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ABSTRACT

The anisotropic dependence of the velocity of surface acoustic waves (SAW) on silicon is explored using surface Brillouin light scattering.
Measurements of the SAW velocity are compared to a numerical model that takes into account the native thin amorphous oxide layer
formed at the top surface of the silicon wafer. The model accounts for material loss and provides a relative estimate for the backscattered
intensity resulting from the ripple effect. For the (100) sample considered, a thickness of 4 nm fits well with experimental data, considering
material constants of amorphous silica for the oxide. A global phase velocity decrease of —11 m/s per nanometer of silica thickness is

predicted for surface phonons at frequencies around 16 GHz.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0210667

Surface acoustic waves (SAW) are collective excitations propagat-
ing along the surface of a solid material. They enter physical phenom-
ena, such as thermal transport,” are useful in materials science,” and
are technologically important for applications in information commu-
nication technology.” In this work, we specifically consider silicon as
the propagation substrate, but methods and results could be extended
to other opaque crystalline solids. SAW propagation velocity on bare
silicon is anisotropic but non-dispersive. The velocity curve as a func-
tion of the angle \ of propagation in the plane of the surface combines
two branches, with velocities of the order of 5000 m/s, as shown in
Fig. 1. The branch labeled A is the slowest; it supports a subsonic”
SAW. The branch labeled B supports a leaky surface acoustic wave
(leaky-SAW) with some radiation loss that depends on the propaga-
tion angle 1. A quasi-shear bulk acoustic wave (QS-BAW) coexists
with the surface waves and leads to the formation of the anti-crossing
between branches A and B.

The velocity of SAW on silicon has been determined experimen-
tally by different techniques operating in different frequency ranges.
Ultrasonic measurements were reported by Tarasenko et al.” for fre-
quencies of the order of 200 MHz. The measurement technique they
used is the laser acoustic method (LAM), whereby the SAW phase
velocity on bare silicon was determined at low frequencies. The result-
ing experimental data for phase velocity, shown with star markers in
Fig. 1(b), fit well with theory, and both branches of the velocity curve
can be identified. The surface Brillouin light scattering (SBLS) mea-
surements reported by Sandercock” and then Stoddart et al.” suggested

slightly lower SAW velocities. The SBLS technique detects thermal,
spontaneous surface phonons in the hypersonic frequency range
(= 16 GHz in our own experiment). The experimental velocities
reported by Stoddart et al,” shown with square markers in Fig. 1(b),
are apparently slower by about 1% compared to theory. Our surface
BLS measurements, shown with filled square markers in Fig. 1(b), are
similar to Stoddart’s and confirm them. The discrepancy may seem
small but is actually larger than the standard deviation of the fit to the
measurements, which we estimate to be around 0.2%.

Sandercock suggested that there are potential differences in elastic
constants near the surface compared to those in the bulk material.’
Stoddart et al.’ explored numerically this effect by considering the
native oxide layer, as well as various other corrections to the experi-
mentally determined SBLS frequencies, but could not fully explain the
discrepancies. In particular, the anti-crossing as a function of the in-
plane angle was not reproduced. In the following, we indeed explain
the apparent slowing down of high-frequency SAW on silicon by the
presence of a thin layer of silica, resulting from the native oxidation of
silicon at room temperature. A numerical model of the dispersion rela-
tion for surface phonons that considers an arbitrary variation of mate-
rial constants with depth is proposed, based on recent developments
around the quasinormal mode description of elastic waves or acoustic
phonons.” Given the high phonon frequencies involved, around
16 GHz, the phonon wavelength A is of the order of 300 nm. The
apparent slowing-down observed in SBLS measurements is found to
be compatible with a silica thickness of about 4 nm, or 4/75.
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FIG. 1. Velocity curves for elastic waves on bare Si(001). (a) The configuration con-
sidered is sketched, with incident light figured by the green solid arrow and back-
scattered light with the green dotted arrow. The electric field vector E is in the plane
of incidence. 0 is the angle of incidence. Elastic waves propagate with an angle s
along the (001) surface. (b) Phase velocity is shown vs angle . The dispersion
relation involves a quasi-shear bulk acoustic wave (QS-BAW), a subsonic SAW,
and a leaky-SAW. Experimental data by Tarasenko et al. (LAM),> Stoddart et al.
(SBLS),” and ourselves (SBLS) are added with markers.

SBLS was used to measure the SAW velocity on a n-doped silicon
substrate. SBLS plays a crucial role in the determination of the elastic
properties of materials that are either opaque or nearly opaque. In this
case, indeed, the substantial optical absorption limits the penetration
depth of the laser, confining it to a small volume near the surface. As a
result, SBLS is widely used to study the physical properties of thin
films,'”'" interfaces,'” and layered materials.' >

In the backscattering configuration depicted in Fig. 1(a), the inci-
dence angle is 0 and the optical wavenumber is k = 27/ with
Ap =532nm. Only surface phonons with in-plane wavenumber
q = 2ksin 0 contribute to light scattering. The shape of the Brillouin
peak is a Lorentzian function, centered on a frequency f3, whose width
depends on the phonon lifetime. The phase velocity v of surface pho-
nons is related to the frequency shift by v = Adofg/(2 sin 0). Surface
phonons modulate the height of the free surface, causing it to deviate
from a perfectly flat plane. This dynamical corrugation of the surface,
or ripple effect,'” results in the inelastic scattering of incident light. The
intensity of the scattering process depends on the reflectivity of the sur-
face and is only effective for the normal component u, of the phonon
displacement field. Laser light is polarized in the incidence plane
(p-pol), since for sagittally polarized SAW, this choice maximizes the
ripple effect.'® The measurements reported here are made at a power of
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around 160 mW. For sending and collecting backscattered light from
the sample, a lens with a numerical aperture ~ 0.1 was used. It has
been shown”'® that the precision of determining the SAW velocity and
attenuation through SBLS is affected by the limited aperture of the col-
lection lens. Due to the low signal intensity, employing a collection lens
with a substantial aperture is necessary to perform the analysis of a suf-
ficient amount of scattered light. According to Elmiger et al,'” the
backscattered intensity for silicon displays a maximum value for angle
of incidence 0 ~ 60°. Since measured phase velocities are very sensitive
to the value of angle of incidence, its value must be precisely estimated.
The angle of incidence was set to 0 = 59.5°, while the sample was
rotated around the normal to the surface to change the angle y from 0°
to 90° with a step of 5°. The spectrum of the scattered light was ana-
lyzed using a six-pass Tandem Fabry-Pérot interferometer (Table
Stable LTD., model TFP-2 HC) with mirror spacing set to 6 mm and
scanning amplitude to 450 nm. The number of cycles for each mea-
sured point was 10 000, about 2 h of acquisition time. Some examples
of experimental Brillouin peaks and a fit example are reported in Fig. 2.

The traditional method to obtain the dispersion relation of sur-
face waves on solids is to represent the wave as a linear superposition
of three partial waves and to look for the zero or the minimum of the
boundary condition determinant expressing that the surface traction
vanishes. This method was used to obtain the dispersion relation of
Fig. 1(b) and can be extended to layered substrates, whereby propaga-
tion becomes dispersive in addition to anisotropic.”

As an alternative, we compute the resolvent map of the dispersion
relation.'® The principle is to prepare a one-dimensional mesh of the
layered substrate, with material constants varying along the z-axis, to
apply a spatially random excitation to the top layer and to solve the
elastodynamic equation for all wavenumber-frequency pairs (g, f)
using the finite element method.'” The resolvent map is formed by
plotting the total energy of the solution, or its log-derivative with
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FIG. 2. Brillouin peaks measured for incidence angle 6 = 59.5°, for some values
of the azimuthal angle 1. Spectra are vertically offset to ease reading. A Lorentzian
fit example is shown with the solid line for azimuthal angle ¢ = 0°.

Appl. Phys. Lett. 125, 062201 (2024); doi: 10.1063/5.0210667
Published under an exclusive license by AIP Publishing

125, 062201-2

85:86:.0 $20Z 1snBny gz


pubs.aip.org/aip/apl

Applied Physics Letters

respect to frequency, in order to reveal all resonances (poles and
damped poles).'® With this approach, both SAW and leaky-SAW are
reinterpreted as quasinormal guided waves:” if desired, their complex
frequency can be obtained as a function of the wavenumber, with the
imaginary part accounting for propagation damping. There is no need
to assume a priori the existence of modes of propagation or to solve an
eigenvalue problem, however, since all surface excitations will be pre-
sent in the response to the surface excitation.

Figure 3(a) presents the dispersion relation for surface phonons in
the case of a thin layer of silica (thickness i =4 nm) above the silicon
substrate, obtained with the technique just described.” There are mainly
two dispersion branches, labeled A and B, respectively. Compared
to Fig. 1, they are both shifted to lower velocities by approximately
—45 m/s. The agreement of numerical dispersion with the SBLS experi-
mental points is rather good. Examples of the distribution of displace-
ments with depth are shown in Fig. 3(b) for a few propagation angles.

The lower branch A is again subsonic and supports generalized
Rayleigh waves. Those are elliptically polarized in the sagittal plane
defined by the propagation vector q and the normal to the surface.
The velocity first increases with angle Y until it interacts with the
QS-BAW, with which it forms an anti-crossing somewhere between
waves A2 and A3. The variations of displacements with depth for wave
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FIG. 3. Numerical analysis by the resolvent map. (a) Velocity is shown vs in-plane
angle v, for a layer of silica with thickness h=4 nm on top of Si(001). The surface
phonon wavenumber q = 4z sin(6) /4o is imposed by the backscattering configu-
ration. The logarithmic derivative of the density of states (DOS) is dis JJIayed on the
color scale. Markers are for experimental data by Tarasenko et al.” (blue stars),

Stoddart et al.” (empty orange squares), and ourselves (filled yeIIow squares)
(b) Variation of displacements is shown vs depth, for selected waves.
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A3, in particular, show that the surface wave extends significantly
inside the substrate, i.e., that it delocalizes. The displacements ampli-
tudes decay exponentially in the direction perpendicular to the surface
for all angles, except for iy = 45° (wave A4) at which point the solu-
tion is completely delocalized and becomes a surface skimming bulk
wave (SSBW).

The upper branch B is supersonic and hence expected to support
leaky surface waves. The displacements for wave B2 are clearly domi-
nated by the QS-BAW. Starting from the anti-crossing, the displace-
ments distribution transforms more and more into that of a Rayleigh
SAW. For y = 45° (wave B4), the conversion is complete and the
solution is a bound state in the continuum (BIC),”" completely
uncoupled from the QS-BAW.

The experimental phase velocities closely follow the Rayleigh
wave branch A up to an azimuthal angle Y of about 25° but subse-
quently follow the leaky SAW branch B. In order to explain this fact,
we observe that the ripple effect involves only the normal displacement
amplitude u, near the surface.'” Since the observed surface phonons
are of thermal origin, their total energy is proportional to kT and dis-
tributes in the depth. Hence, we expect to detect preferably those pho-
nons that are confined at the surface, whose polarization is dominated
by the surface value of |u,|. We evaluated numerically the surface dis-
placement power spectrum,'” as reported in Fig. 4, by computing the
quantity I = (|u,|*), ie., the integrated squared vertical displacement
in the oxide layer. Material loss inside silicon is now included by the
consideration of the phonon viscosity tensor for silicon, turning the
elastic tensor into a frequency-dependent complex tensor.” As a note,
without material loss, the resonance would diverge at the Brillouin fre-
quency and the characteristic damped Lorentzian response function
would not be observed; Loudon’s original Green’s function formula-
tion of the ripple effect'” did not include this correction. In practice,
the phonon viscosity tensor for silicon”” was multiplied by a factor 10
since otherwise the Lorentzian peak width was underestimated com-
pared to the experiment. Hence, there are other factors leading to peak
broadening in addition to material loss. Figure 4 illustrates how the
SBLS response jumps from the lowest branch A to the upper branch B
across the anti-crossing. The numerical result is overall consistent with
the experimental observations in Fig. 2, though we did not attempt to
integrate over the finite range of phonon wavenumbers that is spanned
in the experiment.

20
Angle v (deg. 5000

4850 Velocity (m/s)

FIG. 4. Surface displacement power spectrum of a Si(001) substrate with 4 nm of
native oxide, computed as the squared vertical displacement of the response to a
random excitation body force within the oxide layer. Frequency cross sections are
shown as a function of in-plane angle s every 5°.
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As a note, why the ultrasonic measurements reported by
Tarasenko et al.” agree with the computations for a bare silicon wafer
can be understood by evaluating the phonon wavelength. Given that in
the ultrasonic case 4 = v/f with a frequency of f < 200 MHz, the
phonon wavelength is 2 >> 25 um. In this case, the ratio h/4 is very
small and the presence of the oxide layer can be neglected. In their
experiments, indeed, Tarasenko et al.” mentioned that the dispersion
curves have a very small tilt, indicating the presence of a thin native
oxide layer, whose thickness they estimate to be about 2-5nm.
Conversely, in the SBS case, A= 1y/(2sin0)~ 300nm and
h & 2/75. Our numerical results indicate a decrease of —11 m/s per
nanometer of amorphous silica, rendering the slowing down of surface
phonons noticeable even for a very thin layer of native oxide.

High-resolution transmission electron microscopy (HRTEM;
Thermo Fisher Talos F200X) was used independently to estimate the
thickness of the oxide layer.”” For this purpose, the sample was first
covered with a protective layer of Pt before being cut with a focused
ion beam (FIB; Thermo Fisher Scios2). Using the Velox software, the
average SiOx layer thickness was estimated from ten different micro-
graphs to be 3.54 = 0.32 nm. This result agrees fairly well with our esti-
mated 4nm thickness for an equivalent layer of silica. We finally
observe that our results are also consistent with the value
h = 4.23 = 0.13 nm that was reported for the oxide layer forming on
the surface of a silicon sphere.”*
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