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Abstract: A process including virtual prototyping of a high frequency phased array ultrasound transducer on a piezoelectric thick 
film using a finite element method (FEM) is shown. Generated FEM models were based on PMN-PT (Pb(Mg1/3Nb2/3)O3-PbTiO3) 
thick films, made by sol-gel technique, with the thickness vibrational mode resonant frequency of each film being close to 28.5MHz. 
Ultrasound transducers with such characteristics, due to their size and high frequency, are suitable for use in small medical diagnostic 
tools intended for use in delicate and sensitive areas (for example in ophthalmology and dermatology). With respect to their size, 
the transducers should retain very good focusing, beam steering and other advantages that phased array layout offers. To ensure 
an optimal performance of the phased array ultrasound transducer on such a piezoelectric thick film, several electrode patterns 
were used and tested in FEM simulations with the end goal of getting best performance from the PMN-PT thick films. A 64-element 
configuration was shown to be a promising technological solution for ophthalmological ultrasound diagnostics.
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Izdelava prototipa visokofrekvenčnega faznega 
polja ultrazvočnih pretvornikov na debelo 
plastnem piezoelektriku
Izvleček: V članku je prikazan proces virtualne izdelave prototipa visokofrekvenčnega polja ultrazvočnih pretvornikov na debelo 
plastnem piezoelektriku na osnovi FEM metode. Generirani FEM modeli temeljijo na PMN-PT filmih, ki so narejeni na tehnologiji sol-gel 
in sicer z debelino z vibracijsko resonančno frekvenco blizu 28.5 MHz. Ultrazvočni pretvorniki teh dimenzij in frekvenc so primerni za 
uporabo v majhnih medicinski diagnostični opremi za uporabo v občutljivih območjih (npr. oftalmologija in dermatologija). Zaradi 
svoje majhnosti naj bi pretvorniki zagotavljali dober fokus in vodenje žarka. Za doseganje optimalnega delovanja so bili obravnavani 
bili številni vzorci faznega polja ultrazvočnih pretvornikov. Izkazalo se je, da je, za uporabo v oftalmologiji, najboljša kombinacija s 64 
elementi.

Ključne besede: fazno polje, debele plasti, PzFlex/OnScale, visoka frekvenca, PMN-PT
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1 Introduction

In modern medicine ultrasound is still an important 
diagnostic tool, despite development of new and ad-
vanced diagnostic techniques. Ophthalmology is prob-
ably the most illustrative example: although optical 
diagnostic methods are more present in medical prac-
tices, in cases of blur of the eye caused by a trauma or 
a disease, ultrasound is still the best way to look inside 

the eye. Ultrasound ophthalmological instrumentation 
available on the market is generally based on vibrat-
ing piezoelectric bulk transducers generating a single 
ultrasound wave. Such technology limits the highest 
available frequency, the minimum focus depth, and the 
minimum plane-wave formation distance. 
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Imaging of anterior eye chamber is rather important 
since precursors of many eye diseases create in it. Due 
to their generally low ultrasound frequency, this front 
part of the eye cannot be probed with high resolu-
tion by present ultrasound diagnostic tools. Since the 
resonant frequency of piezoelectric material inversely 
depends on its thickness, implementation of thick pi-
ezoelectric films as ultrasound-source material would 
increase the frequency to tens or hundreds MHz range. 
For ophthalmology applications such frequencies are 
targeted ones, since they can enable to probe micro-
structures on distances of few millimeters from the 
transducer. Linear array of micro-transducers based on 
a piezoelectric film could improve the overall perfor-
mance further, since, by tuning the phase of each mi-
cro-transducer ultrasound, the diagnostic ultrasound 
wave can be focused in a controllable way. Although 
many research efforts are taken to create such phase-
tuned linear arrays [1-8], they still cannot be routinely 
created. The major difficulty is the preparation of high-
quality piezoelectric films of thickness of few or few 
tens of micrometers convenient for such applications 
(problems with ultrasound cross-talk). Further, as reso-
nant frequency of the film increases, the size of a single 
micro-transducer decreases to size that makes tradi-
tional mechanical cutting techniques inapplicable. 

Recent studies show drawbacks of thinned bulk ceram-
ics over piezoelectric films [9-11]: in the piezoelectric 
films higher vibration amplitudes can usually be pre-
sent, with smaller hysteresis, and the films can produce 
higher energy densities with lower power require-
ments. Thick films of lead magnesium niobium titan-
ate (PMN–PT) have superior piezoelectric and dielec-
tric constants when compared to zinc-oxide (ZnO) 
and lead zinc titanate (PZT) [12-19], distinguishing 
them as the main candidates for high-frequency ul-
trasound transducers.

In this paper we show a finite element modelling 
(FEM) analysis of different configurations of metallic 
electrodes deposed on a thick piezoelectric film. Each 
electrode with the piezoelectric film beneath is consid-
ered as an ultrasound micro-transducer. The modelling 
is based on properties of PMN-PT film available in our 
laboratory and can be used for experimental realiza-
tion of studied models.

2 Sample properties

The acoustically active basis for the FEM analysis 
presented here is a set of PMN-PT (Pb(Mg1/3Nb2/3)O3-
PbTiO3) thick films. Films were deposited by screen-
printing at the Jožef Stefan Institute, Ljubljana, Slove-
nia (details of film preparation are given on [20-22]). 

Fig. 1 shows a cross section of the film imaged by a FEI 
Apreo scanning electron microscope. The films thick-
nesses are around 30 mm, with the average grain size 
of 5 mm. For the electrical characterization we used a 
vector network analyzer Bode 100 of Omicron Lab. Fig. 
2 gives the electrical impedance Z (top) and the phase 
angle f (bottom): 

 ( )
( )

Im Z
arctan

Re Z
φ =     (1)

where Im(Z) and Re(Z) are the imaginary and real parts of 
the electrical impedance, respectively. The impedance is 
measured on the whole sample area. Due to structural 
homogeneity of the active layer (see Fig. 1), we assume 
that electrical properties are homogenous as well. It 
shows broad antiresonance-resonance peaks at 1.7 MHz 
and 28.5 MHz respectively, that indicates weak electro-
mechanical coupling. Resonant frequency of 28.5 MHz 
is used in the FEM analysis presented later in the text. 
Models used for the FEM analysis are based on four sam-
ples of phased array ultrasound transducers on a piezoe-
lectric thick films, all made with 16 electrodes. The layout 
of the samples is shown in Figure.3.

Figure 1: A scanning electron microscope image of the 
cross-section of the PMN-PT film.

The material properties of the phased array ultrasound 
transducer on a piezoelectric thick film and other geo-
metrical parameters are given in Table.1.

Table 1: Phased array ultrasound transducer param-
eters.

Layer Material Function Width Length Thickness
1 Al2O3 Substrate 5,4 mm 6,0 mm 3,0 mm
2 Au Ground 5,4 mm 6,0 mm 10 μm
3 PMN-PT Piezoelectric 5,4 mm 6,0 mm 30 μm
4 Al Electrode 10 μm 4,0 mm ≤  10 μm
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The main difference between the four models is in the 
electrodes arrangement. For example, the samples 
differ in pitch, aperture, etc. These parameters have 
critical influence on transducers performance; they are 
shown in Table 2.

Table 2: Electrodes arrangement on the transducer 
samples 

W A p g e
Sample 1 4 mm 0,310 

mm
20 
μm

10 
μm

10 
μm

Sample 2 4 mm 0.385 
mm

25 
μm

15 
μm

10 
μm

Sample 3 4 mm 0,460 
mm

30 
μm

20 
μm

10 
μm

Sample 4 4 mm 0,610 
mm

40 
μm

30 
μm

10 
μm

3 Results of fem analysis

2D model set-up is a multilayer structure with cross-
section arranged in the same way as the model from 
Figure 3, while electrode-arrangement dimensions are 
as specified in Table 1.

Acoustic, piezoelectric, damping, dielectric and other 
properties of materials used are predefined in PzFlex 
material database [23].

A 2D model was set up to simulate the propagation of 
sound waves through a 3mm water column, with the 
central frequency being 28.5MHz and the amplitude 
peak being 100V. The analysis showed weak focus-

a)

b)

Figure 2: Frequency dependence of the electrical im-
pedance (top) and the phase angle (bottom) of the 
tested PMN-PT film. Broad resonance-antiresonance 
frequency interval indicates weak electro-mechanical 
coupling.

Figure 3: Phased array ultrasound transducer on a pi-
ezoelectric thick film layout

a)                                                   b)

Figure 4: Maximum acoustic pressure of Sample 1 con-
figuration: a) focusing b) beam steering. Color scale 
values are in Pa, while model domain dimensions are 
2x8 mm.
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ing and good beam steering (25°) properties of these 
transducers. Bad focusing properties are visible in max-
imum acoustic pressure field graphic view (see Figure 
4a), which shows a weak pressure field under the trans-
ducer and a lack of focus. The focusing of the passed 
array transducer was simulated by delaying the signal 
excitation on electrodes and the focal point was set to 
3mm depth on the bottom of the water column, but 
the simulation results differ.

The weak focusing of the passed array transducer can 
be verified by calculating its near-field value, because 
the near-field gives the maximum depth for the usable 
focus for a given passed array configuration. Near-field 
values are given by the following equation:

 
[ ]

2

4

D fN mm
c

=     (2)

where:
D = np [mm] for active phased array axis
D = W [mm] for passive phased array axis
n - electrode number
W- passive aperture [mm]
f - frequency [Hz]
c - speed of sound through material [mm/s]

From Equation (2) it is calculated that the near-field 
value on the passive axis (i.e. the axis that cannot be fo-
cused) is Np = 77.03mm, but the near-field value on the 
active axis, depending on a model, is Na1=0.5mm (for 
p=20μm), Na2=0.77mm (for p=25μm), Na3=1.11mm (for 
p=30μm) and Na4=1,97mm (for p=40 μm). Near-field 
values on the active axis clearly show weak focusing ca-
pabilities of the current transducer setup, which needs 
to be improved. Bad focusing properties also affect the 
beam steering because the beam dissipates and wid-
ens after the focal point.

The tested transducer setups have pronounced side 
lobes and there is a grating lobes formation at higher 
pitch values (30μm and 40μm). The side lobes are pro-
duced by an acoustic pressure leaking from probe ele-
ments at a different angle. Grating lobes are generated 
by the acoustic pressure due to even sampling across 
the probe element and they can be reduced by alter-
nating the probe pitch, and keeping it below λ/2 value, 
if possible. 

3.1 Modifying transducer setup

Referring to previously shown results, it is obvious that 
the main point of improvement is the focusing capa-
bility. Improvement of this capability can be done by 
modifying the electrodes arrangement. This can be 

done by increasing the electrode width (e) in some 
degree, because the electrode width affects the pitch 
(p) and the increasing of the electrode spacing (g) has 
an effect on the pitch. Changing pitch values is limited 
because it has a great impact on the grating lobes. The 
next option would be increasing the number of elec-
trodes (n), which means going from 16 element phased 
array to 32 or 64 elements, and as well the electrode 
length should be corrected to balance the passive and 
active phased array axis. To limit the grating lobes, the 
pitch should be p<l/2, but the general rule allows a 
pitch value up to p<0.67l. Respecting this pitch limita-
tion, near-field values are calculated for 32 and 64 ele-
ments electrodes configuration. The calculated values 
are shown in Table 3.

Table 3: Data calculated for different passed array 
transducer configurations.

n p 
[μm]

e 
[μm]

g 
[μm]

A 
[mm]

W 
[mm]

Na 
[mm]

Rule

32 25 10 15 0.785 0.8 3.1 p<λ/2
(λ/2 =26 μm)64 25 10 15 1.105 1.6 12.3

32 30 10 20 0.94 0.96 4.4
λ/2<p<0.67λ64 30 10 20 1.26 1.9 17.8

32 35 15 20 1.1 1.12 6
p<0.67λ64 35 15 20 1.58 2.2 24.2

Values of the passive aperture (W) are now similar to 
the values of the active aperture (A) – they are chosen 
in this way to balance out the near-field values on the 
passive and active passed array axes (see Table 3).

3.2 Additional FEM analysis

Newly acquired electrode arrangement parameters 
on a phased array transducer must be verified by a 
FEM analysis software, so the additional FEM analysis 
was conducted with identical driving conditions (time 
function, frequency, voltage peak) as before. For ad-
ditional analysis, two highlighted configurations from 
Table 3 are used for the 2D model setup. This is due to 
decent near-field values, which should mean that the 
transducers setups in this manner should have decent 
focusing depths. 

The FEM analysis showed good focusing properties 
on chosen configurations (n=64, p=30μm and n=64, 
p=35μm). The analysis was set to simulate the 6mm 
focus in a 7mm high water column. The new configu-
ration manages to successfully focus at the wanted 
depth, which is visible in the higher maximum acous-
tic pressure values around the wanted focusing depth 
(see Figure 5). 
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The 16 electrodes configuration produced higher-pres-
sure values (see Figure 4) due to very long electrodes 
(Wpassive >> A) but focusing capabilities were poor. The 
64 electrodes configuration produced smaller pressure  
values (Figure 5) but it had much better-focusing ca-
pabilities, and electrodes length was corrected on this 
configuration (Wpassive = A). It is important to mention 
that pressure values will also change with different fo-
cusing depths.

Figure 5: Maximum acoustic pressure    of   n=64, p=30 
passed array transducer configuration. Color scale values 
are in Pa, while model domain dimensions are 10x10 mm. 

This configuration also has a pronounced grating 
lobes formation because of a bit higher pitch value. 
To reduce this by keeping the pitch below λ/2 and to 
keep the focusing capabilities at least above 15mm it 
is necessary to further increase the electrodes number 
above, an already high, 64, compared to 16 electrodes 
at the start. Also with the 64 electrodes configuration, 
the transducer is still relatively compact in size, which 
brings benefits regarding possible applications.

The 64-electrodes configuration has better beam for-
mation and better-focusing capabilities in comparison 
with 16 electrodes configuration. However, the sensi-
tivity of both transducer configuration is poor. Due to 
a small pitch value (i.e., close electrode placement), 
which will provide a better beam formation and less 
scattering of the generated acoustic wave in water col-
umn, we have very pronounced crosstalk that affects 
transducers sensitivity in a way that reflections from 
barrier cannot be differentiated. This is visible on Figure 
6, where each colored line represents the received sig-
nal of the one of 64 elements. The difference between 
frontwall and backwall of the barrier should be much 
more pronounced. 

An increase of pitch value will result in more pro-
nounced scattering of the acoustic wave, but with re-

duced crosstalk. To our estimate, pitch of 100 mm will 
lead to better transducer performance regarding the 
quality of acquired signals.

Figure 6: Crosstalk on received signal from a 0.450 mm 
thick barrier inside water column (for 64 electrodes 
configuration, pitch is 30 μm).

4 Conclusions

After conducted FEM simulations it is possible to con-
clude that the electrode pattern of considered trans-
ducers need at least 64 electrodes to obtain an optimal 
performance of a high-frequency miniature phased 
array ultrasound transducer on a PMN-PT thick piezo-
electric film of central thickness mode vibration fre-
quency of around 28.5MHz. If one considers potential 
applications of this kind of transducers, in ophthalmo-
logical diagnostic tools for example, it is shown here 
that weak and technically unusable phased array trans-
ducer properties of a 16-electrodes configuration can-
not probe the front part of an average eyeball, with a 
diameter around 24 mm. The 64-electrode phased ar-
ray configuration of a thick PMN-PT piezoelectric film 
of central thickness mode vibration frequency close to 
30MHz could theoretically achieve a full depth ultra-
sound diagnostics coverage of an average human eye.
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