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Surface Brillouin scattering study of the surface excitations in amorphous silicon
layers produced by ion bombardment
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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 scattering~SBS! 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 wave! or a pseudo-Sezawa wave~attenuated surface wave! depending on the scattering
parameters. The attributes of the pseudo-Sezawa wave are described; these include its asymmetrical line shape
and variation in intensity withkid ~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
kid. 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 shoulder.@S0163-1829~98!04039-9#
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I. INTRODUCTION

Surface Brillouin scattering~SBS! is proving to be of
great value in the study of the acoustic excitations and ela
properties of thin-supported layers and multilayers.1–6 Ther-
mally excited phonons in the GHz frequency range are
sponsible for the light scattering, and for opaque materi
the scattering is mediated principally by the surface rip
mechanism. The combination of substrate and overlayer
termines the types of surface excitations and whether t
can be observed by SBS. Depending on the physical
experimental parameters, these excitations may include R
leigh surface acoustic waves~Rayleigh SAW’s!, pseudo-
SAW’s, Sezawa and pseudo-Sezawa waves, the contin
of bulk waves comprising the Lamb shoulder, and, in cert
cases Stoneley interfacial waves. The inelastically scatte
light tends to be low in intensity and only fractionally fre
quency shifted as compared with the elastically scatte
light, but the combination of modern high-contrast tand
Fabry-Pe´rot interferometry and sensitive detectors allows
spectrum to be measured. Theoretical modeling on the b
of surface Green’s functions or otherwise, and fitting to m
sured spectra allows critical material parameters of the
tem to be determined. Recently, we have studied a variet
surface acoustic excitations in the technologically import
combination TiN on high-speed steel in this manner.8 As a
result of its relatively high elastic moduli, TiN has a stiffe
ing effect on the surface-wave velocity; with increasing lay
thickness this velocity merges into the bulk continuum a
PRB 580163-1829/98/58~20!/13677~9!/$15.00
tic

-
s,
e
e-
y

nd
y-

m
n
ed

d

e
sis
-
s-
of
t

r
d

the associated mode becomes a pseudo-SAW.
In the present work, we examine the converse situation

a layer with relatively lower elastic constants as compa
with the substrate. This leads to a reduction of the Rayle
SAW velocity and the formation of higher-order mod
known as Sezawa and pseudo-Sezawa waves, which ar
main concern of this paper. True Sezawa waves are sur
waves in which the particle displacements are mainly loc
ized in the layer, falling off exponentially in the substrat
when the sagittal plane is a symmetry plane of the mate
they are polarized in this plane. It is known from previo
investigations that waves of this type can exist when
transverse bulk-wave velocity in the layerVt

l is smaller than
that in the substrateVt

s and only for a restricted range ofkid
~the product of the surface excitation wave vector and
layer thickness!.1,5,7 However, Sezawa-like peaks corre
sponding to attenuated excitations are still observed exp
mentally when this critical condition is not satisfied.3,4,9

Mutti et al.1 used the term pseudo-Sezawa waves for s
resonances that lie within the Lamb shoulder. Our stud
examine these interesting excitations experimentally
theoretically for the values ofkid in the region of the critical
condition determining their emergence as true surface e
tations. We describe the buildup of their asymmetrical li
shape near the edge of the Lamb shoulder as the cri
condition is approached, and how this resonance su
quently subsides as the Sezawa wave separates from
bulk-wave continuum. Moreover, we show that the edge
13 677 ©1998 The American Physical Society
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13 678 PRB 58X. ZHANG et al.
the Lamb shoulder corresponds to the transonic state, w
for anisotropic solids does not in general coincide withVt

s .
A silicon crystal with an amorphous surface layer form

by ion bombardment is an advantageous system in whic
study Sezawa-type excitations, since the elastic constan
amorphous silicon are appreciably smaller than those
crystalline silicon,10–12 while the layer thickness can be ea
ily changed by varying the ion energy. We shall justify t
uniformity of the amorphous layers in some detail in a la
section of the paper.

We have performed a series of SBS measurements at
ferent scattering angles, and hence different values of
projected wave vectorki along the@100# direction referred to
the ~001! crystalline silicon substrate, on a series of am
phous silicon layers of different thicknessd. In addition to
the Rayleigh SAW, a peak was observed near the La
shoulder, but only under conditions of large scattering an
and for large layer thickness. A comparison with theory
veals that these features are due to Sezawa or pseudo-Se
wave peaks, depending on the experimental parameters

We have also studied a minimum that occurs in the La
shoulder near the longitudinal threshold, and how it chan
with scattering angle. In this paper, we show that the exp
mental measurements of these various excitations and
relatively complex behavior are well described when the s
face dynamics are modeled using Green’s functions and
timized fitting is able to yield the elastic constants of t
amorphous layer.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUE

Suitable samples of approximate dimensions 16 m2

were cut from a largen-type crystalline silicon wafer having
a chemically polished~001! surface. The phosphorus impu
rity concentration was approximately 1016 cm23, sufficiently
low to ensure negligible effects on the elastic constants
silicon.13 The samples were bombarded at room tempera
by argon ions of energy ranging from 30-150 keV. A regi
of 3.8 mm in diameter was bombarded in each case with
ion beam tilted about 7° away from the@001# crystallo-
graphic direction to reduce ion channeling.14 All samples
were bombarded with the same relatively high fluence o
31017 ions/cm2; in each case the total ion current was ma
tained at 30mA. The sample designation and ion energies
A ~150 keV!, B ~120 keV!, C ~90 keV!, D ~60 keV!, andE
~30 keV!.

The above bombardment conditions were carefully c
sen to provide an excellent approximation to the theoret
model investigated, namely, that of an elastically unifo
isotropic amorphous silicon layer on the~001! crystalline
silicon surface. This claim is based on the results of previ
studies in which crystalline silicon is shown to become co
pletely amorphous from argon or krypton-ion bombardm
for fluences greater than 531015 ions/cm2.10,15,16 The flu-
ence of 131017 ions/cm2 ensures that the fully amorphize
state is obtained in the entire region of the vacancy distri
tion, as determined by TRIM 92 calculations.14 Figure 1
shows the TRIM simulations of the vacancy distributions
silicon bombarded by argon ions. These distributions
however, quiet unphysical for our case: the average num
ch
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of vacancies per ion is about 1200, giving a peak vaca
concentration for the fluence used, of about 1025 cm23 or
100 times the atomic density of silicon. In other words, ea
atom at the peak of the distribution has been displaced a
100 times. The entire region of the vacancy distribution m
therefore be uniformly amorphous up to the point where
deep-edge tail has fallen to about 0.01 of the peak height.
use simple straight-line extrapolations of the deep-edge
to determine the thickness of the completely amorphous
gion as shown. There is still a region where the fully am
phized state is not achieved, but it is only a small fraction
the layer thickness. The amorphous nature of the layer
also confirmed by additional tests to be described in Sec
below.

SBS spectra were gathered for samplesA–E using the
514.5 nm line from an argon-ion laser operating in a sin
axial mode. In illuminating each sample, the laser beam w
focused onto the sample by a lens of aperturef /2.3 in a
back-scattering arrangement as shown in Fig. 2. The w
vector k i of the incident light makes an angleu with the
surface normal, and the light back scattered into a small c
around2k i is collected by the same lens. Momentum a
energy conservation demands that the wave vectorki and
velocity V of a surface acoustic wave must satisfy the f
lowing equations:

FIG. 1. TRIM 92 simulations of the vacancy distributions
silicon bombarded using different argon ion energies of 90, 1
and 150 keV, respectively, corresponding to samplesC, B, andA.
The lines are straight-line extrapolations of the deep-edge tail of
distributions.

FIG. 2. Sample geometry and scattering configuration. Thex1

andx2 axes are parallel to the surface of the sample; thex1 axis is
along the@100# direction of crystalline silicon, thex3 axis is normal
to the surface of the sample and along the@001# direction. The
origin of thex3 axis is taken at the interface.
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ki52kisin u,

V5v/ki ,

wherev is the change in angular frequency of the scatte
light. The scattered spectrum was analyzed by a Sander
(313) pass tandem Fabry-Pe´rot interferometer. The detecto
was a Hamamatsu R464S cooled photomultiplier with a dark
count of less than one per second or a SPCM-PQ dete
based on a special high-quantum efficiency silicon avalan
photodiode with a dark count of one per second, when lo
intensity excitations were monitored. An acousto-op
modulator was used to protect the detectors from exces
light from the intense elastic peak.

Procedures to minimize errors resulting from the colle
tion aperture are treated in recent papers.1,17 In order to ob-
tain the same measurement accuracy at different scatte
angles, slits of the appropriate size were used to limit
collection aperture of the scattered light entering the inter
ometer.

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

We consider light scattering from an opaque layer p
fectly bonded to its substrate. The coordinate system
adopt is shown in Fig. 2 with2x3 as the outward normal to
the solid surface and with the origin at the interface betw
the layer and the substrate. The substrate occupies the
spacex3.0 and the layer, which is of thicknessd, occupies
the region2d,x3,0.

As discussed in the literature,18–21surface-acoustic vibra
tions result in the surface of a solid being dynamically c
rugated to incident light. This surface ripple mechanism
light scattering dominates elasto-optic scattering for nea
opaque solids and provides a satisfactory description of
light scattering by surface excitations in the present wo
The scattering cross section for change in angular freque
v and surface-wave wave vectorki of the light is propor-
tional to the power spectrum of the normal displacements
the surface with that wave vector and at that frequency
turn, for sufficiently high temperaturesT@\v/kB , wherekB
is Boltzmann’s constant, the scattering efficiency or cr
section is given by18–21

I ~v!5D
T

v
Im$G33~ki ,x352d,v1 i0!%. ~1!

The factorD depends on the mass density and permittivity
the medium, scattering geometry, and incident photon
quency and polarization.G33 is the (x3 ,x3) component of
the Fourier ~frequency and wave vector! domain surface
elastodynamic Green’s-function tensorGi j (x,t), evaluated at
the outer surfacex352d of the film. A brief outline of the
method of calculation ofG33 appears below, and further de
tails of the calculation are provided in the appendix.

In each of the substrate and layer for a given value oki

and v, the equations of motion admit six plane wave so
tions. These partial waves pertain to different wave-vec
componentsk3

(n) perpendicular to the free surface, whic
may be real or complex and are the solutions of the se
Christoffel characteristic equation. For the layer, all s
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phase-matched plane waves (n51,2, . . . ,6) areused; while
for the substrate only the three outgoing plane wavesn
57,8,9) are retained, as discussed by Farnell and Ad7

The outgoing waves are either homogeneous withk3
(n) real

and having ray vectorsv5]v/]k directed into the interior of
the substrate, or evanescent waves with Im(k3

(n)).0, so that
their amplitudes fall off into the interior. The boundary co
ditions on the surface tractions and displacements prov
nine equations for determining the partial wave amplitud
The Green’s functionG33(ki ,x352d,v) is obtained as the
superposition of the six partial waves in the film:

G33~ki ,x352d,v!5 (
n51

6
i

v
~B21!3

~n!U3
~n!exp$2 ik3

~n!d%,

~2!

whereB is the boundary-condition matrix, andU3
(n) are the

x3 components of the polarization vectors for the six mod
in the layer.

In surface Brillouin scattering,ki is determined by the
experimental arrangement and scattering geometry,
Im$G33(ki ,x352d;v1 i0)% and hence the Brillouin scatter
ing intensityI (v) is a function of the angular-frequency shi
in the measured spectrum. The Brillouin-scattering spectr
consists of one or more sharp lines associated with true R
leigh or Sezawa surface waves and then at higher frequen
a continuum of excitations extending from a thresho
known as the transonic state, to higher frequencies. True
face waves are conditioned by the vanishing ofuBu, which
causesB21 to become singular, andG to have a pole on the
real axis forv or v. The continuum, known as the Lam
shoulder, represents the contribution of bulk waves to s
face Brillouin scattering. Under certain circumstances,
Brillouin spectrum displays one or more broadened pe
within the frequency region of the Lamb shoulder; the
peaks or resonances are associated with pseudo-SA
which correspond to poles ofG that lie off the real axis in the
complex plane. For the type of pseudo-SAW that has b
most often considered in the literature,7 the pole is not too far
off the real axis and is well away from the transonic sta
Under these conditions, the pseudo-SAW is in the nature
an attenuated SAW, with velocity determined by the real p
of the pole and attenuation by the imaginary part. Along
real axis,uBu displays a deep minimum andG33 displays a
sharp, approximately Lorentzian maximum at the pseu
SAW velocity. The pseudo-Sezawa wave we are conside
in this paper is, however of a quite different nature, be
located very close to the transonic state. Far from be
Lorentzian in shape, the peak inG33 is asymmetric, having a
sharp leading and gradual trailing edge. The Green
function formalism is particularly convenient for describin
the spectrum of this type of excitation. Knowledge of t
position of the pole in the complex plane on the other ha
does not on its own reveal the shape of the peak in
spectrum, and moreover,uBu does not possess a minimu
along the real axis in the vicinity of the peak.

IV. RESULTS AND DISCUSSION

In Fig. 3, we present the measured anti-Stokes SBS s
tra for the@100# direction referred to the~001! silicon sub-
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13 680 PRB 58X. ZHANG et al.
strate for sampleA at different scattering anglesu. In each
case the intense central peak resulting mainly from ela
scattering has been removed for clarity. The dominant p
for each value ofu corresponds to the Rayleigh SAW. How
ever, it is observed that an additional peak appears at la
frequency shifts within the region of the Lamb shoulder, b
only when the scattering angleu is larger than 40°. For
samplesB andC, similar peaks were measured; in particu
for sampleC, the feature is observed near the threshold
the Lamb shoulder as a broad asymmetric peak. In sam
D and E, for which the thickness of the amorphous silico
layer is smaller, this additional feature was absent.

As discussed and justified in Sec. II, we base our exp
nation of the features present in the SBS spectra on a sim
model: an elastically uniform isotropic amorphous silic
layer on the~001! silicon surface. Additional tests were ca
ried out to confirm the assumed properties of the amorph
layer. In the first of these, we performed SBS measurem
of the azimuthal angular dependence of the Rayleigh S
velocity for sampleA at a scattering angleu of 70°. The
results showed minimal anisotropy, in marked contrast to
fairly high anisotropy for the crystalline~001! silicon surface
measured recently by Stoddart, Comins, and Every13 using
SBS. In the second test, the value of the Rayleigh SA
velocity for amorphous silicon was determined as 4250 m
which is in agreement with that of earlier measurements
amorphous silicon,10,11 and considerably lower than the va
ues in crystalline silicon. These results are consistent w
the model of a layer completely amorphized by the hig
fluence ion bombardment employed on the silicon surface
the third test, Raman spectra at room temperature were m
sured for the samples and the results are shown in Fig. 4
sampleB and crystalline silicon. In the spectrum for samp
B, the crystalline-silicon peak near 520 cm21 is totally absent
and instead there is a weak broad peak around 450 cm21,
which is consistent with the observations reported in Ref.
for amorphous silicon formed by krypton ion bombardme

FIG. 3. Measured anti-Stokes Brillouin spectra at different sc
tering anglesu for the @100# direction referred to the~001!
crystalline-silicon substrate for sampleA.
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For each of the samples, the layer thickness is determine
the TRIM 92 simulation as described in Sec. II and Fig.
for samplesA, B, and C these are 230, 190, and 150 nm
respectively.

The measured Brillouin spectra are well accounted for
theory when appropriate values of the parameters, ela
constants, and mass densities of amorphous and crysta
silicon and layer thickness are used in the calculation of
surface Green’s function. For crystalline silicon we ha
used the literature values:7 mass densityr52.332 g/cm3,
C115165.7, C12563.9, and C44579.6 GPa, respectively
For the amorphous silicon layer, we used the reported va
of the mass density of sputtered amorphous silic
namely, 0.95 of that of crystalline silicon.11 We note that this
near equality in the respective densities of the crystalline
amorphous forms indicates that amorphous silicon produ
by different methods is unlikely to exhibit significant diffe
ences in density. Accordingly, the behavior of the acous
excitations will be dominated by the values of the elas
constants of the layer and the substrate.

In determining the elastic properties of the amorpho
silicon layer we use a combination of data, rather than re
ing solely on the least squares fitting to the SAW veloc
dispersion. This latter procedure, while being successfu
certain cases,22,23has been found to lead to significant unce
tainties in some of the elastic constants in others.24 As will
be described later in the paper, measurements were ma
the values of the velocities corresponding to the minimum
the Lamb shoulder that occurs near the longitudinal-wa
threshold. These velocities were used together with th
determined from the Rayleigh peaks in a least-squares fit
procedure.25 Minimization of

x25(
R

~Vcal
i 2Vmeas

i !21(
L

~Vcal
i 2Vmeas

i !2 ~3!

with respect to variation of the values of the elastic consta
of the layer was carried out, whereVcal

i are the velocities
calculated from the surface Green’s function, andVmeas

i are
the measured velocities. In the summations, we use the c
plete set of data for the Rayleigh wave~the first term!, while
the data for the minimum in the Lamb shoulder~the second
term! are restricted to the cases of sufficiently thick film
~see the detailed discussion to follow!. The best fit values of
the elastic constants of the amorphous silicon layer areC11

t-

FIG. 4. Raman spectra for sampleB and crystalline silicon.
Spectra were measured at room temperature.
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5138 GPa andC44548 GPa. These values are within 10
of the elastic constants of amorphous silicon~containing
15% hydrogen! measured by Brillouin scattering,11 while the
transverse and longitudinal-wave velocities of the layer
calculated to be 4620 and 7880 m/s, respectively, be
within 5% of those for sputtered amorphous silicon me
sured by a crystal-resonator method.12

Having established the elastic constants of
amorphous-silicon layer, the SBS spectrum can be calcul
using the Green’s-function formalism discussed in Sec.
In Fig. 5, a series of calculated SBS spectra are shown for
@100# direction referred to the~001! silicon surface. They are
displayed as a function of wave velocity for ease of comp
son with the slowness curves for the~010! plane in silicon
shown in Fig. 6. For clarity, the Rayleigh SAW peak is n
shown in Fig. 5.

The range ofkid values from 1.84 to 4.6 used in Fig.
corresponds to the region in which the first-order Seza
mode appears. For the smallest values ofkid, the SBS spec-
trum is close to that of crystalline silicon. In addition to th
Rayleigh SAW, there is the considerably less domin
Lamb shoulder that begins at the transverse-wave thres
velocity ~5648 m/s! and has a sharp minimum near the lo
gitudinal threshold~8344 m/s!. Close inspection reveals
small kink in the Lamb shoulder at the fast transverse~FT!
threshold ~5844 m/s!. Referring to Fig. 6, the transvers
threshold corresponds to the limiting point on the slow tra
verse~ST! slowness curve whereSi5ki /v is a maximum,
and where the ray vector, which is perpendicular to the slo
ness surface, is parallel to the physical surface of the sam
At larger values ofSi , corresponding to smaller velocitie
all solutions for the slowness componentS35k3 /v are com-
plex and correspond to inhomogeneous waves; the maxim
value ofSi is thus known as the transonic state. For an i
tropic solid, the slowness curves are circles, and the t
sonic state coincides with the transverse slowness along
surface,ST5(r/C44)

1/2, but this is not generally true fo
anisotropic solids as Fig. 6 demonstrates. True SAW’s s
as Rayleigh and Sezawa waves occur in the subsonic r
of velocities, while pseudo SAW’s and the Lamb should
lie in the supersonic range.

FIG. 5. Calculated Brillouin spectra for various ofkid. The
dotted line marked with an arrow indicates the transverse thres
of the Lamb shoulder or the transonic state.
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In Fig. 5, we observe that askid increases from the small
est value considered above, a broad asymmetric reson
peak, which can be identified as a pseudo-Sezawa wave
pears in the Lamb shoulder near the transverse thresho
becomes progressively sharper, moving ever closer to
transverse threshold of the Lamb shoulder, until at a criti
value of kid, a true surface wave, the Sezawa wave, se
rates from the Lamb shoulder and moves into the subso
region. Initially the Sezawa wave has a very small integra
intensity, but with increasingkid, it moves further from the
Lamb shoulder and grows in intensity. Immediately after t
Sezawa wave has separated, the asymmetric peak is
present within the Lamb shoulder and close to the thresh
~see the spectrum forkid53.67 in Fig. 5!. However, as the
Sezawa wave moves further from Lamb shoulder, the as
metric peak becomes broad again with its phase velocity
creasing, and subsides into the Lamb shoulder.

The essential difference between the Sezawa and pse
Sezawa waves is understood in term ofk3 values of the
partial waves. For the Sezawa wave, which lies in subso
range in Fig. 6, the partial waves in the substrate all hav
complex value ofk3 , and the corresponding displaceme
amplitudes decrease in an exponential fashion into the i
rior of the substrate. These properties allow the Sezawa w
to propagate without attenuation along the surface and th
is a true surface wave. In the case of the pseudo-Sez
wave, which lies in the supersonic range in Fig. 6, one
more of the partial waves in the substrate has a real valu
k3 . This bulk-wave component carries energy away from
surface into the interior of the substrate and cause the w
to decay with distance. We use the term pseudo-Sez
wave here because this particular pseudo SAW is so clo
linked to the true Sezawa wave.

Fig. 7 shows the measured and calculated dispers
curves for the Rayleigh SAW and Sezawa-type modes.
dispersion curves of the Rayleigh and Sezawa-like mo
~solid lines! are calculated using best fit elastic consta
determined by comparison with our SBS measureme
There are also calculated curves for the higher order Sez

ld
FIG. 6. The slowness curve of silicon for the~010! plane. The

dashed line corresponds the transonic state. The solid curves c
spond the slowness curves for longitudinal~L!, FT and ST bulk
waves.
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FIG. 7. Dispersion relations for the@100# direction. The two solid lines markedVt
s andVt

l represent the transverse bulk-wave velocity f
the crystalline-silicon substrate and the amorphous silicon layer, respectively. The dotted-horizontal line indicates the transonic s
solid curves represent calculated dispersion curves based on the model of a uniform amorphous layer on the~001! silicon surface and the
elastic constants of the layer obtained from the present measurements. Dashed curves represent calculated dispersion curves fro
constants given in the literature~Ref. 11!. RW, Rayleigh wave; 1st SW, etc., different orders of Sezawa waves.
s
io
c

t
he
o

ca

ul
ith

e
A
a

r f
rr
rv
aw
o
v

-
th
p

t-
ve

uc
W
io
e

hin
ect
is
e-

han
ory.
ee
is

g-
er
d a
ex-
tail
ase
is

s

ated
me
b

l to
er-
the
ess,
the

-
r re-

wth
t the
In
k is

he
waves, but these modes were not observed in the pre
experiments. For purpose of comparison, the dispers
curves of the Rayleigh-SAW and the first Sezawa-like ex
tation are also calculated using the literature values11 of the
elastic constants of amorphous silicon. The agreemen
within 2%, which is reasonably good, bearing in mind t
completely different methods employed in the production
the amorphous silicon and the likelihood of small physi
differences. For largekid, the Rayleigh SAW velocity tends
asymptotically to a constant value~4250 m/s!, which is the
phase velocity of the Rayleigh wave on the surface of b
amorphous silicon. This velocity is in good agreement w
earlier measurements on amorphous silicon,10,11and is much
lower than that of crystalline silicon in the@100# direction in
the~001! surface~;4917 m/s atkid50!. The two horizontal
lines labeledVt

l and Vt
s are transverse bulk-wave-phase v

locities in the layer and in the substrate, respectively.
lower transverse bulk-wave-phase velocity in the layer
compared with that of the substrate is necessary in orde
Sezawa waves to exist. The horizontal-dashed line co
sponds to the transonic state in the substrate. The cu
below the transonic state are the various orders of Sez
waves, while curves for the pseudo-Sezawa waves lie ab
the transonic state. Also shown in Fig. 7 are the phase
locities measured by SBS as a function ofkid not only of the
Rayleigh SAW for samplesA, B, andC as discussed previ
ously, but also for the additional peaks in the region of
Lamb shoulder, such as those illustrated in Fig. 3 for sam
A. These measured data are in fairly good agreement~see the
discussion below! with the calculated curves for the firs
order Sezawa wave or pseudo-Sezawa wave, respecti
As expected and found for samplesE andD, and in general
for small values ofkid in the samplesA, B, and C, the
Sezawa-type modes are absent.

Elastic constant values for amorphous silicon that prod
a good fit for the dispersion of the measured Rayleigh-SA
velocities, result in a calculated Sezawa-wave dispers
curve in which the measured velocities are slightly low
ent
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than the calculations. The discrepancy is small, being wit
2% and can be explained qualitatively considering the eff
of the tail to the amorphous region in which the silicon
partially amorphous. Here the elastic constants will lie b
tween those of amorphous and crystalline silicon rather t
having the larger crystalline values assumed in the the
Since the Rayleigh SAW is localized mainly near the fr
surface of the layer, this tail region has little affect on th
mode, so the velocity of the Rayleigh SAW will not be si
nificantly affected by the presence of this tail. On the oth
hand, the Sezawa wave extends into the tail region an
small reduction of the phase velocity would therefore be
pected. The nonuniformity of the elastic constants in the
of the ion-implanted layers does have an effect on the ph
velocity of the Rayleigh SAW when the layer thickness
sufficiently small, and this will be discussed elsewhere.

In Fig. 8, the anti-Stokes SBS spectra for the sampleB
~dashed curves! andC ~solid curves! are shown for a range
of scattering angles corresponding tokid values from 1.83 to
4.33. These spectra may be compared with the calcul
spectra shown in Fig. 5, which cover approximately the sa
range of kid values. The measured spectra in the Lam
shoulder region are weak and have a relatively poor signa
noise ratio. Furthermore, due to the limitations of the int
ferometer, certain of the very sharp features predicted in
theoretical spectrum are incompletely resolved. Nonethel
it is possible to observe most of the predicted features in
experimental spectra.

At the lowest values ofkid, e.g., near 1.8, both the theo
retical and experimental spectra show the Lamb-shoulde
gion devoid of Sezawa-like peaks. With increase inkid, in
the range 2.3–3.2, the theoretical spectra predict the gro
of the pseudo-Sezawa peak with a sharp leading edge a
lower velocity and a markedly asymmetric trailing edge.
experimental spectra this asymmetric shape of the pea
evident; this is seen readily in the spectra forkid52.59 and
2.81 in Fig. 8. It is noted that one is dealing purely with t
pseudo-Sezawa wave for such low values ofkid. For suffi-
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ciently largekid, e.g., 3.67 in the theoretical spectra, t
Sezawa wave has separated from the Lamb continuum
the peak is becoming more and more intense, while
pseudo-Sezawa component is much reduced in intensity
the experimental spectra for the larger measured value
kid, namely 3.44 and 3.61, the resolution of the interfero
eter is insufficient to fully separate the Sezawa wave p
from the Lamb shoulder. However, it is evident that the m
sured peak is considerably more symmetrical and obviou
sharper, in contrast to the peaks in the spectra forkid
52.59 and 2.81. The continuum of excitations near the tra
verse threshold is substantially reduced, the intensity of
Sezawa peak has increased, and its velocity is reduced. T
the dominant contribution to the peak arises from the Sez
wave, which is in satisfactory agreement with theory. For
values ofkid above 4.13, the Sezawa mode is separated f
the Lamb shoulder, and is becoming more intense. In
experimental spectra, we can see that the intense peak
started to separate from the Lamb shoulder.

In Fig. 5, the theoretical spectra show a sharp minimum
the Lamb shoulder near the longitudinal threshold. T
minimum moves towards lower values of velocity as t
scattering angle and henceki ~or kid for a particular sample!
increases. For bulk materials, this minimum coincides w
the longitudinal threshold, and its position can be direc
calculated from the elastic constants. For isotropic mater

FIG. 8. Anti-Stokes Brillouin spectra for sampleB ~dashed
curves! andC ~solid curves!. The spectra were measured for diffe
ent kid for the @100# direction referred to the~001! crystalline-
silicon substrate. The marksVl

s andVl
l show the phase velocity o

the longitudinal threshold of the Lamb shoulder for crystalline s
con and for amorphous silicon, respectively. In each case the
indicate the calculated positions of the minimum in the Lamb sho
der.
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and some special directions, for example, the@100# direction
in the ~001! surface for the cubic system, its position is d
rectly determined by the value ofC11/r. In our case of an
elastically isotropic layer on the~001! silicon surface, for the
@100# direction the position of the minimum is determine
almost exclusively by the parameterkid and the respective
values ofC11 and r of the layer and substrate. Hence, t
experimental observation of this minimum provides inform
tion on these parameters. Thanks to the high surface qu
of the samples and high efficiency of the silicon avalanc
photodiode detector, these subtle features can be obse
experimentally as shown in Fig. 8. To the best of our know
edge, this is the first observation of the shift of the minimu
in the Lamb shoulder with parameterkid. The indicatorsVl

s

and Vl
l in Fig. 8 show the phase velocity of the respecti

longitudinal thresholds in the Lamb shoulder for crystalli
silicon and amorphous silicon. In spite of the very low inte
sities of the signals in the Lamb shoulder region and
resulting noise in the experimental spectra, it is seen that
values of kid above 2.81, a progressive variation can
observed in the minimum of the Lamb shoulder from a p
sition at higher velocities to lower velocities askid increases
and it gradually approaches the value for amorphous silic
For small values ofkid below 2.81, there is a small discrep
ancy between the measured minima and the theoretical
dictions. This is understandable, since for small values
kid, the corresponding acoustic wavelength is large, and
effect of the tail to the amorphous region, in which the s
con is partly amorphous is no longer negligible. The bars
Fig. 8, show the calculated positions of the minimum us
elastic constants obtained from the Rayleigh SAW veloc
data together with the positions of the minimum forkid over
2.81.

V. CONCLUSION

A series of Brillouin spectra have been measured
amorphous-silicon layers formed by Ar-ion bombardment
~001! silicon surfaces. In addition to the Rayleigh SAW, a
additional peak is present near the low-frequency thresh
of the Lamb shoulder. This peak is only observed at lar
scattering angles or for large-layer thickness. Calculati
confirm that these peaks are due to Sezawa or pse
Sezawa waves, the latter lying within the Lamb should
The threshold of the Lamb shoulder occurs at the transo
state, which for anisotropic crystalline silicon, lies belowVt

s .
The pseudo-Sezawa waves are most pronounced in the
locity region from the transonic state toVt

s , as an asymmet-
ric peak in the calculated SBS spectra, and this is confirm
in some detail by the experimental observations.

We find both from experiment and calculations that
minimum in the Lamb shoulder near the longitudinal thres
old can be modified by varyingkid. The experimental ob-
servation of this minimum as a function of layer thickness
scattering parameterki is of value in investigating the elasti
properties of the layer.
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APPENDIX: CALCULATION OF THE SURFACE
GREEN’S FUNCTION

There are a number of experimental groups worldw
presently engaged in Brillouin scattering studies and that
using the Green’s-function approach in their calculatio
and we have received a number of requests for our cod
and for a simple explanation of the method for referen
purposes. In response we set out in this appendix our me
for calculatingG33(ki ,x3 ,v), and thereby the Brillouin in-
tensity.

In the case of an opaque layer, the scattering occurs a
free surface of the layer and requires the evaluation
G33(ki ,x352d,v), while for a thin-transparent layer on a
opaque solid the scattering occurs mainly at the interface
requires the evaluation ofG33(ki ,x350,v). We are disre-
garding elastooptic scattering and interference between
and ripple scattering at the two surfaces, which under cer
circumstances can be quite pronounced. Our main con
here is with the surface dynamics, and by the means
scribed below we can account accurately for peak positi
but not always as well for their intensities where elasto-op
scattering and interference effects are important.G33(ki ,x3
52d,v) is the (x3 ,x3) component of the Fourier-domai
Green’s tensor of the system for force and displacemen
sponse at the surface of the layer.

In evaluating the response, the boundary conditions
continuity of the stress components~traction forces!
s l3(ki ,x350,v) and displacement fieldu at the interface,
and

s l3~ki ,x352d,v!52d l3 ~A1!

at the free surface. In evaluatingG33(ki ,x350,v), the
boundary conditions on the stress field become

s l3~ki ,x3502 ,v!2s l3~ki ,x3501 ,v!52d l3 ~A2!

for the interface and

s l3~ki ,x352d,v!50 ~A3!

for the free surface. In each of the two media, substrate,
layer, the displacement field is required to satisfy the eq
tions of motion for an homogeneous elastic continuum

r
]2ui

]t2 5Ci jkl

]2ul

]xj]xk
, ~A4!

whereCi jkl is the elastic-modulus tensor,r is the mass den
sity, andui are the particle displacement components in
individual media. For each value ofki andv, Eq. ~A4! ad-
mits six plane-wave solutions for which the third compone
k3

(n) , n51, . . . 6 ofk is obtained as a real or complex root
the sextic-characteristic equation

uCi jkl kjkk2d i l rv2u50, ~A5a!

and the associated polarization vectorUi is obtained from

~Ci jkl kjkk2d i l rv2!Ui50. ~A5b!
of
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For the layer, all six wavesk3
(n) , n51, . . . 6 areused;

while for the substrate only the three outgoing waves, wh
we enumeratek3

(n) , n57,8,9 are retained, and the three i
coming waves are discarded.7 The outgoing waves are eithe
homogeneous, withk3

(n) real and with ray vectorsv5]v/]k
directed into the interior of the substrate, or evanesc
waves with Im(k3

(n)).0, so that their amplitudes fall off into
the interior.

The solution we are seeking that satisfies the bound
conditions, in the layer takes the form of a superposition
the six plane waves (n51,2, . . .,6):

ui
2~ki ,x3 ,v!5 (

n51

6

A3
~n!Ui

~n!exp$ ik3
~n!x3%, ~A6!

and in the half space of the three outgoing plane wavesn
57,8,9):

ui
1~ki ,x3 ,v!5 (

n57

9

A3
~n!Ui

~n!exp$ ik3
~n!x3%. ~A7!

From the stress-strain relationship,s lm5Clmpq]up /]xq for
the layer and Eq.~A6! it follows that the surface tractions ar
given by

s l3~ki ,x352d,v!5 iv (
n51

6

A3
~n!Bl

~n! , ~A8!

where

Bl
~n!5(

pq
C3lpq

2 Up
~n!kq

~n! exp$2 ik3
~n!d%/v,

n51,2, . . . ,6, l 51,2,3. ~A9!

Comparing Eqs.~A1! and ~A8!, we obtain a set of three
linear equations for the partial wave amplitudesA3

(n) ,
namely,

(
n51

6

Bl
~n!A3

~n!5H i

v
d3l ,

0,
l 51,2,3 ~A10!

for the surface and interface Green’s functions, respectiv
Another three equations for the partial wave amplitud

arise from the stress conditions at the interface, which yi

(
n51

9

Bl
~n!A3

~n!5H 0
i

v
d3l ,

l 54,5,6 ~A11!

for the surface and interface Green’s functions, respectiv
where

Bl
~n!5(

pq
C3~ l 23!pq

1 Up
~n!kq

~n!/v,

n57,8,9, l 54,5,6 ~A12!

and
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Bl
~n!52(

pq
C3~ l 23!pq

2 Up
~n!kq

~n!/v,

n51,2,...,6, l 54,5,6. ~A13!

Finally, there are three equations for the partial wave am
tudes arising from continuity of the displacement field at
interface, which yield

(
n51

9

Bl
~n!Aj

~n!50, l 57,8,9, ~A14!

where

Bl
~n!5Ul 26

~n! , l 57,8,9, n57,8,9, ~A15!

and

Bl
~n!52Ul 26

~n! , l 57,8,9, n51,2, . . . ,6. ~A16!
,
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The solution of the nine equations forA3
(n) above takes the

form

A3
~n!5

i

v
~B21!3

~n! . ~A17!

By substituting these results forA3
(n) into Eq.~A6!, we obtain

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

G33~ki ,x352d,v!5 (
n51

6
i

v
~B21!3

~n!U3
~n!exp$2 ik3

~n!d%,

~A18!

and for the interface

G33~ki ,x350,v!5 (
n51

6
i

v
~B21!3

~n!U3
~n! . ~A19!
f.
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