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Brillouin scattering from unsupported Al films
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Brillouin scattering measurements on unsupported Al films have been performed on films with
thicknesses down to -23 nm. Both the line positions and relative intensities of the Lamb modes ob-
served in the experimental spectra are well accounted for by theory with no adjustable parameters.
Fits to the experimental dispersion curves in unsupported films are found to give somewhat more re-
liable values for elastic constants than fits to results on supported films.

I. INTRODUCTION

The determination of elastic properties of thin films
((1 pm) poses severe experimental problems because
they are considerably thinner than the shortest wave-
lengths that can be achieved in conventional ultrasonic
experiments. As a consequence, other more elaborate
techniques must be employed, the results of which are
often controversial. It is safe to say that at present there
is no reliable way of determining all the components of
the elastic constant tensor for a material that can only be
prepared as a thin film. A possible exception could be the
case of transparent films where, using Brillouin scatter-
ing, both surface and bulk modes can be measured at the
same time, resulting in a very rich amount of informa-
tion. Metal films, however, do not meet these require-
ments.

One technique which has proved to be usefu1 in the
study of the elastic properties of thin films is Brillouin
scattering. This technique, which in opaque materials
usually provides information on only one surface wave
(and hence only one particular combination of elastic
constants), has the potential of yielding much more infor-
mation: in films considerably thinner than 1 pm it is pos-
sible to observe standing waves (generalized surface
waves) between the free surface and the film-substrate in-
terface. The frequency of these modes depend on
different combinations of elastic constants (C;. ) of the
film and the substrate. In principle therefore, by fitting to
the experimental results it should be possible to obtain
numerous C;.'s of the film.

In a recent paper we addressed the problems involved
in determining elastic constants of supported thin metal-
lic films from fits to the dispersion curves of surface
waves (Rayleigh, Sezawa, and generalized Lamb waves)
determined by Brillouin scattering. There we reported
that the errors involved in such fitting procedures are
large, and that they are partly due to the presence of a
substrate and uncertainties in the bonding between the

two materials. Recent measurements, which have shown
that measurements on unsupported films are also possi-
ble, have led us to attempt fitting to the dispersion curves
of Lamb waves in unsupported films in order to ascertain
if the errors in the determination of the C;. can be re-
duced.

The previous results on unsupported films were made
on Au; the elastic constants obtained from a fit to the
dispersion curves yielded reasonable values for the C,
Unfortunately since Au has a large elastic anisotropy it
was not possible to decide if the diA'erences between fitted
and literature values were due to errors or simply due to
texture andior preferential orientation of the films.

We have chosen to study Al films because since Al is
almost elastically isotropic, the results should not depend
strongly on growth characteristics. Films with
thicknesses down to -23 nm were studied using Bril-
louin scattering and the dispersion curves for the five
lowest-lying Lamb modes determined. The 8rillouin
spectra are satisfactorily reproduced within the experi-
mental errors, in both peak positions and intensities using
a generalization of the theory described in Ref. 5 and the
literature elastic constants for Al. The experimental re-
sults are also fit to obtain the C, - independently and the
errors involved in such fits are described in detail.

II. THEORY

The normal modes of vibration of a free-standing plate
have been extensively described in the literature. For
isotropic and other high-symmetry materials, there are
two types of modes: those polarized in the plane of the
film and perpendicular to the propagation direction (Love
waves) and those with a polarization in the plane contain-
ing the propagation direction and the film normal (Lamb
waves). Rather than use the approach outlined in Ref. 6,
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which yields analytical solutions for simple cases, we
have used a generalization of the theory as it is usually
used for surface waves and modes in supported films.
This approach only yields numerical solutions but can be
used for films of any symmetry. We mention that the
analytical approach has also been applied to calculations
of the cross section in unsupported films, but only for
films which are isotropic.

The coupling of light to acoustic phonons in highly
rejecting materials is known to be dominated by the rip-
ple mechanism, which corresponds to a corrugation of
the sample surface due to the phonon which acts as a
moving grating for the incident radiation. ' The scattered
intensity in such a process is proportional to the square of
the normal component of the phonon amplitude at the
surface, and hence can be easily calculated once the nor-
mal modes of a film are known. It is also clear that the
Love modes, since they do not corrugate the surface, do
not couple to the light via the ripple mechanism.

The calculations reported here for Brillouin peak posi-
tions and intensities are similar to those reported in Refs.
2, 3, and 5 except that the boundary conditions at the
back surface are appropriate for a solid-vacuum inter-
face. The intensity calculations for Al are based only on
the ripple mechanism since the elasto-optic contributions
in this material are known to be negligible. "
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FIG. 1. Scattering geometry used for Brillouin experiments
on unsupported films. L&, laser focusing lens; M, mirror; I',
film; t9, angle between radiation and surface normal; and L2,
collection lens.

burning them. The angle O between the film normal and
the incident beam was chosen in the range from 40' to 60'
in di8'erent runs. The wave vector of the phonon probed
is given by

4m
q = sinO,

III. EXPERIMENT AND RESULTS

Al films were evaporated onto freshly cleaved NaC1
substrates using feedback-controlled electron-beam guns
at typical pressures better than 5 X 10 torr during eva-
poration and typical rates of 10 A/sec. After removal
from the vacuum chamber the films were placed in con-
tact with a lightly greased grid and the NaC1 dissolved in
H20. Even for the thinnest films ( -23 nm) unsupported
areas as large as —1 mm in diameter could be produced
in this fashion. Since the phonon wavelengths investigat-
ed with Brillouin scattering are -300 mm, these films
can be treated as extending to infinity in the plane of the
sample.

Film thicknesses were determined using an in situ
quartz-crystal oscillator. Apart from small (few percent)
errors in thickness which possibly arise from minor
changes in sample position, background pressure, amount
of material in the crucible, etc. , a more severe considera-
tion is the accuracy of calibration of the crystal monitor
itself. Calibration of the quartz-crystal oscillator against
a thickness profilometer; together with the uncertainties
in "exact" deposition conditions imply that the error in
thickness is of the order of —5%. Characterization of
the films with x rays showed that they grew with strong
preferential orientation with the [111]axis normal to the
surface. Within experimental accuracy ( -0.5%) no
change was observed in the position of the [111]peak in
films with di6'erent thicknesses.

The scattering geometry used in the experiments is
shown in Fig. 1. The incident light was polarized in the
scattering plane and no analyzer was placed in the scat-
tered beam. Powers as low as 10 mW of 515 nm radia-
tion were used on the thinnest films in order to avoid
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FIG. 2. Brillouin spectra from unsupported Al films. The
upper half are experimental spectra the lower half are calculat-
ed. From left to right the spectra correspond to film thicknesses
of 255, 125, and 60 nm, respectively; the angle 0 was kept at 60 .

where kl is the wavelength of the incident radiation.
The spectra were recorded on a tandem (5+2 pass)
Fabry-Perot interferometer. There is good agreement in
both line positions and intensities between experimental
(Fig. 2, upper half) and calculated (Fig. 2, lower half)
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12 TABLE I. Elastic constants of Al films (Gpa) obtained from
fits to Brillouin data. An asterisk indicates a nonfitted parame-
ter, the last row contains literature values.
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FIG. 3. Dispersion curves for the six lowest modes in unsup-
ported Al films. The dots are experimental points, the solid
lines are calculated using literature values for the C;, and the
dashed lines are a fit obtained using the C;,- as fitting parameters.

spectra obtained using the methods outlined above. The
calculated spectra were performed using the hexagonal
elastic constants for a (111)preferentially oriented Al film
viz. , C&& =113, C&3 =57 9, C33 115, and C44=25 1

GPa. These values were calculated from single crystal
values' (C» =108,C,2=61.3, and C44=28. 5 GPa) us-

ing the expressions for the Voigt average from Ref. 13
(the Reuss average gives values —2% lower). The densi-
ty was taken to be 2.69 g/cm . The linewidth in the cal-
culations was chosen to reproduce the experimental reso-
lution. Because of the strong absorption of light in the
film, for the thicknesses considered in Fig. 2 the ripple
contribution from the back surface turned out to be com-
pletely negligible, so that only the ripple mechanism from
the front surface is relevant. We have calculated that in-
terference effects between the light scattered from the
two interfaces is appreciable only in very thin films

(d & 15 nm). The peaks labeled with an asterisk in the ex-
perimental spectra in Fig. 2 are of instrumental origin.

The dots in Fig. 3 are the experimentally determined
velocities of the Lamb modes measured on various films
with thicknesses d, and at various angles [q given by Eq.
(1)]. The solid lines are the dispersion curves calculated
with the same literature values for the C; as used to cal-
culate the spectra in Fig. 2. The agreement between
theory and experiment is good especially considering that
there is a possible systematic error in the experimental d
of up to -5%. In the calculations we find that the fifth-
and sixth-order modes exhibit a tendency to cross at
qh =3.8. Although this is actually forbidden by symme-
try, the result is a small gap in the dispersion curves, not
well resolved in Fig. 3. Since the calculated intensity of
the fifth-order mode is considerably smaller than that of
the sixth mode in the region around qd =4 we assign the

experimental point u —=7 km/sec at qd =5 to the sixth-
order mode. The theory is therefore capable of explain-
ing in great detail the experimental results —mode fre-
quencies, relative intensities, and dispersion curves.

We return now to the inverse problem, i.e., the deter-
mination of film elastic constants from the experimental
results. A least-squares fit to the data with C&&, C&3 C33,
and C44 as adjustable parameters, gives C& &

= 104,
C f 3 52 6, C33 109, and C44 =22. 9 GPa; the associated
dispersion curves are plotted as dashed lines in Fig. 3.
Note that the best fit values are systematically 7—10%
smaller than the literature C; . The assignment of errors
to the C; determined from the least-squares fit is a non-
trivial problem. Ignoring for the time being any errors
arising from the thickness determination, we performed
the following calculations: starting with the values from
the least-squares fit we increase one of them by 10% and
then perform a fit using the other three as variables. The
results are summarized in Table I, where an asterisk
denotes a value which is not fitted; the last row in the
table gives the literature values of the C; . In all the cases
considered, the change in the standard deviation is small
and the differences between the dispersion relations are
certainly smaller than the experimental accuracy. We
therefore conclude that even in the absence of errors in
the measured thicknesses, the absolute C; obtained from
the Brillouin results are at best only accurate to —10%%uo.

Possible systematic errors in thickness would increase
this uncertainty.

In summary, we find that a theory without fitting pa-
rameters which uses literature values for the elastic con-
stants is capable of reproducing quantitatively peak posi-
tions and intensities observed in Brillouin spectra from
unsupported films. The intensities of the Brillouin peaks
from Al films are well reproduced taking into account
only the ripple mechanism. The determination of elastic
constants from experimental data can only be performed
with an accuracy of —10%.
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