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Brillouin spectroscopy of surface modes in thin-film SiN, 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 fily 8h 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 filmsS0163-182609)04928-0

[. INTRODUCTION distance. This pseudointerfacial wave is localized quite
strongly near the interface and promises to be useful for in-
The general features of surface acoustic W&SAW) terface characterization. The purpose of this paper is to dem-

Despite the extensive literature, there are only a few publiCUrve is, as it was predicted fi,split into two modes, the

cations that deal with SAW'’s of stiffening layers, i.e. fast on leaky interfacial wave and a Rayleigh mode localized near
slow systemgfor which the shear wave speed of the layer iSthe free surface of the layer. To our knowledge, the present
paper represents the first experimental observation of an in-
greater than that pf the substr)ataece_ntly there has.been a tFrfaciaI wave for a stiffening layer system.
surge of interest in such systems, since they provide a tool The technique we use for observing the interfacial wave is
for thg Characterization of hard supported films of variousgyface Brillouin spectroscopy, which in the case of a trans-
kinds; including traditional hard protective coat'ri‘g'?sand parent film, is able to detect thermally induced dynamic rip-
topical materials such as fullerite and diamonds fifi$t  pling of the interface. Standard acoustic methods are not
was shown in earlier workghat true SAW's(surface waves  suited to the detection of these waves since for films much
that do not leak energy into bylkan propagate on stiffening thicker than the wavelength, the interfacial waves do not
layers only below the cut-off thickness at which the SAW extend as far as the free surface of the film, and so they
slowness(inverse phase velocityneets the transonic state, cannot be excited or detected from the surface. The system
i.e., the limiting slowness of bulk modes parallel to the sur-we have studied is a i, film on GaAs; the film is
face. The question about the existence of SAW'’s above cutransparert-*2and the substrate almost opadaemplex re-
off was not clear until Bogy and Gracew8kound theoreti- fraction indexn=4.21+i0.28,* and the film is elastically
cally that leaky SAW'S(LSAW) or pseudo-SAW'SPSAW) much stiffer than GaAs. Most of the light scattering is there-
exist beyond the cutoff. PSAW above cutoff have been defore caused by phonons propagating at theN§iGaAs in-
tected experimentally only recently by Pagtgal,* who used ~ terface. Moreover, since §l, has a rather large value of
Brillouin spectroscopy to measure the dispersion of SAW orf€fractive index (~2) the backscattering signal from the
TiN films on steel. The complex dispersion curidispersion ~ film surface (SizN,/vacuum interface is also moderately
of SAW’s velocity and attenuatiorabove cutoff has been Strong. Hence, we expect to be able to detect a contribution
investigated for an oxide film on aluminuComputer cal- N the_ Bn_lloum_ spectrum also _from_ surface scattering. The
culations carried out by Lefeuvret al’® have revealed that combination SiN,/GaAs is a stiffening layer system whose

for a very hard film as compared with the substrate, the Sur(_alastic parameters have been measured by standard acousti-

3
face wave above cutoff evolves into a leaky interfacial WaveCal methods:

with increasing layer thickness. This is a mode that propa-
gates along the interface between the layer and substrate,
decaying exponentially with depth into the layer and leaking Silicon nitride (SiN,) exists in various forms, and its
energy into the substrate, which causes it to attenuate witbxceptional properties make it attractive for many applica-
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tions. As a hot pressed ceramic it displays high-mechanical

strength and fracture toughness at room and elevated tem- k,

peratures, which lends this material to uses such as cantile- 0 |

vers in atomic force microscopy. In its amorphous form, sili- k \\{ ’

con nitride has found application in integrated circuits and as S ,

insulated layers in thin film transistors and in solar cell ap- '

plications. Its uses also extend to sensors and photodetectors, Si.N

which exploit its chemical inertness. e
The SgN, film in our experiments was obtained from Mo-

torola Inc!* It was grown by the low-temperature plasma-

enhanced chemical-vapor deposition technique on@0&)

surface of a GaAs single-crystal wafer. With the growth con-

ditions being temperature 250 °C, pressure 0.9 torr, and RF

power 25 W, the growth rate was about 11 nm/mm. These X5

deposition conditions are similar to those used in semicon-

ductor circuit fabrication. Such films are known for their

deviation from the stoichiometry implied by 8i, because

of the significant amount of hydrogen incorporated into the he half 0 and 4 with hi
film. These films tend to be silicon rich, having a Si N ratio "€ Nall space;>0 and covered with a thin transparent

of about 9:10 and they are even more silicon rich at the?nisotropic film of thickness, occupying the region-h

initiation of the film growth. For the film we investigated, a <x3<0 (Fig. 2). We_ invpke thg ripple mechanism, which
thickness of 497 nm was measured by profilometry and c)p<§\ssumes the scattering is mediated by thermally induced dy-

tical methods, and the density of 2500 Kghwas obtained namic corrugations in the interface and to a lesser extent in

by weighing the sample before and after deposition of théhe free surface of the film. There is also elasto-optic scat-
film. 14 tering in the film and substrate and interference between the

Previous studies performed on bulk silicon nitride havedifferent channels that take place, but we have not included

attributed variation of the elastic moduli to changes in thethese effepts In our computations, since they mainly '“f"!'
nce the intensity of the Brillouin peaks rather than their

density of the material, when in the form of hot pressed anfnce . :

slip-cast ceramics. In the past, silicon nitride films have beeROSItions, which are our prime concern. .

studied mostly from a structural and optical point of view. /At room temperature and above, the_cross-section for

Measurements of the elastic properties have been performdPPl€ scattering at either surface is givert by

by Hickernellet al***3for silicon nitride deposited on GaAs

(001, in layer thicknesses ranging from 200 to 1000 nm. d?o AT _

The 497 nm thick sample used in those studies is the speci- d0dos — IM{Gas(k x3,0+i0)}, 1)

men we have used in the present study. Hickereell.

mea;ured SAW propagation with an IDT transducer, and b)évhereT is the absolute temperature =, — ws, whereo,

varying the wavelength of the transducer they were able to L . .

determine the elastic constai@s, andC,, of the films. This 'S the frequency (.)f the_mudenthght, and is the frequency

technique requires the photolitﬁograpﬁc patternimj of IineaPf the scattered lighta is a constant for a particular surface,
S . ; . which depends on the optical properties of the adjacent me-

arrays of thin-film aluminum interdigital electrodes on top of

the film dia, the scattering geometry and light polarizatidk,

' = (kq,k) =k|—kJ’ is the projection on the surface of the
light-scattering wave vector, an@ss(K; X3, ) is the Fou-

Ill. EXPERIMENTAL TECHNIQUE rier coefficient of the dynamical Green’s tensor pertaining to
force and displacement response normal to the sutfaé®.

A detailed description of the Brillouin scattering experi- The locationx; of the surface takes on the value 0 for scat-
mental set-up has been published elsewfiehe.brief, light  tering from the interface aneth for scattering from the free
from an argon ion lasef ,=514.5nm and beam power of surface of the film. In the back-scattering geometry of our
60 mW) was focused onto the film with &5.6 lens €  experiments the wave-vector componkpts determined by
=50mm). The scattered light was collected with the sameahe angle of incidence), between the normal to the surface
lens in a backscattering geometry and analyzed using a highnd incident light direction, as shown in Fig. 8, and wave-
contrast and high-resolution Brillouin spectrometer, whichlength of the incident lighh:
incorporated a tandem six-pass Fabry-Perot interferoni&ter.

The light was detected by a single-photon counting module .

and its output was stored in a multichannel scaler card for I, = am sind. @)
further analysis. Each spectrum was accumulated for 1-2 Ao

hours. The frequencies corresponding to each of the peaks

were determined by a curve-fitting routine. For details of howGgs(k, ,X3,®) is calculated we refer to
Ref. 21. The method takes into account the six partial waves
(n=1,2,...,6) in the film and the 3 outgoing partial waves
We treat here the inelastic scattering of light from an(n=7,8,9) in the substrate. These waves for each medium
opaque semi-infinite elastically anisotropic solid occupyingare obtained as solutions of the Christoffel equations

FIG. 1. Backscattering geometry.

IV. THEORY
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(Cijkiki— pw?8)U,=0, ©)

wherep is the mass density ard;;, is the elastic modulus
tensor of the medium, antd, are the components of the
mode polarization vector. Phase matching of the partial
waves in the interface fixes the valuelgf, and w, and the
characteristic equation of E€B) yields six real or complex
solutions forks. For the substrate, the three incoming waves,
characterized by energy flow towards the surface, or expo-
nential growth away from the surface are discarded, and re-
maining three waves retained. The boundary conditions for
the surface and interface tractions, and of continuity of dis-
placement field at the interface yield nine equations for the
partial wave amplitudes. The displacement Green'’s function
Ga3(k; ,X3,w) is then represented by the superposition of the
six partial waves in the film, i.e.,

Velocity (km 5'1)

6 FIG. 2. Two-dimensional gray image of the calculated Brillouin

P ()
Gaa(Kj ,X3,w)= 2 ;(B 1)EJH)UE?,”> exljk3 3, (4) spectra of SN,/GaAs at free SN, surface.

n=1

whereB~1! is the boundary condition matribp=3 for the  of the layer, while the attenuation of this wave tends asymp-
surface and 6 for the interface Green’s function. totically to zero. We will call this type of behavior the non-

We point out that there is another approach that can béplitting type. The second type of behavior arises when the
used in calculating Brillouin spectra of supported filfhd®  elastic properties of the two materials are quite dissimilar,
This is based on the determination of the displacement fiel@nd has the PSAW evolving into a strongly attenuated inter-
as a superposition of the normal modes for gikgntaking  facial mode, while a second mode appears at a higher veloc-
account of boundary conditions. From comparison we havédy, and evolves into the Rayleigh wave at the free surface of
made with published results, the two approaches appear to e layer. We will call this second type of behavior of the
equivalent. dispersion relation the splitting type. The nonsplitting type of

The dispersion or velocity variation of the SAW propa- behavior has been observed experimentally in an alumina
gating on a thin film is a function afih, the product of the film on aluminun? and in a titanium nitride film on steél.
absolute value ok, and the film thicknes$. One can dis- The SkN, film on GaAs substrate in our present experiments
tinguish between two principal domains of behavior, dependis a stiffening system sincée,,0f the SgN, and GaAs are
ing on the relative properties of the film and substrate. When-4700 m/s and-3300 m/s respectively, and we will dem-
the bulk shear wave velocity of the film is lower than that of onstrate now that the SAW dispersion is of the splitting type.
the substrate, the film loads the substrate and, with increasirlg experiments we measured only one branch of the disper-
h, the SAW velocity decreases and asymptotically ap-sion curve corresponding to SAW'’s propagating in ftheQ]
proaches the SAW velocity of the film material. In addition, direction on the(001) GaAs surface. The g, film is as-
at certain critical values ofjh, higher order SAW called sumed to be isotropit!

Sezawa modes and longitudinal guided modes emerge from Gray scale images representing the calculated Brillouin
the bulk wave continuun. intensity as a function of velocity = w/k; andgh, for scat-

On the other hand, if as is the case considered here, tHering from the free surface of the film and from the interface
shear velocity of the film is larger than that of the substratédetween the film and substrate for 90| direction in the
(stiffening casp the SAW velocity initially grows with in- (001 surface of GaAs are presented in Figs. 2 and 3, respec-
creasinggh. At a critical valuegh, the SAW meets and tively. The gray scale intensity in these images is propor-
degenerates with the bulk wave continuum. The thresholtional to @ ' m{Gas(k; ,X3,@+i0)}, with x3=0 for the in-
slowness(inverse phase velocityat which this occurs is terface andx;=—h for the surface of the film. In our
called the transonic stateBeyond this cutoff, while no true calculations we have used the elastic constants obtained by
SAW any longer exists, there is a pseudo surface acoustidickernell et al* for isotropic polycrystalline $N,:Cy;
wave (PSAW), which radiates energy into the substrate and=189 andC,,=56 GPa and the following published values
as a result attenuates with distance as it travels along thef the elastic constants for cubic Ga#&sC,;=118.1,C;,
surface. The attenuation reaches a maximum slightly beyone 53.2, andC,,=59.4 GPa. Brillouin spectra calculated for
ghey @and then subsides, either tending towards zero or levgh=0.5, 2, and 8, with scattering taking place at the surface
eling off at a finite value, depending on the conditiSiRe-  are shown in Fig. 4. Fogh=0, the velocity corresponds to
cent calculations of the dispersion of SAW above cutoff inthe SAW velocity on the GaAs substrate. With increasjhg
stiffening system® have revealed two types of PSAW dis- the SAW velocity approaches the bulk wave threshold or
persion. The first type of behavior comes about when thdimiting shear slownesk;/w, which is reached atjh
elastic properties of the layer and the substrate are not vert1.5. Belowqh,, the Brillouin spectrum displays a sharp
different, and has the velocity of the pseudosurface wav@eak, which is associated with the true surface wave and in
beyond cut off increasing up to the Rayleigh wave velocityaddition a continuum extending from the bulk wave thresh-
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FIG. 5. Brillouin experimental spectrum of 8, film for the

FIG. 3. Two-dimensional gray image of the calculated Brillouin angle § of 30°,

spectrum at $N,/GaAs interface.

old to higher frequencies, which is known as the LambProad peak, which fades away lph~4. At this point an-
shoulder. In our calculation of the Green functidpa small ~ Other broad peak appears, which with increasjhdpecomes
amount of artificial dampird is introduced to avoid a true narrower, as the associated mode tends t_owards the Rayleigh
singularity. In the region below cutoff, the position of the mode of SiN, (see graph fogh=8 on Fig. 4. For very
SAW peak is the same for surface and interface scattering@'9€dh this becomes the true nondispersive Rayleigh SAW.
This range of smalijh< 1.5 has been experimentally inves- ~ With increasinggh, a succession of higher order damped
tigated by Hickernelet al’3* At gh,,, the SAW degener- !_amb mgdes come into view in Fig. 2, moving downyvgrds
ates with the bulk continuum, and beyond cutoff there is nd? Velocity and eventually leveling off, but remaining
true SAW. In its place there are broadened resonance§amped.
which are associated with attenuated PSAW at the interface
or surface of the film, and that leak energy into the substrate.
Somewhat above the cut-off velocity, the Brillouin spectrum
for the interface displays a broad peak which beyayd
~4 becomes independent of the film thickness. This peak is The typical Brillouin spectra of the §, film that we
associated with a highly damped interfacial wave. Its broadhave recorded are shown in Figs. 5-8. Four distinct spectral
ening is due to leakage of energy into the substrate as disomponents are observed approximately symmetrically posi-
cussed in Ref. 10. In the same spectral region, the calculatétbned on either side of the central elastic peak. The up-
Brillouin spectrum for the surface of the film displays a shifted (anti-Stokey components are due to phonon annihi-
lation, and the downshiftetStoke$ components are due to
gh=0.5 gh=8 phonon creation. For the purpose of our discussion, the five
ar components starting from the one closest to the central peak
are labeledW, RW, LQ LW1, andLW2. To make peaks
around main maximadRW more discernible we repeated
gh=2 7—- Rayleigh SAW measurements of SBS spectrum for five times. Averaged
¥ SBS spectra measured at 60° and 65° are presented in Figs. 6
Pseudo SAW and 8(bottom. To separate theN, RW, LOmodes(Fig. 7)
we used multipeakgLorentzian fitting subrotune within
software package called Origin from Microcal Software,
Inc., Northampton, MA built-in Origin(Microcal).

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

V. RESULTS AND DISCUSSION

Lamb waves

Amplitude of BS signal

-1
V(kms™) forg
FIG. 4. Calculated Brillouin spectra of 8l,/GaAs for a section Vsaw= 23sing’ ()
of film thicknessh, displaying Rayleigh SAW, a highly damped
PSAW, and Rayleigh wave on the film and higher order Lamb
modes. The scattering intensity is given in arbitrary units. where,Vgaw is the SAW velocity and is the frequency shift
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FIG. 6. Brillouin experimental spectrum of 8i, film for the FIG. 8. Brillouin experimental spectrum of i, film for the
angled of 60°. Top. Single spectrum accomulated for 2 h. Spectrum@ngled of 65°. Top. Single spectrum accomulated for 2 h. Bottom.
obtained by averaging over five spectra accomulated for 1 h. Spectrum obtained by averaging over five spectra accomulated for 1

h

of the spectral feature. The measured surface wave velocities
as a function ofgh are plotted in Fig. 9. The data presented
cover the ranggh=4 togh=12. We are able to identify the
Rayleigh surface mode and second-order damped Lamb

N
Si,N,/ GaAS, 8=6(°, gh=10.5 .. \
1400 | 2
1300 E ZLamb mode
1200 =
1100 ; 64 l"Lamb mode
1000 | > -

LO Mode
900

800
700

«——Rayleigh wave
600
500

4- Interfacial
...... /' ®eoles® Wave
400

300 -2 0 2 4 6 8 10 12 14

Intensity (Arbitrary units)

9 10 11 12 13 14 15 16 17 18 19 20
Frequency shift (GHz) FIG. 9. Dispersion curves calculated using Green function and
experimental results of §\l,/GaAs. Dashed lines are shear cutoff
FIG. 7. Brillouin experimental spectrum of 8i, film for the (lower ling), longitudinal cutoff(middle ling in the[100] direction

angle 6 of 60°. Fitting of LO, Rayleigh, andIW modes by on the(001) GaAs surface and longitudinal cutoff for;8i, (upper
Lorenzian-shaped peacks. line).
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FIG. 11. Angle dependence of the Rayleigh, interfacial, and
40 50 60 70 80 % shear mode in GaAs. Theoretical points for Rayle{gblids rect-
Angie (degren) angle$ and interfacial modesolid triangle$ were taken from Bril-

o ) louin spectra measured forh=11 (angle of incident light to sur-
FIG. 10. Brillouin spectrum calculated for the interface as aszce normal is equal to 60°

function of the rotation angle.

25
0

10 20 30

higher Lamb modes. For the first Lamb mode this phenom-
mode for the entire range afh. The first Lamb mode can ena was predicted by Bortolaet al*? and observed in Refs.
only be identified for angles greater than 50°. 23, 33, and 24.

The dispersion curves in Fig. 9 represent the traces of the To test the anisotropic properties of the interfacial wave,
maxima of the calculated Brillouin intensitfig. 3) for the  the scattering angl@ was fixed at 60° and the film was
interface(the lowest solid lingand surfacéFig. 2, the upper rotated about the normal to the film’s surface in steps of 10°,
solid lineg and of the measured Brillouin intensity. The ex- and for each orientation, a Brillouin spectrum was recorded.
perimental data are in excellent agreement with the theoref theoretical gray scale image and experimentally measured
ical predictions for all except the interfacial mode and theresults are presented in Figs. 10 and 11, respectively. Varia-
fact of the disappearance of the first Lamb mode in the meaion of the velocity of the interfacial wave with angle is
sured spectrum at smajh. The former discrepancy suggests around 5%. Experimental data reproduce the shape of theo-
that the interface is more complicated than assumed in ouetical curve, but the measured and calculated velocity
model. There could well be a compositional variation ex-curves are offset by 0.25 km It is interesting to note that
tending over some tens of nanometers, as has been reporté¢ variation of the velocity of the shear wave in GaAs is
for the TiN-steel interface by Refs. 28 and 20. For thin fimscompletely different in character to the interfacial wave.
this compositional variation also has a pronounced effect ohittle variation (less than 1%is observed in the velocity of
the scattering from the surface of the film. Indeed, there havée Rayleigh wave.
been numerous reports on films of thickness less than 100 LO peak is well distinguished on the SBS spectra in the
nanometers, for which the Brillouin measured Rayleigh ve-angular range 60° to 7qFigs. 6, 7, and B It can be attrib-
locities are significantly less than predicted on the basis ofited to longitudinal leaky wave propagating in GaAs along
bulk values of the elastic constarits’®?82°We note that SisN,/GaAs interface. Similar peak detected in SBS spec-
similar behavior of the Rayleigh branch has been observed ititum of GaAs surface has been explained by Bortolany
a film of CaR, film on GaAs(111).3! However, the disper- et al®* as due to leaky longitudinal surface mode and the
sion relation for SAW on CaHGaAs (111) is not of the elasto-optic coupling. At the beginning of the dispersion
splitting type. Calculations of the interfacial Green’s func- curves kh=10) where the main peakO+RW (Fig. 5) is
tion for that system reveal no interfacial mode. broad,LO andRWmodes are difficult to resolve.

The other discrepancy that needs to be accounted for is
that the intensity of the first Lamb mode is too weak to be
detected in the angular range 20° to 45°. To accurately ac-
count for the positions as well as intensities of the peaks in
the Brillouin spectrum of a solid covered by a transparent (1) A splitting in the dispersion curve of SAW’s in thin
film,%? one needs to consider not only ripple scattering fromfilm SizN, on GaAs has been observed by surface Brillouin
the surface and interface, but also elasto-optic scattering ispectroscopy. Existence of the two branches of the disper-
the film and substrate and interference between these chasion curve (Rayleigh and pseudointerfacial modesbove
nels. Under certain conditions, interference can have the ebut-off predicted theoreticalt} has thus been confirmed.
fect of almost completely suppressing a Brillouin peak.This is the first reported observation, for a stiffening layer on
While we have not included these effects in our computaa substrate, of a leaky interfacial wave, a type of mode that is
tions, a simple estimate based on the optical path lengths iof potential value in the interface characterization of thin
the SgN, film lead to the conclusion that the first Lamb peak supported transparent films.
should be considerably suppressed in comparison with the (2) The measured velocity of the interfacial wave is

VI. CONCLUSIONS
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smaller than predicted on the basis of the bulk elastic coning and interference effects would need to be taken into
stants of the media, and this is indicative of compositionakccount.
variation in the vicinity of the interface
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