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Abstract: Surface acoustic waves (SAWs) are sensitive to the presence of a layer on the surface of a material, even if this layer
is extremely thin compared to their wavelengths. Given the very slow propagation velocities of SAWs compared to electro-
magnetic waves, their wavelengths are on the order of 40 lm for acoustic frequencies on the order of 100MHz. However,
it has been shown that these waves are dispersive for coatings whose thicknesses are more than 1000 times smaller than
their wavelength. This sensitivity is verified by studying the dispersion of SAWs for a frequency range between 90 and
260MHz. VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/).
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In this study, very high-frequency surface acoustic waves (SAWs) were generated over a wide frequency band between 90
and 260MHz using remote interdigital transducers (IDTs). The controlled excitation of SAWs over a wide frequency band
is essential to demonstrate the dispersion of SAWs in thin films with extreme wavelength-to-thickness ratios. Several tech-
niques have been used to generate Rayleigh type surface waves, including laser-ultrasound (Goossens et al., 2007;
Lomonosov et al., 2001; Ruiz and Nagy, 2003), wedges (Tittmann et al., 1987), immerged transducers (Lakestani et al.,
1995), line-focus acoustic transducers (Warren et al., 1996), or IDTs (Deboucq et al., 2011; Duquennoy et al., 2012; Fall
et al., 2016). The latter allow broadband SAW generation on a piezoelectric substrate in an easily controllable way using a
chirped electrode finger configuration (Tancrell and Holland, 1971). Since IDTs are offset transducers for non-destructive
testing (NDT) applications, it is necessary to provide sustainable acoustical contact with the structure under test. This issue
is sometimes circumvented by integrating IDT electrodes and the piezoelectric substrate directly into the structure (Toda
et al., 1994; Wu et al., 2005), leading, on the other hand, to unavoidable limitations in the configurations of the samples
to be characterized. Excitation with interdigital transducers not only allows SAWs to be generated on any structure, even
if it is a fragile and/or transparent one, but also allows SAWs to be generated with large displacement amplitudes over the
entire frequency band (Fall et al., 2016, 2017, 2018a). The optimization of IDTs specially designed for SAW excitation was
favored (Fall et al., 2018a). Indeed, SAW generation using remote IDTs is a major asset in this study as it is non-
destructive and can be used for any type of coating (metallic, polymer, etc.). No prior preparation of the structures on
which the SAWs are to be propagated is necessary, unlike with other methods (Hess, 2009; Schneider et al., 1999). Only
coupling with a very thin liquid film is required (Fall et al., 2018b). The layers are extremely thin, and their influence is
small, so to observe a variation in the velocity of several m/s it is necessary to observe the dispersion of SAWs over a wide
frequency band, which is why this ability to efficiently generate SAWs over a wide frequency band is essential.

In the experimental setup (Fig. 1) the 3-in. silicon wafers on which the chromium layers were deposited were
fixed to a motorized XY table (300 nm of displacement resolution). The SAW-IDT is placed flat and maintained on the
sample with a couplant. The transducer surface, on which the fingers are deposited, is in contact with the sample. The sur-
face wave generated by the IDT propagates perpendicularly to the fingers along the surface of the piezoelectric LiNbO3

substrate on which the comb has been deposited. In the area where the piezoelectric substrate and the sample are in con-
tact, the wave is transmitted and then propagates in the sample. This contact allowed us to carry out several sets of mea-
surements at different points of detection on the sample while maintaining the same coupling between the SAW-IDT
micro-electrical-mechanical system (MEMS) and the sample. The signal received by the vibrometer photodiode was digi-
tized using a LeCroy (Chestnut Ridge, NY) 725Zi-A oscilloscope and transferred to a personal computer (PC) for digital
IQ demodulation. The chirp-like excitations of the IDTs were generated using a Tektronix (Beaverton, OR) 7051 arbitrary
waveform generator. The signal voltage was increased to 20V using a 50W/1000 A power amplifier from Amplifier
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Research (Fall et al., 2018a). A scanning laser Doppler vibrometer (LDV) [Polytec (H€orsching, Austria) UHF-120] was
employed to characterize the displacement field of the SAWs generated by these broadband IDTs. This heterodyne device mea-
sures the out-of-plane vibrational component in the frequency range from direct current (DC) to 1.2GHz (Smagin et al., 2017).

To demonstrate the very high sensitivity of SAWs to the presence of extremely thin layers or films, two layer-
on-substrate structures comprising 20 and 50 nm thick chromium thin films on a 1mm thick silicon (111) substrate were
studied. Given the SAW propagation velocities (of the first Rayleigh wave mode) between 4543m/s (in the [110] direction)
and 4738m/s (in the [112] direction), the wavelengths were between 17 and 50 lm in the [110] direction and between
18 and 52 lm in the [112] direction for the frequency range between 90 and 260MHz. Thus, the 20 nm layer was
900–2600 times smaller than the SAW wavelengths, and the 50 nm layer was 360–1040 times smaller than the SAW wave-
lengths. However, it is shown (Figs. 2 and 3) that these waves are indeed sensitive to coatings with thicknesses over 1000
times smaller than the wavelength.

For the measurements, 577 and 927 detection points were recorded at coordinate increments of 57.2 and
35.6 lm between each detection point for the samples coated with 50 and 20 nm of chromium, respectively. As the fre-
quency range was between 90 and 260MHz, the attenuation was not too strong (unlike the attenuation of waves propagat-
ing at frequencies around GHz or several GHz). It was then possible to propagate waves over several tens of millimeters
and record the associated displacements over a sufficient length to obtain accurate results on experimental dispersion
curves (total measured propagation path L� 33mm). These experimental dispersion curves were obtained from the dis-
placements recorded at the detection points and the slant stack transform (Ambrozinski et al., 2014). There are several
methods available to obtain the phase velocity dispersion, and when considering exploiting the dispersion phenomena of
the first Rayleigh mode, it is possible, for example, to apply a wavelet transform to signals corresponding to different
propagation distances (Everett, 2013; Rose, 2004; Viktorov, 1967). Phase velocities can also be obtained using a

Fig. 1. Diagram of the experimental setup including SAW excitation and detection.

Fig. 2. Dispersion curves for 20 and 50 nm chromium layers on silicon in the [1�10] direction (a) and in the [11�2] direction (b). Shown are
experimental curves (solid lines), theoretical curves (dotted lines), and theoretical dispersion curves6 5% of the estimated thickness (dashed
lines).
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two-dimensional fast Fourier transform applied to time signals recorded at uniformly spaced distances (Lefevre et al.,
2010; Nayfeh, 1991). In this work, it was decided to use a fast and efficient alternative method to estimate velocities with
high accuracy. Well known to geophysicists, the slant stack transform is used to determine the velocity of waves propagat-
ing in a dispersive medium (Askari et al., 2012; Piwakowski et al., 2004.; Yilmaz, 2001). In terms of precision, the results
obtained using this method are as good as those of the other methods [two-dimensional fast Fourier transform (2DFFT),
wavelet] (Ambrozinski et al., 2014) while also providing the possibility of observing the dispersion curves directly. The
slant stack method allows the precise determination of the phase velocity dispersion curves from displacements measured
at different spatially distributed points. It is known as the p-x transformation or oblique summation. Signal processing
using this transform allows the phase velocity to be determined as a function of frequency. The method is detailed in par-
ticular for the case of Rayleigh waves (Abraham et al., 2012; Askari et al., 2012). The procedure for measuring the velocity
VR of Rayleigh waves as a function of frequency consists in calculating the maximum of the function A(V) at the output
of a correlator that measures and compensates for the delays between the signals detected by the vibrometer at positions
1, 2, N. In other words, a velocity band is defined such that Vmin < VR < Vmax and then A(V) is determined. A(V) is a
function of the velocity V; therefore, the velocity for which the function is maximum corresponds to the measured wave
velocity for the frequency f0 under consideration. The function A(V) is defined by (Piwakowski et al., 2004),

A Vð ÞhV ;f0i ¼ S f0ð ÞN
sin NDxpf0

1
V
� 1
VR

� �� �

N � sin Dxpf0
1
V
� 1
VR

� �� �� �
���������

���������
; (1)

where Dx is the distance between the measurement points, f0 is the frequency, VR is the measured wave velocity, N is the
number of measurement points, V is the wave velocity (considered as variable), and S is the constant resulting from the
cross correlation of all the signals received.

Figure 2 presents the experimental dispersion curves (solid line) of wave propagation in the 20 and 50 nm thick
chromium layers in the [110] direction [Fig. 2(a)] and in the [112] direction [Fig. 2(b)]. The variations in velocity observed
were on the order of 5–30m/s depending on the case. The thickness of the chromium layers could, thus, be determined by
inversion from these experimental dispersion curves (obtained between 90 and 260MHz). This was achieved for thicknesses
between 10 and 30 nm and between 40 and 60 nm with an increment of 1 nm. The inversion results for the two propagation
directions indicated 22 and 23 nm for the thinnest layer and 47 and 48 nm for the second thin layer.

From these data, the theoretical dispersion curves were plotted (dotted lines) between 0 and 300MHz (Fig. 2).
The theoretical and experimental dispersion curves are almost identical (the R2 regression coefficient is very close to 1 in
the 90–260MHz frequency band). The observed dispersion phenomenon is more pronounced for higher frequencies.
Finally, to highlight the interest of the high frequency generation, the theoretical dispersion curves6 5% of the estimated
thickness (addition of 5% to or subtraction of 5% from the estimated thickness) have been plotted (dotted lines). This
shows that for a thickness of 50 nm and frequencies below 150MHz, it is quite difficult to distinguish a thickness variation
within 5%. For a thickness of 20 nm, it is necessary to exceed 200MHz to be able to make this distinction.

The results obtained in terms of thickness after inversion for the samples are very similar in both the ½110� and
½112� directions of SAW propagation on the surface of the (111) silicon wafers. This indicates the good reproducibility
and robustness of this ultrasonic method, as well as its good sensitivity to the dimensional properties (thickness) of the
layers. In addition to the layer thickness, the method also shows that it is sensitive to the mechanical properties of the

Fig. 3. Theoretical and experimental dispersion curves for 20 and 50 nm chromium layers on silicon and inversion results for Young’s modu-
lus in the [1�10] direction (a) and in the [11�2] direction (b).
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silicon substrate (111), taking into account its anisotropic structure. The Young’s modulus and Poisson’s ratio of the sub-
strate were 142.7 and 155.7GPa and 0.26 and 0.27 in the propagation directions 110½ � and ½112�, respectively. The inver-
sion results of 22 and 23 nm for the thinner layer and 47 and 48 nm for the second thin layer for the two propagation
directions also demonstrate that although a significant part of the energy is localized in the substrate, the thickness esti-
mates are not affected by the elastic characteristics of the substrate.

Figure 3 presents the experimental dispersion curves (solid line) of wave propagation in the 20 and 50 nm thick
chromium layers in the [110] direction [Fig. 3(a)] and in the [112] direction [Fig. 3(b)]. Young’s moduli of the chromium
layers can be determined by inversion from the variations in velocity observed. Young’s moduli were, therefore, deter-
mined by inversion from these experimental dispersion curves (obtained between 90 and 260MHz). This was achieved for
Young’s moduli between 200 and 350GPa with an increment of 1GPa. The inversion results for the two respective propa-
gation directions were 250 and 251GPa for the 22 nm layer and 278 and 280GPa for the 47 nm layer.

From these data, the theoretical dispersion curves were plotted (dotted lines) between 0 and 300MHz. The theo-
retical and experimental dispersion curves are almost identical. Finally, to highlight the interest of the high frequency, the
theoretical dispersion curves6 5% of the estimated thickness were plotted (dashed lines). This shows that for a thickness
of 50 nm and frequencies below 150MHz, it is quite difficult to distinguish a thickness within 5%. For a thickness of
20 nm, it is necessary to exceed 200MHz to be able to make this distinction.

Concerning the results in terms of Young’s modulus and Poisson’s ratio of the ultrathin chromium layers, the
values obtained on the same sample in both directions [110] and [112] show a very small difference in Young’s modulus
and an almost identical Poisson’s ratio values. For the sample with a 50 nm Cr layer, the estimated Young’s modulus and
Poisson’s ratio were (278GPa, 0.16) and (280GPa, 0.16) in the [110] and [112] directions, respectively. For the sample
with a 20 nm Cr layer, the estimated Young’s modulus and Poisson’s ratio were (250GPa, 0.19) and (250.8GPa, 0.19) in
the [110] and [112] directions, respectively. These results show the sensitivity of the method to the elastic properties of
the layers. The difference in Young’s modulus (E) observed (about 10%) between the two ultrathin chromium layers
(278GPa for the 50 nm layer and 250GPa for the 20 nm layer) can be explained by the scaling effect on the properties of
the submicrometer chromium thin films.

To explain this difference in the estimation of Young’s modulus, the microstructure of the chromium thin
films was studied using atomic force microscopy (AFM). AFM images of the surface morphology and surface rough-
ness of the samples (H, 20 nm Cr; G, 50 nm Cr) are shown in Fig. 4. In these figures, the branching areas correspond
to silicon particles from the cleavage. The two AFM images presented in Fig. 4 reveal that the surface roughness (Ra)
is equal to 0.7 nm for the 20 nm Cr layer and 2.1 nm for the 50 nm Cr layer. The surface roughness of Ra¼ 0.7 [20 nm
Cr/Si(111)] tells us that the surface is smooth and uniform and, therefore, that the granulometric structures change lit-
tle and their distribution is quite homogeneous. For the sample with a roughness of Ra¼ 2.1 nm [50 nm Cr/Si (111)],
the grain size is probably larger than that of the other sample [20 nm Cr/Si (111)]. This is probably due to the forma-
tion of larger surface crystals. Indeed, the grain size in thin films becomes larger as the thickness of the thin film
increases, and crystallization increases as the thickness of the thin film increases. Schiøtz and Jacobsen (2003) studied
this phenomenon for a series of measurements on several materials. They observed that the increase in yield strength
is inversely proportional to the square root of the grain size; the other quantities followed a similar relationship. This
relationship, known as the Hall–Petch relationship, is well established experimentally from millimeter-size grains to
the submicron scale (Schiøtz and Jacobsen, 2003).

In conclusion, this research importantly highlighted the sensitivity of SAWs to very thin layers and showed that,
by exciting these waves over a large frequency range, it is possible to verify this sensitivity by observing the dispersion phe-
nomenon. Ultimately, by exploiting the variation in propagation velocities, it was possible to characterize the layers. The
dispersion phenomenon could be highlighted despite the substantial ratio between the wavelength and the layer thickness.
It was also highlighted that the device was able to excite the SAWs correctly over a large frequency band and detect the
displacements generated by these waves. Finally, it was possible to determine the characteristics of the layers (thickness,
Young’s modulus) from the dispersion curve plots. Thus, a future prospect of this work concerns layers-on-substrate struc-
ture characterization (Mittal, 1976; O’Connor et al., 1992; Oliver and Pharr, 1992; Ollendorf and Schneider, 1999).

Fig. 4. Three-dimensional (3D) AFM images of chromium thin films deposited on a silicon substrate (111) 20 nm Cr (a) and 50 nm Cr (b).
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