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Evidence for a shear horizontal resonance in supported thin films
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We report evidence for a different type of acoustic film excitation, identified as a shear horizontal resonance,
in amorphous silicon oxynitride films on GaAs substrate. Observation of this excitation has been carried out
using surface Brillouin scattering of light. A Green’s function formalism is used for analyzing the experimental
spectra, and successfully simulates the spectral features associated with this mode. The attributes of this mode
are described; these include its phase velocity which is nearly equal to that of a bulk shear wave propagating
parallel to the surface and is almost independent of film thickness and scattering angle, its localization mainly
in the film, and its polarization in the shear horizontal direction.

Surface Brillouin scatteringSBS is proving to be of elastic scattering of the incident beam after it has been re-
great value in the study of the acoustic excitations and elastittected from the interface between the film and the substrate.
properties of bulk materials and thin supported layefs. This scattering route is similar to that of the platelet geom-
Thermally excited phonons in the GHz frequency range ar@try described in the literatufé,and involves collecting the
responsible for the light scattering in SBS. For an opaque olight scattered by the guided acoustic excitations with wave
semi-opaque medium, the light scattering is mediated princivector Ky in the frequently used back-scattering configura-
pally by the surface ripple mechanism, and involves interaction. The literature reports of LR in various layer syst8m$
tion with surface excitations polarized in the sagittal planeare believed to result from this scattering process. An addi-
defined by the surface acoustic wa(®AW) propagation tional advantage of this scattering geometry is that the phase
wave vectorK, and the surface normal. SBS has been sucvelocity of the guided phonons probed can be calculated di-
cessful in studying a variety of surface excitations includingrectly from the frequency shift of the scattered light and scat-
longitudinal resonance&R) or longitudinal guided acoustic tering angle, without previous knowledge of the refractive
modes(LGAM), which are surface excitations with frequen- index of the film.
cies and phase velocities that are close to those of bulk lon- The samples used in our experiments are silicon oxyni-
gitudinal modes propagating along the surface. These surfadéde films, of thicknesses 1, 2, andan, on (001) GaAs
excitations are often difficult to detect with traditional acous-wafers, and have been provided by Motorola Co. The films
tic techniques, but show up in light scattering spectra. LRare of particular interest because of their potential use in
have been studied extensively in recent y&aténot only ~ advanced microchips and SAW device applications.
because of their intrinsic interest as a distinct feature in SBS The Brillouin light scattering measurements were per-
spectra, but also because they can be used to determine tifgmed for the samples at ambient temperature using the
effective longitudinal elastic constants of a medium with un-p-polarized 514.5 nm line from an argon-ion laser operating
known elastic properties. in a single axial mode. The laser beam is focused onto each

In contrast to the success of LR, guided shear horizontagample by a lens of apertufé2.3 in the backscattering ar-
(SH) excitations, or SH resonancéSHR), i.e., transverse rangement shown in Fig. 1. The wave veckgrof the inci-
phonons polarized in the plane of the surface, have receivedent light makes an angi¢with the surface normal, and the
relatively little attention, at least from the experimental pointlight backscattered into a small cone aroun; is collected
of view. Although calculations of Brillouin scattering cross
sections for shear horizontal surface acoustic mgdaled
Love modes in the discrete part of the spectrirave been
performed by several authots;® SH excitations have been

considered as sources of SBS in a very limited number of ¥ Free
papers. To our knowledge, there are up to now only a few > Surface
reported experimental reports on the detection of SH surface

acoustic phonons using Brillouin scatteriig?°In these ob-

servations, the phase velocities are dispersive with scattering Interface

parameters, and these observed modes are therefore not
strictly SHR’s the counterpart of LR. Substrate

SH modes are polarized parallel to the surface, and the
mechanism of their interaction with light is only through the
volume elasto-optic effect; therefore they can be observed FIG. 1. Back-scattering configuration of SBS,, K, K4, and
only for strong elasto-optic coupling media. In this paper, wek; represent the wave vector of surface phonons, bulk phonons,
suggest a scattering route as shown in Fig. 1, involving inguided acoustic excitations, and incident laser, respectively.
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lower frequency rangé~14 GHz for 6=70°). The peak is
observed also for all three samples. The frequency shift of
the peak is found to be proportional to gij(which means
that the corresponding phase velodi8/74 km/g is also in-
SHR dependent of the scattering angle. In order to identify the
origin of this peak, the polarization of the scattered light was
LR LA analyzed, and spectra were collected for light scattefing
| only in s polarization(denoted byp-s), (ii) only in p polar-
ization (denoted byp-p) and (iii) unpolarized p-ps). Fig-
J ure 3 shows the spectra taken for thard sample at 50¢a),
40 20 0 20 20 for the 1 um sample at 50fb) and 60°(c), respectively, all
for the [100] direction on the(001) surface referred to the

Frequency shift (GHz ) GaAs substrate. It is evident that all the features are polar-

FIG. 2. Typical Brilloin spectra for 1 and 2m samples along ized. The third less intense peaksipolarized. As discussed

the [100] direction on thg001] surface referred to the GaAs sub- in the literature’ *® Brillouin scattering of a polarized photqn
strate at some scattering angles. The upper two and lower two spegﬁ a.pur.e SH phonon produces a Scat_tered ph_otpn W_'t_h a
tra were collected using a free spectrum range of 31.3 and 62.B0larization rotating by 90°, hence the third peak is identified
GHz, respectively. The strong peak located around 40 GHz is du@S scattering from a SH excitation.

to the scattering from the bulk longitudinal phonons, while the [N order to gain insight into the origin of, and to evaluate
prominent features located in the 18—24 GHz range are the scatteil€ properties of these excitations, the local density of states
ing from LR. (LDOS) was evaluated within the Green’'s function

formalism?324

by the same lens. The power of the laser beam focused onto 2 N1 2
the sample is approximately 70 mW. The scattered spectrum Di(0%Kx3) == (m) 7 IM Gii (K, X3, ).
was analyzed by a Sandercock#3) pass tandem Fabry- Herei refers to the mode polarization=1 for longitudi-
Perot interferometer. The detector was a high-quantum effinally polarized excitation, 2 and 3, respectively, for shear
ciency silicon avalanche photodiode. The spectra were takemorizontal and sagittally polarized excitation normal to the
at different scattering angles, from 30° to 75°, hence to havsurface.G;; is the ;,x;) component of the Fourieffre-
different wave-vector components parallel to the surfdce ( quency and wave vectordomain elastodynamic Green’s
for SAW or K for guided modeks In order to obtain the function tensor for deptix;. The method of calculation of
same measurement accuracy at different scattering angldgbe Green’s function is provided in Ref. 4.
slits of the appropriate size were used to limit the collection The advantages of using the Green’s function method for
aperture of the scattered light entering the interferometer. the analysis are several. Firstly, the mode LDOS for each

Figure 2 shows some typical spectra taken for the 1 and polarization component can be analyzed for a given fre-
um samples along thgLOO] direction on theg[001] surface  quency, allowing the relative contribution as well as the spa-
referred to GaAs substrate at different scattering angles. Thigal distribution of each polarization component to be evalu-
spectra were collected for different scattering angles, andted. Secondly, peaks in the curves of the LDOS for different
using different free spectrum rangésSR), to verify the ap-  film thicknesses and phonon wave vectors provide for the
pearances of the peaks. The strong peak located around #@riation of frequencies or phase velocities wikhd, thus
GHz is due to the scattering from bulk longitudinal acousticenabling a direct correlation to the experimental spectra. This
modes(LA), indicated by the fact that the peak position doesprocedure hence avoids the need of prior knowledge of the
not shift with variation of incident angles. It is noticed that elasto-optic coefficients to determine mode frequencies via
the LA peak for the Jum sample is broadened as a result ofthe scattered light intensity. On the other hand, the disadvan-
the scattering volume being limited by the finite thickness oftage of the approach is also obvious: it does not incorporate
the film22 The second prominent feature in the spectra lothe elasto-optic coefficients, therefore it cannot give a full
cated in the 18—24 GHz range, depending on the scatteringccount of the spectral intensity resulting from elasto-optic
angles, is identified as scattering from LR. It is observed forscattering.
all three samples and at different scattering angles. The fre- In Fig. 3, the calculated LDOS at the free surface of the
guency shift varies proportionally to sif)(and the corre- film for longitudinal and SH excitation are compared to the
sponding phase velocit§6.32 km/$ is, within experimental experimental spectra. In the calculation, the literature values
error, independent of scattering angle. The intensity of thef the elastic constants and density for GaAs substrate were
peak evidently benefits from the combined effect of the highrused® The two independent elastic constant,{=95.9
elasto-optic coupling of the medium and the new scatteringind C,,=33.6 GPa) of the amorphous silicon oxynitride
route. The high reflectivity of the interface between the filmfilms used in these calculations were obtained directly from
and the GaAs substrate also plays an important role. Sinciae experimental data. The density of the fitfhis 2.40
the film is isotropic, the phase velocity of LR is approxi- g/cnt.
mately equal to that of the bulk longitudinal waves, and the The LDOS have two regions: a discrete part and a con-
refractive index of the film can be obtained by comparing thetinuous part, separated by the threshold of the bulk shear
frequency shift of the bulk longitudinal peak and the LR waves in the film. The dominant feature in the discrete re-
peak; for the present sample, it is estimated to be about 1.58ion of D, is the highly localized true Rayleigh SAW. The

In the spectrum, a third less intense peak is present in thdisplacement of the Rayleigh SAW has a longitudinal com-
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FIG. 3. The spectra for the Zm sample at 50%a), for the 1 um sample at 50{b) and 60°(c), respectively, all taken for thgl00]
direction on the001) surface referred to as the GaAs substrate. The polarization of the scattered light was anakpethtiyed(denoted
by p-s), p-polarized p-p), and unpolarizedf-ps). D; andD, are the calculated LDOS for longitudinal and SH components. It is evident
that two resonances occur in the spectra. The dashed curgesare the calculated LDOS for the film to be considered as a half space
medium.

ponent; therefore it shows up D;. The discrete region of small thickness, and only the ripples with frequencies close
D, shows no peak. The continuous regions of bbthand  to that of the threshold have relatively large values of LDOS
D, are composed of closely spaced ripples; by these and hence may be observed in the experiments. What we
ripples are called highly attenuated pseudo-Lamb modesibserved in the experiments are thus in fact the envelopes of
while for D, the ripples are called pseudo-Love modes. It isthese ripples with frequencies that lie close to that of the
evident that the ripples resonate at certain frequencies. Fdhresholds.

D,, resonance occurs at the frequencies of 19 and 21 GHz, Being principally a SH polarized excitation, the SHR
respectively, for a scattering angle of 50° and 60°; this resodominates the SH response at the frequency of this mode.
nance is called LR or LGAM in the literature!? The reso-  This is revealed in another way in Fig. 4 as the spatial dis-
nance frequency is close to that for a bulk longitudinal wavetributions of the squared displacement field at the frequency
propagating parallel to the surface. FDk, the resonance of 11.2 GHz in the 1um film at §=50°. It is evident that
occurs near the frequencies of 11 and 13 GHz, respectivelpnly the SH displacement componedt of the mode is

for scattering angles of 50° and 60°. The polarization of thissignificant. From the spatial distribution of the square of the
resonance is shear horizontal. The frequency of the resalisplacement field, it is seen that the SHR is mainly localized
nance is also close to that of a bulk transverse wave propa-
gating parallel to the surface. The resonanc®inis com-
pletely analogous to the LR and its frequencies are in a good
agreement with experimental spectra; therefore we identify
this resonance as a SH resonance or SH guided acoustic
mode.

Considering that our films are quite thick, we may neglect
the effect of the substrate to a first approximation. The
dashed curves in Fig(® are calculations ob; andD,, for
a scattering angle of 60° when the film is regarded as a half
space medium. It is seen that the closely spaced ripple struc-
tures are subdued and the resonance peaks are pronounced.
In this case the positions of SHR and LR peaks are located 1005 005 10
precisely at the thresholds for shear transverse and longitu-
dinal bulk waves, which are the respective velocities of bulk
waves propagating parallel to the sample surface. Comparing FIG. 4. The spatial distributions of square displacement field at
with the calculations for the 2 and 2Zm samples, it is ob- the frequency of 11.2 GHz for the SHR mode in theuh film at
served that the continuous peaks are fragmented into a nune=50°. It is evident that the SHR mainly localizes in the films and
ber of closely spaced ripples when the film has a relativelyonly its SH displacement componeldt, mode is significant.
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in the film and its displacement amplitude decreases sharpigation. The detailed investigations of this excitation and ex-
on approach to the interface between the film and substratglanations will be reported elsewhere.

Unlike the true SAW whose displacement falls off exponen- In conclusion, we have presented evidence for the exis-
tially with distance from the interface in the substrate, thetence of a shear horizontal resonance or guided shear hori-
SHR has a small bulklike component in the substrate. Thigontal phonon in silicon oxynitrde films ai001) GaAs sub-
small bulk wave component carries away the mode energ§trate. The mode is revealed in both experimental
into the interior of the substrate and causes the mode to d@bservations and theoretical simulations. The properties of
cay with distance. Therefore, the mode is a quasilocalize§® €xcitation have been investigated by calculating the as-
excitation and is expected to have a relatively large linewidipOciated elasto-dynamic Green's tensor that allows the local

when it is probed by SBS. In the present cases, the bul ensity of states as well as spatial distributions of the mode
wave component of the mode is very small, therefore thdlisplacement to be determined. The study reported here is a

. : . . : “Valuable step in the classifying of the guided excitations of
g]eor(ijrﬁzn?;e observed with fairly narrow linewidth in the ex layer systems. The observation of the LR and SHR also

) . , . pens up a direct means for investigating the longitudinal
The fltt?dhelastlc'gonsta?tr\]/aIlEeRs fo;thﬁ fllsn|1_|ng|\|/_|e a 900G h4 shear sound velocities and hence determining the inde-
account of the positions of the and the - However o dent elastic constan®; and C,, of films.

the calculated Rayleigh SAW frequencies, as shown in Fig.

3, are slightly higher than the observations. Although the We are grateful to T. S. Hickernell for providing the
discrepancies are small, being within 1 GHz, it may suggessamples, and J. Balogh for technical assistance. This paper is
that the observed peak could result from an unknown excBOEST Contribution No. 4987.
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