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Abstract

We investigated the effect of film thickness d on the acoustic response of titanium dioxide
(TiO2) layers deposited on Ti, SiO2, Al2O3, and Si substrates. For each TiO2 thickness–
substrate pair, we computed reflection coefficients and acoustic signatures under normal
operating conditions of a conventional scanning acoustic microscope, then deduced the
Rayleigh-wave velocity VR from spectral analysis of the oscillatory layer–substrate signa-
tures. As d increased, VR either rose or fell, depending on the layer/substrate pair, and
eventually approached a saturation value. For TiO2/SiO2 and TiO2/Ti, VR increased from
those of the bare substrates (SiO2: 3415 m/s; Ti: 2965 m/s) toward 3830 m·s−1, the bulk
TiO2 value. For TiO2/Al2O3 and TiO2/Si, VR decreased from the substrate values (Al2O3:
5700 m/s; Si: 4712 m/s) toward the same TiO2 saturation. These dispersion trends are
consistent with stiffening (VR (TiO2) > VR (Substrate)) or loading (VR (TiO2) < VR (Sub-
strate)) effects. The resulting VR–d dispersion charts provide theoretical reference trends
relating thickness and Rayleigh-wave velocity for the idealized TiO2/substrate systems
considered here.
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Coatings 2026, 16, 410 https://doi.org/10.3390/coatings16040410

https://crossmark.crossref.org/dialog?doi=10.3390/coatings16040410&domain=pdf&date_stamp=2026-03-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-0235-2873
https://orcid.org/0009-0005-7614-1373
https://orcid.org/0000-0002-8588-6490
https://orcid.org/0000-0002-9248-9944
https://orcid.org/0000-0002-4532-9913
https://doi.org/10.3390/coatings16040410


Coatings 2026, 16, 410 2 of 17

1. Introduction
A renewed interest has emerged in TiO2 as a wide-band-gap, transparent, conductive

oxide with numerous modern applications owing to its outstanding physicochemical and
notable mechanical properties [1–4], such as good chemical stability, excellent mechanical
durability, high transparency, wide band gap, high refractive index, and large optical
nonlinearity [5]. These properties have enabled applications in solar cells, optoelectronics,
photovoltaics, photocatalysis, gas and photonic sensors, and antireflective coatings [6–9].
Moreover, the importance of TiO2 lies not only in its bulk form but also in thin coating films
because of their high strength, fracture toughness, durability, and good adhesion.

It should be noted that the most important natural TiO2 polymorphs are anatase, rutile,
and brookite. Among them, anatase is often considered because of its catalytic properties,
relevance in optoelectronic applications, and thermodynamic stability under specific condi-
tions. This structure crystallizes in a tetragonal lattice with sixfold coordination for Ti and
threefold coordination for O, a Ti–O bond length of 1.934 Å, and an O–Ti–O bond angle
of 92.6◦ [10–13]. Accordingly, anatase is adopted here as the reference TiO2 phase for the
acoustic calculations.

In fact, TiO2 can be deposited by several techniques [14,15] on various substrates for
different purposes: TiO2/silicon is used in MEMS devices due to its unique properties [16];
TiO2/SiO2 for high reflectors [17]; TiO2/Al2O3 for photocatalytic activity [18]; and TiO2/Ti
for implant production [19].

Although many studies have examined the structural, electronic, and optical proper-
ties of TiO2 [1,15,20,21], comparatively little attention has been paid to its elastic properties
in thin-film form, which govern quantities such as hardness, elastic constants, and stress
changes under external perturbations [22]. To date, the database on the elastic properties of
TiO2 thin films remains limited despite their practical importance in technological applica-
tions and the microelectronics industry. Consequently, understanding and optimizing the
mechanical behavior of these coatings is still a primary challenge in thin-film technologies
for various commercial applications [23].

Investigations of TiO2 thin-film properties can be conducted either experimentally
or theoretically. Experimental approaches—destructive or non-destructive—often require
sophisticated instrumentation and are therefore difficult, costly, and time-consuming. An
alternative is to develop and use appropriate simulation tools to reproduce and predict the
properties of layers with targeted characteristics.

In this context, unlike most numerical approaches used to date, particularly ab initio
calculations [24,25], we adopt a simulation strategy that reproduces and predicts results
obtained with a reflection-mode scanning acoustic microscope (SAM), a powerful non-
destructive technique for determining elastic parameters in a wide range of solids. The
SAM method exploits the propagation of surface acoustic waves (SAW) [26–28], which
carry information about the elastic behavior of the medium through (or along) which they
travel. These waves, which propagate in different modes with specific velocities, can be
transmitted, refracted, or reflected at interfaces with acoustic mismatch and/or defects.

In this work, motivated by potential micro- and nanotechnological applications of
layer/substrate systems, we first examine how varying the thickness d of TiO2 layers
on SiO2 substrates affects reflection coefficients and acoustic signatures, along with their
analysis and processing. We then highlight the thickness effects for other layer/substrate
combinations: TiO2/Si, TiO2/Al2O3, and TiO2/Ti. Finally, for all TiO2/substrate pairs, we
explore the evolution of the SAW phase velocity as a function of the normalized parameter
d/λT, where λT is the transverse wavelength in the layer.
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2. Materials and Methods
2.1. Theoretical Background

The principle of the scanning acoustic microscope relies on the emission and reflection
of surface acoustic waves [26–28]. These waves consist of a superposition of longitudinal
and transverse modes that travel along the surface with a common phase velocity, known as
the Rayleigh-wave velocity (VR). This velocity is lower than both the longitudinal velocity
(VL) and the transverse velocity (VT) [29,30]. The key quantitative feature of SAM is the
acoustic material signature, also denoted as V(z). The V(z) curves are obtained by recording
the output signal, V, when the sample is displaced by a distance z from the focal plane
toward the acoustic lens. These V(z) curves can be used in the investigation of several
materials properties [31–35], coating thickness, SAW velocity attenuation, film adherence,
anisotropy, crack detection, surface hardening, residual stress, etc.

Theoretical studies of V(z) curves, in the SAM case, were shown to be in good agree-
ment with experimental investigations for several materials (Plexiglas, silica, stainless steel,
etc.) and under variable acoustic lens illumination. Moreover, this numerical microacoustic
approach has proved efficient in the estimation of elastic properties of bulk and thin-film
materials with different structural forms (crystalline, polycrystalline, amorphous, polymers,
nanostructures, etc.) [36–38]. Specific effects on material behavior, such as porosity, texture,
stress, pressure, preparation method, and attenuation, can also be theoretically and/or
experimentally investigated within this framework, as reported in the literature [39–42].
However, in the specific case of TiO2 coatings prepared by techniques such as magnetron
sputtering or sol–gel, real films may deviate from the present idealized model because
of deposition-dependent microstructure and effective property variations. Therefore, the
present charts should be interpreted as theoretical reference trends under the stated as-
sumptions, rather than as directly validated predictors for all real TiO2 coatings. In the
present work, a single TiO2 reference case was adopted to establish a first baseline for
the thickness-dependent acoustic response; a comparative analysis including amorphous
and other crystalline phases was beyond the scope of this study and will be considered in
future work.

According to the angular spectrum model, the expression of V(z) is given in [26,43]
and presented as Equation (1):

V(z) =
∫ π/2

0
P(θ)R(θ)e−i2zkcos θsin θcos θdθ (1)

where P(θ) is the pupil function of the lens, R(θ) is the reflection coefficient, θ is the half-
opening angle of the lens, z is the defocusing distance, and k = 2π/λ is the wave number in
the coupling liquid, i =

√
−1. It should be noted that the reflection coefficient is the ratio

between the intensities of the reflected and incident waves. R(θ) of a liquid/film/substrate
configuration is given by [43–46] as Equation (2):

R(θ) =

(
Zs + Z f

)(
Z f − Zliq

)
e−2iφ +

(
Zs − Z f

)(
Z f + Zliq

)
(

Zs + Z f

)(
Z f + Zliq

)
e−2iφ +

(
Zs − Z f

)(
Z f − Zliq

) (2)

where φ is the phase of the plane wave crossing the thin film; Zs, Zf, and Zliq are acoustic
impedances of the substrate, the film, and the coupling liquid, respectively.

These acoustic impedances, which depend on phase velocities (Vj) and density (ρj),
are given by the following:

Z(j=s, f , liq) =
ρjVj

cos θ j
(3)
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The subscripts (s, f, liq) stand for solid substrate, film, and liquid, respectively. It can
be noted that at normal incidence, the acoustic impedance becomes the product of density
and velocity.

The V(z) curves, measured experimentally or calculated theoretically from Equation (1),
possess an oscillatory behavior due to constructive and destructive interference between
different propagating modes. The spectral treatment of these periodic curves via fast
Fourier transform (FFT) spectra leads to the determination of the oscillation period (∆z)
given by [26,46] as Equation (4):

∆z =
λliq

2(1 − cos θSAW)
(4)

where λliq is the coupling liquid wavelength, and θSAW is the critical angle at which a surface
acoustic wave is excited. Thus, using Snell’s law, the SAW velocity can be written in terms of
∆z, longitudinal liquid velocity (Vliq), and operating frequency (f ) as Equation (5) [26,46,47]:

VSAW =
Vliq√

1 − (
Vliq

2 f ∆z )
2

(5)

Hence, the treatment of the oscillatory V(z) curves via the FFT technique leads to the
deduction of the period and, consequently, to the direct SAW velocity determination.

2.2. Analytical Approach for Extracting Elastic Parameters

To investigate the dependence of elastic parameters on the thickness of TiO2 films
on different substrates, we performed calculations using analytical spectral methods for a
reflection-mode SAM under normal operating conditions. It should be noted that the V(z)
signature is governed by interference between the specular reflection and a leaky surface-
wave contribution. Therefore, this signature is influenced by several SAM parameters:
acoustic lens (line focus, point focus, annular), coupling liquid (water temperature, sound
speed, and attenuation), operating frequency, electronic emission and acquisition system,
operation frequency, etc.). The present analysis follows the classical SAM/V(z) framework
reported in the literature [26,28,46–49], particularly the periodicity/FFT-based treatment
described by Kushibiki and Chubachi [46]. In this approach, the acoustic response is
modeled through the reflection coefficient, the pupil-function-weighted V(z) signature, and
the identification of the dominant spectral contribution associated with the leaky Rayleigh
mode under fixed water-coupled operating conditions. As in other SAM/V(z) analyses, the
interpretation may be influenced by aperture conditions, thickness regime, and possible
multi-mode contributions; therefore, the reported results should be understood within
these modeling assumptions. Nevertheless, the main steps of the calculation procedure for
each layer/substrate configuration can be summarized by the flowchart in Figure 1 and the
following steps:

✓ Calculating reflection coefficients, R(θ).
✓ Calculating acoustic materials signatures, V(z).
✓ Calculating the response of the lens, Vlens(z).
✓ Deducing V(z) curves of the sample by subtracting the response of the lens from that

deduced theoretically or measured experimentally.
✓ Treating the oscillatory V(z) curves, via fast Fourier transforms (FFT), to determine

the spatial period, ∆z, of these oscillations.
✓ Deducing the velocity of the most dominant mode, which corresponds to leaky

Rayleigh waves under SAM normal operating conditions.
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✓ Repeating all the previous steps for several thicknesses of TiO2 layers ranging from
zero to twice the wavelength of the transverse waves propagating in the layer (2λT).

Figure 1. Schematic diagram showing different calculation steps.

2.3. Materials and Simulation Methods
2.3.1. Materials

To carry out a complete and comprehensive investigation, we considered different
types of substrates onto which TiO2 thin films can be deposited to form combinations used
in many modern technologies and industrial fields [16–19]. Hence, glass (SiO2), alumina
(Al2O3), silicon (Si), and titanium (Ti) substrates were chosen to represent materials with
different electrical properties: semiconductors (Si), conductors (Ti), and insulators (SiO2

and Al2O3). Moreover, with respect to elastic properties, they also represent fast materials,
with longitudinal velocities higher than 7000 m/s (i.e., Al2O3 and Si) and medium materials
for which 4000 ≤ VL ≤ 7000 m/s. (i.e., Ti and SiO2). The TiO2 layer in this study was
represented by literature bulk anatase parameters, adopted as a reference material case for
the acoustic calculations.

Table 1 summarizes the substrate characteristics [26,37]. Accordingly, the present re-
sults should be understood as model-based predictions obtained from literature parameters
under fixed idealized assumptions.

Table 1. Elastic characteristics of different substrates: SiO2, Al2O3, Ti, and Si.

Substrates ρ (kg/m3) VL (m/s) VT (m/s) Ref.

SiO2 2150 5968 3764 [26]
Al2O3 3970 10,822 6163 [26]

Ti 4508 6130 3182 [26]
Si 2300 9160 5085 [37]
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2.3.2. Simulation Conditions

Reflection SAMs can operate at frequencies from MHz to GHz, using acoustic lenses
with different geometries and opening angles for various purposes [50–52]. To ensure effi-
cient SAW transmission between the lens and the sample, coupling liquids with specific ve-
locities (Vliq.) and densities are required. These liquids are commonly classified by density
as heavy, medium, or light coupling—typified by mercury, water, and Freon, respectively.

All calculations were performed using literature material constants and a SAM forward
model under the normal operating conditions of a conventional reflection-mode SAM:
(i) operating frequency of 142 MHz, (ii) spherical lens with a half-opening angle of 50◦,
and (iii) water as the coupling liquid. No experimental SAM measurements, inverse fitting
procedures, or parameter-optimization steps were performed in this study. The reported
leaky Rayleigh-wave velocity corresponds to the dominant spectral contribution identified
from the FFT treatment of the simulated V(z) response under these fixed model conditions.

For reproducibility, the V(z) responses were sampled on a fixed defocus grid and
processed consistently under the same numerical conditions for all layer/substrate configu-
rations. The leaky Rayleigh-wave velocity was obtained from the dominant FFT peak of
the oscillatory V(z) signal, and the same peak-selection procedure was applied in all cases.
The water properties were kept fixed throughout the calculations.

3. Results and Discussions
3.1. TiO2 Acoustic Parameter Determination

For any solid, the SAW velocities are correlated to elastic constants, i.e., Young’s
modulus (E), shear modulus (G), bulk modulus (B), Poisson coefficient (ν), etc., through
well-established relations. Because few studies have reported the elastic properties of TiO2,
we first determine the SAW velocity values of bulk TiO2 from published data for bulk
anatase TiO2: ρ = 3840 kg/m3 [53], B = 178 GPa [54,55], and G = 64.3 GPa [19]. The values
of VL and VT velocities are deduced from the following familiar relations (Equation (6)):

VT =
√

G/ρ (6)

VL =

√
B + 4G/3

ρ
(7)

Thus, we obtain VL = 8287 m/s and VT = 4092 m/s. The acoustic impedances at
normal incidence are ZL = 32.35 MRayl and ZT = 16.88 MRayl. Knowledge of these values
is essential for determining reflection coefficients and, consequently, the V(z) curves in the
following simulations based on Equations (1) and (2).

3.2. Thickness Effects on the Properties of TiO2/SiO2 Structure

The study of reflection is crucial for understanding the physical phenomena governing
material elasticity. Any change or modification in the propagating media leads to parame-
ter mismatches and consequently affects SAW characteristics. This phenomenon can be
quantified through the reflection coefficient, a complex-valued function with amplitude and
phase; total reflection is obtained when |R(θ)| = 1. R(θ) is calculated for waves incident
on the structure (water half-space/TiO2/SiO2) at a constant frequency of 142 MHz. The
frequency is related to the transverse wavelength in the film using the following:

f = VT/λT (8)

For the TiO2 layer considered here, the transverse wave velocity is VT = 4092 m/s.
Therefore, the transverse wavelength is λT = VT/f = 4092/(142 × 106) ≈ 28.8µm. Accord-
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ingly, the normalized thickness range 0.3 ≤ d/λT ≤ 2 corresponds to physical thicknesses
from 8.7 to 57.6 µm.

Figure 2 illustrates the calculated reflection coefficients of TiO2/SiO2 structures as a
function of the incidence angle; the phase is shown on the right-hand axis and the modulus
on the left-hand axis. In fact, a large number of TiO2 layer thicknesses on SiO2 substrates
were investigated. However, the thicknesses investigated in this work correspond to
microscale films (8.7 µm ≤ d ≤ 57.6 µm), which are substantially larger than the nanoscale
regime where deviations of thin-film elastic properties from bulk values are often more
pronounced. Therefore, the use of bulk anatase TiO2 constants in the present study is
intended as an idealized first-order approximation, and the resulting trends should be
interpreted within this assumption. It should also be noted that real TiO2 coatings may be
amorphous or may exhibit deposition-dependent phase composition and microstructure,
so their effective acoustic properties can differ from those of the idealized anatase reference
case adopted here.

Figure 2. Amplitude (______) and phase (- - -) of reflection coefficients of TiO2/SiO2 structures as a
function of incidence angles at different normalized layer thicknesses; (a) d/λT = 0, (b) d/λT = 0.3,
(c) d/λT = 0.4, (d) d/λT = 0.6, (e) d/λT = 1, (f) d/λT = 2.

In all cases, it can clearly be seen that, as the incidence angle increases, several features
appear that depend on the film thickness within the investigated range (0 ≤ d/λT ≤ 2).

Several features depend on the film thickness. For d/λT = 0 (Figure 2a), correspond-
ing to the bare SiO2 substrate, as the incidence angle increases, we identify the follow-
ing changes:

(i) The first small fluctuations in both amplitude and phase occur at θL = 16◦, correspond-
ing to the critical angle for longitudinal waves in SiO2.

(ii) The second variation, occurring at θT = 24◦, corresponds to the transverse-wave critical
angle, above which all energy is reflected due to the absence of transmission in the
solid, and the modulus of the reflectance function approaches unity.

(iii) The most pronounced phase changes (nearly 2π) occur a few degrees beyond θT; this
is centered at θR = 26.2◦, at which waves in the liquid can couple into a generalized
leaky Rayleigh wave on the solid SiO2 substrate.

https://doi.org/10.3390/coatings16040410
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Then, if we consider SiO2 substrates onto which TiO2 layers are deposited with
variable thicknesses, we clearly observe some changes in curve shapes due to the fact
that the surface acoustic wave propagation occurs in both the layer and the substrate. For
instance, for small thicknesses (d = 0.3 λT in Figure 2b), most of the propagation still occurs
within the SiO2 substrate, leading to a quasi-similar curve behavior similar to that of the
substrate (Figure 2a). However, as TiO2 layers become thicker, the surface wave propagates
increasingly within the layer, leading to more changes in the curves: d = 0.4 λT (Figure 2c),
d = 0.6/λT (Figure 2d), d = λT (Figure 2e). Finally, for d = 2 λT (Figure 2f), the TiO2 layer
becomes thick enough so that the wave completely propagates within it, without reaching
the substrate. Thus, the reflection coefficient represents that of the bulk TiO2 with clear
critical angles at which longitudinal, transverse and Rayleigh waves are excited, a behavior
similar to that of bulk SiO2 (Figure 2a).

Moreover, a close examination of Figure 2a–f shows the existence of small shifts in the
positions of the critical angles, particularly for θR. It should be noted that under normal
SAM operating conditions, the Rayleigh mode is the most dominant; accordingly, the most
relevant change concerns the Rayleigh mode, whose critical angle decreases from 26.2◦ to
23.2◦, corresponding to SiO2 and the thickest TiO2 films, respectively.

Acoustic Signatures

To better illustrate the phenomena inferred from the reflection coefficients, we cal-
culated the acoustic signatures (Equation (1)), which are functions of R(θ). The resulting
V(z) curves are shown in Figure 3a for SiO2 substrates onto which TiO2 films of different
thicknesses are deposited; the curves are normally superimposed but are shifted vertically
for clarity. The lowest curve (d/λT = 0) represents the bare SiO2 substrate, whereas the
uppermost curve (d/λT = 2) corresponds to the thickest TiO2 film. The intermediate curves
were obtained for the normalized thickness values indicated.

In all cases, as the sample is displaced by a distance z from the focal plane of the
acoustic lens, the reflected signal V exhibits a series of peaks and valleys due to construc-
tive (peaks) and destructive (valleys) interference between propagating modes. A closer
inspection reveals differences not only in amplitudes but also in periods. As film thick-
ness increases, the oscillatory behavior of the V(z) curves changes slightly from that of
the SiO2 substrate (d/λT = 0) to that of the thickest TiO2 films (d/λT = 2). Accordingly,
the positions of peaks (or valleys) shift, and the spatial period enlarges with increasing
normalized thickness.

These discrepancies are emphasized by FFT processing of the V(z) curves; the corre-
sponding spectra are displayed in Figure 3b. As the layer thickness increases, the principal
ray in the spectra—representing the Rayleigh mode—shows both an amplitude change
and a shift in position. The amplitude changes reflect the efficiency of mode generation
and its contribution to the acoustic signature. Moreover, it is clear from Figure 3b that as
d/λT increases from 0 to 2, the efficiency of generalized Rayleigh wave modes increases
regularly, indicating an efficient Rayleigh mode generation.

The shift in peak positions indicates variations in the spatial period between two
successive minima (or maxima) in the V(z) curves. The deduced ∆z values vary from
52.7 µm (for d/λT = 0) to 66.9 µm (for d/λT = 2), leading to changes in the values of
propagating SAW velocities, in particular, VR. Consequently, the corresponding deduced
VR according to Equation (5) was found to vary from 3415 m/s (for d/λT = 0) to 3830 m/s
(for d/λT = 2).
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Figure 3. Acoustic signatures (a) and corresponding FFT spectra (b) of TiO2/SiO2 structures at
different normalized layer thicknesses, d/λT = 0, d/λT = 0.3, d/λT = 0.4, d/λT = 0.6, d/λT = 1, d/λT = 2.

3.3. Effects of Substrate Type on Elastic Parameters

To enrich and complete this study, and to demonstrate reproducibility, we examine
the effect of layer thickness on the acoustic parameters of TiO2 films deposited on other
substrates—Al2O3, Si, and Ti. These insulating (Al2O3), semiconducting (Si), and conduct-
ing (Ti) substrates are widely used in micro- and nanotechnological applications. They are
characterized by different wave velocities (see Table 1). In fact, SAW velocities (VL and VT)
of Al2O3 and Si are higher than those of TiO2, whereas Ti and SiO2 exhibit lower values.

Following the same calculation steps described above, we obtained R(θ), V(z), and
VR for TiO2/Al2O3, TiO2/Si, and TiO2/Ti at different layer thicknesses. In all cases, the
reflection coefficients (amplitude and phase) computed at various film thicknesses show
behavior generally similar to that observed for TiO2/SiO2 in Figure 2: (i) a first small
fluctuation at θL, (ii) a second variation at θT, and (iii) a very important change at θR.
However, the positions of such critical angles depend on the substrate type.

For clarity, we focus on the dominant 2π phase change at the Rayleigh critical angle.
Figure 4 shows the phase of representative reflection coefficients at the intermediate normal-
ized thickness d/λT = 0, for different film/substrate pairs: TiO2/Al2O3, TiO2/Si, TiO2/SiO2,
and TiO2/Ti. As the incidence angle increases, all curves display similar overall behavior,
with the strongest transition occurring near the Rayleigh critical angle. The position of

https://doi.org/10.3390/coatings16040410
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this angle varies with the substrate, from 17.4◦ for TiO2/Al2O3 to 25.8◦ for TiO2/Ti, as
summarized in Table 2.

 
Figure 4. Phase of reflection coefficients of TiO2 thin films at d/λT = 0.3 deposited on different
substrates: Al2O3, Si, SiO2, and Ti.

Table 2. Determined parameters for TiO2/different substrates at d/λT = 0.3.

Structure θR (deg.) ∆z (µm) VR (m/s)

TiO2/Al2O3 17.4 118.7 5051
TiO2/Si 22.1 80.1 4174

TiO2/SiO2 25.6 54.9 3483
TiO2/Ti 25.8 48.1 3272

Figure 5 illustrates acoustic material signatures at d/λT = 0.3, for different layer/substrate
structures: (a) SiO2, (b) Ti, (c) Al2O3, and (d) Si. All curves exhibit oscillatory behavior
but differ in amplitude and spatial period. The deduced ∆z values (Table 2) range from
118.7 µm for TiO2/Al2O3 to 48.1 µm for TiO2/Ti. FFT processing of the oscillatory V(z)
curves (insets in each panel) yields the velocity of the dominant Rayleigh mode, VR, whose
values are also summarized in Table 2; they vary from 5051 m/s for TiO2/Al2O3 to 3272 m/s
for TiO2/Ti.

The variations in VR result from differences in the elastic properties of the bulk ma-
terials and their corresponding layers, as well as parameter mismatches between layers
and substrates. The values obtained at d/λT = 0.3 for each layer/substrate pair do not coin-
cide with those of the substrate alone or the layer alone; rather, they reflect the combined
response of the full layer/substrate structure. To explain this behavior physically, we now
examine the Rayleigh-wave velocity dispersion with layer thickness.

https://doi.org/10.3390/coatings16040410
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Figure 5. V(z) of TiO2 thin films, at d/λT = 0.3, deposited on different substrates: (a) SiO2, (b) Ti,
(c) Al2O3, and (d) Si.

3.4. Rayleigh-Wave Velocity Dispersion

As shown above, increasing layer thickness modifies SAW velocities. These variations,
known as velocity dispersion, can be positive or negative. Positive dispersion (stiffening
effect) occurs when the wave velocity in the substrate is lower than that in the layer.
Negative dispersion (loading effect) occurs when the SAW velocity in the substrate exceeds
that of the layer.

3.4.1. TiO2 Film Stiffening Effect

Figure 6 illustrates the variation in Rayleigh velocities with film thickness for the
TiO2/SiO2 structure and the TiO2/Ti configuration. Both layer/substrate systems show
similar increasing trends. It is worth noting that when the SAW velocity as a function of
thickness exceeds the Rayleigh velocity of the substrate, the deposited film is said to stiffen
the substrate, and the layer/substrate combination is termed a fast-on-slow system. In fact,
the stiffening effect is observed when (VT)Layer >

√
2 (VT)Substrate [56–59].

For a clearer discussion of this dispersion, it is useful to consider three regions. In
the initial region of very small thicknesses (from 0 to ≈0.2), the Rayleigh velocity remains
at its lowest value—3415 m/s for TiO2/SiO2 and 3109 m/s for TiO2/Ti. In this region,
most of the energy is carried in the substrate [28]; therefore, these values correspond to the
Rayleigh velocity in bulk SiO2 and bulk Ti, respectively.

In the intermediate region (from ≈0.2 to about unity), the Rayleigh-wave velocity
increases sharply with the thickness. This velocity reflects the combined response of the
entire layer/substrate system: the wave propagates partly in the film and partly in the
substrate. A closer look at the sharp rises for the TiO2/SiO2 and TiO2/Ti configurations
reveals differences in (i) onset, (ii) final value, and (iii) slope. These discrepancies arise
because the velocity variations depend on several elastic and physical parameters, such as
bulk material properties, interface mismatch and adhesion, and differential stress [56–59].

In the third region, for large normalized thicknesses (d/λT ≥ 1), the Rayleigh velocity
tends toward the same constant value for both TiO2/SiO2 and TiO2/Ti. Here, the TiO2

thickness exceeds the propagating wavelength, so the mode energy is confined to about
one wavelength within the thick layer near the free surface. Consequently, surface-wave

https://doi.org/10.3390/coatings16040410

https://doi.org/10.3390/coatings16040410


Coatings 2026, 16, 410 12 of 17

propagation in this relatively thick layer behaves as in the bulk, and the constant value of
3830 m/s represents bulk TiO2.

Establishing such a dispersion curve for a given layer/substrate configuration is
valuable because it provides a theoretical thickness–velocity relationship for the idealized
system considered here. The characteristic velocity may, in principle, be obtained indepen-
dently, for example, from experimental V(z) curves using the SAM technique, although
such validation is beyond the scope of the present study.

 Figure 6. Rayleigh-wave velocity of TiO2/SiO2 and TiO2/Ti configurations as a function of normal-
ized layer thicknesses.

3.4.2. TiO2 Film Loading Effect

Figure 7 shows the variations in Rayleigh-wave velocity as a function of film thickness
for the TiO2/Al2O3 and TiO2/Si configurations. The general trend exhibits an initial
decrease with a negative slope, followed by a saturation region at higher thicknesses. The
decrease in SAW velocity with layer thickness, indicating that the film loads the substrate,
occurs for slow-on-fast systems when (VT)substrate >

√
2 (VT)layer [56–59].

For bare substrates (zero thickness), the Rayleigh velocity corresponds to that of the
bulk substrate. Thus, under loading, the Rayleigh velocity decreases quasi-linearly from
that of the Al2O3 substrate (VR = 5700 m/s) or Si (VR = 4712 m/s).

The initial decreasing trend is observed for thicknesses d/λT ≈ 1. In this regime—where
the film is thinner than the transverse wavelength—the wave motion penetrates through
the film into the substrate, so the determined reflection coefficient reflects the combined
response of the entire layer/substrate structure. Each curve decreases sharply with a char-
acteristic slope, and the differences between TiO2 on Al2O3 and on Si arise from the distinct
acoustic properties of the substrates. In particular, density and SAW velocities influence the
sharpness of the initial decrease in the dispersion curves. In all cases, the Rayleigh velocity
tends toward a constant value of VR ≈ 3830 m/s, corresponding to bulk TiO2.

Once velocity–dispersion curves are established for a given film/substrate system,
they provide theoretical reference trends relating film thickness and characteristic velocity
under the assumptions of the present model. In principle, such trends may also be useful
for parameter interpretation in conjunction with independent measurements, although
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quantitative estimation of elastic constants would require additional validation beyond
the scope of this study. These relationships are of general interest for understanding the
acoustic behavior of TiO2-based film/substrate systems [60].

 Figure 7. Rayleigh-wave velocity of TiO2/Al2O3 and TiO2/Si configurations as a function of normal-
ized layer thicknesses.

Although the present velocity–thickness dispersion charts are established at the mate-
rial/characterization level, they also have practical implications for SAW device operation.
For a fixed acoustic wavelength, the operating frequency is directly related to the surface-
wave phase velocity through f = VR/λ; therefore, thickness-induced variations in VR may
shift the resonance condition. In water/droplet operation, the surface-wave phase veloc-
ity also governs liquid-coupling characteristics through phase-matching or leaky-wave
radiation since the radiation angle in the liquid depends on cliquid/VR. Hence, accurate
velocity–thickness maps are important for predicting coupling efficiency and device perfor-
mance in aqueous SAW and acoustofluidic applications [60,61].

A comparative interpretation of the four TiO2/substrate systems shows that the
observed differences in critical angles and velocity–thickness dispersion arise from the
combined effect of acoustic impedance contrast and relative wave velocities in the film and
substrate. The impedance mismatch influences the reflectance strength, whereas the relative
longitudinal and transverse velocities govern the critical-angle positions and the leaky-
wave contribution to the V(z) response. For small d/λT, the acoustic field remains mainly
substrate-dominated, while increasing thickness progressively enhances the film contribu-
tion. As a result, TiO2/Al2O3 and TiO2/Si exhibit stronger thickness sensitivity associated
with a loading-type behavior, whereas TiO2/SiO2 and TiO2/Ti show a stiffer response with
comparatively more stable Rayleigh-wave velocities over the investigated range.

4. Limitations
The present study is based on a numerical SAM forward model using literature

material constants for an idealized TiO2 layer. Therefore, the reported critical angles, V(z)
responses, and leaky Rayleigh-wave velocities should be interpreted as theoretical trends
under the stated assumptions, rather than as experimentally validated values for real
coatings. In practice, TiO2 thin films may differ from this idealized description because
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of phase state, porosity, packing density, residual stress, surface/interface defects, and
deposition-dependent microstructure, all of which may modify the effective elastic and
acoustic properties. The TiO2 layer was modeled using literature bulk elastic constants as a
first-order approximation. Although the thickness range considered here is in the microscale
regime (8.7–57.6 µm), the effective properties of real films may still differ from bulk values
because of the microstructural and deposition-related factors described above. Accordingly,
the present analysis should be regarded as a theoretical baseline for ideal TiO2/substrate
systems, while real coatings containing defects or heterogeneities may exhibit acoustic
responses that depart from the predicted trends. No experimental SAM measurements
were included in this work; therefore, the model predictions remain to be validated for
fabricated TiO2/substrate systems. In addition, no quantitative sensitivity analysis was
performed with respect to TiO2 elastic constants, density, coupling-liquid properties, or
FFT-derived quantities. These limitations define the scope of the present contribution and
should be taken into account in future experimental and sensitivity-based studies.

5. Conclusions
Numerical calculations of R(θ) and V(z), under normal SAM operating conditions,

were performed for TiO2 thin films of different thicknesses deposited on Ti, Si, SiO2,
and Al2O3 substrates—covering conductors, semiconductors, insulators, and fast/slow
materials. Both R(θ) and V(z) curves highlight the strong influence of increasing TiO2

thickness on (i) the critical angles at which SAW modes are excited, (ii) the spatial periods,
and (iii) the Rayleigh-wave velocity. A systematic examination of all layer/substrate
combinations reveals positive (stiffening) or negative (loading) dispersion: an initial change
in velocity from the substrate value toward that of the layer, followed by a saturation
region. A saturation regime appears for thicker layers when d ≥ λT, beyond which the
acoustic response approaches that of bulk TiO2, with a Rayleigh velocity close to 3830 m/s.
The stiffening effect is obtained for TiO2/Ti and TiO2/SiO2, where VR increases from the
substrate values—SiO2 (VR = 3415 m/s); Ti substrates (VR = 2965 m/s)—toward bulk
TiO2. Conversely, the loading effect associated with slow-layer/fast-substrate systems
appears for TiO2/Al2O3 and TiO2/Si, where VR decreases from Al2O3 (VR = 5700 m/s) or
Si (VR = 4712 m/s) toward bulk TiO2. These dispersion curves provide theoretical reference
trends relating film thickness and Rayleigh-wave velocity for the idealized TiO2/substrate
systems considered here.
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