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Brillouin spectroscopy of surface modes in thin-film Si3N4 on GaAs
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We report here the determination, by surface Brillouin spectroscopy, of the dispersion relation of surface
acoustic phonons localized at the free surface and interface of thin film Si3N4 on a GaAs substrate. A splitting
in the dispersion curve representing velocity versus kh is observed experimentally. With increasing kh, starting
from zero the Rayleigh mode of the substrate increases in velocity and then at a cut-off degenerates with the
bulk mode continuum, and transforms into a pseudointerfacial wave. This mode propagates with attenuation
along the layer-substrate interface, decaying exponentially with depth into the layer and leaking energy into the
substrate. In the same range of kh beyond cutoff, a second mode appears that for large kh evolves into the
Rayleigh wave of the film. The purpose of this paper is to demonstrate experimentally this splitting of the
dispersion relation into two branches. This is the first reported observation, for a stiffening layer on a substrate,
of a leaky interfacial wave, a type of mode that is of potential value in the interface characterization of thin
supported transparent films.@S0163-1829~99!04928-0#
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I. INTRODUCTION

The general features of surface acoustic wave~SAW!
propagation in layered media have been widely researche1,2

Despite the extensive literature, there are only a few pu
cations that deal with SAW’s of stiffening layers, i.e. fast
slow systems~for which the shear wave speed of the layer
greater than that of the substrate!. Recently there has been
surge of interest in such systems, since they provide a
for the characterization of hard supported films of vario
kinds,3 including traditional hard protective coatings4,5 and
topical materials such as fullerite and diamonds films.6,7 It
was shown in earlier works1 that true SAW’s~surface waves
that do not leak energy into bulk! can propagate on stiffenin
layers only below the cut-off thickness at which the SA
slowness~inverse phase velocity! meets the transonic state
i.e., the limiting slowness of bulk modes parallel to the s
face. The question about the existence of SAW’s above
off was not clear until Bogy and Gracewski8 found theoreti-
cally that leaky SAW’s~LSAW! or pseudo-SAW’s~PSAW!
exist beyond the cutoff. PSAW above cutoff have been
tected experimentally only recently by Panget al.,4 who used
Brillouin spectroscopy to measure the dispersion of SAW
TiN films on steel. The complex dispersion curve~dispersion
of SAW’s velocity and attenuation! above cutoff has been
investigated for an oxide film on aluminum.9 Computer cal-
culations carried out by Lefeuvreet al.10 have revealed tha
for a very hard film as compared with the substrate, the s
face wave above cutoff evolves into a leaky interfacial wa
with increasing layer thickness. This is a mode that pro
gates along the interface between the layer and subst
decaying exponentially with depth into the layer and leak
energy into the substrate, which causes it to attenuate
PRB 600163-1829/99/60~4!/2844~7!/$15.00
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distance. This pseudointerfacial wave is localized qu
strongly near the interface and promises to be useful for
terface characterization. The purpose of this paper is to d
onstrate experimentally that above cut-off the dispers
curve is, as it was predicted in,10 split into two modes, the
leaky interfacial wave and a Rayleigh mode localized n
the free surface of the layer. To our knowledge, the pres
paper represents the first experimental observation of an
terfacial wave for a stiffening layer system.

The technique we use for observing the interfacial wave
surface Brillouin spectroscopy, which in the case of a tra
parent film, is able to detect thermally induced dynamic r
pling of the interface. Standard acoustic methods are
suited to the detection of these waves since for films m
thicker than the wavelength, the interfacial waves do
extend as far as the free surface of the film, and so t
cannot be excited or detected from the surface. The sys
we have studied is a Si3N4 film on GaAs; the film is
transparent11,12and the substrate almost opaque~complex re-
fraction indexn54.211 i0.28!,11 and the film is elastically
much stiffer than GaAs. Most of the light scattering is the
fore caused by phonons propagating at the Si3N4/GaAs in-
terface. Moreover, since Si3N4 has a rather large value o
refractive index (n;2) the backscattering signal from th
film surface ~Si3N4/vacuum interface! is also moderately
strong. Hence, we expect to be able to detect a contribu
in the Brillouin spectrum also from surface scattering. T
combination Si3N4/GaAs is a stiffening layer system whos
elastic parameters have been measured by standard ac
cal methods.13

II. SAMPLES

Silicon nitride (Si3N4) exists in various forms, and its
exceptional properties make it attractive for many appli
2844 ©1999 The American Physical Society
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tions. As a hot pressed ceramic it displays high-mechan
strength and fracture toughness at room and elevated
peratures, which lends this material to uses such as can
vers in atomic force microscopy. In its amorphous form, s
con nitride has found application in integrated circuits and
insulated layers in thin film transistors and in solar cell a
plications. Its uses also extend to sensors and photodetec
which exploit its chemical inertness.

The Si3N4 film in our experiments was obtained from Mo
torola Inc.14 It was grown by the low-temperature plasm
enhanced chemical-vapor deposition technique on the~001!
surface of a GaAs single-crystal wafer. With the growth co
ditions being temperature 250 °C, pressure 0.9 torr, and
power 25 W, the growth rate was about 11 nm/mm. Th
deposition conditions are similar to those used in semic
ductor circuit fabrication. Such films are known for the
deviation from the stoichiometry implied by Si3N4 because
of the significant amount of hydrogen incorporated into
film. These films tend to be silicon rich, having a Si N ra
of about 9:10 and they are even more silicon rich at
initiation of the film growth. For the film we investigated,
thickness of 497 nm was measured by profilometry and
tical methods, and the density of 2500 kgm23 was obtained
by weighing the sample before and after deposition of
film.14

Previous studies performed on bulk silicon nitride ha
attributed variation of the elastic moduli to changes in
density of the material, when in the form of hot pressed a
slip-cast ceramics. In the past, silicon nitride films have b
studied mostly from a structural and optical point of vie
Measurements of the elastic properties have been perfor
by Hickernellet al.14,13 for silicon nitride deposited on GaA
~001!, in layer thicknesses ranging from 200 to 1000 n
The 497 nm thick sample used in those studies is the sp
men we have used in the present study. Hickernellet al.
measured SAW propagation with an IDT transducer, and
varying the wavelength of the transducer they were able
determine the elastic constantsC11 andC44 of the films. This
technique requires the photolithographic patterning of lin
arrays of thin-film aluminum interdigital electrodes on top
the film.

III. EXPERIMENTAL TECHNIQUE

A detailed description of the Brillouin scattering expe
mental set-up has been published elsewhere.15 In brief, light
from an argon ion laser~l05514.5 nm and beam power o
60 mW! was focused onto the film with af /5.6 lens (f
550 mm). The scattered light was collected with the sa
lens in a backscattering geometry and analyzed using a
contrast and high-resolution Brillouin spectrometer, wh
incorporated a tandem six-pass Fabry-Perot interferomet16

The light was detected by a single-photon counting mod
and its output was stored in a multichannel scaler card
further analysis. Each spectrum was accumulated for
hours. The frequencies corresponding to each of the pe
were determined by a curve-fitting routine.

IV. THEORY

We treat here the inelastic scattering of light from
opaque semi-infinite elastically anisotropic solid occupy
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the half spacex3.0 and covered with a thin transpare
anisotropic film of thicknessh, occupying the region2h
,x3,0 ~Fig. 1!. We invoke the ripple mechanism, whic
assumes the scattering is mediated by thermally induced
namic corrugations in the interface and to a lesser exten
the free surface of the film. There is also elasto-optic sc
tering in the film and substrate and interference between
different channels that take place, but we have not inclu
these effects in our computations, since they mainly infl
ence the intensity of the Brillouin peaks rather than th
positions, which are our prime concern.

At room temperature and above, the cross-section
ripple scattering at either surface is given by17

d2s

dVSdvS
5

AT

v
Im$G33~ki ,x3 ,v1 i0!%, ~1!

whereT is the absolute temperature,v5v I2vS , wherev I
is the frequency of the incident light, andvS is the frequency
of the scattered light,A is a constant for a particular surfac
which depends on the optical properties of the adjacent
dia, the scattering geometry and light polarization,ki

5(k1 ,k2)5ki
I2ki

S is the projection on the surface of th
light-scattering wave vector, andG33(ki ,x3 ,v) is the Fou-
rier coefficient of the dynamical Green’s tensor pertaining
force and displacement response normal to the surface.18–20

The locationx3 of the surface takes on the value 0 for sc
tering from the interface and2h for scattering from the free
surface of the film. In the back-scattering geometry of o
experiments the wave-vector componentki is determined by
the angle of incidence,u, between the normal to the surfac
and incident light direction, as shown in Fig. 8, and wav
length of the incident lightl0 :

ukiu5
4p sinu

l0
. ~2!

For details of howG33(ki ,x3 ,v) is calculated we refer to
Ref. 21. The method takes into account the six partial wa
(n51,2,...,6) in the film and the 3 outgoing partial wav
(n57,8,9) in the substrate. These waves for each med
are obtained as solutions of the Christoffel equations

FIG. 1. Backscattering geometry.
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2846 PRB 60PAVEL ZININ et al.
~Ci jkl kjkl2rv2d i l !Ul50, ~3!

wherer is the mass density andCi jkl is the elastic modulus
tensor of the medium, andUl are the components of th
mode polarization vector. Phase matching of the par
waves in the interface fixes the value ofki , andv, and the
characteristic equation of Eq.~3! yields six real or complex
solutions fork3 . For the substrate, the three incoming wav
characterized by energy flow towards the surface, or ex
nential growth away from the surface are discarded, and
maining three waves retained. The boundary conditions
the surface and interface tractions, and of continuity of d
placement field at the interface yield nine equations for
partial wave amplitudes. The displacement Green’s func
G33(ki ,x3 ,v) is then represented by the superposition of
six partial waves in the film, i.e.,

G33~ki ,x3 ,v!5 (
n51

6
i

v
~B21!p

~n!U3
~n! expik3

~n!x3, ~4!

whereB21 is the boundary condition matrix,p53 for the
surface and 6 for the interface Green’s function.

We point out that there is another approach that can
used in calculating Brillouin spectra of supported films.22,23

This is based on the determination of the displacement fi
as a superposition of the normal modes for givenki , taking
account of boundary conditions. From comparison we h
made with published results, the two approaches appear
equivalent.

The dispersion or velocity variation of the SAW prop
gating on a thin film is a function ofqh, the product of the
absolute value ofki and the film thicknessh. One can dis-
tinguish between two principal domains of behavior, depe
ing on the relative properties of the film and substrate. Wh
the bulk shear wave velocity of the film is lower than that
the substrate, the film loads the substrate and, with increa
h, the SAW velocity decreases and asymptotically a
proaches the SAW velocity of the film material. In additio
at certain critical values ofqh, higher order SAW called
Sezawa modes and longitudinal guided modes emerge
the bulk wave continuum.1

On the other hand, if as is the case considered here
shear velocity of the film is larger than that of the substr
~stiffening case!, the SAW velocity initially grows with in-
creasingqh. At a critical valueqhcut the SAW meets and
degenerates with the bulk wave continuum. The thresh
slowness~inverse phase velocity! at which this occurs is
called the transonic state.1 Beyond this cutoff, while no true
SAW any longer exists, there is a pseudo surface acou
wave ~PSAW!, which radiates energy into the substrate a
as a result attenuates with distance as it travels along
surface. The attenuation reaches a maximum slightly bey
qhcut and then subsides, either tending towards zero or
eling off at a finite value, depending on the conditions.9 Re-
cent calculations of the dispersion of SAW above cutoff
stiffening systems10 have revealed two types of PSAW di
persion. The first type of behavior comes about when
elastic properties of the layer and the substrate are not
different, and has the velocity of the pseudosurface w
beyond cut off increasing up to the Rayleigh wave veloc
l
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of the layer, while the attenuation of this wave tends asym
totically to zero. We will call this type of behavior the non
splitting type. The second type of behavior arises when
elastic properties of the two materials are quite dissimi
and has the PSAW evolving into a strongly attenuated in
facial mode, while a second mode appears at a higher ve
ity, and evolves into the Rayleigh wave at the free surface
the layer. We will call this second type of behavior of th
dispersion relation the splitting type. The nonsplitting type
behavior has been observed experimentally in an alum
film on aluminum9 and in a titanium nitride film on steel.4

The Si3N4 film on GaAs substrate in our present experime
is a stiffening system sinceVhearof the Si3N4 and GaAs are25

24700 m/s and23300 m/s respectively, and we will dem
onstrate now that the SAW dispersion is of the splitting typ
In experiments we measured only one branch of the dis
sion curve corresponding to SAW’s propagating in the@100#
direction on the~001! GaAs surface. The Si3N4 film is as-
sumed to be isotropic.14

Gray scale images representing the calculated Brillo
intensity as a function of velocityV5v/ki andqh, for scat-
tering from the free surface of the film and from the interfa
between the film and substrate for the@100# direction in the
~001! surface of GaAs are presented in Figs. 2 and 3, resp
tively. The gray scale intensity in these images is prop
tional to v21 m$G33(ki ,x3 ,v1 i0)%, with x350 for the in-
terface andx352h for the surface of the film. In our
calculations we have used the elastic constants obtaine
Hickernell et al.14 for isotropic polycrystalline Si3N4:C11
5189 andC44556 GPa and the following published value
of the elastic constants for cubic GaAs:26 C115118.1, C12
553.2, andC44559.4 GPa. Brillouin spectra calculated fo
qh50.5, 2, and 8, with scattering taking place at the surfa
are shown in Fig. 4. Forqh50, the velocity corresponds to
the SAW velocity on the GaAs substrate. With increasingqh
the SAW velocity approaches the bulk wave threshold
limiting shear slownesski /v, which is reached atqhcut
'1.5. Belowqhcut the Brillouin spectrum displays a shar
peak, which is associated with the true surface wave an
addition a continuum extending from the bulk wave thres

FIG. 2. Two-dimensional gray image of the calculated Brillou
spectra of Si3N4 /GaAs at free Si3N4 surface.
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old to higher frequencies, which is known as the Lam
shoulder. In our calculation of the Green function~1! a small
amount of artificial damping27 is introduced to avoid a true
singularity. In the region below cutoff, the position of th
SAW peak is the same for surface and interface scatter
This range of smallqh,1.5 has been experimentally inve
tigated by Hickernellet al.13,14 At qhcut, the SAW degener-
ates with the bulk continuum, and beyond cutoff there is
true SAW. In its place there are broadened resonan
which are associated with attenuated PSAW at the inter
or surface of the film, and that leak energy into the substr
Somewhat above the cut-off velocity, the Brillouin spectru
for the interface displays a broad peak which beyondqh
'4 becomes independent of the film thickness. This pea
associated with a highly damped interfacial wave. Its bro
ening is due to leakage of energy into the substrate as
cussed in Ref. 10. In the same spectral region, the calcul
Brillouin spectrum for the surface of the film displays

FIG. 3. Two-dimensional gray image of the calculated Brillou
spectrum at Si3N4 /GaAs interface.

FIG. 4. Calculated Brillouin spectra of Si3N4 /GaAs for a section
of film thicknessh, displaying Rayleigh SAW, a highly dampe
PSAW, and Rayleigh wave on the film and higher order La
modes. The scattering intensity is given in arbitrary units.
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broad peak, which fades away byqh'4. At this point an-
other broad peak appears, which with increasingqh becomes
narrower, as the associated mode tends towards the Ray
mode of Si8N4 ~see graph forqh58 on Fig. 4!. For very
largeqh this becomes the true nondispersive Rayleigh SA

With increasingqh, a succession of higher order damp
Lamb modes come into view in Fig. 2, moving downwar
in velocity and eventually leveling off, but remainin
damped.

V. RESULTS AND DISCUSSION

The typical Brillouin spectra of the Si3N4 film that we
have recorded are shown in Figs. 5–8. Four distinct spec
components are observed approximately symmetrically p
tioned on either side of the central elastic peak. The
shifted ~anti-Stokes! components are due to phonon annih
lation, and the downshifted~Stokes! components are due t
phonon creation. For the purpose of our discussion, the
components starting from the one closest to the central p
are labeledIW, RW, LO, LW1, andLW2. To make peaks
around main maxima~RW! more discernible we repeate
measurements of SBS spectrum for five times. Avera
SBS spectra measured at 60° and 65° are presented in F
and 8~bottom!. To separate theIW, RW, LOmodes~Fig. 7!
we used multipeaks~Lorentzian! fitting subrotune within
software package called Origin from Microcal Softwar
Inc., Northampton, MA built-in Origin~Microcal!.

We have recorded Brillouin spectra for scattering angleu
ranging from 20° to 70° in steps of 5°. On the assumpt
that the peaks are due to surface phonons, their corresp
ing velocities are given by

VSAW5
f •l0

2 sinu
, ~5!

where,VSAW is the SAW velocity andf is the frequency shift

FIG. 5. Brillouin experimental spectrum of Si3N4 film for the
angleu of 30°.
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of the spectral feature. The measured surface wave veloc
as a function ofqh are plotted in Fig. 9. The data present
cover the rangeqh54 to qh512. We are able to identify the
Rayleigh surface mode and second-order damped L

FIG. 6. Brillouin experimental spectrum of Si3N4 film for the
angleu of 60°. Top. Single spectrum accomulated for 2 h. Spectr
obtained by averaging over five spectra accomulated for 1 h.

FIG. 7. Brillouin experimental spectrum of Si3N4 film for the
angle u of 60°. Fitting of LO, Rayleigh, andIW modes by
Lorenzian-shaped peacks.
ies

b

FIG. 8. Brillouin experimental spectrum of Si3N4 film for the
angleu of 65°. Top. Single spectrum accomulated for 2 h. Botto
Spectrum obtained by averaging over five spectra accomulated
h.

FIG. 9. Dispersion curves calculated using Green function
experimental results of Si3N4 /GaAs. Dashed lines are shear cuto
~lower line!, longitudinal cutoff~middle line! in the @100# direction
on the~001! GaAs surface and longitudinal cutoff for Si3N4 ~upper
line!.
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mode for the entire range ofqh. The first Lamb mode can
only be identified for angles greater than 50°.

The dispersion curves in Fig. 9 represent the traces of
maxima of the calculated Brillouin intensity~Fig. 3! for the
interface~the lowest solid line! and surface~Fig. 2, the upper
solid lines! and of the measured Brillouin intensity. The e
perimental data are in excellent agreement with the theo
ical predictions for all except the interfacial mode and t
fact of the disappearance of the first Lamb mode in the m
sured spectrum at smallqh. The former discrepancy sugges
that the interface is more complicated than assumed in
model. There could well be a compositional variation e
tending over some tens of nanometers, as has been rep
for the TiN-steel interface by Refs. 28 and 20. For thin film
this compositional variation also has a pronounced effec
the scattering from the surface of the film. Indeed, there h
been numerous reports on films of thickness less than
nanometers, for which the Brillouin measured Rayleigh
locities are significantly less than predicted on the basis
bulk values of the elastic constants.29,30,28,20We note that
similar behavior of the Rayleigh branch has been observe
a film of CaF2 film on GaAs~111!.31 However, the disper-
sion relation for SAW on CaF2/GaAs ~111! is not of the
splitting type. Calculations of the interfacial Green’s fun
tion for that system reveal no interfacial mode.

The other discrepancy that needs to be accounted fo
that the intensity of the first Lamb mode is too weak to
detected in the angular range 20° to 45°. To accurately
count for the positions as well as intensities of the peak
the Brillouin spectrum of a solid covered by a transpar
film,32 one needs to consider not only ripple scattering fr
the surface and interface, but also elasto-optic scatterin
the film and substrate and interference between these c
nels. Under certain conditions, interference can have the
fect of almost completely suppressing a Brillouin pea
While we have not included these effects in our compu
tions, a simple estimate based on the optical path length
the Si3N4 film lead to the conclusion that the first Lamb pe
should be considerably suppressed in comparison with

FIG. 10. Brillouin spectrum calculated for the interface as
function of the rotation angle.
e
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higher Lamb modes. For the first Lamb mode this pheno
ena was predicted by Bortolaniet al.32 and observed in Refs
23, 33, and 24.

To test the anisotropic properties of the interfacial wa
the scattering angleu was fixed at 60° and the film wa
rotated about the normal to the film’s surface in steps of 1
and for each orientation, a Brillouin spectrum was record
A theoretical gray scale image and experimentally measu
results are presented in Figs. 10 and 11, respectively. Va
tion of the velocity of the interfacial wave with angle
around 5%. Experimental data reproduce the shape of th
retical curve, but the measured and calculated velo
curves are offset by 0.25 km s21. It is interesting to note tha
the variation of the velocity of the shear wave in GaAs
completely different in character to the interfacial wav
Little variation ~less than 1%! is observed in the velocity o
the Rayleigh wave.

LO peak is well distinguished on the SBS spectra in
angular range 60° to 70°~Figs. 6, 7, and 8!. It can be attrib-
uted to longitudinal leaky wave propagating in GaAs alo
Si3N4/GaAs interface. Similar peak detected in SBS sp
trum of GaAs surface has been explained by Bortola
et al.34 as due to leaky longitudinal surface mode and
elasto-optic coupling. At the beginning of the dispersi
curves (kh&10) where the main peakLO1RW ~Fig. 5! is
broad,LO andRWmodes are difficult to resolve.

VI. CONCLUSIONS

~1! A splitting in the dispersion curve of SAW’s in thin
film Si3N4 on GaAs has been observed by surface Brillou
spectroscopy. Existence of the two branches of the dis
sion curve ~Rayleigh and pseudointerfacial modes! above
cut-off predicted theoretically10 has thus been confirmed
This is the first reported observation, for a stiffening layer
a substrate, of a leaky interfacial wave, a type of mode tha
of potential value in the interface characterization of th
supported transparent films.

~2! The measured velocity of the interfacial wave

FIG. 11. Angle dependence of the Rayleigh, interfacial, a
shear mode in GaAs. Theoretical points for Rayleigh~solids rect-
angles! and interfacial modes~solid triangles! were taken from Bril-
louin spectra measured forqh511 ~angle of incident light to sur-
face normal is equal to 60°!.
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2850 PRB 60PAVEL ZININ et al.
smaller than predicted on the basis of the bulk elastic c
stants of the media, and this is indicative of compositio
variation in the vicinity of the interface

~3! The other peaks in the Brillouin spectrum are asso
ated with modes which sample the elastic properties of
entire film, and are not influenced to the same degree by
interfacial region. For these peaks, the calculated and m
sured frequency shifts are in good agreement. To better
count for the intensities of these peaks, elasto-optic sca
e
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ing and interference effects would need to be taken i
account.
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