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Thin amorphous silicon layers on crystalline silicon substrates have been produced by argon-ion bombard-
ment of (001) silicon surfaces. Thermally induced surface excitations characteristic of this example of a
soft-on-hard system have been investigated by surface Brillouin scatt@Bf§ as a function of scattering-
angle and amorphous-layer thickness. At large scattering angles or for sufficiently large layer thickness, a
second peak is present in the SBS spectrum near the low-energy threshold for the continuum of bulk excita-
tions of the system. The measured spectra are analyzed on the basis of surface elastodynamic Green’s func-
tions, which successfully simulate their detailed appearance and identify the second peak as either a Sezawa
wave (true surface waveor a pseudo-Sezawa wavattenuated surface wavedepending on the scattering
parameters. The attributes of the pseudo-Sezawa wave are described; these include its asymmetrical line shape
and variation in intensity wittk,d (the product of the surface excitation wave vector and the layer thickness
and its emergence as the Sezawa wave from the low-energy side of the Lamb shoulder at a critical value of
k,d. Furthermore, the behavior of a pronounced minimum in the Lamb shoulder near the longitudinal wave
threshold observed in the experiments is reported and is found to be in good agreement with the calculated
spectra. The elastic constants of the amorphous silicon layer are determined from the velocity dispersion of the
Rayleigh surface acoustic wave and the minimum in the Lamb sholis@t63-182@8)04039-9

I. INTRODUCTION the associated mode becomes a pseudo-SAW.
In the present work, we examine the converse situation of
Surface Brillouin scatteringSBS is proving to be of a layer with relatively lower elastic constants as compared
great value in the study of the acoustic excitations and elastiwith the substrate. This leads to a reduction of the Rayleigh
properties of thin-supported layers and multilayefsTher-  SAW velocity and the formation of higher-order modes
mally excited phonons in the GHz frequency range are reknown as Sezawa and pseudo-Sezawa waves, which are the
sponsible for the light scattering, and for opaque materialsmain concern of this paper. True Sezawa waves are surface
the scattering is mediated principally by the surface rippleyayes in which the particle displacements are mainly local-
mechanism. The combination of substrate and overlayer dg;e in the layer, falling off exponentially in the substrate;
termines the types of surface excitations and whether theyan the sagittal plane is a symmetry plane of the material,

gigetr)i;gr?tsaelr;\)/:rdank”)nétesrlzsfheD;epgg(cjiitr;\%o?qns 22}/‘?213}82' F?;@ey are polarized in this plane. It is known from previous
leigh surface acoustic waveiRayleigh SAW'S, pseudo- nvestigations that waves of this type can exist when the

SAW's, Sezawa and pseudo-Sezawa waves, the COHtinuuH}an;verse bqu-wavS velocity in the Iayﬁ is smaller than

of bulk waves comprising the Lamb shoulder, and, in certairfnat in the substratey and only for a restricted range kfd
cases Stoneley interfacial waves. The inelastically scatteredhe product of the surface excitation wave vector and the
light tends to be low in intensity and only fractionally fre- layer thickness“>’ However, Sezawa-like peaks corre-
quency shifted as compared with the elastically scatteregPonding to attenuated excitations are still observed experi-
light, but the combination of modern high-contrast tandemmentally when this critical condition is not satisfiét?
Fabry-Peot interferometry and sensitive detectors allows theMultti et all used the term pseudo-Sezawa waves for such
spectrum to be measured. Theoretical modeling on the basigsonances that lie within the Lamb shoulder. Our studies
of surface Green'’s functions or otherwise, and fitting to meaexamine these interesting excitations experimentally and
sured spectra allows critical material parameters of the sygheoretically for the values d;d in the region of the critical
tem to be determined. Recently, we have studied a variety afondition determining their emergence as true surface exci-
surface acoustic excitations in the technologically importantations. We describe the buildup of their asymmetrical line
combination TiN on high-speed steel in this manfiés a  shape near the edge of the Lamb shoulder as the critical
result of its relatively high elastic moduli, TiN has a stiffen- condition is approached, and how this resonance subse-
ing effect on the surface-wave velocity; with increasing layerquently subsides as the Sezawa wave separates from the
thickness this velocity merges into the bulk continuum andoulk-wave continuum. Moreover, we show that the edge of
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the Lamb shoulder corresponds to the transonic state, which
for anisotropic solids does not in general coincide With

A silicon crystal with an amorphous surface layer formed
by ion bombardment is an advantageous system in which to
study Sezawa-type excitations, since the elastic constants of
amorphous silicon are appreciably smaller than those of
crystalline silicont®~*2while the layer thickness can be eas-
ily changed by varying the ion energy. We shall justify the
uniformity of the amorphous layers in some detail in a later
section of the paper.

We have performed a series of SBS measurements at dif-
ferent scattering angles, and hence different values of the Depth (nm)
projected wave vectd(, along the[100] direction referred to
the (002) crystalline silicon substrate, on a series of amor-
phous silicon layers of different thickness In addition to
the Rayleigh SAW, a peak was observed near the Lam$
shoulder, but only under conditions of large scattering angl%1
and for large layer thickness. A comparison with theory re-

veals that these features are due to Sezawa or pseudo-Sezaya,acancies per ion is about 1200, giving a peak vacancy
wave peaks, dependi_ng on thg experimental parameters. concentration for the fluence used, of abou®iEm 2 or

We have also studied a minimum that occurs in the Lamb) g0 {imes the atomic density of silicon. In other words, each
shoulder near the longitudinal threshold, and how it changegiom at the peak of the distribution has been displaced about
with scattering angle. In this paper, we show that the experiy g imes. The entire region of the vacancy distribution must
men_tal measurements of these various excitations and theerefore be uniformly amorphous up to the point where the
relatively complex behavior are well described when the SUrgeep-edge tail has fallen to about 0.01 of the peak height. We
face dynamics are modeled using Green’s functions and oRyse simple straight-line extrapolations of the deep-edge tail
timized fitting is able to yield the elastic constants of theiy determine the thickness of the completely amorphous re-
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FIG. 1. TRIM 92 simulations of the vacancy distributions in
silicon bombarded using different argon ion energies of 90, 120,
nd 150 keV, respectively, corresponding to samg@eB, andA.
he lines are straight-line extrapolations of the deep-edge tail of the
istributions.

amorphous layer. gion as shown. There is still a region where the fully amor-
phized state is not achieved, but it is only a small fraction of
Il. SAMPLE PREPARATION AND EXPERIMENTAL the Iayer_thlckness. Th_e amorphous nature o_f the_layer was
TECHNIQUE also confirmed by additional tests to be described in Sec. IV
below.

Suitable samples of approximate dimensions 162mm SBS spectra were gathered for samplesk using the
were cut from a larg@-type crystalline silicon wafer having 514.5 nm line from an argon-ion laser operating in a single
a chemically polished001) surface. The phosphorus impu- axial mode. In illuminating each sample, the laser beam was
rity concentration was approximately f@m™3, sufficiently  focused onto the sample by a lens of aperttd23 in a
low to ensure negligible effects on the elastic constants oback-scattering arrangement as shown in Fig. 2. The wave
silicon® The samples were bombarded at room temperatureector k; of the incident light makes an angl with the
by argon ions of energy ranging from 30-150 keV. A regionsurface normal, and the light back scattered into a small cone
of 3.8 mm in diameter was bombarded in each case with tharound —k; is collected by the same lens. Momentum and
ion beam tilted about 7° away from tH®01] crystallo-  energy conservation demands that the wave vektcand
graphic direction to reduce ion channelifgAll samples velocity V of a surface acoustic wave must satisfy the fol-
were bombarded with the same relatively high fluence of llowing equations:

X 107 ions/cnt; in each case the total ion current was main-
tained at 3QuA. The sample designation and ion energies are
A (150 keV), B (120 keV), C (90 keV), D (60 keV), andE

(30 keV).

The above bombardment conditions were carefully cho-
sen to provide an excellent approximation to the theoretical
model investigated, namely, that of an elastically uniform
isotropic amorphous silicon layer on tH801) crystalline
silicon surface. This claim is based on the results of previous dr
studies in which crystalline silicon is shown to become com- d
pletely amorphous from argon or krypton-ion bombardment
for fluences greater than>510" ions/cnt.1%1518 The flu-
ence of 1x 10'7 ions/cnt ensures that the fully amorphized
state is obtained in the entire region of the vacancy distribu- F|G. 2. Sample geometry and scattering configuration. The
tion, as determined by TRIM 92 calculatiofsFigure 1  andx, axes are parallel to the surface of the samplexthexis is
shows the TRIM simulations of the vacancy distributions foralong the100] direction of crystalline silicon, the, axis is normal
silicon bombarded by argon ions. These distributions areo the surface of the sample and along f0@1] direction. The
however, quiet unphysical for our case: the average numbaerrigin of thex; axis is taken at the interface.
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k,= 2k;sin 6, phase-matched plane waves<1,2, . ..,6) araised; while
for the substrate only the three outgoing plane waves (
V=wlk, =7,8,9) are retained, as discussed by Farnell and Adler.

Jhe outgoing waves are either homogeneous \Mgﬂﬁ real

nd having ray vectors= dw/dk directed into the interior of
%e substrate, or evanescent waves withkff)0, so that
their amplitudes fall off into the interior. The boundary con-
0ﬁj’itions on the surface tractions and displacements provide

based on a special high-quantum efficiency silicon avalanch ine equations for determining the partial wave amplitudes.

photodiode with a dark count of one per second, when low- he Gree_?’s fu??ﬂore_%(k” tX3|= _d’w)_ 'Sﬂ?btﬁm?d as the
intensity excitations were monitored. An acousto-opticSuPerpOSI lon ot the Six partial waves in the fiim.

wherew is the change in angular frequency of the scattere
light. The scattered spectrum was analyzed by a Sanderco
(3+3) pass tandem Fabry-R¢ interferometer. The detector
was a Hamamatsu R484ooled photomultiplier with a dark

count of less than one per second or a SPCM-PQ detect

modulator was used to protect the detectors from excessive 6 .
light from the intense elastic peak. Gar(Ki Xa= - L g-1ymym il
A . X3=—d,w)= — (B Uz"exp{—ik3"d},
Procedures to minimize errors resulting from the collec- adki X ) ngl ) ( Ja Us"exdl s di
tion aperture are treated in recent pagersin order to ob- 2

tain the same measurement accuracy at different scatteri

n
. _ s . (n)
angles, slits of the appropriate size were used to limit thé/ghereB is the boundary co.ndltllon matrix, ands are the
collection aperture of the scattered light entering the interferXs Components of the polarization vectors for the six modes
ometer. in the layer.
In surface Brillouin scatteringk, is determined by the

experimental arrangement and scattering geometry, and
Im{Gga3(k; ,x3= —d; @ +i0)} and hence the Brillouin scatter-
ing intensityl (w) is a function of the angular-frequency shift

We consider light scattering from an opaque layer perdin the measured spectrum. The Brillouin-scattering spectrum
fectly bonded to its substrate. The coordinate system weonsists of one or more sharp lines associated with true Ray-
adopt is shown in Fig. 2 with- x5 as the outward normal to leigh or Sezawa surface waves and then at higher frequencies
the solid surface and with the origin at the interface betweem continuum of excitations extending from a threshold,
the layer and the substrate. The substrate occupies the h&mown as the transonic state, to higher frequencies. True sur-
spacex;>0 and the layer, which is of thicknesis occupies face waves are conditioned by the vanishing|&lf which
the region—d<x3<0. causesB ™! to become singular, an@ to have a pole on the

As discussed in the literatul&; ?! surface-acoustic vibra- real axis forw or v. The continuum, known as the Lamb
tions result in the surface of a solid being dynamically cor-shoulder, represents the contribution of bulk waves to sur-
rugated to incident light. This surface ripple mechanism offace Brillouin scattering. Under certain circumstances, the
light scattering dominates elasto-optic scattering for nearlyBrillouin spectrum displays one or more broadened peaks
opaque solids and provides a satisfactory description of thwithin the frequency region of the Lamb shoulder; these
light scattering by surface excitations in the present workpeaks or resonances are associated with pseudo-SAW's,
The scattering cross section for change in angular frequenayhich correspond to poles @ that lie off the real axis in the
o and surface-wave wave vectky of the light is propor- complex plane. For the type of pseudo-SAW that has been
tional to the power spectrum of the normal displacements ofmost often considered in the literaturthe pole is not too far
the surface with that wave vector and at that frequency. I®ff the real axis and is well away from the transonic state.
turn, for sufficiently high temperaturds># w/kg , wherekg ~ Under these conditions, the pseudo-SAW is in the nature of
is Boltzmann’s constant, the scattering efficiency or cros$n attenuated SAW, with velocity determined by the real part
section is given b= of the pole and attenuation by the imaginary part. Along the
real axis,|B| displays a deep minimum ar@,; displays a
sharp, approximately Lorentzian maximum at the pseudo-
SAW velocity. The pseudo-Sezawa wave we are considering
in this paper is, however of a quite different nature, being
The factorD depends on the mass density and permittivity ofiocated very close to the transonic state. Far from being
the medium, scattering geometry, and incident photon fre grentzian in shape, the peak @y is asymmetric, having a
quency and polarizationGss is the (x3,x3) component of  sharp leading and gradual trailing edge. The Green's-
the Fourier (frequency and wave vecfordomain surface fynction formalism is particularly convenient for describing
elastodynamic Green’s-function tensdf (x,t), evaluated at  the spectrum of this type of excitation. Knowledge of the
the outer surfacaz= —d of the film. A brief outline of the  position of the pole in the complex plane on the other hand,
method of calculation 0633 appears below, and further de- does not on its own reveal the shape of the peak in the

tails of the calculation are provided in the appendix. spectrum, and moreoveh‘B| does not possess a minimum
In each of the substrate and layer for a given valugof along the real axis in the vicinity of the peak.

and w, the equations of motion admit six plane wave solu-
tions. These partial waves pertain to different wave-vector
componentskg‘) perpendicular to the free surface, which

may be real or complex and are the solutions of the sextic In Fig. 3, we present the measured anti-Stokes SBS spec-
Christoffel characteristic equation. For the layer, all sixtra for the[100] direction referred to th€001) silicon sub-

Ill. THEORY OF BRILLOUIN SCATTERING
FROM THE SURFACE OF A SUPPORTED LAYER

T

IV. RESULTS AND DISCUSSION
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FIG. 4. Raman spectra for sampk and crystalline silicon.
Spectra were measured at room temperature.

0 5 10 15 20 For each of the samples, the layer thickness is determined by
the TRIM 92 simulation as described in Sec. Il and Fig. 1;
for samplesA, B, and C these are 230, 190, and 150 nm,
respectively.

FIG. 3. Measured anti-Stokes Brillouin spectra at different scat- The measured Brillouin spectra are well accounted for by

tering anglesé for the [100] direction referred to the(001) theory when appropriate \{&}Iues of the parameters, eIas.tic
crystalline-silicon substrate for sample constants, and mass densities of amorphous and crystalline

silicon and layer thickness are used in the calculation of the
strate for sample\ at different scattering angle® In each  surface Green’s function. For crystalline silicon we have
case the intense central peak resulting mainly from elastigsed the literature valuésmass densityp=2.332 g/cr,
scattering has been removed for clarity. The dominant peafe11=165.7, C,,=63.9, andC,,=79.6 GPa, respectively.
for each value ob corresponds to the Rayleigh SAW. How- For the amorphous silicon layer, we used the reported value
ever, it is observed that an additional peak appears at largéf the mass density of sputtered amorphous silicon,
frequency shifts within the region of the Lamb shoulder, butnamely, 0.95 of that of crystalline silicdh We note that this
only when the scattering anglé is larger than 40°. For near equality in the respective densities of the crystalline and
samplesB andC, similar peaks were measured; in particular amorphous forms indicates that amorphous silicon produced
for sampleC, the feature is observed near the threshold ofby different methods is unlikely to exhibit significant differ-
the Lamb shoulder as a broad asymmetric peak. In samplgces in density. Accordingly, the behavior of the acoustic
D andE, for which the thickness of the amorphous silicon excitations will be dominated by the values of the elastic
layer is smaller, this additional feature was absent. constants of the layer and the substrate.

As discussed and justified in Sec. Il, we base our expla- In determining the elastic properties of the amorphous-
nation of the features present in the SBS spectra on a simpRilicon layer we use a combination of data, rather than rely-
model: an elastically uniform isotropic amorphous siliconing solely on the least squares fitting to the SAW velocity
layer on the(001) silicon surface. Additional tests were car- dispersion. This latter procedure, while being successful in
ried out to confirm the assumed properties of the amorphougertain case&>?*has been found to lead to significant uncer-
layer. In the first of these, we performed SBS measurement&inties in some of the elastic constants in ottféras will
of the azimuthal angular dependence of the Rayleigh SAWe described later in the paper, measurements were made of
velocity for sampleA at a scattering angl® of 70°. The the values of the velocities corresponding to the minimum in
results showed minimal anisotropy, in marked contrast to théhe Lamb shoulder that occurs near the longitudinal-wave
fairly high anisotropy for the crystalling01) silicon surface threshold. These velocities were used together with those
measured recently by Stoddart, Comins, and EXenging  determined from the Rayleigh peaks in a least-squares fitting
SBS. In the second test, the value of the Rayleigh SAwproceduré> Minimization of
velocity for amorphous silicon was determined as 4250 m/s,
which is in agreement with that of earlier measurements on 2_ i\ N2 i\ N2
amorphous silicon®'!* and considerably lower than the val- X _EF; (Vear™ Vinead +§L: (Vear™Vinead ©)
ues in crystalline silicon. These results are consistent with
the model of a layer completely amorphized by the high-With respect to variation of the values of the elastic constants
fluence ion bombardment employed on the silicon surface. 19f the layer was carried out, whei,, are the velocities
the third test, Raman spectra at room temperature were meaalculated from the surface Green’s function, afjg..care
sured for the samples and the results are shown in Fig. 4 fdhe measured velocities. In the summations, we use the com-
sampleB and crystalline silicon. In the spectrum for sample plete set of data for the Rayleigh waftbe first term), while
B, the crystalline-silicon peak near 520 chis totally absent  the data for the minimum in the Lamb shouldére second
and instead there is a weak broad peak around 450'cm term) are restricted to the cases of sufficiently thick films
which is consistent with the observations reported in Ref. 1dsee the detailed discussion to follpwhe best fit values of
for amorphous silicon formed by krypton ion bombardment.the elastic constants of the amorphous silicon layerGye

Frequency ( GHz)
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FIG. 5. Calculated Brillouin spectra for various &fd. The region
dotted line marked with an arrow indicates the transverse threshold
of the Lamb shoulder or the transonic state. FIG. 6. The slowness curve of silicon for ti@10 plane. The

dashed line corresponds the transonic state. The solid curves corre-

o o spond the slowness curves for longitudiria), FT and ST bulk
=138 GPa andC,,=48 GPa. These values are within 10% \,aves.

of the elastic constants of amorphous silic@@ontaining
15% hydrogehmeasured by Brillouin scatteririgwhile the In Fig. 5, we observe that &sd increases from the small-
transverse and longitudinal-wave velocities of the layer arest value considered above, a broad asymmetric resonance
calculated to be 4620 and 7880 m/s, respectively, beingeak, which can be identified as a pseudo-Sezawa wave ap-
within 5% of those for sputtered amorphous silicon mea-pears in the Lamb shoulder near the transverse threshold. It
sured by a crystal-resonator methdd. becomes progressively sharper, moving ever closer to the
Having established the elastic constants of theransverse threshold of the Lamb shoulder, until at a critical
amorphous-silicon layer, the SBS spectrum can be calculateghlue ofk,d, a true surface wave, the Sezawa wave, sepa-
using the Green’s-function formalism discussed in Sec. lllrates from the Lamb shoulder and moves into the subsonic
In Fig. 5, a series of calculated SBS spectra are shown for theegion. Initially the Sezawa wave has a very small integrated
[100] direction referred to th€D01) silicon surface. They are intensity, but with increasing,d, it moves further from the
displayed as a function of wave velocity for ease of compariL.amb shoulder and grows in intensity. Inmediately after the
son with the slowness curves for th@10 plane in silicon Sezawa wave has separated, the asymmetric peak is still
shown in Fig. 6. For clarity, the Rayleigh SAW peak is not present within the Lamb shoulder and close to the threshold
shown in Fig. 5. (see the spectrum fdgd=3.67 in Fig. 5. However, as the
The range ok,d values from 1.84 to 4.6 used in Fig. 5 Sezawa wave moves further from Lamb shoulder, the asym-
corresponds to the region in which the first-order Sezawanetric peak becomes broad again with its phase velocity in-
mode appears. For the smallest valuegk,df the SBS spec- creasing, and subsides into the Lamb shoulder.
trum is close to that of crystalline silicon. In addition to the  The essential difference between the Sezawa and pseudo-
Rayleigh SAW, there is the considerably less dominantSezawa waves is understood in term kaf values of the
Lamb shoulder that begins at the transverse-wave threshojshrtial waves. For the Sezawa wave, which lies in subsonic
velocity (5648 m/$ and has a sharp minimum near the lon-range in Fig. 6, the partial waves in the substrate all have a
gitudinal threshold(8344 m/$. Close inspection reveals a complex value ofk;, and the corresponding displacement
small kink in the Lamb shoulder at the fast transveifS€)  amplitudes decrease in an exponential fashion into the inte-
threshold (5844 m/$. Referring to Fig. 6, the transverse rior of the substrate. These properties allow the Sezawa wave
threshold corresponds to the limiting point on the slow transto propagate without attenuation along the surface and thus it
verse(ST) slowness curve wherg§ =k;/w is a maximum, is a true surface wave. In the case of the pseudo-Sezawa
and where the ray vector, which is perpendicular to the slowwave, which lies in the supersonic range in Fig. 6, one or
ness surface, is parallel to the physical surface of the sampleore of the partial waves in the substrate has a real value of
At larger values ofS;, corresponding to smaller velocities, k;. This bulk-wave component carries energy away from the
all solutions for the slowness componé&it=ks/w are com-  surface into the interior of the substrate and cause the wave
plex and correspond to inhomogeneous waves; the maximumo decay with distance. We use the term pseudo-Sezawa
value ofS; is thus known as the transonic state. For an isowave here because this particular pseudo SAW is so closely
tropic solid, the slowness curves are circles, and the trarlinked to the true Sezawa wave.
sonic state coincides with the transverse slowness along the Fig. 7 shows the measured and calculated dispersion
surface, S;=(p/C,0) Y2, but this is not generally true for curves for the Rayleigh SAW and Sezawa-type modes. The
anisotropic solids as Fig. 6 demonstrates. True SAW'’s suclispersion curves of the Rayleigh and Sezawa-like modes
as Rayleigh and Sezawa waves occur in the subsonic rangsolid line9 are calculated using best fit elastic constants
of velocities, while pseudo SAW's and the Lamb shoulderdetermined by comparison with our SBS measurements.
lie in the supersonic range. There are also calculated curves for the higher order Sezawa
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FIG. 7. Dispersion relations for tj&00] direction. The two solid lines marked andV't represent the transverse bulk-wave velocity for
the crystalline-silicon substrate and the amorphous silicon layer, respectively. The dotted-horizontal line indicates the transonic state. The
solid curves represent calculated dispersion curves based on the model of a uniform amorphous lay&@0dn shieon surface and the
elastic constants of the layer obtained from the present measurements. Dashed curves represent calculated dispersion curves from the elasti
constants given in the literatuf®ef. 11). RW, Rayleigh wave; 1st SW, etc., different orders of Sezawa waves.

waves, but these modes were not observed in the presetitan the calculations. The discrepancy is small, being within
experiments. For purpose of comparison, the dispersio% and can be explained gualitatively considering the effect
curves of the Rayleigh-SAW and the first Sezawa-like exci-of the tail to the amorphous region in which the silicon is
tation are also calculated using the literature vafiethe  partially amorphous. Here the elastic constants will lie be-
elastic constants of amorphous silicon. The agreement isveen those of amorphous and crystalline silicon rather than
within 2%, which is reasonably good, bearing in mind thehaving the larger crystalline values assumed in the theory.
completely different methods employed in the production ofSince the Rayleigh SAW is localized mainly near the free
the amorphous silicon and the likelihood of small physicalsurface of the layer, this tail region has little affect on this
differences. For largk,d, the Rayleigh SAW velocity tends mode, so the velocity of the Rayleigh SAW will not be sig-
asymptotically to a constant valyé250 m/3, which is the nificantly affected by the presence of this tail. On the other
phase velocity of the Rayleigh wave on the surface of bulkhand, the Sezawa wave extends into the tail region and a
amorphous silicon. This velocity is in good agreement withsmall reduction of the phase velocity would therefore be ex-
earlier measurements on amorphous silitbt,and is much  pected. The nonuniformity of the elastic constants in the tail
lower than that of crystalline silicon in tH&00] direction in  of the ion-implanted layers does have an effect on the phase
the (001 surface(~4917 m/s ak,d=0). The two horizontal velocity of the Rayleigh SAW when the layer thickness is
lines labeledv! and V¢ are transverse bulk-wave-phase ve-sufficiently small, and this will be discussed elsewhere.
locities in the layer and in the substrate, respectively. A In Fig. 8, the anti-Stokes SBS spectra for the samples
lower transverse bulk-wave-phase velocity in the layer agdashed curvgsand C (solid curve$ are shown for a range
compared with that of the substrate is necessary in order fapf scattering angles correspondingkiol values from 1.83 to
Sezawa waves to exist. The horizontal-dashed line corre4.33. These spectra may be compared with the calculated
sponds to the transonic state in the substrate. The curvepectra shown in Fig. 5, which cover approximately the same
below the transonic state are the various orders of Sezawange ofk,d values. The measured spectra in the Lamb
waves, while curves for the pseudo-Sezawa waves lie abov&oulder region are weak and have a relatively poor signal to
the transonic state. Also shown in Fig. 7 are the phase veioise ratio. Furthermore, due to the limitations of the inter-
locities measured by SBS as a functiorkgd not only of the  ferometer, certain of the very sharp features predicted in the
Rayleigh SAW for sampled, B, andC as discussed previ- theoretical spectrum are incompletely resolved. Nonetheless,
ously, but also for the additional peaks in the region of thet is possible to observe most of the predicted features in the
Lamb shoulder, such as those illustrated in Fig. 3 for samplexperimental spectra.
A. These measured data are in fairly good agreertsest the At the lowest values ok,d, e.g., near 1.8, both the theo-
discussion beloywwith the calculated curves for the first- retical and experimental spectra show the Lamb-shoulder re-
order Sezawa wave or pseudo-Sezawa wave, respectivelgion devoid of Sezawa-like peaks. With increased, in
As expected and found for samplEsandD, and in general the range 2.3—3.2, the theoretical spectra predict the growth
for small values ofk,d in the samplesA, B, and C, the of the pseudo-Sezawa peak with a sharp leading edge at the
Sezawa-type modes are absent. lower velocity and a markedly asymmetric trailing edge. In
Elastic constant values for amorphous silicon that producexperimental spectra this asymmetric shape of the peak is
a good fit for the dispersion of the measured Rayleigh-SAWevident; this is seen readily in the spectra kgtl=2.59 and
velocities, result in a calculated Sezawa-wave dispersio2.81 in Fig. 8. It is noted that one is dealing purely with the
curve in which the measured velocities are slightly lowerpseudo-Sezawa wave for such low valuek@af. For suffi-



PRB 58 SURFACE BRILLOUIN SCATTERING STUDY OF TH . .. 13683

W and some special directions, for example, [tb@0] direction
I in the (001) surface for the cubic system, its position is di-
rectly determined by the value &;4/p. In our case of an
Al et elastically isotropic layer on th@02) silicon surface, for the

‘ [100] direction the position of the minimum is determined

0.20

almost exclusively by the parametierd and the respective
values ofC4; and p of the layer and substrate. Hence, the

M'\*/”W\r\w experimental observation of this minimum provides informa-
o

0.15 tion on these parameters. Thanks to the high surface quality

of the samples and high efficiency of the silicon avalanche
photodiode detector, these subtle features can be observed
experimentally as shown in Fig. 8. To the best of our knowl-
p'/"\w“ edge, this is the first observation of the shift of the minimum

| in the Lamb shoulder with parameteid. The indicatorsv/;
\/w,\ and V: in Fig. 8 show the phase velocity of the respective
Vi

0.10
2.35
005 %W

I
6000 8000y
!

Counts ( arb. units )

longitudinal thresholds in the Lamb shoulder for crystalline
silicon and amorphous silicon. In spite of the very low inten-
sities of the signals in the Lamb shoulder region and the
resulting noise in the experimental spectra, it is seen that, for
M values ofk,d above 2.81, a progressive variation can be
observed in the minimum of the Lamb shoulder from a po-
sition at higher velocities to lower velocities @l increases
and it gradually approaches the value for amorphous silicon.
For small values ok,d below 2.81, there is a small discrep-
ancy between the measured minima and the theoretical pre-
dictions. This is understandable, since for small values of
FIG. 8. Anti-Stokes Brillouin spectra for sampl (dashed k;d, the corresponding acoustic wavelength is large, and the
curves andC (solid curve$. The spectra were measured for differ- effect of the tail to the amorphous region, in which the sili-
ent k,d for the [100] direction referred to th€001) crystalline-  con is partly amorphous is no longer negligible. The bars in
silicon substrate. The mark&’ and V| show the phase velocity of Fig. 8, show the calculated positions of the minimum using
the longitudinal threshold of the Lamb shoulder for crystalline sili- elastic constants obtained from the Rayleigh SAW velocity
con and for amorphous silicon, respectively. In each case the baata together with the positions of the minimum kpd over
indicate the calculated positions of the minimum in the Lamb shoul2 81 .
der.

Velocity (m/s)

) ) ) V. CONCLUSION
ciently largek,d, e.g., 3.67 in the theoretical spectra, the

Sezawa wave has separated from the Lamb continuum and A series of Brillouin spectra have been measured for
the peak is becoming more and more intense, while th@morphous-silicon layers formed by Ar-ion bombardment of
pseudo-Sezawa component is much reduced in intensity. I{901) silicon surfaces. In addition to the Rayleigh SAW, an
the experimental spectra for the larger measured values @fdditional peak is present near the low-frequency threshold
k,d, namely 3.44 and 3.61, the resolution of the interferom-of the Lamb shoulder. This peak is only observed at large-
eter is insufficient to fully separate the Sezawa wave peakcattering angles or for large-layer thickness. Calculations
from the Lamb shoulder. However, it is evident that the meaconfirm that these peaks are due to Sezawa or pseudo-
sured peak is considerably more symmetrical and obviouslpezawa waves, the latter lying within the Lamb shoulder.
sharper, in contrast to the peaks in the spectrakiogr  The threshold of the Lamb shoulder occurs at the transonic
=2.59 and 2.81. The continuum of excitations near the transstate, which for anisotropic crystalline silicon, lies belof\.
verse threshold is substantially reduced, the intensity of th@he pseudo-Sezawa waves are most pronounced in the ve-
Sezawa peak has increased, and its velocity is reduced. Thuegity region from the transonic state ¥, as an asymmet-
the dominant contribution to the peak arises from the Sezawsc peak in the calculated SBS spectra, and this is confirmed
wave, which is in satisfactory agreement with theory. For thén some detail by the experimental observations.
values ofk,d above 4.13, the Sezawa mode is separated from We find both from experiment and calculations that a
the Lamb shoulder, and is becoming more intense. In theninimum in the Lamb shoulder near the longitudinal thresh-
experimental spectra, we can see that the intense peak helel can be modified by varying,d. The experimental ob-
started to separate from the Lamb shoulder. servation of this minimum as a function of layer thickness or
In Fig. 5, the theoretical spectra show a sharp minimum irscattering parametds; is of value in investigating the elastic
the Lamb shoulder near the longitudinal threshold. Thisproperties of the layer.
minimum moves towards lower values of velocity as the
;cattering angle and henk@(or kHd_ for _a.particula_r se_lmpbe _ ACKNOWLEDGMENTS
increases. For bulk materials, this minimum coincides with
the longitudinal threshold, and its position can be directly We gratefully acknowledge the assistance of M. Naidoo
calculated from the elastic constants. For isotropic materialsf the Schonland Research Center for Nuclear Sciences in
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the ion bombardment of the samples. Financial support of For the layer, all six wavek(s”), n=1,...6 areused;
these studies was provided by the Foundation for Researakhile for the substrate only the three outgoing waves, which

and Development, Pretoria. we enumeraté$”, n=7,8,9 are retained, and the three in-
coming waves are discardéd:he outgoing waves are either
APPENDIX: CALCULATION OF THE SURFACE homogeneous, witk{" real and with ray vectors=dw/dk
GREEN'S FUNCTION directed into the interior of the substrate, or evanescent

There are a number of experimental groups worldwideVaves with ImK{")>0, so that their amplitudes fall off into
presently engaged in Brillouin scattering studies and that ar§€ interior. _ o
using the Green’s-function approach in their calculations, 1he solution we are seeking that satisfies the boundary
and we have received a number of requests for our Codindgondl_tlons, in the layer takes the form of a superposition of
and for a simple explanation of the method for referencéh€ Six plane wavesn=1.2, .. .,6):
purposes. In response we set out in this appendix our method
for calculatingGaa(k; ,X3,w), and thereby the Brillouin in-
tensity.

In the case of an opaque layer, the scattering occurs at the
free surface of the layer and requires the evaluation ofind in the half space of the three outgoing plane waves (
Gag(ky,X3= —d,®), while for a thin-transparent layer on an =7,8,9):
opaque solid the scattering occurs mainly at the interface and
requires the evaluation dba(k;,x3=0,0w). We are disre- ,
gaqrding elastooptic scatterisr?éj ltlamg inten?erence between this u" (K 'XB'“’)ZHZ7 AU Mexpik{Vxs). (A7)
and ripple scattering at the two surfaces, which under certain
circumstances can be quite pronounced. Our main conceffrom the stress-strain relationshig,, = Cimpqdu, /X, for
here is with the surface dynamics, and by the means dehe layer and EqA6) it follows that the surface tractions are
scribed below we can account accurately for peak positiongiven by
but not always as well for their intensities where elasto-optic
scattering and interference effects are import@us(k; ,X3 .
=—d,w) is the (x3,x3) component of the Fourier-domain o13(K X3 = —d,w>=|w21 APB{™, (A8)
Green's tensor of the system for force and displacement re- "=
sponse at the surface of the layer. where

In evaluating the response, the boundary conditions are
continuity of the stress componentéraction forceg

6
u (K Xz, )= ngl AU Mexp(ik{Vxz},  (AB)

9

6

o13(k;,x3=0,0) and displacement field at the interface, Bfn):% CaipgUp Ky exp{—ik{d} o,
and
013Ky Xz=—d, )= — 53 (A1) n=1,2,...,6, 1=1,2,3.(A9)
at the free surface. In evaluatinGss(k,,Xs=0,0), the — Comparing Eqs(Al) and (A8), we obtain a set of three
boundary conditions on the stress field become linear equations for the partial wave amplitudéé“),
namely,
013k, X3=0_ ,@) = 013(K; . X3=0+ ,0) = — 53 (A2)
for the interface and 6 L
> BVA=1 0 " 1=123 (A10)
a'|3(kH,X3=—d,a))=O (A3) n=1 0

for the free surface. In each of the two media, substrate, an]%r the surface and interface Green’s functions, respectively.

L%’ggpﬁqggiﬁﬁg?gﬁng;ﬁ? gn;‘zcﬂlus'rggstgcsggsmmemequa' Another three equations for the partial wave amplitudes
9 arise from the stress conditions at the interface, which yield

—Tazui c U (A4) 0
=ikl 50 o0 0 9
p ot ijkl XX 2 WAm_ ] i B
) ) ] BiWAz =9 s 1=4,5,6 (Al1)
whereCjjy is the elastic-modulus tensgs,is the mass den- n=1 3l

sity, andu; are the particle displacement components in the

individual media. For each value & and w, Eq. (A4) ad-  for the surface and interface Green'’s functions, respectively,

mits six plane-wave solutions for which the third componentwhere

k", n=1,...6 ofk is obtained as a real or complex root of

the sextic-characteristic equation

! B'(n):% C§<|*3>pqu(pn)kf1n)/“’*
|Cijk|kjkk—5i|pw2|=0, (A5a)

and the associated polarization vectyris obtained from n=7,8,9, 1=456 (Al2)

(Cijia kjki— i pw®)U;=0. (ABb)  and
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- _ . The solution of the nine equations f8&” above takes the
B :_% Cai-pap kg o, form
n=12..,6, 1=4,56.(AL3) An=L gy (A17)
w

Finally, there are three equations for the partial wave ampli-
tudes arising from continuity of the displacement field at theBy substituting these results féé”) into Eq.(A6), we obtain

interface, which yield the displacement Green’s function for the free surface of the
layer,

9

> B{"AV=0, 1=7,89, (A14) 6

n=1 G33(kH ,X3= —d,w)= E ; (Bfl)gn)Ugn)eXp[—ikgn)d},

n=1
where (A18)
B{" =U{", 1=7,89,n=78,9,  (Al5  and for the interface
and 6
— — —_ (R~ 1y j(m)
B{"=—U{"s, 1=7,89,n=12,...,6. (Al6) Galki X3=0.) nZl o (B U7 (AL9)
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