)-x+q'“z—wt)], ©)
a=1
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kf+[aV]?= w?/cf =K, (4 :

2 2 212 2 e

ki+[q'“]*=w’lct=KT (a=2,3), (5) i

wherex +2u=poc? u=poC? (po is the density of the ox- S

ide layer and\ and u are the Lane constants andK, and mg S0
K are the magnitudes of the wave vectors associated with S
the longitudinal and transverse wavggth phase velocities z

c. andcy, respectively in the layer. Explicitly, the polar- 2 48
ization vectors are written as %

e¥=(k;,q /K, (a=14), 6) =

d=(q k), — kKK (a=25), Y _

d9=(k,,0/K; (a=3.6), 8) %

Angle from [100] (deg)

wherek, =(—Kkj,ky).

The stressr induced at thé001) plane of silicon is given FIG. 1. Phase velocities of Rayleigh-surface phondR gnd
by pseudosurface phonon®) in the (001 plane of silicon with an
oxide overlayer of normalized thickne&$. The velocities of the

3
pseudosurface phonons appear in the upper region of the bulk slow

=i ) (a) 4 (a) ()
7= ICMaZl A (Kjeg” k" &j") transversgST) branch in silicon plotted by open circles connected
by a thin solid line. The pseudosurface phonons do not exist for
xexli(k x+ki"z—ot)]  (j=1,2, kh>0.81.

In Fig. 1 the calculated angular dependences of the phase
velocities of both the Rayleigh-surface and pseudosurface
phonons are plotted for five selected values of the normal-
ized thicknessch= wh/v*® of the layers, where'% is

xexpli (k- x+ksYz— wt)], (9 the sound velocity of the bulk slow—transvellg&'r) phonons
. ropagating in th¢100] direction of silicon.“ The boldest
whereC;; are the elastic constants. Also the str&sat the Eoli?j Iignes ghow the results for the fré&00) surface of sili-
plane normal t@ axis in the oxide layer is given by con (kh=0). The velocity of the Rayleigh-surface phonons
on the free surface of SiQis 3.35 km/s, which is much
slower than the velocities plotted in this figure.

As expected, the angular dependence of the phase veloci-

ties becomes small as the layer thickness increases because

3
o3=i 21 ACoykye{™ +Kaes™) + Copk§M el ]
=

6
Ejzmazl B (kjef” +q(“e{®)

xexdi(k;-x+q@z—wt)] (j=1,2), the system becomes more like an isotropic continuum con-
sisting of only SiG. For a finite layer thickness the pseudo-
6 surface phonons that do not exist in isotropic solid surfaces
S3=i X BOIN(kie{" +koes”) + (N +2u)q Vel are allowed only in a small region near tfEL0] direction
at (45°). An interesting observation is that the pseudosurface
Xexr[i(k“~XH+q(“>z— wt)]. (100  phonons always appear in the upper part of the bulk ST

branch in the(100 plane of the Si substrat@pen circles

The surface wave velocities in the present system are dé&onnected by a thin solid lineThis means that the velocities

termined from the stress-free boundary condition at the surof the pseudosurface phonons in the present system are nec-
facez=—h, i.e., essarily larger than those of the bulk ST phonons propagat-

ing in the same plane of the silicon substrate. This is due to

S(z=—h)=0, (11  thefact that the decay of the wave amplitude characteristic of
the pseudosurface branch is caused only when the surface

and the continuity of both the lattice displacement and thegohonons have phase velocities faster than the slowest bulk

stress at the interface=0 phonons and hence the pseudosurface phonons are unstable
against the coupling with this bulk bran&h®?
u(z=0)=U(z=0), (12 For a value okh larger than 0.9 for which the velocities
of the Rayleigh-surface phonon are located well below the
o(z=0)=3(z=0). (13) ST branch, the pseudosurface phonons do not appear any

more. More precisely, fokh=0.81 a very small pseudosur-
We have searched numerically for the surface wave velociface branch appears at the bottom of the ST branch, but for
ties c= w/k| that give zeros of the determinant of a<9 kh=0.82 we could not find any reliable solutions for the
matrix derived from Eqs(11)—(13). pseudobranch.
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The attenuation rate of the pseudosurface phonons paral-
lel to the surface defined by [k /R k|] is plotted in Fig. 2
for four chosen values déh (as noted aboveh=0.81 is the FIG. 3. Angular dependences of the focusing factors(af

upper limit for which the solution of the pseudobranch 'SRayleigh-surface phonons arith) pseudosurface phonons in the

fpund). As kh increases the maximum value of the attefnua'(oob plane of silicon with an oxide overlayer of normalized thick-
tion rate decreases and these phonons behave more like trije g |,

surface phonons. The origin of these small attenuations along
the surface is the weak coupling between the pseudosurfa¢ggyes toward th¢110] axis. For a value okh ~ 0.9 the
phonons polarized predominantly in the saggital plane andoncave region on the slowness curve vanishes and a pair of
the bulk ST phonons that are polarized almost perpendiculagaystics coalesce. After the associated coalescence of two
to the same plan:** It should be noted that on the free sharp enhancements in the focusing fa¢sircaustics only
surface of silicon kh=0) the phonons in the pseudo-surface hymps in enhancement of phonon flux are produced around
branch become true surface phonons at an angdd.3°.  the [110] axis and its equivalent directions. As the layer
This happens only at small values loffi (<0.2). thickness increases we also see that the rather moderate
The focusing factors are plotted in Fig. 3. The idea forangular-dependent focusing in the pseudobranch on either
quantifying the surface phonon focusing is much the same agide of the[110] direction becomes weakéno caustic ex-
that employed for the bulk phOﬂOlllwe define the fOCUSing ists) and the region of allowed energy propagation is re-
factor A by A=[A 6, /A6,|, whereA 6, is a small angle oc-  stricted closer to thg110] axis. For values okh larger than
cupied by the wave vectdy; in the wave-vector space&k( .82 the intensity distribution of the pseudosurface phonons
spacg and A 6, is the corresponding small angle subtendeddisappears.
by the group-velocity vectov in the real space. In the cal-  To summarize, we have studied the effects of isotropic
culation ofA we assume a uniform distribution for the wave- oxide layer on the focusing of high-frequency Rayleigh-
vector directions in thé space. Thus, the focusing factor surface and pseudosurface phonons propagating ofi@ide
A plotted for 6, gives the enhancement of the surface phoface of silicon. As the layer thickness increases the waves
non flux for a specified direction in the real spade=(1 in localized near the surface of the system become more like
isotropic solid$. Geometrically this number is inversely pro- the surface waves in an isotropic elastic medium. Therefore,
portional to the curvature of the slowness cufdefined by  the angular dependence of Rayleigh-surface phonon velocity
|kj|=w/c with a constaniw) of surface phonons in thiey  becomes small and the allowed directions of pseudosurface
spacet* Hence A diverges in the directions corresponding to phonons characteristic of an anisotropic substrate are dimin-
the inflection points of the slowness curve, which separatéshed. This means that the focusing region of Rayleigh-
the concave regions from the convex regions. Such direcsurface phonons shrinks with increasing the layer thickness
tions in the real space are called caustics. but an important result is the fact that the caustics also move
As noted above, the variation of sound velocities withappreciably toward thgl10] axis. The experimental surface
respect to propagation direction becomes small as the lay@honon images obtained by s®and Kindetexhibit a broad
thicknessh increases. This leads to the fact that the concavenhancement in phonon intensity that covers the theoretical
region of the slowness curve of the Rayleigh-surfacefocusing region of Rayleigh-surface phonons on the free
phononst® which induces the strong focusing effect, shrinks (100) silicon surface. However, no caustics predicted are re-
and the slowness curve becomes more like a circle. Thus theblved. So, at present, we cannot say anything about possible
narrowing of the Rayleigh-phonon focusing region happensexistence of an oxide layer on the silicon surface. We hope
though caustics continue to exist upkb=0.9. At the same further imaging experiments on the high-frequency surface
time the strong focusing region in between nearby causticehonon propagation are executed with improved spatial reso-

Angle from [100] (deg)
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lutions. Also the present work suggests that the measuremeaf other cubic crystals with soft overlayers. Such crystals are
of caustic directions should provide us with a possible toolGe and GaAs, which possess the anisotropy ratio
for estimating the thickness of an oxide layer if the dominant(C,,— C,,)/2C,, smaller than unity.
frequency of surface phonons excited is known. )

Finally, we note that the above results obtained are not S. T. wishes to thank C. ks and H. Kinder for valuable
restricted to the(100) silicon, but should be valid qualita- discussions. This work was supported in part by the Murata
tively for the focusing of surface phonons on #1690 face  Science Foundation.
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