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We present fabrication of 570-µm-thick, millimetric-sized soda-lime-silicate float glass blocks with
a 1-µm-thick AlN-thin-film piezoelectric transducer sandwiched between thin metallic electrodes
and deposited on the top surface. The electromechanical properties are characterized by electrical
impedance measurements in the frequency range from 0.1 to 10 MHz with a peak-to-peak voltage
of 0.5 V applied to the electrodes. We measured the electrical impedance spectra of 35 devices,
all of width 2 mm, but with 9 different lengths ranging from 2 to 6 mm and with 2-7 copies of
each individual geometry. Each impedance spectrum exhibits many resonance peaks, of which we
carefully measured the 5 most prominent ones in each spectrum. We compare the resulting 173
experimental resonance frequencies with the simulation result of a finite-element-method model
that we have developed. When using material parameters from the manufacturer, we obtain an
average relative deviation of the 173 simulated resonance frequencies from the experimental ones
of (−4.2 ± 0.04)%. When optimizing the values of the Young’s modulus and the Poisson ratio of
the float glass in the simulation, this relative deviation decreased to (−0.03 ± 0.04)%. Our results
suggest a method for an accurate in-situ determination of the acoustic parameters at ultrasound
frequencies of any elastic solid onto which a thin-film transducer can be attached.

I. INTRODUCTION

Aluminum nitride (AlN) is one of the most commonly
used materials in integrated thin-film piezoelectric trans-
ducers for actuating electromechanical systems (MEMS).
Due to their low dielectric and mechanical loss tangent,
their structural and chemical stability, as well as their
compatibility with standard silicon-based CMOS micro-
fabrication techniques, AlN-sputtered thin films are com-
mercially used in thin film bulk-wave acoustic resonator
filters [1]. The academic literature reports applications of
AlN thin-film transducers as RF filters [2], contour mode
resonators [3], switches [4, 5], suspended microchannel
resonators [6], and accelerometers [7]. Detailed studies
on AlN-thin-film-actuated high-tone bulk acoustic res-
onators with high quality factors have been studied in
the 0.3 - 3 GHz range on 350-µm-thick substrates of sap-
phire, crystal quartz, fused silica, and silicon [8], and on
30-µm-thick Si membranes [9, 10].

Because AlN is a nonferroelectric polar material, a re-
orientation of the polar axis is not possible. The material
growth process therefore has to provide for a textured
structure that includes the alignment of the polar direc-
tions [11], since otherwise the random orientation of the
grains constituting the AlN thin film would result in a
zero average piezoelectric effect. In this work, we there-
fore follow the process developed in our previous work
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on pure [12] and Sc-doped [13, 14] AlN films, and select
Pt/Ti as the seed layer for the bottom electrode stack as
it promotes nucleation of (002)-oriented AlN grains.

The past few years, piezoelectric thin films made of
nonferroelectric polar materials, such as zinc oxide (ZnO)
and AlN, have found a broad range of lab-on-chip ap-
plications such as biosensing, particle/cell concentrating,
sorting, patterning, pumping, mixing, nebulization and
jetting. Integrated devices with acoustic transducers,
sensors, and microfluidic channels have been fabricated
by depositing these piezoelectric films onto wide range of
materials beyond the usual silicon substrates such as ce-
ramics, diamond, glass, and more recently also polymer,
metallic foils and flexible glass for making flexible devices.
Such thin-film acoustic wave devices have great poten-
tial for implementing integrated, disposable, or bendable
lab-on-a-chip devices into various sensing and actuating
applications [15]. To advance such applications, we focus
in this work on AlN-thin-film transducers deposited on
glass substrates and driven in the 0.1 - 10 MHz range.

The deposition of AlN thin films and their texture
control are more difficult than in the case with ZnO
films [16], and their integration into MEMS is not a
trivial task, as they tend to have high in-plane stress
with a sharp transition around zero stress [17]. However,
the thermal conductivity of AlN is more than 3 times
larger than of ZnO, which enables the operation of AlN
films at a higher power level, an important feature for
applications in RF technology. AlN films are normally
sputter-deposited at moderate temperatures (typically
200-400 ◦C) to achieve an optimal performance, although
“room temperature” deposition with a local temperature
near the target of around 150 ◦C is sometimes used [18].
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Also deposition conditions, especially oxygen or moisture
in vacuum chambers, have significant effects on AlN film
growth and microstructure. Growing AlN films thicker
than a few microns is particularly challenging because of
the potentially large film stress and the tendency to form
microcracks.

In this work, we used our titanium-seed-layer tech-
nique [12] to improve the fabrication of AlN-thin-film
transducers deposited on glass substrates for future use in
biosensing and lab-on-a-chip applications. In Section II,
we describe the design of the devices, followed in Sec-
tion III by a presentation of the fabrication and charac-
terization processes. In Section IV, we then characterize
the acoustic properties of the devices by measuring elec-
trical impedance spectra in the frequency range from 0.1
to 10 MHz. The numerical model and its finite-element-
method implementation is described in Section V. The
comparison of the simulation results with the experi-
ments presented in Section VI are in so good agreement
that our numerical handling of the measured impedance
spectra can be turned into an improved in-situ determi-
nation of the acoustic properties of the glass substrate.
Finally, concluding remarks are presented in Section VII.

II. DEVICE DESIGN

In Fig. 1 is shown the design of the devices under study.
This design is chosen to ease the microfabrication, the
experimental characterization, and the subsequent vali-
dation of a finite-element method model of the system.
All devices consist of a simple box-shaped 570-µm-thick
and 2-mm-wide block of soda-lime-silicate (SLS) float

(a) (b)

(c) B9

B2

(d) B9

B2

FIG. 1. (a) Design of the electrode mask for the lithography
step in the fabrication process that defines the gold electrodes
on the top surface of the glass wafer. The relevant devices
are taken from row A - G and column 1 - 9. The inset show
row B column 1 - 9. Devices with the same column index
are nominally identical. (b) A photograph of the fabricated
wafer before dicing it in individual devices. (c) Microscope
images of the actual device B2 and B9. (d) Rendering of the
two 2-mm-wide and 0.58-mm-high devices B2 (2.5 mm long)
and B9 (6 mm long), showing the outline of the 1-mm-wide
top electrode split in two halves by a 40-µm-wide gap.

TABLE I. A list of the 35 devices under study. The rect-
angular glass blocks are all 0.58 mm thick, 2 mm wide, and
with a length L in the range from 2 to 6 mm. The deposited
AlN-thin-film piezoelectric transducer is 1 µm thick and sand-
wiched between 0.1-µm-thick metal electrodes. The top elec-
trode has the width 1 mm and length Lte = L − 1 mm. All
devices with the same column index are nominally identical.

Device Device L Lte

column row [mm] [mm]

1 C, D, G 2.0 1.0
2 C, D, E, F, G 2.5 1.5
3 A, B, C, G 3.0 2.0
4 A, B, D 3.5 2.5
5 A, B, C 4.0 3.0
6 B, C 4.5 3.5
7 A, B, C, D, E 5.0 4.0
8 A, B, C, D, E, F, G 5.5 4.5
9 C, D, E 6.0 5.0

glass [19] of length L diced from a wafer. L is in the
range from 2 to 6 mm in steps of 0.5 mm, thus result-
ing in 9 groups of nominally identical devices. A 1-µm-
thick AlN-thin-film piezoelectric transducer, sandwiched
between sub-µm-thick metal electrodes, is deposited on
top surface of the glass block. To ease the dicing process
and to avoid short circuiting between the two electrodes,
the top electrode of the transducer has its width reduced
to 1 mm and its length to Lte = L−1 mm. Moreover, to
allow for anti-symmetric voltage actuation, the top elec-
trode is split in half by a 40-µm-wide gap perpendicular
to the length direction. As listed in Table I, there are up
to seven nominally identical copies A, B, C, D, E, F, and
G in each group of devices.

III. FABRICATION AND
CHARACTERIZATION OF THE

PIEZOELECTRIC THIN-FILM TRANSDUCER

The device fabrication is based on a 4-inch SLS float
glass wafer (SCHOTT Suisse SA, Yverdon). This glass
has a low thermal expansion, a high thermal shock re-
sistance, and an ability to withstand temperatures up to
490 ◦C for long periods, so by not raising the process
temperatures above 300 ◦C, we ensure a high quality and
reproducibility in our fabrication process. Following a
microfabrication process similar to the one described in
Ref. [12] and sketched in Fig. 2, the first step is cleaning
of the glass substrate with isopropyl alcohol and acetone
to remove organic contaminations. Additional plasma
cleaning was performed right before the deposition of the
bottom electrode in the deposition tool. We prepared
textured Ti, Pt, AlN thin films using a dedicated cluster
sputtering chamber (Pfeiffer Vacuum), and then sputter-
deposited 10 nm Ti at 300 ◦C serving as an adhesion layer
between the glass substrate and the Pt bottom electrode.
Next, the 100-nm thick Pt electrode was deposited with
the same tool in a different chamber also at 300 ◦C and
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(a) (b) (c)

(d) (e)

Photoresist

Gold (0.15 µm)

AlN (1 µm)
Platinum (0.1 µm)

Glass (580 µm)

FIG. 2. Sketch of the fabrication process, where a stack
consisting of a bottom electrode, the AlN thin film, and the
top electrode is deposited on the glass block. (a) Deposition
of a 10-nm-thick Ti adhesion layer (not shown) followed by
a 100-nm-thick platinum layer. (b) Deposition of the 1-µm-
thick AlN film. (c) Deposition of a 10-nm-thick Cr adhesion
layer (not shown) followed by a 150-nm-thick gold layer. (d)
Deposition and development of photoresist. (e) Patterning
of the top electrode by ion-beam etching of the exposed gold
followed by removal of the photoresist.

without breaking the vacuum. Successively, 1 µm (0001)-
textured AlN was deposited using a dedicated reactive,
pulsed, direct current magnetron sputtering chamber at
300 ◦C, and on top of the AlN film 10 nm Cr and 150 nm
Au were sputter deposited as top electrode with Cr being
the adhesion layer between the AlN and Au. As the next
process step, standard photolithography was exploited to
transfer the intended pattern on to the top electrode, and
this pattern was realized by ion-beam etching (Veeco).
Finally, the wafer was diced into the smaller chips ready
for use, as shown in Fig. 1(c).

After fabrication and dicing, the quality of the result-
ing devices was checked by visual inspection in a micro-
scope, and their dimensions were checked by measure-
ments using a digital caliper (Vernier Caliper, Cocraft)
with 0.03-mm accuracy and 0.01-mm repeatability. 29
representative devices were selected. Their lengths were
found to range from (2034 ± 5) µm to (6034 ± 5) µm in
steps of 500 µm, the widths were (2025 ± 5) µm, and
the heights were (570± 3) µm. The uncertainties repre-
sent one standard deviation of several repeated measure-
ments, and the relative uncertainty ranges from 0.6% for
the height, down to 0.1% for the longest length.

IV. MEASURED ELECTRICAL IMPEDANCE

The electrical impedance of the 35 devices listed in
Table I were measured as a function of frequency from
from 0.1 to 3 MHz in steps of 500 Hz using an Agilent
4294A Precision Impedance Analyzer (Agilent Technolo-
gies AG, Basel, Switzerland) with a 0.5-Vpp ac-voltage
applied in anti-phase between the two halves of the split
top electrode. The bottom electrode was left floating.

To reduce the electrical noise, a given device under
study was placed in a grounded metal box, from where it
was connected by short coax cables to the impedance
analyzer by pressing a spring-loaded needle electrodes

to each half of the split top electrode, see Fig. 3(a)-(b).
The setup was also designed to minimize undesired para-
sitic components: the parasitic inductance in the system
was reduced to somewhere around Lext = (28 ± 15) nH,
the parasitic resistance was roughly Rext = (5 ± 3) Ω,
and the parasitic capacitance was negligible compared to
the intrinsic capacitance Cdev of the device formed by
the electrodes separated by the thin AlN film, and rang-
ing from 18 pF for the smallest device to 86 pF for the
largest. This design ensured that the resonance frequency

fext = 1
2π (LextCdev)−

1
2 involving the external inductance

was pushed up in value, 100 MHz . fext . 220 MHz,
much larger than 10 MHz, and therefore not interfering
with the intrinsic resonances of the device under study.
Finally, the device under study was placed on a folded,
soft piece of tissue paper to acoustically isolate from the
environment.

Examples of the recorded 35 impedance spectra

Z(f) = |Z| eiθ are shown in Fig. 3(c) and (d), where
we plot the magnitude |Z(f)| and the phase θ(f). We
first note that the intrinsic resonances of the devices are
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FIG. 3. (a) Three photographs of the spectrum analyzer
and the attached metal box that provides electrical shielding
of the device, but here with its lid removed to reveal the
device mounted inside. A zoom-in on the interior of the metal
box shows the coax connectors and the wires leading to the
device. A further zoom-in shows the spring-loaded electrodes
attached to the device. (b) An end-view sketch of the spring-
loaded electrodes attached to the device consisting of the glass
block (beige) and the AlN thin-film transducer (purple) with
a split top electrode (red-blue). (c) The impedance spectra
showing the magnitude |Z(f)| (red curves) and the phase θ(f)
(blue curves) for the seven nominally identical devices A8, B8,
C8, D8, E8, F8, and G8 shown in the inset. The phase curves
differ as the devices were not discharged initially. (d) Same
as for panel (c) but for the five nominally identical devices
C2, D2, E2, F2, and G2. Here, the phase curves are nearly
identical as the devices were discharged initially.
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TABLE II. For each of the nine device geometries, labeled by column index k = 1 - 9 in Table I, five resonance peaks (k, n)
of increasing frequency with n = 1 - 5 were selected the impedance spectrum for comparing simulations with measurements.
Peak (4, 1) and (4, 2) marked by an asterisk were not measured on device B in column n = 4. The experimental value f

exp
k,n is

the average resonance frequency of peak n over all devices (row index A - G in Table I) with column index k. The simulation

result f
sim,A
k,n is the corresponding resonance frequency obtained by the numerical modeling described in Section V and using

the parameter values given in the literature. The simulation result f
sim,B
k,n is obtained by using the optimized values listed in

Table IV of Young’s modulus and Poisson’s ratio for the glass block. Finally, for X = A or B, ∆
X
k,n = (f

sim,X
k,n − fexp

k,n )/f
exp
k,n is

the relative deviation of the simulation result from the experimental value for resonance peak n in device geometry k.

Peak f
exp
k,n f

sim,A
k,n f

sim,B
k,n ∆

A
k,n ∆

B
k,n Peak f

exp
k,n f

sim,A
k,n f

sim,B
k,n ∆

A
k,n ∆

B
k,n

k, n [MHz] [MHz] [MHz] [%] [%] k, n [MHz] [MHz] [MHz] [%] [%]

1, 1 0.943 0.883 0.926 −6.3 −1.7 5, 4 2.712 2.607 2.721 −3.9 0.3
1, 2 1.424 1.369 1.422 −3.9 −0.2 5, 5 2.901 2.780 2.918 −4.2 0.6
1, 3 2.065 1.958 2.054 −5.2 −0.5 6, 1 1.425 1.368 1.422 −4.0 −0.2
1, 4 2.717 2.618 2.720 −3.7 0.1 6, 2 1.537 1.470 1.538 −4.3 0.1
1, 5 2.896 2.766 2.906 −4.5 0.3 6, 3 1.606 1.540 1.601 −4.1 −0.3
2, 1 0.737 0.701 0.736 −4.9 −0.2 6, 4 2.741 2.641 2.739 −3.7 −0.1
2, 2 1.418 1.365 1.419 −3.7 0.1 6, 5 2.910 2.748 2.922 −5.6 0.4
2, 3 1.791 1.706 1.788 −4.8 −0.2 7, 1 0.321 0.306 0.322 −4.8 0.3
2, 4 1.915 1.830 1.906 −4.5 −0.4 7, 2 1.440 1.379 1.431 −4.2 −0.6
2, 5 2.942 2.802 2.939 −4.7 −0.1 7, 3 1.561 1.495 1.555 −4.2 −0.4
3, 1 0.612 0.582 0.611 −4.9 −0.2 7, 4 2.733 2.632 2.731 −3.7 −0.1
3, 2 1.403 1.348 1.409 −3.9 0.4 7, 5 2.905 2.783 2.920 −4.2 0.5
3, 3 1.489 1.424 1.482 −4.3 −0.5 8, 1 1.438 1.375 1.426 −4.4 −0.9
3, 4 1.752 1.681 1.754 −4.0 0.1 8, 2 1.533 1.470 1.531 −4.1 −0.2
3, 5 2.735 2.640 2.737 −3.5 0.1 8, 3 1.834 1.760 1.835 −4.0 0.1
4, 1

∗
0.522 0.498 0.527 −4.6 0.9 8, 4 2.718 2.618 2.725 −3.7 0.3

4, 2
∗

0.544 0.519 0.541 −4.6 −0.4 8, 5 2.903 2.786 2.922 −4.0 0.7
4, 3 1.431 1.374 1.426 −4.0 −0.3 9, 1 1.429 1.373 1.426 −3.9 −0.2
4, 4 1.667 1.600 1.669 −4.0 0.1 9, 2 1.511 1.451 1.511 −4.0 0.0
4, 5 2.725 2.627 2.728 −3.6 0.1 9, 3 1.765 1.696 1.768 −3.9 0.2
5, 1 1.429 1.372 1.425 −4.0 −0.3 9, 4 2.089 2.018 2.111 −3.4 1.1
5, 2 1.609 1.545 1.611 −4.0 0.1 9, 5 2.744 2.644 2.746 −3.7 0.1
5, 3 2.104 2.015 2.107 −4.2 0.2

most clearly visible in the phase plots θ(f). Due to the
parasitic impedances of the system, the base level of θ(f)
is a linear increase from the −90◦ of an ideal capacitor
in the dc limit to a value between −89.7◦ and −87.8◦ at
10 MHz. The device resonances appear as sharp peaks
in the phase-curve with a width of around 0.01 times the
resonance frequency itself and with an amplitude ranging
from 0.1◦ to 3.5◦. This technique is a variant of standard
resonant ultrasound spectroscopy (RUS) [20, 21]. How-
ever, in contrast to conventional RUS, the ultrasound
transducers in our case are an integrated but tiny part of
the structures to be characterized.

Next, we note that position and amplitudes of the res-
onance peaks are nearly identical for samples with nomi-
nally identical geometry from different parts of the wafer,
see Fig. 1(a), for the about 30 peaks easily identified in
the range from 0.1 to 10 MHz. About 40% of the devices
selected from column 1 - 9 and row A - G had a short
circuit between one or both of the top electrodes with the
bottom electrode, so they were discarded from the study.
This is the reason that only column 8 in Table I all seven
fabricated devices. We found that the slope of the base
level of the phase spectra θ(f) could vary even for nomi-
nally identical devices, as seen in Fig. 3(d). It turned out

that this variance was due to spurious charging effects,
perhaps due to the floating electrode. This effect could
be avoided by shortly short-circuiting the electrodes with
a piece of metallic wire, and thus discharging the system.
After discharging, the phase spectra became nearly iden-
tical for all devices with the same geometry, see Fig. 3(e).
When taking the mentioned precautions, the impedance
spectra exhibits a large degree of repeatability and re-
producibility.

For each of the nine different device geometries, la-
beled by column index k = 1 - 9 in Table I, among our
35 selected devices, we measure the resonance frequency
of the five most prominent resonance peaks, labeled by
n = 1 - 5 in the impedance-phase spectra θ(f). This
resulted in 5 × 35 − 2 = 173 resonance frequencies (for
device 4B we did not measure all five peaks, but only
the three highest). In Table II we list the experimentally
determined values of the resonance frequencies, but to
avoid showing all 173 of them, we only show the aver-
age resonance frequency f exp

k,n of peak n over all devices

(row index A - G in Table I) with column index k, which
results in 9× 5 = 45 entries.
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V. MODELING AND NUMERICAL
SIMULATION

We want to compare the experimental results for
the impedance spectra and resonance frequencies with
numerical simulation. We therefore use the three-
dimensional model for acoustofluidic systems recently de-
veloped by Skov et al. [22]. The model couples the me-
chanical displacement field u and the electric potential
ϕ in a system driven by a time-harmonic electric poten-

tial, ϕ̃ = ϕ0 e−iωt with angular frequency ω = 2πf and
frequency f , applied to the interfaces between the metal
electrodes and the piezoelectric AlN-thin-film transducer.
This time-harmonic boundary condition excites the time-
harmonic fields: the electric potential ϕ̃(r, t) in the AlN-
thin-film transducer and the displacement ũ(r, t) in all
solids of the system,

ϕ̃(r, t) = ϕ(r) e−iωt, ũ(r, t) = u(r) e−iωt. (1)

Fields with a tilde are time-harmonic, whereas those
without a tilde are complex-valued amplitudes.

The motion of an elastic solid with a given density ρ (in
the model it is the glass, the metal electrodes, and the
AlN-thin-film transducer) is described by the displace-
ment field u, whereas the electrodynamics is described by
the electric displacement field D. The governing equa-
tions for u and D are Cauchy’s elastodynamic equation
and Maxwell’s quasi-electrostatic equation, ∇ ·D = 0,

−ρω2(1+iΓsl)u = ∇·σ, ∇·
[
−(1+iΓε)ε·∇ϕ

]
= 0. (2)

Here, Γsl,Γε � 1 are weak damping coefficients, ε is
the dielectric tensor, and σ is the stress tensor, which is
coupled to u through a stress-strain relation depending
on the material-dependent elastic moduli Cik.

For the isotropic glass and metal electrodes, the electric
field is unimportant, whereas the relation between the
stress tensor σik and strain components 1

2 (∂iuk + ∂kui)
is given in the compact Voigt representation as



σxx
σyy
σzz

σyz
σxz
σxy


=



C11 C12 C12 0 0 0

C12 C11 C12 0 0 0

C12 C12 C11 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C44





∂xux
∂yuy
∂zuz

∂yuz+∂zuy
∂xuz+∂zux
∂xuy+∂yux


.

(3)
Here, Cik are the elastic moduli which are listed for SLS
float glass in Table III, and C12 = C11 − 2C44.

In the piezoelectric AlN film, the stress tensor σ and
the electric displacement field D are given by the strain

tensor 1
2

[
∇u + (∇u)T

]
, the electrical field −∇ϕ, the

electromechanical coupling coefficients eik, the elastic

moduli Cik, and the electric permittivities εik as

σxx
σyy
σzz
σyz
σxz
σxy
Dx

Dy

Dz


= (4)



C11 C12 C13 0 0 0 0 0 -e31

C12 C11 C13 0 0 0 0 0 -e31

C13 C13 C33 0 0 0 0 0 -e33

0 0 0 C44 0 0 0 -e15 0
0 0 0 0 C44 0 -e15 0 0
0 0 0 0 0 C66 0 0 0
0 0 0 0 e15 0 ε11 0 0
0 0 0 e15 0 0 0 ε11 0
e31 e31 e33 0 0 0 0 0 ε33





∂xux
∂yuy
∂zuz

∂yuz+∂zuy
∂xuz+∂zux
∂xuy+∂yux
−∂xϕ
−∂yϕ
−∂zϕ


.

Here, the symmetry of AlN leads to C12 = C11 − 2C66.
In terms of volume (mass) ratios, the device consists

of 99.8% (99.5%) glass, 0.2% (0.3%) AlN film, and 0.0%
(0.2%) metal electrodes. We have found that within the
numerical uncertainties, the simulation results are un-
changed when leaving out the metal electrodes. So to
reduce the memory requirements and to speed up compu-
tation times, we have left out the tiny metal electrodes in
our modeling. Consequently, the boundary conditions for
the electric potential ϕ are: (1) on the interface between
the bottom electrode and the AlN film, the potential is
grounded, ϕ = 0; (2) on the interface between one half
of the split electrode and the AlN film, ϕ = + 1

2V0; (3)
on the interface between the other half of the split elec-
trode and the AlN film it is in anti-phase, ϕ = − 1

2V0; (4)
on the sides walls with normal vector n of the AlN film,
the no-free-charge condition applies, n ·∇ϕ = 0. For the
mechanical displacement filed in the solids, the non-stress
condition applied to all external surfaces, n · σ = 0.

Once a solution to u and ϕ has been obtained, the
electrical impedance Z can be computed in the model
as, the ratio of the total voltage drop V0 and the integral
over the electrical current density J through the surface
∂Ω 1

2
one half of the split electrode

Z =
V0

I
=

V0∫
∂Ω 1

2

J · n da
. (5)

As there are no free charges in the system, the only con-
tribution to the current density J is the polarization cur-
rent density n ·J = ez ·Jpol = ∂tPz = −iω(Dz + ε0∂zϕ).
We compute Dz from Eq. (4) and obtain, as in Ref. [24],

Z =
i
ωV0∫

∂Ω 1
2

[
e31(∂xux+∂yuy)+e33∂zuz+(ε0−ε33)∂zϕ

]
da
.

(6)
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TABLE III. Material parameters at 25
◦
C for the AlN-

thin-film transducer and the SLS float-glass substrate. The
frequency-dependent damping coefficients Γsl(f) and Γε(f)
are obtained by fitting to the measured width of the reso-
nance peaks. The tiny metal electrodes are not simulated in
this study.

Parameter Value Parameter Value

Thin film aluminum nitride, AlN [23]

ρ 3300 kg m
−3

Γsl 0.001
C11 410.2 GPa C33 385.0 GPa
C12 142.4 GPa C44 122.9 GPa
C13 110.1 GPa C66 133.9 GPa

e13 −1.0475 C m
−2

e15 −0.39 C m
−2

e33 1.46 C m
−2

Γε − 1.43MHz+0.98f
1GHz

ε11 9.21 ε0 ε33 10.12 ε0

SLS float-glass substrate [19]

ρ (2522 ± 15) kg m
−3

(measured at EPFL)

E (72± 2) GPa s 0.23± 0.01
C11 83.5 GPa C44 29.3 GPa

C12 24.9 GPa Γsl(f) f
−1

0.018 MHz

clo 6118 m s
−1

ctr 3623 m s
−1

We have implemented the model of the AlN-thin-film-
actuated glass-block devices in the finite-element-method
software Comsol Multiphysics 5.4 [25] following the pro-
cedure described in Ref. [22]. The coupled field equa-
tions (2) for the elastic-solid displacement u and the
electric potential ϕ are implemented together with the
constitutive equations (3) and (4) using the weak form
interface “PDE Weak Form”. A COMSOL script with
a PDE-weak-form implementation of acoustofluidics is
available as supplemental material in Ref. [26].

The system geometry described in Section II is meshed
fairly coarse, because we study the low end of the spec-
trum, mainly f < 3 MHz, where the wavelengths are
larger than 1.1 mm. The mesh of the glass block is a free
tetrahedral mesh with a maximum element size 0.2 mm,
whereas the AlN thin-film is modeled as a swept, struc-
tured mesh with 2 mesh layers in the thickness direction
and the same element size along the surface as for the
glass. We used quadratic Lagrangian test functions, and
used the mesh convergence test described in Ref. [27], to
verify that the numerical resolution was satisfactory.

We used an adaptive step-size algorithm to compute
the impedance spectra. Close to a resonance peak, the
step size went down to 15 Hz, but far from resonance
peaks, it increased to 1600 Hz. The resonance frequency
was determined as the position of the maximum of a
Lorentzian fit containing the 11 closest points. A typ-
ical small 0.1-3-MHz spectrum contained 450-500 points,
whereas a long 0.1-10-MHz spectrum contained 2500-
2800 points. A short and long spectrum took respectively
around 0h:40min and 2h:50min to compute on our HP-
G4 workstation with a 3.7-GHz Intel Core i9 7960X-2.8
16-core processor and with a memory of 128 GB RAM.

VI. COMPARING SIMULATION WITH
EXPERIMENTAL RESULTS

We use the numerical model of Section V to simulate
electrical impedance spectra Zsim(f) through Eq. (6). In
the following, we compare these simulation results with
experimental spectra Zexp(f) described in Section IV.

Two examples of such a comparison in the frequency
range from 0.1 to 3 MHz are seen in Fig. 4(a) and (b) for
device geometry 2 and 8, respectively, where we are plot-
ting the resistive part Re[Z] of the electrical impedance
as an alternative way to reveal the resonance peaks, in-
stead of using the phase spectra θ(f) as Fig. 3(c) and (d).
The single red curve in each plot is the simulation results
obtained with the parameter values listed in Table III,
whereas the family of gray curves is the experimental re-
sult for all available devices with the geometry. It is seen
that the experimental impedance spectra are reproduced
fairly well by the simulation regarding the position of
the resonance peaks and their relative heights. We note,
that similar to Fig. 3, the off-resonance level of the ex-
perimental curves (gray) for the real part Re[Z] coincide
for the devices C2-G2 in Fig. 4(a) that have been dis-
charged, while they are displaced for the devices A8-G8
in Fig. 4(b) that have not been discharged. Moreover, we
note that in Fig. 4(a), we have fitted the off-resonance
level in the numerical model for Z in Eq. (6) using Γε(f)
given in Table III.

The agreement between experiment and simulation is
quantified in Table II, where it is seen that for the 173 res-

onance peaks in our study, the relative deviation ∆A
k,n of

(a)

R
e[
Z

]
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)
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0
(b)

R
e[
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]
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)

30
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0
0 0.5 1 1.5 2 f (MHz) 3

FIG. 4. (a) The resistive real part Re[Z] of the impedance as
a function of frequency f measured for the 5 devices C2 - G2 of
Fig. 3(d) (gray curves f

exp
) and simulated numerically using

the parameter values from the literature, listed in Table III,
(red curve f

sim,A
), and using the fitted parameter values of

Table IV (blue curve f
sim,B

). (b) Similar plot of Re[Z] versus
f , but for the 7 devices A8 - G8 of Fig. 3(c).
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each simulated resonance frequency f sim,A
k,n deviates only

a few percent from the experimental value f exp
k,n . The

mean value and the standard deviation of the mean value
of all relative deviations ∆A

k,n is (−4.2 ± 0.04)%, which
is a fairly good result. However, the simulation results
show a statistical significant systematic underestimate of
the resonance frequency. This is also clear from the insets
in Fig. 4(a) showing a zoom-in on four resonance peaks:
In all cases, the measured (gray) peaks of the seven nom-
inally identical devices fall on top of each other, with
variations much smaller than the peak width, whereas in
contrast, the simulated (red) peaks are shifted downward
in frequency by a few peak widths.

This systematic shift of the simulated resonance peaks
leads us to investigate, if a fitting of the two most signif-
icant but not so accurately determined material param-
eters, Young’s modulus E and Poisson’s ratio s of the
SLS float-glass substrate, could lead to better numeri-
cal agreement with the experiment. Indeed, by using a
simple stepping procedure, we find that such an improve-
ment is obtained by the substitution

E = 72 GPa −→
fit

75.5 GPa, s = 0.23 −→
fit

0.189. (7)

This procedure extends the methods for obtaining the
electromechanical coefficients of piezoelectric transducers
[28, 29] to determining the elastic coefficients of any elas-
tic solid driven by vanishingly small thin-film transduc-
ers. The parameter values obtained for the best fitting to
the experimental data are summarized in Table IV, and
the resonance frequencies obtained from the simulation

based on these values are denoted f sim,B
k,n .

The improved agreement between simulation and ex-
periment is seen qualitatively in Fig. 4, where the blue

curves representing f sim,B
k,n more accurately reproduce the

gray experimental impedance spectra. The improved
agreement is also evident from the insets in Fig. 4(a),

where the blue curve f sim,B
k,n now falls on top of the gray

experimental curves within a fraction of the peak width.
Quantitatively, the improved agreement between experi-
ment and simulation is seen in Table II, where the relative

deviation ∆B
k,n of each simulated resonance frequency

f sim,B
k,n deviates less than one percent from the experi-

mental value f exp
k,n . The mean value and the standard

deviation of the mean value of all relative deviations is
∆B
k,n = (−0.03± 0.04)%, or nearly 140 times better than

the first result (−4.2± 0.04)%.
The improved numerical agreement with experiments

using the fitted values of Young’s modulus and Poisson’s
ratio for the glass substrate suggests that our numerical
fitting simulation algorithm may be used as an improved
in-situ determination of acoustic parameters in the
0.1-10 MHz range, and possibly for higher frequencies.
At the present stage we do not know, if the relative
deviation of roughly 4% between the literature values in
Table III and the fitted values in Table IV is within the
uncertainty generated by sample-to-sample variations in
SLS float glass, or if is a direct result of the fabrication

TABLE IV. Fitted values for Young’s modulus E
′
, Poisson’s

ratio s
′
, and the damping coefficient Γsl of SLS float glass

for improving the agreement between experiments and simu-
lations. The values of C

′
11, C

′
12, C

′
44, c

′
tr, and c

′
lo are functions

of E
′

and s
′

[30].

Parameter Value Parameter Value

E
′

75.5 GPa s
′

0.189
C
′
11 82.8 GPa C

′
44 31.8 GPa

C
′
12 19.2 GPa Γsl(f) f

−1
0.018 MHz

c
′
lo 5731 m s

−1
c
′
tr 3549 m s

−1

process involving the deposition of the AlN-thin-film
transducers at elevated temperatures. The improved
simulation-to-experiment agreement also suggest that
the impedance measurements coupled with simulations
is a promising way to investigate the resonance modes,
since there is little ambiguity in which peaks are which.
Also from the measurements shown in Fig. 4, it is clear
that by combining simulation with more varied device
geometries it will be possible to predict particularly
desired resonance frequencies with good accuracy and
consequently to design appropriate device geometries.

VII. CONCLUSION

We have presented fabrication of 570-µm-thick,
millimetric-sized SLS float-glass blocks with a 1-µm-thick
AlN-thin-film piezoelectric transducer sandwiched be-
tween thin metallic electrodes and deposited on the top
surface. The electromechanical properties of the devices
were characterized by electrical impedance measurements
in the frequency range from 0.1 to 10 MHz with a peak-
to-peak voltage of 0.5 V applied to the electrodes.

We have measured the electrical impedance spectra of
35 different device geometries, all of width 2 mm, but
with 9 different lengths ranging from 2 to 6 mm and with
2-7 copies of each individual geometry. Each impedance
spectrum exhibits many resonance peaks, of which we
carefully measured the 5 most prominent ones in each
spectrum. Comparing the resulting 173 experimental
resonance frequencies with the result of a finite-element
method simulation, using material parameter values from
the manufacturer, results in an average relative deviation
of the 173 simulated resonance frequencies from the ex-
perimental ones of (−4.2± 0.04)%.

We have shown that by using Young’s modulus and
Poisson’s ratio of the SLS float glass as fitting param-
eters in the simulation, we could reduce the relative
deviation of the 173 simulated resonance frequencies
from the experimental ones by a factor of nearly 140 to
(−0.03 ± 0.04)%. This result suggests that our numeri-
cal fitting procedure could lead to an improved method
for in-situ determination of the acoustic parameters at
ultrasound frequencies of any elastic solid onto which a
thin-film transducer can be attached.
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