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• Predesigned PZTNb films were obtained
by piezoelectric inkjet printing using
aqueous suspension of nano-sized pow-
ders.

• Liquid phase PbO leads to sintering of
nano PZTNb with moderate densifica-
tion rate in broad temperature range of
450 °C.

• PbO contributes to stress relaxation,
lowering processing temperature to
850 oC and formation of defect-free
PZTNb films.

• Inkjet-printed film with single-phase
structure exhibited thickness coupling
factor of 46 %, comparable to bulk
ceramics.
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We have investigated the processing of lead-zirconate-titanate-based thick films by inkjet printing Pb
(Zr0.53Ti0.47)0.98Nb0.02O3 with a 6mol% excess of PbO nanosized powder dispersed inwater. Different waveforms
were employed to determine the optimum size and shape of the drops. A uniform, defect-free pattern with di-
mensions of 4 mm × 4 mm can be printed using 20 V and a drop spacing of 20 μm. The inkjet-printed films
were heated to 400 °C to remove the organics and subsequently sintered at 750 and 850 °C. The correlations be-
tween the density, grain size and electromechanical properties of the thick films and bulk ceramics are qualita-
tively discussed. A thickness coupling factor of 46% was obtained for a 15-μm-thick film sintered at low
temperature of 850 °C, which is comparable to the value of the bulk ceramic with an identical nominal chemical
composition. Our results are important for the economic and environmental-benign printing of piezoelectricma-
terials applicable in variety of electronic devices, such as sensors, actuators, transformers, piezoelectric energy
harvesters and transducers.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
. This is an open access article under

 copy available at: https
1. Introduction

Piezoelectric materials can convert electrical energy into mechani-
cal energy, or vice versa, a characteristic that is exploited in a variety
of devices, such as sensors, actuators, transformers, piezoelectric en-
ergy harvesters and transducers. Miniature devices frequently utilise
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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piezoelectrics that are based on lead zirconate titanate, with a compo-
sition close to the morphotropic phase boundary, PbZr0.52Ti0.48O3

(PZT), in the form of thick film. To provide an effective and stable re-
sponse from the device, the piezoelectric material should have a
proper geometry and a proper set of material constants, such as a
high piezoelectric strain and voltage constant, high electromechanical
coupling factors, a high mechanical quality factor and an appropriate
acoustic impedance [1–5]. Thus, the piezoelectric thick film must be
of high quality, i.e., it should be chemically homogeneous without
any secondary phases, should have the preferred crystal structure
and a microstructure with the required homogeneity, density and
grain size, should be well adhered to, and should not chemically inter-
act with, the substrate [6].

To date, screen printing is the most often used technique in the
electronics industry for the processing of patterned thick-film struc-
tures. It requires the suspension of particles that are squeezed through
a mask onto a substrate, and subsequently sintered at elevated tem-
perature, typically above 900 °C [7]. Piezoelectric inkjet printing (PIJ)
has been proposed as an alternative method. Unlike screen printing,
PIJ does not require a mask, but the pattern is designed digitally and
sent to the printer. The printer is able to deposit a drop of a suspen-
sion of nanoparticles, i.e., ink, on to an arbitrary surface of the sub-
strate by applying a pressure pulse through the nozzles, typically
20–50 μm in diameter, to form a predefined pattern with a reliable
lateral resolution of μm. Next, the layer needs to be sintered to de-
velop the microstructure, mechanical strength and suitable functional
properties. Inkjet printing technology provides possibilities for short
production runs and customization because of the computer-
controlled, mask-less deposition of various materials on many sub-
strates, economic and sustainable production due to a low energy con-
sumption and small amounts of waste in production, a quick response
time and scalability. The limitations include costly print heads, which
are prone to clogging, short life span of the inks and limited availabil-
ity of the complex-composition inks [8,9].

A lot of research on inkjet printing is related to the development of
ink made from metal-oxide nanoparticles and proving its jettability,
but the post-deposition curing is typically not addressed [10]. The inves-
tigations on post-deposition curing have been carried out mostly for
metal nanoparticles, such as silver [11] or for simple metal oxides
such as NiO [12], highlighting the capability of using them as an
electrode. There have been some efforts to process piezoelectric,
complex-composition, metal-oxide thick films. So far, a BaTiO3–epoxy
resin composite layer was processed by inkjet printing and annealing
at 250 °C. The results were promising, demonstrating effective energy
harvesting [13]. But pure BaTiO3 has a higher potential to harvest energy
than a composite since the electromechanical response of pure BaTiO3 is
expected to be larger than that of the composite. Lead-zirconate titanate
thick films were processed by inkjet printing following by laser
sintering. The authors reported on the formation of defects, which pre-
vents the functional characterization of the thick film [14].

In our previouswork [15–17]we prepared an aqueous suspension of
lead zirconate titanate nano-sized powder that satisfies the require-
ments for a Dimatix piezoelectric inkjet printer with a nozzle size of
21 μm [18], i.e., a stable suspension with the particle size dv100 below
500 nm, a viscosity of ~10 mPas, a surface tension ~30 mN/m andmod-
erate drying at room temperature. A few-micrometre-sized powderwas
comminuted to the sub-micrometre range and simultaneously or sub-
sequently electrosterically stabilised in aqueous alkaline media with
polyacrylic acid or polyethilene imine. The surface tension of the sus-
pension was adjusted by non-ionic amphiphilic phenyl ethoxylate,
and the viscosity and drying by the addition of glycerol. The optimisa-
tion of the inkjet printing process in terms of the waveform resulted
in the high positional accuracy of the drops on the rough Au-covered
alumina substrate with a root-mean-square Rq = 1.92 and drops with
uniform size of ~40 μm after drying at 400 °C both reflecting in a high
lateral resolution of a few micrometres.
2
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With the aim to process single-phase, dense piezoelectric thickfilms,
we sintered them at elevated temperatures. The preliminary sintering
experiments of lead-zirconate-titanate thick films with a few-tens-of-
nm-sized particles revealed that at 1100 °C we obtained locally, very
dense regions separated with micrometre-sized defects, which enabled
only local functional characterization of the thick film [17], while after
heating at 850 °C the thick filmswere relatively porous [16]. The forma-
tion of defects and/or the porous structure of the thick films are attrib-
uted to the rapid densification of the nano-sized powder constrained
in the rigid substrate and/or insufficient relaxation of the stresses [19].

The nanometre-sized particles are absolutely necessary for jetting
the particles through ~20-μm-sized nozzles, which enables the process-
ing of thick-film structures with a micrometre-sized lateral resolution
and a line width of ~50 μm [16]. However, the densification rate for
PZT-based ceramic is inversely proportional to the cube of the grain
size [20], meaning that the densification rate for a nano-sized powder
is very high. Consequently, the stresses cannot relax in such a timescale
and thus the defects are formed in the thick film deposited on a rigid
substrate. A possible solution to prevent the formation of defects is to
lower the processing temperature and thus lower the densification
rate and/or to promote the stress relaxation during the densification
of the thick films. It was shown that the addition of excess PbO to the
lead-based perovskites enables sintering in the presence of a liquid
phase, which decreased the onset-on sintering temperature and re-
sulted in denser thick films compared to their stoichiometric counter-
parts. When the excess PbO is successfully eliminated from the thick
films during sintering, the dielectric and piezoelectric properties of the
thick films are significantly improved [6].

This motivated us to focus the current investigation on improving
the density and preventing the formation of defects in inkjet-printed,
nanosized, lead-zirconate-titanate-based thick films. Earlier investiga-
tions have been conducted on Pb(Zr0.53Ti0.47)0.98Nb0.02O3 (PN). In this
report we explore the effect of adding PbO on the jetting, post-
deposition curing, development of microstructure and electromechani-
cal characterization of thick films, namely Pb(Zr0.53Ti0.47)0.98Nb0.02O3

with 6 mol% excess of PbO (PN6). This study highlights the capability
of PbO to lower the processing temperature and slow the densification
rate of nanoparticles, which enable stress relaxation and prevent the
formation of defects in the piezoelectric thick-film structure. The
study demonstrates the high potential of inkjet printing technology
and subsequent sintering for the economic processing of high-quality,
complex-composition piezoelectric thick films applicable in electronic
devices.

2. Experimental

Powder of Pb(Zr0.53Ti0.47)0.98Nb0.02O3 with 6 mol% excess of PbO
(denoted PN6) was synthesised from PbO (99.9%, Aldrich), ZrO2

(99.1%, Tosoh), TiO2 (99.8%, Alfa Aesar) and Nb2O5 (99.9%, Sigma Al-
drich) by solid-state synthesis at 1100 °C. The as-synthesised powder
(μ-PN6) was milled for 3 h in ultrapure water in a colloidal mill
(MiniCer, Netzsch, Selb, Germany) and afterwards dried at 105 °C. The
powder is denoted as n-PN6. The details of the synthesis of the powder
without any excess of PbO, i.e., Pb(Zr0.53Ti0.47)0.98Nb0.02O3 (PN), and the
milling procedure are given elsewhere [15,16].

Some 10 vol% of n-PN6 powder was stabilised in ultrapure water
with 6 wt% of polyethyleneimine (PEI, molecular weight ~ 10,000, Alfa
Aesar, Karlsruhe, Germany) with respect to the solids load. The suspen-
sion with a pH of 8 was homogenised in a planetary ball mill (PM 400,
Retsch, Haan, Germany) for 2 h and subsequently sonicated for
10 min with an energy of 800 kJ and an amplitude of 40% in an ice
bath using a Vibra cell VC 33 (Sonics & Materials, Newtown, USA). The
suspension for inkjet printing, n-PN6 ink, additionally contained 20
vol% of glycerol and 0.1 vol% of phenyl ethoxylate.

The ink was jetted onto the corundum substrates (Kyocera
A493, 99.6%, Neuss, Germany) covered with a gold electrode (Au/AO).
://ssrn.com/abstract=3739668
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The electrode was prepared by the screen printing of the gold paste
(ELS 8884-G, ElectroScience, King of Prussia, PA, USA) onto the corun-
dum and firing at 900 °C for 10 min.

The ink was jetted through a nozzle size of 21 μmusing a discharge-
able cartridge (DMC-11610, Fuji Film, Santa Clara, CA, USA) and a piezo-
electric inkjet printer (Dimatix 2831, Fuji Film, Santa Clara, CA, USA). To
optimize the jetting conditions, we printed the drops with a drop spac-
ing (DS) of 100 μmonto a Si/SiO2 substrate (UniversityWafer) at 20, 25
and 30 V using the shape of the waveform (WF) reported in [16]. We
varied the total time and the duration of the corresponding segments
(Table 1). Under optimal jetting conditions, we printed the square-
shaped pattern with dimensions of 4 mm × 4 mm onto Au/AO at
room temperature, using a DS of 20 μm.

The samples consisted of three layers of PN6 onAu/AO inkjet printed
under identical conditions. The first layer was dried at 50 °C for 10 min
and consequently annealed at 400 °C for 1 h in air in a tube furnace with
heating and cooling rates of 1 °C/min. A second layer was dried at 50 °C
for 10 min. The third layer was annealed at 400 °C for 1 h and then
sintered at 750 and 850 °C for 2 h in air in the presence of PbO/PbZrO3

packing powder. The samples sintered at 750 and 850 °C are denoted
P750 and P850, respectively.

The dynamic sintering curves of the PN and PN6 powder compacts
were recorded upon heating with a rate of 5 K min−1 to 1300 °C in an
air atmosphere using an optical dilatometer (Leitz V. 1A, Leitz, Wetzlar,
Germany). The powders were pressed in a steel mould with a diameter
of 6 mm and using a uniaxial pressure of 100 MPa. The dimensions of
the powder compactswere continuouslymeasured fromdigitalized im-
ages and the relative shrinkages (Δl/l) were determined.

The particle size and the particle-size distribution of the particles
were determined with a static light-scattering particle size analyser
(Microtrac S3500, Montgomeryville, PA, USA). The results were derived
from the volume particle size distribution (dv).

The zeta-potential (ZP) of the particles was measured in a KNO3 so-
lution at pH 8 using a zeta-potential analyser (Zeta PALS, Brookhaven,
Holtsville, NY, USA). The pH of the diluted suspensions was adjusted
with NaOH (0.1 M, Alfa Aesar, Karlsruhe, Germany).

The viscosities of the suspensions were measured at 25 °C using
shear rates in the range 1–100 s−1 with a CC 27 cylindrical system
and a rheometer (Physica MCR 301, Anton Paar, Graz, Austria). The sur-
face tension and the contact angle of the suspensions on the Si and Au/
AO substrates were measured at 25 °C with an optical tensiometer
(EasyDrop DSA20E, Kruss GmbH, Hamburg, Germany)

Thermogravimetric (TG) and differential thermal analyses (DTA)
were performed simultaneously using a Netzsch STA 409 analyser
(Hann, Germany). The evolved gases weremonitoredwith amass spec-
trometer (Balzers ThermostarGSD 300T). The analyseswere performed
in PtRh crucibles. The samples were heated from 25 °C to 650 °C with a
heating rate of 2 K min−1 in a flow of synthetic air. The suspension was
dried prior to the analyses at 50 °C for 1 h.

The X-ray powder diffraction (XRD) data of the samples were col-
lected at room temperature with a PANalytical X'Pert PRO high-
resolution diffractometer using Cu-Kα1 radiation (l = 1.5406 Å) in the
reflection geometry. The data were collected in the 2θ range from 20
Table 1
The waveforms for printing n-PN6 ink. The voltage and the duration of segments are de-
noted as V and t. Total duration of the waveform is denoted as ttotal.

Waveform ttotal [μs] Segment A Segment B Segment C Segment D

VA

[V]
tA
[μs]

VB

[V]
tB
[μs]

VC

[V]
tC
[μs]

VD

[V]
tD
[μs]

WF 8-20 8.00 0 2.16 20 2.88 5.4 1.75 0 1.21
WF 8–25 8.00 0 2.16 25 2.88 6.75 1.75 0 1.21
WF 8–30 8.00 0 2.16 30 2.88 8.1 1.75 0 1.21
WF 14–20 14.00 0 3.78 20 5.04 5.4 3.06 0 2.12

3
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to 70° with a step of 0.017° and a total integration time of 200 s per.
The phases present in the samples were identified using the PDF-4 da-
tabase (release 2019). The lattice parameters of the phases were ob-
tained with a Rietveld refinement using the Topas R (Bruker AXS,
Karlsruhe, Germany) software package. A fundamental parameters ap-
proach was used for the peak-shape fitting. The zero-error shift, the
scale factor, the unit-cell size, and one profile parameter (the crystallite
size) were refined for each phase to minimize the difference between
the experimental and calculated patterns.

The powdermorphology, top surfaces and polished cross-sections of
the sintered thick filmswere investigated using a scanning electronmi-
croscope (SEM; JSM–7600F, Tokyo, Japan). The relative density of the
thick films was evaluated from binary images of the original SEM
cross-section images using ImageJ software (National Institute of
Health, USA).

For the electrical characterization, top gold electrodes with a diame-
ter of 2mmwere sputtered on the sintered samples (5 Pascal, Italy). The
capacitance and loss factor (tan δ) were measured on non-poled sam-
ples at 1 kHz with an HP 4192A LF Impedance Analyser.

The P850 thick films were poled at 4 kV/mm for 40 min at 120 °C in
an oil bath. The electromechanical properties of the thick films in thick-
nessmodewere deduced from ameasurement of the complex electrical
impedance as a function of the frequency around the fundamental
thickness-mode resonance using a HP4395 spectrum analyser (Agilent
Technologies Inc., USA). For that, the theoretical electrical impedance
was also computed using the KLM equivalent electrical circuit [21].
This one-dimensional model considers the three inert layers in the
structure (alumina substrate and the two electrodes). The data of
these three layers must be accurately known to deduce, with a fitting
process on the experimental impedance, several thick-film parameters
such as the effective-thickness-mode coupling factor kt, the dielectric
permittivity at constant strain (ε33S ), the mechanical losses δm and the
longitudinal wave velocity (VL) related to the elastic constant at a con-
stant electrical displacement (C33D ) [3].

3. Results and discussion

3.1. Properties of the PN and PN6 powders

After the colloidal milling the PN6 consisted of nano-sized parti-
cles ranging from a few tens of nm to ~400 nm (Fig. 1a). The broad
particle size distribution with two maxima at ~200 nm and ~ 400 nm
(Fig. 1b) and sizes up to 9.2 μm (dv100) indicated that the particles
were agglomerated. Colloidal milled powder without an excess of
PbO, i.e., PN, had a similar particle size [16], while the particle size
of the as-synthesised powders was much larger, in the micrometre-
range [15].

The dynamic shrinkage-temperature curves of PN and PN6 are sig-
nificantly different (Fig. 2): the onset-on-sintering temperature for
PN6 is lower than that of the PN, regardless of the particle size,
i.e., 700 °C and 1000 °C, respectively. The lowering of the onset-on-
sintering temperature for lead-based perovskites with an excess of
PbO is a well-known phenomenon [22,23]. It is attributed to the low
melting temperature of PbO, i.e., 888 °C. Upon heating the PbO melts,
forming a PbO-rich liquid phase, which promotes the densification dur-
ing the initial and intermediate stages of sintering.

Comparing the shrinkage-temperature curves for the as-synthesised
and colloidalmilled PN6,we can see that both powders started to shrink
already at 700 °C. The as-synthesised powder (μ-PN6) reached a shrink-
age of 17% at 1180 °C and the colloidal milled powder (n-PN6) 19% at
1160 °C. The powders densified over a broad and similar temperature
range but the shrinkage of the n-PN6 was larger than that of the μ-
PN6 at temperatures higher than 700 °C. The colloidal milled powder,
n-PN, exhibited the most rapid shrinkage rate: it shrank between
1000 and 1120 °C, and by 22% at 1120 °C. The as-synthesised powder,
μ-PN, shrank between 1000 and 1300 °C and reached a shrinkage of
://ssrn.com/abstract=3739668



Fig. 1. Colloidal milled n-PN6 powder a) SEM image b) particle size distribution (o) and
cumulative amount of the particles (■) determined by laser diffraction.
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20% at 1300 °C. Similar to the PbO-excess powders, the shrinkage of
n-PN was larger than the that of μ-PN (Fig. 2b). However, the PN pow-
ders shrank in a narrower temperature range than the PN6 powders, re-
gardless of the particle size. These results are entirely expected and
confirm that powder characteristics such as particle size and chemistry
are essential factors controlling the densification kinetics.

The exceptionally rapid densification rate of the n-PN could lead to
large misfit stresses in the thick-film structure. This could result in the
formation of defects similar to those reported in [17] for the colloidal
milled PZT inkjet printed on an alumina substrate after sintering at
1100 °C. We assume that in the thick-film structure composed of μ-
PN6, which densifies over a broader temperature range and in the pres-
ence of the liquid phase, the misfit stresses will relax in such a way that
they do not results in macroscopic defects in the thick-film structure.
Fig. 2. Dynamic shrinkage – temperature curves for as-synthesised (μ) and colloidal-
milled (n) powders. a) PN6 and b) PN.
3.2. Inkjet printing

The n-PN6 powder was stabilised in water with polyethylene imine
and deagglomerated by sonication the suspension for 10min. The glyc-
erol was added to the suspension to increase its viscosity and decrease
its drying rate, and the phenyl ethoxylate to decrease its surface tension
to values suitable for inkjet printing. Thedetails are described elsewhere
[16]. The resulting ink consisted of well-dispersed particles with a nor-
mal particle size distribution, a dv50 of 280 nm and a dv100 of 810 nm.
The zeta-potential of +55 ± 3 mV implied long-term stability of the
4
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suspension. The ink had a viscosity of 10 mPas at a shear rate of
100 s−1 and a surface tension of 30 mN/m, which matches exactly the
requirements of the selected inkjet printer. The contact angle of the
ink on the silicon and Au/AO substrates was similar, 25 and 20 degrees,
respectively. The inverse Ohnesorge number (Z) of 3.5 is in the experi-
mentally determined printable range for aqueous metal-oxide-based
suspensions [8,9].

In addition to the properties of the ink, the shape of the waveform,
its duration and the applied voltage are themost widely recognized fac-
tors controlling the resolution of the printing structure and must be
optimised case-by-case [8].

The jettability of the ink at 20, 25 and 30V and the constant duration
of the waveform of 8ms, i.e., WF 8–20,WF 8–25 andWF 8–30, revealed
that the drop size decreases and the position accuracy increases with
the decreasing voltage (Fig. 3 a–c, Table 2). At 30 V the drops were
spherical with diameters of 65 μm and formed a repeatable pattern
with a drop spacing of 103 μm and a positional accuracy of 8.3 μm.
The small drops next to the main drop indicate the formation of satel-
lites. Low position accuracy and satellite formation characterised for
WF 8–30, are detrimental for processing high-resolution structures.
From the shape of the drops jetted at 25 V we can see that satellites
landed at the edge of themain drop, which slightly distorted the spher-
ical shape of the drops. The drops were ordered at a drop distance of
101 μm with a positional accuracy of 2.4 μm. A decrease a voltage to
20 V further improved the characteristics of the pattern. The 50-μm-
://ssrn.com/abstract=3739668



Fig. 3. Drops of n-PN6 in. jetted onto the Si/SiO2 at (a) WF 8–30, (b) WF 8–25, (c) WF 8–20 and d) WF 14–20.

Table 2
Drop diameter, drop distance and quality-grade evaluation of n-PN6 in. on silicon sub-
strate jetted at various waveforms.

Waveform Diameter [μm] Drop spacing [μm] Quality grade

WF 8–30 65 ± 1.0 103 ± 8.3 need improvement
WF 8–25 54 ± 1.2 101 ± 2.4 good
WF 8–20 50 ± 0.9 100 ± 1.5 excellent
WF14-20 52 ± 1.7 105 ± 11 need improvement
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sized spherical drops formed a repeatable patternwith a drop spacing of
100 μm,which is identical to the predefined value and a very high posi-
tional accuracy of 1.5 μm. Lowering the voltage from 30 V to 20 V is a
promising approach to minimize the formation of satellites, decrease
the drop size and increase the position accuracy which all together im-
prove significantly the quality of the pattern.
Fig. 4. a) Image of inkjet printed n-PN6 on Au/AO substrate; b) opticalmicroscopy image showi
inkjet printed structure n-PN6 in its centre.

5
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Prolonging the duration of the waveform from 8 to 14 ms at 20 V
(WF 14–20) resulted in a pattern of drops with diameters of 52 μm,
which is very similar to the size of the drops jetted at 8 ms. However,
we can observe the satellites next to almost every main drop and that
the drops are orderedwith a relatively lowpositional accuracy of 11 μm.

Extending the duration of the waveform led to the formation of sat-
ellites and reduced positional accuracywhich is reflected in inadequate-
quality pattern.

After optimizing the jetting conditions, we printed a square-shaped
pattern with dimensions of 4 mm × 4 mm onto the Au/AO substrate at
20 V, a waveform duration of 8 ms and a drop spacing of 20 μm. Fig. 4a
illustrates that the patternwas uniformwithwell-defined square shape.
The edges were straight and relatively sharp as evident from optical mi-
croscopy image on Fig. 4b. The higher-magnification image revealed
that then-PN6 layerwere uniformandwithout anymacroscopic defects
(Fig. 4c).
ng the inkjet printed structure n-PN6 at the edge; c) opticalmicroscopy image showing the

://ssrn.com/abstract=3739668



Fig. 5. TG, DTA and EGA curves of the n-PN6 in. dried at 50 °C for 1 h.

Fig. 6. SEM image of the surface of inkjet printed PN6 pattern annealed at 400 °C.

Fig. 7. XRD patterns of P750 and P850. x - perovskite, o - Au.

Table 3
Lattice parameters and amount of tetragonal (T) and rhombohedral (R) phases in P750
and P850. Number in brackets defines the experimental error.

Sample Amount of
phase [%]

Lattice parameters

T R T R

a [nm] c [nm] a [nm] c [nm]

P750 36(4) 64(6) 0.4046(2) 0.4124(2) 0. 5767(5) 1.4156(1)
P850 40(4) 60(6) 0.4052(1) 0.413(3) 0. 5776(5) 1.418(2)

D. Kuscer, S. Drnovšek and F. Levassort Materials and Design 198 (2021) 109324
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3.3. Thermal treatment of the ink-jet printed patterns

In order to determine the optimum processing temperature for the
printed structures, we performed thermal analyses of the n-PN6 ink.
Fig. 5 shows the TG/DTG, DTA and EGA curves. The TG curve revealed
a two-step decomposition with a total mass loss of 28.8 wt% upon
heating to 600 °C. In the first step, from 25 °C to 220 °C, the major
mass loss occurred (20.3%). In the second step, 8.5% of the mass was
lost, with complete decomposition up to 400 °C. From the DTA curve a
strong exothermic peak was observed with the onset temperature at
140 °C and a maximum at 199 °C accompanied by two EGA peaks, indi-
cating the loss of H2O and CO2 from the sample. The evolution of CO2

was also confirmed by the presence of weak exothermic peaks at
279 °C, 309 °C and 343 °C. The thermal analysis revealed that all the or-
ganic additives in the ink decomposed by heating to 400 °C.

The structure of the designed pattern annealed at 400 °C showed a
continuous and completely homogeneous layer that consisted of sub-
micrometre-sized particles (Fig. 6). A comparison of the SEM images
of the annealed pattern's surface and the milled powder (Fig. 1a) re-
vealed that the powder morphology was very much preserved after
the thermal treatment. The particles had similar sizes and shapes and
the powder did not densify at 400 °C, which agrees with shrinkage-
temperature curve (Fig. 2 a).

3.4. Sintering of thick films at 750 and 850 °C

Based on the dynamic sintering curves of the n-PN6 powder, we
sintered the thick films at 750 °C and 850 °C. The former was selected
as the point where the powder compact started to shrink and the
shrinkage was low, i.e., 2.9%, while the latter was selected as the point
of extensive shrinkage, i.e., 9.9%.

After the sintering we did not observe any macroscopic defects on
the surface of the thickfilms and thefilmswerewell adhered to the sub-
strate. The XRD patterns of P750 and P850 revealed that the thick films
exhibited a perovskite crystal structure as amixture of tetragonal phase
(PDF 01-70-4060) and rhombohedral phase (PDF 04–002-9086)
(Fig. 7). The amounts of phases and the lattice parameters of P750 and
P850 are similar within the experimental error (Table 3).

The microstructure of the thick films was homogeneous, without
any density gradient in either the longitudinal or transversal direction
(Fig. 8). The thick film sintered at 750 °C (P750) was 18 μm thick with
a relative density of 78%. The sub-micrometre-sized grains were inter-
connected with necks indicating an initial stage of sintering in agree-
ment with a dynamic shrinkage. See the temperature curve for PN6
(Fig. 8a, Fig. 2a). At 850 °C the thick film was slightly thinner,
i.e., 15 μm, but its density increased to 86%. In addition, the larger grains
with sizes up to ~2 μm indicated grain growth that is characteristics for
the later sintering stages (Fig. 8 b). The P850, derived from nanopowder
was able to reach higher density compared to thick films prepared with
other technologies from micrometre-sized powders but sintered at
higher temperature (screen printing at 900 °C, electrophoretic deposi-
tion at 950 °C) [3,24] The densification of the thick films already at
750 °C can be ascribed to the PbO phase. Note that 750 °C is far too
://ssrn.com/abstract=3739668



Fig. 8. Cross-section SEM images of the thick films on alumina substrates a) P750 and b) P850. The insets show the PN6. An example of grain is identified by a circle.
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low for the densification of the μ-PN and n-PN by solid-state sintering
(Fig. 2b). According to the literature, the excess PbO that was deliber-
ately added to the powder, forms a PbO-rich liquid phase at elevated
temperatures. This phase segregates at the grain boundaries and pro-
motes the densification of the material [23,25,26]. However, when
PbO is present in the sintered material, it deteriorates the functional
properties of the piezoelectric material [6].

We did not detect any PbO-rich phase in the sintered layers, despite
the very careful examination of themicrostructure. Herewe take advan-
tage of the high vapour pressure of PbO over the PZT [27], which
Fig. 9. Frequency dependence of dielectric permittivity and dielectric losses (tan δ) for
a) P750 and b) P850.

Fig. 10. Complex electrical impedance around the thickness-mode resonance of P850
(black dashed lines: experimental; grey solid lines: theoretical). a) Re (Z): real part;
b) Im (Z): imaginary part.
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facilitates the sublimation of PbO from the thick films at the sintering
temperatures. The relative density of the P750 and P850 was below
90%, and thuswe expect open porosity. The large area of n-PN6 exposed
to the atmosphere promotes the sublimation of PbO from the films dur-
ing processing. Evidently, in our case the sintering time of 2 h was long
enough for 6mol% of excess PbO and enabled densification of the n-PN6
thick films in the initial stage of sintering, but sublimated from the thick
films in the later stage of sintering, thus resulting in single-phase PN6
thick films without any PbO.
Table 4
Properties of the three inert layers in the P850 thick film structure [32].

Inert layer Material t (μm) ρ (kg/m3) Z (MRa) α (dB/mm/MHz)

Substrate Alumina 650 10,500 41 0.04
Top electrode Gold 0.1 3240 62.6 –
Bottom electrode Gold 6 3240 62.6 –

t: thickness, ρ: density, Z: acoustic impedance, α: attenuation coefficient.
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Table 5
Properties of P850 and PN bulk.

Sample ρ
(%)

t (μm) GS
(μm)

εS33/ ε0 c33
D

(GPa)
VL

(m/s)
e33 (C/m2) kt

(%)
δm
(%)

P850 86 ± 3 15 1.2 ± 1 190 35 2280 3.5 46 5
PN bulk [34] 97 ± 2 500 5 ± 3 500 151 4400 12.5 48 1

ρ: relative density, t: thickness, GS: themean grain size, εS33/ ε0: dielectric constant at constant strain, c33D : elastic constant at constant electrical displacement, VL: longitudinalwave velocity,
e33: piezoelectric coefficient, kt: effective thickness-mode coupling factor, δm: mechanical losses.
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3.5. Functional properties

The dielectric permittivity (ε) and dielectric losses (tan δ) as a func-
tion of frequency for the unpoled P750 and P850 are shown in Fig. 9 a
and b, respectively. The ε decreased roughly linearly with the logarithm
of the frequency, similar to the lead-zirconate-titanate thin films. This
relationship is described in terms of Rayleigh's law, which illustrates
the contribution of the irreversible displacement of the domain walls
to the permittivity [28]. εwas larger for P850 than for P750 in themea-
sured frequency range. Considering the identical chemical and phase
compositions of the two samples, the difference in ε could be attributed
mainly to the extrinsic contributions, such as grain size and density. For
the PZT-based ceramicwith an identical phase composition and density,
it was shown that ε decreases as the grain size increases [29]. For the
850 °C sintered sample, the larger grain size contributes to the lower
ε, while the larger density provides more dielectric phase in the thick
film, which contributes to the larger ε. Altogether, they are responsible
for the increase of ε. The tan δ ranges between 0.04 and 0.06. It is almost
independent of frequency for P750 and decreases with increasing fre-
quency for P850. In the latter case, the larger density and grain size
could deliver a larger contribution of the domain structure to tan δ.

As expected, the dielectric properties of the thick films are lower
than those of the PN bulk ceramic with an identical chemical composi-
tion, but a larger relative density of 96% and a grain size of 3.8 ±
1.6 μm, i.e., ε of 1500 and tan δ of 0.017 at 1 kHz [30]. The dielectric prop-
erties of these inkjet-derived thick films are comparable to the values
reported for the PZTNb thick films prepared with other technologies
and at higher temperatures of 950 °C: ε of 650–920 and tan δ of
0.056–0.12 at 1 kHz [24].

Only P850 was considered for a detailed electromechanical charac-
terization. Due to the larger grain size and the higher relative density
we expected higher associated electromechanical properties for this
sample [31].

Fig. 10 shows the superimposition of the theoretical and experimen-
tal electrical impedance curves for P850 after the fitting process with
the KLM scheme. The properties of the inert layers, i.e., the substrate,
top and bottom electrode, used for the calculation are given in Table 4
[32]. The thickness of the bottom electrode was deduced from the
SEM image (Fig. 8b). The coupling of the resonances in the alumina sub-
strate and the piezoelectric thick film leads to multiple peaks [33]. The
good agreement between the experimental and theoretical curves
allowed us to deduced the electromechanical parameters for the piezo-
electric thick film (Table 5). The electromechanical parameters for the
bulk ceramic with identical nominal chemical composition sintered at
1250 °C are also given for comparison. The electromechanical character-
ization of the bulk was performed using the same procedure as for the
thick films [34].

The comparison of the electromechanical properties of the thick film
and the bulk with identical nominal chemical compositions revealed
that the properties of P850 are lower than those of the bulk. This phe-
nomenon can be attributed to many factors, including the fact that the
P850 is constrained by the substrate, has a lower relative density and
a smaller grain size than the bulk.

The lower εS33/ε0 for P850 is a result of two opposite contributions:
the smaller grain size contributes to the larger εS33/ε0, while the lower
8
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density provides a smaller εS33/ε0. Based on the results, we presume
that the density contribution prevails over that of the grain size.

The c33D of the P850 is significantly lower than that of the bulk. The
value of c33D was deduced from a measurement of the longitudinal
wave velocity VL in piezoelectric materials using the following relation-
ship [35]:

c33D ¼ ρ� VL
2 ð1Þ

FromEq. (1) it is evident that the lower density and lower VL of P850
contribute to the lower c33D .

The piezoelectric coefficient (e33) is also lower for P850 than for the
bulk. The lower e33 could be related to the more difficult domain orien-
tation in fine grain sample due to pinning of the domain walls at the
grain boundaries [29].

In contrast, the effective thickness coupling factor kt is similar for the
P850 and the bulk ceramic, i.e., 46% and 48%, respectively. Themain rea-
son is the trade-off between the piezoelectric, elastic and dielectric pa-
rameters in the kt definition [35]:

kt
2 ¼ e332= c33D � εS33

� � ð2Þ

For P850 the values of e33, c33D and εS33 were lower than those of the
bulk but the relationship between these parameters results in a kt, sim-
ilar to that of the bulk. A similar value of kt, i.e., 46%, was reported for
thick films with a similar composition and thickness [3].

The mechanical losses (δm) are influenced by the porosity of the pi-
ezoelectric material and the frequency. They increase with the increase
of these two parameters [36]. Wemeasured the δm for P850 and for the
bulk at the anti-resonance frequency. It was lower for the bulk
(1.9 MHz) than for the P850 (76 MHz; resonance of the thick film in
free mechanical conditions are considered). The higher anti-resonance
frequency and larger porosity of P850 lead to a higher value of δm com-
pared to the bulk

4. Conclusions

Piezoelectric thick films based on lead zirconate titanate are ap-
plicable in miniature electronic devices such as sensors, actuators,
transformers, piezoelectric energy harvesters and transducers. Im-
provements in the device performances can be achieved through the
use of piezoelectricmaterialwith desired chemical composition andmi-
crostructure, in particular density and grain size. In addition, the mate-
rial should be patterned on the substrate in predefined geometry.
Piezoelectric inkjet printing, a computer-controlled, low-cost and
environmental-benign technology, is attractive technique for patterning
thick-film structures. However, thickfilm is clamped on a rigid substrate
and densifies in constrained conditionswhich frequently lead to the for-
mation of defects. Herewe report on the processing of thickfilms by the
inkjet printing of an aqueous-based ink of Pb(Zr0.53Ti0.47)0.98Nb0.02O3

with 6 mol% of excess PbO and subsequent sintering. PbO enables
sintering of thick film in the presence of the liquid phase as well as de-
crease the processing temperature to 850 °C.

An analysis of the ink revealed long-term stability of the nanosized
particles in water, a viscosity of 10 mPas and a surface tension of 30
://ssrn.com/abstract=3739668
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mN/m, which are suitable properties of the ink for selected commercial
inkjet printer. The ink was jetted onto a gold-covered corundum sub-
strate for an optimisedwaveformwith a peak of 20 V and a duration of
8ms.Thesphericaldropswithadiameterof50μmjettedatadropspacing
of 20 μm formed a uniform, defect-free pattern with dimension of
4mm× 4mm. Based on the thermal analysis, we heated the structures
at 400 °C, followed by sintering at 750 and 850 °C. Electronmicroscopy
analysis of the sintered thick films revealed homogeneous, defect-free
microstructures. The850 °C-sinteredfilmwas15 μmthickwitha relative
density of 86% and a grain size up to ~2 μm. The nano-sized powder and
PbO contribute to the higher density of these thick films as compared to
thick films preparedwith other technologies but at 50 to 100 °C higher
temperatures. The piezoelectric, elastic and dielectric properties of the
thick film were lower than those of the bulk ceramic with an identical
nominal chemical composition due to the lower relative density and the
smallergrain sizeof the thickfilms.However, theeffective thicknesscou-
pling factor kt of the thickfilmwas 46%,which is comparable to the kt of
the bulk. The results show that inkjet printing and subsequent sintering
provide an effective way to process defect-free, homogeneous, single
phase, thickfilmswith a high thickness coupling factor.
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