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Brillouin scattering from thermal surface phonons has been observed in thin films de-
posited on semi-infinite media. The velocity of Rayleigh and Sezawa waves was measured
and interpreted in terms of the film elastic constants. Surface phonon attenuations were
also measured and it was found that the lifetimes of surface and bulk phonons of the same

wave vector are comparable in the glass studied.

The scattering of light by various types of
thermally excited sound waves at surfaces of
solids has been recently reported'™ and inter-
preted.®® Brillouin scattering from bulk phonons
has been investigated at the surfaces of opaque
media'*? as well as in transparent free-standing
films® by Sandercock, and in thin films deposited
on semi-infinte media by Rowell, So, and Stege-
man.? In the past year Sandercock® has also ob-
served Brillouin scattering from thermal sur-

face phonons on reflection from the surface of
opaque materials such as metals and semiconduc-
tors. However, his attempts to study surface
waves by Brillouin scattering in transparent

media have proved unsuccessful to date.? Further-
more, Sandercock® found the measured surface
phonon velocities to be (1- 5% lower than theoret-
ical values calculated from bulk elastic constants.
In this Letter we report the Brillouin scattering
measurements of both the velocity and attenuation
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of surface acoustic excitations (i.e., Rayleigh
and Sezawa waves)® in thin glass films deposited
on semi-infinite media.

The present experiment utilizes the techniques
of integrated optics'® to confine the incident and
acousto-optically scattered light in and near the
film. The optical waveguides were fabricated on
fused silica microscope slides (refractive index
=1.4616) by the rf sputtering of a Corning 7059
glass film of thickness 3005 A and refractive in-
dex 1.578, both measured by ellipsometry. As
illustrated in Fig. 1, the incident light was insert-
ed into the TE, waveguide mode using standard
prism techniques'® and the light scattered at ~90°
into the TM, mode was coupled out by a second
prism (~10% efficienty for each prism). The
films were of excellent optical quality and wave-
guiding losses were typically 4 dB/cm.

The acousto-optic interaction for this scattering
geometry has been discussed previously.'’ Since
the dimensions of the scattering region are large
in the plane of the film, but only a few optical
wavelengths perpendicular to the surface, wave-
vector conservation occurs only in the plane of
the interfaces. Thus, the phonon wave vector
parallel to the surface, i.e. a1 K", is given by K”
-K" - K" where K, i and Ku are the optical
wave-vector components parallel to the surface
for TM, and TE, modes, respectively. (Note that
KM+ IK"E | at the same optical frequency since
the TE, and TM, modes satisfy different electro-
magnetic boundary conditions at the two film in-
terfaces.) The scattering cross section has con-
tributions' from both the elasto-optic and cor-
rugation effects. The film thickness and scatter-
ing geometry for this experiment were chosen on

/

FIG. 1. Experimental sample geometry.

the basis of a maximum in the scattering efficien-
cy predicted using the techniques of Ref. 11,

The frequency spectrum of the scattered light
coupled out by the second prism was analyzed
using standard Brillouin-scattering instrumenta-
tion."* Approximately 200 mW of light at 0.5145
4m from a single-frequency argon-ion laser was
focused by a 30-cm lens into the waveguide. Fre-
quency analysis was achieved by a piezoelectrical-.
ly scanned triple-pass Fabry-Perot interferom-
eter with a contrast in excess of 10° and a long-
term finesse >50. Spectra were accumulated
for periods of time of 4-24 h in a prototype DAS-
1 stabilized data-acquisition system.'?

A low-resolution spectrum (instrumental line-
width = 0.5 GHz) is shown in Fig. 2. Four dis-
tinct spectral lines were observed and, to avoid
confusion, additional components in the spectrum
due to the overlapping of spectra from different
Fabry-Perot orders have been removed. The
signal at the peak of the 11,72-GHz line (see Fig.
2) was ~ 0.3 counts/sec channel (1 channel =200
MHz).

The interpretation of the Brillouin spectrum
requires an analysis of the phonon modes of a
thin film on a semi-infinite medium. There are
three orthogonal bulk modes, each characterized
by I{“ and the acoustic frequency . The displace-
ment fields are linear combinations of standing
waves made up of the usual plane-wave phonons
associated with an infinite medium and the rela-
tive amplitudes and phases are determined from
the acoustic boundary conditions at both film in-
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FIG. 2. Low-resolution Brillouin spectrum for the
TE,— TM, scattering geometry, Structures « and b
identify the Brillouin lines associated with the Ray-
leigh and Sezawa modes, respectively. The remaining
peaks are due to bulk phonons.
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terfaces. For isotropic media two of these modes
consist of shear and longitudinal standing waves
in both the film and the substrate with displace-
ment fields polarized in a plane defined by Xy and
the normal to the surface, i.e., the sagittal plane.
(The third mode which is not studied in this ex-
periment is a standing shear wave polarized nor-
mal to the sagittal plane.) The present TE,~ TM,
geometry corresponds essentially to depolarized
scattering from shear strains associated with

the sagittal-plane modes. Maximum scattering
efficiency can be shown'' to occur when the bulk
phonon wave vectors are in the plane of the sur-
face which corresponds to shear waves traveling
parallel to the film. Therefore the spectral peak
at 15.5 GHz corresponds to a frequency shift of

Q =k (v y)s where (@ 7), is the shear-wave velocity
in the substrate. If (v7);, the shear-wave velocity
in the film, is less than (v;)s, the shear wave
vectors in the film are always larger than in the
substrate and bulk modes of the film-substrate
system characterized by shear wave vectors in
the film parallel to the surface do not exist.

Since the film represents a negligible fraction of
the total sample volume, bulk phonon modes are
thermally excited only if the shear wave vectors
in the substrate are real (rather than complex)
guantities. Therefore the spectral lines at Q

<Kk, @r)s must correspond to scattering from ther-
mal surface phonons. Since the wave vectors as-
sociated with the TE, and TM, modes in the film
are not parallel to the surface, weak scattering
also occurs at @~k ({v.)s, i.e., from longitudinal
waves in the film traveling approximately paral-
lel to the surface. This is the origin of the spec-
tral line at a frequency shift of ~22 GHz.

Surface waves in thin films on semi-infinite
media have been discussed by Adler and Farnell.®
In the substrate k> Q/{,)s and the sagittal-
plane—confined fields decay exponentially into
the substrate. There always exists one Rayleigh
wave, the velocity of which varies with film thick-
ness from the Rayleigh velocity of the substrate
to that of the film material (see Fig. 3). Higher-
order surface modes commonly called Sezawa
waves can also occur if @5 > @r)s, depending
on the film thickness. They are propagating
shear waves trapped in the film and occur at dis-
crete frequencies (given k; and %) since the acous-
tic phase must change by an integer multiple of
27 in one roundtrip transit of the film. Their sur-
face wave velocities lie between that of shear
waves in the film and substrate. The dispersion
relations shown in Fig. 3 were calculated using
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FIG. 3. Dispersion in surface wave velocity with nor-
malized film thickness (ky%). Curves a, b, and ¢ re-
fer to the Rayleigh wave, lowest-order Sezawa wave,
and the next-order Sezawa wave, respectively. Typi-
cal error limits are shown.

values of () and @)y for bulk Corning 7059
glass. Note that for the value of k%2 appropriate
to this experiment (> 7), the Rayleigh-wave ampli-
tude is very small at the film-substrate inter-
face, and the surface phonon velocity corresponds
very closely to that of a semi-infinite medium of
Corning 7059 glass.

The measured velocities of the Rayleigh and
Sezawa waves were found to be lower than the cal-
culated values as shown in Fig. 3. It was not pos-
sible to accurately measure surface phonon velo-
cities over a reasonable range of k2 because of
the strong stray light scattering from inhomogen-
eities in the film at angles away from 90° and
because scattering cross section was strongly
peaked at the thickness used. Subsequently @ s);
was evaluated by Brillouin scattering in a geome-
try in which the light is scattered in a direction
normal to the waveguide.? [In addition @.); was
measured from the film longitudinal mode “cut-
off” in a TM,~ TM, geometry at a 90° scattering
angle] The longitudinal velocity was found to de-
crease by ~0.6% to (vz);=5560 m/s but the de-
polarized spectrum was unfortunately relatively
insensitive to (v 5); and it was found to correspond
to the bulk value to an accuracy of ~5%. How-
ever we found that by changing the value of @ s);
from 3090 m/s to 3010 m/s, i.e., by 2.9%, both
the Rayleigh and Sezawa wave velocities could be
made to agree with calculations to better than
the experimental uncertaintly of ~1.5%. Noting
that changes as large at 10% have been reported
previously for other materials,* we attribute the
lowering of the surface wave velocity to changes



VoLuME 41, NUMBER 14

PHYSICAL REVIEW LETTERS

2 OCTOBER 1978

in the film elastic constants during fabrication.
We also note that mechanical polishing is known'®
to produce surface damage layers and dispersion
in surface phonon velocities. Although neither of
the film interfaces were polished in the present
experiment, surface damage layers may be a
partial cause of the discrepancies found by Sand-
ercock.?

The surface-wave lifetimes were evaluated by
measuring the spectral breath of the Brillouin
lines under high resolution (instrumental line-
width = 70 MHz, full width at half-intensity).
Since a surface wave can be completely described
by & (which is specified uniquely by the scatter-
ing geometry), then the Brillouin line shape is
proportional to [(w,+ Q)% +(1/7)?]™* for perfectly
monochromatic incident light of frequency w,
where 7 is the phonon lifetime. The observed
linewidths were 180 and 360 MHz for the Rayleigh
and Sezawa waves, respectively. After correc-
tion for the instrumental line profile, the finite
acceptance angle at the interferometer and the
finite width of the incident light in the film (all
by successive convolution with a Lorentzian line
profile), the lifetimes given in Table I were de-
duced. Since the Sezawa mode is guided by both
film interfaces, we attribute the shorter lifetime
(and hence larger attenuation) of this mode rela-
tive to the Rayleigh wave as due to inhomogenei-
ties in the film boundaries.

The attenuation of shear and longitudinal waves
in both a silica microscope slide and a bulk sam-
ple of Corning 7059 glass was also measured at
a 90° scattering angle. (Unfortunately, the spec-
tral lines at 15 and 22 GHz in the guided-wave
spectrum of Fig. 2 are spectrally broadened be-
cause of scattering from a phonon continuum char-
acterized by a single k) but different values of k.,
the wave~vector component normal to the sur-
faces.”®) The results are listed for comparison
in Table I. Assuming the usual 7™ dependence,
surface phonons have the shortest lifetimes of
all acoustic waves at a common frequency. How-
ever, when compared at approximately the same
wave vector, the lifetimes are comparable. We
note that such a relation could be indicative of
strain- or impurity-dominated damping. (The
waveguides were not annealed after fabrication.)

In summary we have measured the velocity and
attenuation of high-frequency (> 10 GHz) Rayleigh

TABLE I. Phonon frequencies and lifetimes for bulk
and surface waves at a 90° scattering angle.

Frequency T

Phonon mode (GHz) (1079 )
Rayleigh 11.7 2.6+0.3
Sezawa 13.7 1.0£0.1
Longitudinal (SiO,) 24.1 2.6+0.3
Shear (SiO,) 15.0 2.2+0.4
Longitudinal? (Corning 7058) 26.6 2.0+£0.2
Shear? (Corning 7059) 14.9 2.1+0.4

2Measured with 0.488-um incident light.

and Sezawa waves using Brillouin scattering.
Surface wave velocities lower than those calcu-
lated from bulk elastic constants are attributed

to changes in film acoustic velocity during prepa-
ration. This type of measurement may well prove
useful in the future for studying phase transitions
in thin films, anisotropic compressibilities in
molecular films, etc.
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