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This paper covers the study of high-frequency (~ 1 GHz) ZnO piezoelectric transducer
integrated on a silicon substrate able to generate both compressional and shear acoustic
waves. First, to promote the longitudinal mode, an electrical matching of the transducer in
this high-frequency range is effectuated. Second, to promote shear waves, new deposition
conditions were applied, giving thin zinc oxide films of inclined c-axis. The RF microprobe
was used to validate the transducer design and to conduct the viscosity measurements. Thus,
the shear and the volume viscosity of a water droplet were measured.

1. Introduction

This paper is an extension of work originally presented in the
International Conference on Design & Test of integrated micro &
nano-System (DTS 2019) [1]. Piezoelectric sensors have many
applications in different areas, like the medical, manufacturing,
and research fields [2-5]. One of these applications is the
piezoelectric ZnO transducer, which has been well known for
about 50 years, mainly for its high-frequency applications. [6].
Compared to monocrystalline lithium niobate (LiNbO3) [7], ZnO
has lower piezoelectric performances (coupling coefficients), but
it is easier to be deposited with the classical sputtering process. The
thickness of the deposited ZnO can be from 10s nm to several
microns. Additionally, it is possible to lead to the right (C-axis)
crystallite orientation for longitudinal acoustic wave emission with
a relatively short process duration.

*Corresponding Author: Hatem Dahmani, Email: hatem.issat342@gmail.com
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Prior publications have demonstrated that depending on the
distance between the sample's axis and the sputtering target axis,
the orientation of crystallites cannot be homogeneous over a large
substrate surface [8]. The inclination of the C-axis can be modified
by controlling this distance, which slightly increases the proportion
of shear acoustic waves at the expense of compressional waves.

Only a few applications report using a transducer capable of
generating longitudinal and shear acoustic waves simultaneously
[9, 10]. The first step in this article is to present the manufacturing,
the characterization and the electrical modeling of ZnO
piezoelectric transducers that generate both shear and longitudinal
waves in the solid. Then, an electrical matching was used in order
to increase the longitudinal mode.

The deposition of layers with appropriate orientation for shear
excitation has been mentioned in several articles using different
methods and substrates [11-13]. Thus, to increase the shear mode,
one of these methods, mainly based on the addition of a blind
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positioned between the sputtering target and substrate, was used.
The growth of ZnO films with inclined orientation makes it
possible to generate shear waves.

Finally, to demonstrate the usability of this transducer, both
longitudinal acoustic reflection and shear coefficients at the
solid/liquid interface were used to characterize the viscous fluid (a
sessile water droplet) properties from its shear and volume
viscosity.

2. Manufacturing, characterization and modeling of ZnO
transducers

2.1. The manufacturing steps of the ZnO transducers

The piezoelectric material used is ZnO. It is deposited between
two metal electrodes. The deposition configuration is shown in
Figure 1, and it is fabricated by a standard thin-film technology:
deposition and lift-off.

The choice of ZnO as a piezoelectric material can be related to
its ease of preparation and its increased scope in high-frequency
applications. One can site, for example, the acoustic microscopy
applications in 100s MHz to 1s GHz frequency range [14,15].

Vim:

Zn0O Silicon

Vref-—

Electrodes
Figure 1: Multilayer Diagram of a Piezoelectric Transducer.
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Figure 2: Piezoelectric transducer fabrication steps.

The ZnO piezoelectric transducer's fabrication starts with the
deposition of 10 nm of a titanium layer by cathode sputtering on
the surface of a 400 pm thick silicon wafer, followed by deposition
of 80 nm of platinum. These two first layers will act as the lower
electrode. A photolithography process is then performed to make
the transducers pattern, where a thick 8 pm layer of PMGI SF19
(Microchem Corporation) is dispensed by spin coating on the
lower electrode. Further, a layer of 1.5 um of S1828 (Shipley
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Corporation) is appended. After ultraviolet exposure using a mask,
a commercial developer MF 319 (Microposit) was used to obtain
a pattern of different diameters in the PMGI layer. After that, a 2
pm thin ZnO layer was deposed. Finally, a 10 nm of titanium
adhesion layer followed by 400 nm of gold were deposited. The
gold layer is used to enable soldering of the contact electrode to a
gold wire to connect the transducer to an external circuit. The last
step is the lift-off process, where the UV exposed resin is removed
to get the transducers pattern. The transducers have a diameter of
150 um. The microfabrication process is shown in Figure 2.

2.2. Characterization of the transducers

The ZnO transducers' characterization is carried out by a
Rohde & Schwarz ZVA8 Vector Network Analyzer (VNA) as
shown in Figure 3.a. The electrical contact is made using a radio-
frequency measuring tip Z-probe, GS type (pitch = 1.25 mm)
connected by a coaxial cable to the VNA (Figure 3.b). Since we
are working within a high-frequency range in a Gigahertz order, a
calibration must be done before each measurement to ensure
reliable results. The silicon sample is fixed by suction (using a
vacuum pump) on a circular plate.

Figure 3: Image of (a) Rohde & Schwarz ZVVA8 Vector Network Analyzer
(VNA), (b) tip Z-probe.
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Figure 4: (a) Parameter S,; measured with the network analyzer, (b) Zoom
around the longitudinal acoustic wave resonance.
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The S, parameter as a function of frequency, shown in Figure
4.3, is the output measured on a transducer located on the edge of
the substrate. At this position, the crystal orientation of the ZnO is
not perfectly vertical, thus, the generation of acoustic shear waves
is clearly observed. This parameter given by Equation 1 is
composed of two contributions [16,17]. The first one comes from
the direct reflection of the electric wave on the transducer (S¢}. The
second is a result of all the acoustic wave reflections on the
opposite side of the substrate. These acoustic reflections are then
converted into electrical signal by the transducer.

Si () =S§1 + K, S5 )

The coefficient Ka: is the electro-acoustic-electrical coupling
coefficient of the piezoelectric material used to convert energy
from electric into acoustic for the emission then from acoustic into
electrical for the reception.

The reflection transfer function of our system is represented
by S;1. To obtain the temporal response, an inverse Fourier
Transform is performed (Figure 5). In the time domain, the
electrical term response appears shortly after the transducer's
excitation while the acoustic term arises later.
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Figure 5: Impulse response S;,(¢) for f = [0.2 - 1.6 GHz].

The response shown in Figure 4 exhibits a rapid oscillation of
S11(f) having a peak oscillation around the central frequency (f =
0.9 GHz). This is due to the fact that for each wavelength emitted
in the substrate of a given thickness, the superposition of the
emitted and received waves occurs with a variable phase shift.
Thus, the total vibration amplitude acquired by the transducer
(amplitude of the sum of the emitted and received waves) is greater
for the case when the two waves (incident and reflected) are in
phase and lower when they are in opposite phases (phase
cancellation effect). This phenomenon is portrayed by the SWR
standing wave ratio (between the highest and the lowest vibration
levels). The frequency of these periodic interference ripples in
Su(f) isAr=cg/2es;, where cg; and eg; are respectively the
celerity of wave and the thickness of the silicon layer (400 pm)
(Figure 4.b). The time-domain response corresponding to Figure
4.a is shown below in Figure 5. The multiple echoes are seen, the
first one corresponding to the S$,. This electrical echo is directly
due to the electrical mismatch between the transducer and the
external circuit (50-Ohm load impedance of the VNA). The minor
S¢! delay corresponds to the electromagnetic wave propagation
time in the cable portion between the network analyzer and the RF
microprobe. The other echoes correspond to the different acoustic
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signals (S3%) traveling back and forth in the silicon layer. They are
separated by periods A= 1/A; =94 ns defined by the double Si
wafer thickness's propagation time.

It is observed that the transducer emits both longitudinal and
shear waves, which propagate in the silicon substrate at different
speeds. The waves are denoted LL and SS for
longitudinal/longitudinal or shear/shear propagation, respectively.
The coupling of these 2 waves is very weak as the reflecting
surface of the silicon is smooth and parallel to the transducer.

2.3. Transducer design using Auld's model

For checking the manufacturing quality of the transducers, we
can model their impedance Zel and compare it to experiments. The
piezoelectric layers being very thin compared to their lateral
dimension (2 pm thick vs. 150 um diameter), we can model them
by a 1D model, like the Auld model [18].

As longitudinal and shear waves are emitted, we will use a
modified Auld model that includes the two modes of emission. For
that, it is necessary to consider the different mechanical
impedances Z of the transducer's constituting layers. The analytical
formulation for Zel of a transducer rigidly bounded to a semi-
infinite solid is given by Equation 2; the mechanical impedances
Zipicjauymiy aNd Zgyiayriy in Equations 3 and 4 are hardly
significant or negligible relatively to the other terms [16].

2 2
1 K K;
Zy=—+ A+ - )
jCow Cow Cow
where,
Z3n0 2Z30lc0s(05) -11+j [Z?Air/Au/Ti) +Z<Ssim/m] sin(0s)
B : : < S 2 < .
Os Z3n0 ZeiawriytZisirmimy ) cos(Bs) i [(ZZ,,O) + ZSAir’Au/Ti)~Z(SSi/Ti/I’&)] sin(0g)
and
_ Zwo 2Zj0lcos(0y) -11+j [Z(LAir/Au/Ti) +Z(Lsim'm)] sin(0y)

L L L oL 2oL L -
O Z5n0| ZiniviawriyZGirmiey] cos(0L) + [(ZZnO) +Z(Air/Au/Ti}'Z(Si/Ti/Pt)] sin(6r )

L and S indices stand to the longitudinal and shear waves.
Co=€7n0-Szno /€m0 1S the static capacitance of the ZnO
transducer, &4, the dielectric permittivity of ZnO,e;, o and SZnO
are the thickness and the active surface of the ZnO layer. K? is the
square of the electromechanical coupling coefficient of the ZnO.
0 = kzn0-€2n0 = 27f (€210/Czno ) With kKz,o the wave number in
Zn0O and ¢4, the longitudinal or transverse wave's velocity the
Zn0.

From an experimental point of view, the S-parameter is linked
to the transducer impedance as follows:

Ze1—Zo
Zg1+Zg

Nt 3)

Z, is the characteristic impedance of the network analyzer equal
to 50 Q.
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Figure 7: Simulated (blue curve) and measured (red curve) electrical impedance
Z,, of the 150 pm diameter ZnO transducer.

The 150 um diameter ZnO transducer's simulation results are
shown in Figure 7 by the solid blue curves. The real part of Z
(Figure 7.a) exhibits two peaks occurring at the resonance
frequencies of the transverse (fs= 0.38 GHz) and longitudinal (f;=
0.9 GHz) waves.

A good fit between the simulation and the experimentation can
be seen in Figure 7. So, the Auld model can be used to design a
transducer for which the real part is close to 50 Q by adjusting the
thicknesses of the thin layers and the surface.

The manufacturing process is well calibrated which allows us to
know the thicknesses of the different materials quite precisely. We
were able, during various works, to measure the acoustic
properties of ours deposited layers [17]. We therefore know the
parameters on which the model depends, except the electro-
mechanical coupling coefficients of the transducers which depend
on the unknow orientation of the ZnO crystallites. We get them
by an optimization routine using Nelder-Mead's algorithm. In the
simulation, Ks and K. were set to 0.10 and 0.23, respectively. The
result of optimization for Ki_ is close to the theoretical one
obtained for a perfect crystallite c-axis alignment (K. = 0.27,
according to [7]).

As shown in Figure 8, the pure electrical model we use represents
the 2 modes of vibration of the transducer by the association of 2
RLC circuits shunted by the static capacitance C, . From a
physical point of view, the capacity C, reflects the resonators
electromagnetic behavior, while the two parallel resonant circuits
exhibit the resonators acoustic behavior.

The electrical parameters of the circuit are determined by using the
electrical impedance thanks to the measurement of the S;;
parameter. As for the evaluation of the coupling coefficients, we
obtained the electrical parameters by an optimization procedure.

The electrical parameters of the circuit are determined by using
the S,, parameter:

Co=0.82pF, L,=641nH, C,=0.047pF,
Ls = 11.87 pH, Cs = 0.012 pF, Rg = 24 kQ.

www.astesj.com

R, = 1645 Q,

Longitudinal
Mode

Figure 8: The equivalent electric circuit of the ZnO transducer.
3. Transducer optimization

3.1. Increasing the longitudinal acoustic waves emission by
impedance matching

In any kind of application, we need to favor either one or both
types of the generated waves. In the present study, regarding the
matching network, promoting the longitudinal waves is sought
[19].

The concept of electrical matching is to transfer the maximum
power from the source to the transducer or, in other words, to
eliminate electrical reflections on the transducer in a chosen
frequency range. As piezoelectricity is a reciprocal phenomenon,
the electrical matching network also acts as an acoustical matching
layer. So, the electrical matching reduces the reflection of the
acoustical waves returning on the piezoelectric layer, which
increases the acoustical transmission coefficient at the
piezoelectric device. Simultaneously, levels of both acoustic
waves propagating in the device and electrical measurement signal
increase.

There are two steps for the electrical impedance matching. The
first one consists of connecting the transducer with a gold wire (25
um of diameter). The second step uses an L-section impedance
matching [20], consisting mainly of two reactive elements
(capacitor and inductor). The capacity is used to adjust the real part
of the impedance to 50 Q, while the coil reduces the imaginary
part. A capacitance has a significant loss effect at high-frequency,
causing critical insertion losses [21]. For this reason, a chip
inductor with a value of 8.6 nH was put in series with the load
(transducer connected by the gold wire) at fj, ., = 1.12 GHz.
The real part of the load at this frequency is equal to 50 Q.

100 ——

Frequency (GHz)

with gold wire
with gold wire and chip inductor

Frequency (GHz)

Figure 9: The real and imaginary parts of the electrical impedance of the ZnO
transducer (blue curve), the transducer with gold wire (red curve) and transducer
with gold wire and chip inductor (yellow curve).
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It is clearly seen that the electrical response has been modified
(Figure 9). This modification can be related to the losses and the
parasite impedances of bonding wire and packaging. So, it has
become complicated to choose a filter based on the equivalent
electric circuit of the transducer, such as the Butterworth or
Chebychev filters [22, 23, 24]. Therefore, the simplest solution is
to use the transducer impedance's real and imaginary parts,
including the wire.

“ SMA connector

Figure 10: Image of the different elements of the circuit.

The expected result is the gain in longitudinal wave amplitude,
which will make it easy to connect the transducer to the VNA or a
generator via an SMA connector, as shown in Figure 10.

To verify that the electrical adaptation works as expected, we
compare the insertion loss of the transducer before and after the
adaptation, through an SMA connector. Afterwards, the responses
in terms of received amplitude level will be compared. The
electrical insertion losses L, was calculated by the following
equation:

Lo =-101og (1-|s51[") @)

L, (dB)

Frequency (GHz)
Figure 11: Measured electrical insertion losses.

As shown in Figure 11, the electrical adaptation has reduced
the insertion losses. The matched transducer exhibits an amplitude
gain of 8 dB and a bandwidth enlarged to 250 MHz.
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Figure 12: Impulse response S, (t), (a) the electrical reflection S, (b) the
acoustic response Sij.
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The matching network's direct effect can be represented in
Figure 12, showing the echoes before (blue curve) and after (red
curve) the electrical matching. The attenuation of the reflected
electrical signal is notably due to the conversion from electrical
into acoustic energy. This conversion can be seen by the
simultaneous amplitude decrease of the electrical echo S} (Figure
12.a) and the increase of the first acoustical echo S35 (Figure 12.b).
However, this result only applies to f} ;atch-

Although the electrical adaptation improves the transducer's
acoustic sensitivity, the electrical reflection does not completely
disappear because the use of an inductor is only at a single
frequency fi, natcn @nd not over the bandwidth of the transducer.

3.2. Increasing the shear acoustic waves emission by deposition
of ZnO inclined c-axis by R.F. magnetron sputtering

It appears difficult to use a matching network for increasing the
level of shear waves as they are too weak. Previous measurements
have been made with a transducer from a misaligned area (with
respect to the ZnO target of the silicon wafer). By increasing that
effect, it is possible to increase the shear level.

The ZnO thin film fabrication process was modified to balance
the amplitude of generated longitudinal and shear waves by
changing the material crystalline orientation. The film was
deposited on three wafers with the following stack: Pt (80 nm) / Ti
(20 nm) / Si (400 um) by R.F. magnetron sputtering technique. The
substrate was fixed in the chamber, whose total pressure was 0.02
mBar. A rectangular cover (the blind) is positioned between the
target and the substrate, making it possible to obtain oblique
incidence of the particles in order to locally influence the growth
of the ZnO thin film (Figure 13). The blind was made of aluminum,
had a height of 30 mm and a thickness of 1 mm. It was placed in
the center of the substrate. The deposition rate of the ZnO films
varied from 15 to 25 nm/min.

' Y
1 Substrate

I<—Blsnd
s
[s]
\ o0
° =] ° Sputtering Target
'

=
Sputtering Gas — — Vacuum Pump

Figure 13: R.f. magnetron sputtering system with additional blind
between substrate and target.

A cross-section SEM image of the ZnO deposited on the silicon
substrate is shown in Figure 14. The inclination of the crystallite
orientation is approximately 14.5° to the surface normal can be
observed. So, shear and longitudinal waves can be excited.
However, the inclination of the crystal orientation is strongly
dependent on the distance between the blind and the transducer (in
the substrate plane); therefore, the c-axis inclination will be higher
in an area close to the blind or close to the edge of the substrate.

Figure 15.a shows the resonance diagram of the piezoelectric
transducer; two distinguished downward peaks can be seen, the
first one in the frequency range [0.35 - 1 GHz] which corresponds
to critical transversal waves response compared to Figure 4 and the
other peak in the range [1 - 2 GHz] corresponding to longitudinal
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waves response. Two oscillations with different frequencies Af =
{S: 7.4 MHz, L: 10.5 MHz}, are presented in Figure 15.b. Each of
them presents a different wave mode. This result directly reflects
the transducers' ability sputtered with the inclined ZnO c-axis to
generate both shear and longitudinal waves.

Figure 14: Cross-sectional SEM image of ZnO film with c-axis inclined of 14.5°.
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Figure 15: Impulse response S, (f), (a) for f=[0.35 - 2 GHz], (b) Zoom around
the longitudinal and the shear acoustic waves resonance.

Figure 15 (b), as we expect each of them are close to the
theoretical ones {Cs/2e = 5843/800e-6 = 7,3 MHz and Cl/2e =
8432/800e-6 = 10,54 MHz}.

The time-domain representation is used below to check the
level of both signals. Figure 16 shows the inverse Fourier
transform of the S11 parameter. For [0.35 - 2 GHz], two different
acoustic reflections LL, and SS, are the responses from the
generated acoustic waves, with LL being a purely longitudinal
response with longitudinal wave emitted and the longitudinal wave
reflected. The longitudinal speed of sound in silicon (8432 m/s) is
greater than the transversal one (5832 m/s); thus, the time of
reception of the signal for the longitudinal waves should be the
fastest (the first reflection on Figure. 16.a corresponds to LL). The
second impulse SS is the purely transversal reflected signal with
the time delay being significantly greater than LL. For a bandwidth
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of 1.65 GHz, the ratio of the shear wave to the longitudinal wave
is 0.5.

We decreased the frequency range to [0.35 - 1 GHz] (Figure
16.h), the shear to shear (SS) reflection amplitude increases, and
the longitudinal to longitudinal (LL) amplitude decreases, which
what was expected to be seen since the lower frequency range
favors the transversal waves (Figure 16.a). The ratio of shear to
longitudinal amplitudes increases to 2.6.

For f = [1 - 2 GHZz] (Figure 16.c), the result is the profound
decrease in the SS reflection amplitudes and the profound increase
in the LL amplitudes, which is what to expect since the high
frequencies favor the longitudinal waves. We now have a ratio of
shear to longitudinal amplitudes decreased to 0.01.

0.02 LL
0.015 LL

0.01 S8

58
0.005
LS |
0 s “

S;, (0 (a.u)

¥

-0.005

0 50 100 150 200 250 300
Time (ns)

@
0.015 $s

0.01

b

=0.005 1 ‘

.‘G”(t) (a.u.)
=

-0.015 ’ L L L 1 1
[ 50 100 150 200 250
Time (ns)

(b)

0.03

0.02 LL
8.5 .S S.SJl

[
=

5,0 (a.u)

£ =4
=
—

&
= =
—

-0.02

-0.03

50 100 150 200 250 300
Time (ns)

(©
Figure 16: Impulse response S, (t), the time delays A, =1/A¢;, =95 ns and
Ays=1/Ags = 135 ns between them corresponds to the propagation delays of
the longitudinal and transverse wave travelling twice the thickness of the wafer.
(a) f=[0.35-2 GHz], (b) f = [0.35-1 GHz] and (c) f = [1-2 GHz].

Levels are weak, but all signals are out of the noise and can be
used for measurements. If necessary, they can be increased using
a convenient matching network, as demonstrated in part 1. Thus,
we propose a method allowing the emission of both longitudinal
and shear waves using only one fixed fabrication process.
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However, the c-axis tilt is not the same on the wafer surface, so the
transducers cannot generate the same wave level for each
frequency range, so the ratio of shear to longitudinal amplitudes
changes.

4. Application: Measurement of the viscosity of a liquid
using both longitudinal and shear waves generated by
the ZnO transducer

There are a vast number of applications that utilize physical
parameters in relation to acoustic waves-material interactions. An
application to measuring the fluid viscosity is presented below to
demonstrate the usability of the proposed transducer design. Water
is used as the reference fluid whose acoustic properties are given
in [25, 26].

The total viscosity of water can be extracted from the shear and
longitudinal waves generated at the liquid/ solid interface [27,28].
Our transducers can generate these two types of waves. We used
the evaporation of 1 pL droplet of water to determine the two kinds
of viscosities (namely shear and volume viscosities). The dynamic
shear viscosity was extracted using the shear wave, while the
volume viscosity from both waves.

7 4Transmitted shear
wave
Transmitted longitudinal
wave

Walter

Fluid medium (Water)

Solid medium (Silicon)
av/ v

|
~

Incident longitudinal

Reflected longitudinal
ave wave
Incident shear Reflected shear
wave wave

Figure 17: Incident acoustic waves interaction at droplet/silicon interface.

Figure 17 presents the direct contact of the acoustic waves to
the water droplet/silicon interfaces. The acoustic waves reflect at
the interface and generate two components, i.e., longitudinal and
shear reflected waves.

Several mechanical properties at the silicon/water interface
influence the measurement, and these are also strongly dependent
on the temperature. The reflection coefficient at the solid/fluid
interface is given by equation 5, Zyis the mechanical impedance of
the silicon, considered purely elastic, so Zg is purely real [29],
while water presents viscoelastic properties. As a consequence, its
acoustic impedance Z; is in a complex form.

*

] ®)

- *
Z1+Zy

where Z = pC, p is the density of the medium, and C is the
acoustic velocity of the wave propagating inside of the medium.
The reflection coefficients are determined for both longitudinal
and shear reflected waves. So, the complex form of the shear
reflection coefficient (rgs ”) and the longitudinal reflection
coefficient (r;, ") are shown in the Equations 6 and 7. These
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coefficients give access to the modulus and the phase angle of the
two reflections acoustic wave at the interface.

* S
x _Z8-75  PCs-Z,

Iss™ 5%, S~ — =+ .5 (0)
Zy+Zg pCs+Zg
where,
Cs=o/ks and kg= ©/Cs-iog= ©/Cs-i /%
L* L -z
2 zk ey CL-Z
T @
Zy + ZS] prL+ Zsi

where,

* * * - 4
C=w/k; andk;=w/C| - 12pw—Ci [p +on ]

where C;, Cg are the complex longitudinal and shear velocity of
water, p,is the density, k; , ks the complex longitudinal and shear
wave number, o (rad/s) the angular velocity. n and p are the shear
and volume viscosity, respectively.

C, and Cg are the effective longitudinal and shear phase
velocities in water respectively, ag is the shear attenuation. The
kinetics of the shear and volume viscosity is shown in Figure 18.
A sessile droplet of water evaporating at room temperature of 25°C
is used. It is clearly seen that the consistency of the theoretical and
experimental results.
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Figure 18: Kinetics of the shear and volume viscosity of a water droplet at
T=25°C compared to the reference values.

It was essential to improve the shear waves emission to
accurately measure the shear viscosity values for different
complex fluids such as nanofluids. These nanofluids contain
nanoparticles in suspension in a matrix fluid; that is why it is
important to have a high sensitivity of these particles that settled
above the surface.

5. Conclusion

This article is the extended version of a paper published in
IEEE Xplore. We have studied the fabrication and the
optimization of a ZnO high-frequency transducer able to generate
both longitudinal and shear waves. To model the transducer's
electrical response, we used the Auld model; we noticed a good
agreement between electrical impedance measurements and
simulations, allowing its use in the design of transducers. To
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improve the sensitivity, we have used an electrical circuit
including a chip inductor and an SMA connector so that it could
be used without the requirements of an external RF microprobe.
This matching circuit had been experimented with for the
longitudinal mode and allowed us to gain ~ 8 dB on the electrical
insertion losses.

In order to increase the shear wave level, the growth of ZnO
films with tilting of the crystallite axis has been achieved using a
blind of 10 mm that was positioned between the target and the
substrate during the R.F. magnetron sputtering. The inclination of
the crystal orientation was approximately 14.5°.

Both shear and longitudinal waves can be excited with this
multi-mode transducer; the wave type can be selected by adjusting
the emission frequency.

As to proof of the usability of this kind of measurement, an
application has been proposed. We have exploited the
simultaneous measurements of the two types of waves to extract
both shear and volume viscosities of the water. Comparisons
between the experimental and theoretical results show a good
agreement.
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