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Abstract

Lead zirconate titanate (PZT) thin films are a popular choice for piezoelectric devices such
as microelectromechanical systems, micro-pumps, micro-mirrors or energy harvesters. Various
fabrication techniques exist for the deposition of PZT in the form of thin films. Physical vapor
deposition (PVD) methods are particularly cost-intensive, as they require vacuum conditions
and expensive infrastructure. Fabrication costs can be decreased by the use of chemical solution
deposition (CSD), where the metal precursors are dispersed in a solvent medium and coated
onto a substrate. Thermal treatments convert the liquid precursor into a functional solid film.

Spin coating is a conventional coating technique allowing for the deposition of homogeneous
layers over large-area substrates. However, it is inherently wasteful, as most of the precursor
material is spun off the substrate in the coating process. In addition, as spin coating results in
complete coverage of the substrate, layer patterning requires lithography, which adds up extra
steps and costs to the overall process. Inkjet printing is an additive manufacturing technique that
has the potential to address both of these issues, thus further decreasing manufacturing costs
and the associated ecological footprint.

The working principle of inkjet printing can be described as the deposition of individual
ink droplets at digitally determined locations on the substrate surface, which then merge into
a continuous film. Inkjet printing is compatible with CSD processing of PZT thin films, as
demonstrated by the previous works in the field. However, the adaptation of standard CSD
processing for inkjet printing comes with several challenges, which have to be considered to
obtain state-of-the-art functional PZT layers.

In the present work, we explore several issues related to the processing of PZT thin films
by inkjet printing and we provide possible solutions to address them, in a way that had not
been described yet by the state of the art. In particular, we describe a novel strategy that uses
inkjet-printed alkanethiolate-based self-assembled monolayers for direct patterning of PZT thin
films on platinized silicon. Then, we present a systematic study of the pyrolysis step of the
process, which enabled us to print dense and textured layers with state-of-the-art electrical
properties. We also developed a proof-of-concept piezoelectric energy harvesting device based
on inkjet-printed PZT films. Finally, we unveil a comparative study where we identified an

alternative solvent for CSD processing of PZT thin films.
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Introduction

The invention of the printing press in the fifteenth century by Johannes Gutenberg was a
turning point in History, as it enabled the dissemination of knowledge and profoundly trans-
formed the European medieval society. Although techniques evolved significantly over the next
centuries, the art of printing was still reserved for professional printing workshops. Another
revolution took place in the second half of the twentieth century with the invention of computers
and spreading of consumer electronics. While early forms of inkjet printing originated in the
1950s, inkjet printers able to reproduce digital images were developed in the 1970s and were
made commercially available in the next decade [1]. With further democratization of the tech-
nology, inkjet printers have now become ubiquitous in many households, thereby granting the

general public access to the reproduction of text and images on paper at low cost.

Modern inkjet printers operate via a simple basic principle: tiny ink droplets are gener-
ated either thermally or mechanically and are deposited at digitally determined locations on
a substrate. The collection of all deposited droplets recreates the digital image designed by
the user. This process can also be implemented at the industrial scale, as professional inkjet
printers are now rivalling with offset technology for high-throughput applications [2]. However
this technique is not limited to colored inks and paper as a substrate. In fact, inkjet printing
recently emerged as a competitive alternative for the deposition of functional materials such as

dielectrics, conductors, piezoelectrics, etc.

The current success of 3D printing anticipates enormous potential for inkjet printing as a
deposition method for functional layers in the electronics industry. Both techniques are based
on additive manufacturing, meaning that an object or a patterned film can be manufactured only
by input of material. This makes additive manufacturing inherently cost-efficient compared to
subtractive techniques involving lithography or etching commonly used to produce thin-film-
based electronics. In addition, a drastic reduction of the amount of generated waste means that

additive manufacturing is eco-friendly, which is also a major selling point for this technology.

In this context, it is of particular interest to consider inkjet printing as a fabrication tech-
nique for thin-film-based electronic devices such as conductive tracks, capacitors, transistors
or diodes. Forecasts predict the market release of inkjet-printed OLED displays in the next
years [3]. Another possible field of applications is represented by piezoelectric layers used in

microelectromechanical systems (MEMS) and various sensing and actuating devices.



2 Introduction

Lead zirconate titanate (PZT) is a metal oxide commonly used for these applications owing
to its excellent piezoelectric properties. PZT thin films can be obtained via chemical solution
deposition (CSD), where a solution containing the metal precursors is coated onto a substrate
and subsequently processed to obtain the final functional oxide. CSD is already considered a
low-cost processing method with respect to physical vapor deposition (PVD) techniques, but
conventional deposition by spin coating is particularly wasteful due to its low material utilisation
rate (~2 %) [4], synonymous with large amounts of precursor material needed and generated
waste as a consequence.

The association of CSD and inkjet printing of PZT could therefore combine the best of both
worlds: the low cost of PZT solutions and the high material utilization rate of inkjet printing.
In turn, this would significantly reduce manufacturing costs and open up opportunities for mass
production of piezoelectric devices.

However, several obstacles lie in the way as the adaptation of well-established PZT CSD
processing for inkjet printing is not straightforward and poses a series of challenges. This thesis
addresses several of these challenges in a way that has not yet been achieved by the state of
the art. The present work consists of four main chapters, each of which will address a relevant
challenge and attempt to answer a scientific question. After a background chapter explaining
the main theoretical concepts and presenting the state of the art, the chapters of this thesis will

be articulated as follows.

— Chapter 1 will address the issue of printing on a high surface energy substrate such as
platinized silicon. Solutions proposed by the state of the art involve lithography-based
steps or prior surface modification. Can we print well-defined PZT thin-film structures

on platinized silicon without lithography?

— In Chapter 2, we will discuss how standard PZT solutions need to be modified for successful
implementation in inkjet printing. We will see that these modifications bring about other
process adaptations in order to obtain high-quality films. How can we obtain PZT thin

films with state-of-the art properties via inkjet printing?

— Chapter 3 will showcase an example of application for inkjet-printed PZT films in the form
of energy harvesters. Can we implement inkjet printing of PZT in the fabrication of

functional piezoelectric devices?

— Finally, in Chapter 4, we will attempt to modify the formulation of PZT solutions based
on the carcinogenic solvent 2-methoxyethanol by replacing it with a safe alternative. Can
we use a safe solvent for the preparation of PZT solutions? We will also show how

modified solutions can be used in the inkjet printing process of PZT.



Background

Piezoelectricity

Definition

In 1880, Pierre and Jacques Curie discovered the piezoelectric effect. As they were con-
ducting experiments on crystals, they noticed that the compression of quartz, tourmaline or
Rochelle salt (potassium sodium tartrate) resulted in an electric potential across the crystal.
This phenomenon became known as the direct piezoelectric effect. The converse effect was
predicted by Gabriel Lippmann and verified experimentally by the Curie brothers one year later:
a piezoelectric crystal deforms when an electric field is applied across it (Fig. 1) [5].

The piezoelectric effect is linear, meaning that the deformation of the material and voltage
(or electric field) across it are directly proportional.” The proportionality constant is the piezo-
electric coefficient. Thanks to thermodynamic considerations, both the direct and converse
piezoelectric effects are described by the same coefficient. We briefly introduce some notions

about piezoelectric formalism here, which will be refined and exploited later.

1117
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crystal -
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(a) Direct piezoelectric effect (b) Converse piezoelectric effect

Fig. 1. Illustration of the piezoelectric effect. (a) In the direct piezoelectric effect, the application of a
force F (represented by the arrows) deforms the material and results in a voltage across it, which can
be measured by a voltmeter. (b) In the converse piezoelectric effect, the electric field applied across the

material causes a deformation of the latter.

“This contrasts with the electrostrictive effect, which applies to any dielectric material and where the deformation
under an electric field is proportional to the square of the electric field. The deformation is therefore independent

of the sign of the electric field.



4 Background

Piezoelectricity brings together notions about mechanics and electricity. The general form-
alism that describes it involves tensor notation and depends on the boundary conditions of the
considered system. Let S be the strain experienced by the material (dimensionless), 7" the stress
in Pa, E the electric field in Vm™' and D the electric displacement in Cm~2. The mechanical
and electrical properties of the material are described by its compliance s [Pa~!] and permittivity
e [Fm™!]. The superscript attributed to s or & indicates the boundary condition.” The direct

piezoelectric effect can expressed by eq. (1) and the converse effect by eq. (2).

D=¢'E+dT (D
S =sET +dE (2)

In the absence of an applied electric field, eq. (1) reduces to D = dT, which describes the
linear relationship between the stress applied to the material and the resulting charge density that
appears at its extremities (Fig. 1a). d is the piezoelectric coefficient and is expressed in m V™.
Similarly, when no stress is applied to the piezoelectric, eq. (2) becomes S = dE and shows
the direct proportionality between the applied electric field and the deformation (Fig. 1b). As
stated above, the same coefficient d describes the direct and converse effect. Another formalism
invokes the piezoelectric coefficient e, which is expressed in Cm2. In this case, stiffness ¢

[Pa] (inverse of compliance) appears in the equation.

D =¢&%E +eS (3)
T =cES - eE “4)

Note that we need to take into account the directions along which the electric field or the
stress is applied. We will come back to these considerations when discussing the behavior of

piezoelectric thin films.

Origin of piezoelectricity

The origin of piezoelectricity in a material is directly linked to the symmetry of its crystalline
structure. When a piezoelectric crystal is deformed, the barycenters of positive and negative
charges move with respect to each other, resulting in the appearance or variation of an internal
dipole moment. As a consequence, the extremities of the crystal become charged. This can
only happen if the crystal structure is non-centrosymmetric, i.e. it lacks an inversion center. Of
the 32 crystalline classes that exist, 21 are non-centrosymmetric. Crystals that belong to class
432 constitute an exception as they do not exhibit piezoelectric properties. The remaining 20

non-centrosymmetric classes are piezoelectric [6].

bConstant S and constant T correspond to situations where the material is mechanically clamped and free, respect-

ively. Likewise, constant E and constant D can refer to short circuit and to open circuit conditions, respectively.

“For the sake of completeness, note that there also exist g and & piezoelectric coefficients.
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Pyroelectricity and ferroelectricity

In some piezoelectric materials, piezoelectricity is associated with another phenomenon
called pyroelectricity. These materials constitute a sub-class of piezoelectrics, as only 10 of
the 20 piezoelectric classes exhibit pyroelectricity. As a consequence, a pyroelectric material is
piezoelectric, while the converse statement is not necessarily true. By definition, a pyroelectric
material possesses permanent polarization in the absence of an applied electric field. Polarization
is a quantity that describes the amount of dipole moments per unit volume and is expressed in
Cm™2. The macroscopic permanent polarization results from the presence of microscopic dipole
moments globally pointing in the same direction.

Some pyroelectric materials possess an additional physical property called ferroelectricity.
In these materials, polarization can be reversed or switched to another stable polarization state by
the application of an external electric field in the opposite direction. As can be seen in Fig. 2a, the
curve of polarization versus electric field is a hysteresis loop. In that sense, ferroelectricity can
be considered as the electric equivalent of ferromagnetism, where similar hysteresis is observed

for magnetization versus magnetic field curves.

(a) [ S (b)
P >
=
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© (0]
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©
n'd
0 0
Electric field Electric field

Fig. 2. Electrical properties of ferroelectric materials: (a) polarization—electric field hysteresis loop and

(b) relative permittivity—electric field loop.

In the case of the polycrystalline ferroelectric materials that will be presented in this work,
a permanent polarization is induced by exposure to an external electric field through a process
called poling. Indeed, if a polycrystalline ferroelectric material is initially unpoled, the ferro-
electric domains are oriented randomly. The macroscopic polarization is therefore zero. As
depicted in Fig. 2a, when an electric field is applied, the polarization increases until it reaches
a maximal value called the saturation polarization (Ps). Upon removal of the electric field,
polarization remains at a non-zero value known as the remanent polarization (P;). Reversal of
the electric field is accompanied by progressive back-switching of the microscopic dipoles and
associated ferroelectric domains, resulting in a decrease of polarization until it reaches zero:

this electric field is called the coercive field (E.) of the ferroelectric. Further increase of the
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electric field in the negative direction results in an increase of the polarization in the negative
direction as well. The rest of the loop is analogous to the positive case. The response of a simple
dielectric material would be linear under the same conditions.

Likewise, for a ferroelectric material the evolution of the relative permittivity & with an
external applied electric field exhibits unique features. The relative permittivity versus electric
field loop has a characteristic butterfly shape with two maxima (Fig. 2b), which correspond to

the coercive fields mentioned earlier.

Piezoelectric materials
Quartz and wurtzites

A well-known piezoelectric material is quartz in a phase (low-temperature phase), which is
used as a resonator in electronics. Quartz belongs to the trigonal system (point group 32). A
schematic representation of the crystal structure explaining the piezoelectric properties of quartz
is shown in Fig. 3a: while the barycenters of positive and negative charges represented by Si**
and O~ jons coincide in the absence of stress, a net dipole moment appears when the crystal is
deformed by compression.

Another family of piezoelectric materials are wurtzites, best represented by aluminium
nitride (AIN) and zinc oxide (ZnO). The piezoelectric properties and excellent acoustic quality
factor of AIN are exploited in acoustic wave filters [6]. ZnO can be grown into nanowires which
can be used in piezoelectric nanogenerators [7]. Waurtzites belong to the hexagonal system
(point group 6mm) and can be described as two interpenetrated hexagonal structures offset by
% ¢ along the ¢ direction, as shown in Fig. 3b. These materials are therefore pyroelectric, but
they do not usually exhibit ferroelectricity. However, it was recently shown that high levels of

scandium doping in AIN resulted in the appearance of a measurable ferroelectric response [8].

(@) (b) T T AR or Zn?t
N (
0“04
¢ e
e

Fig. 3. Representation of the crystal structure of (a) quartz and (b) wurtzites. In (a), when no stress is
applied on the crystal structure of quartz, the barycenters of positive and negative charges coincide. As
the crystal is deformed by compression, a net dipole moment 6 appears. (b) Charge asymmetry in the
structures of AIN and ZnO arises from the %c offset between the interpenetrated networks of cations and

anions.
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Perovskites

Alongside these examples exists a family of crystals called perovskites, whose name is
derived from the naturally occurring mineral CaTiO3. The perovskite structure is described by
the general formula ABO3, where A and B are metal cations with different ionic radii (rp > ).
The crystal structure can be simply represented as a cube, where A cations occupy the vertices
and the B cation lies in the center, surrounded by an octahedron of oxygen anions (Fig. 4a).
As such, this cubic structure is not piezoelectric and it exists above a temperature known as
the Curie temperature (7c) of the perovskite. Below T¢, distortions of the cubic cell break

centrosymmetry, resulting in the appearance of pyroelectricity, as seen in Fig. 4b [6].

@ |@A oB @O] (b)

Cubic Rhombohedral Tetragonal
T>T; T<T¢

Fig. 4. (a) Cubic perovskite structure and (b) distortions of the cubic cell resulting in a non-
centrosymmetric structure below the Curie temperature (7¢). The polarization vector P is oriented

along the [111] direction in the rhombohedral cell and along the [001] direction in the tetragonal cell.

Lead zirconate titanate (PbZr,Ti;_,O3, abbreviated as PZT) is a well-studied perovskite
known for its excellent piezoelectric properties. It is a solid solution of lead zirconate PbZrO;
and lead titanate PbTiOs. In the crystal structure of PZT, Pb>* cations occupy the A sites, while
Zr** and Ti** cations are on the B sites. The phase diagram of PZT is presented in Fig. 5
[9]. Titanium-rich compositions adopt a tetragonal structure, while zirconium-rich PZT have a
rhombohedral structure. A particular feature of this phase diagram is the so-called morphotropic
phase boundary (MPB) separating the rhombohedral and tetragonal structures below Tc.

PZT at this specific composition displays enhanced piezoelectric properties [10]. In addition,
as the MPB is almost vertical, the piezoelectric properties of PZT are remarkably stable with
temperature up to its Curie temperature at 350 °C, making it a material of choice for piezoelectric

applications.
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Fig. 5. Phase diagram of PZT, based on Jaffe et al. [9]. The main phases are the paraelectric cubic (Pc),
ferroelectric high-temperature and low-temperature rhombohedral phases (Frut) and Fr(1), respectively)
and ferroelectric tetragonal (Fr) phases. The antiferroelectric orthorhombic (Ag) and antiferroelectric

tetragonal (At) phases are also represented.

Material geometry and applications

The particular properties of piezoelectric materials allow them to carry out electromechanical
transduction, i.e. the direct transformation of mechanical energy into electrical energy and vice
versa. Depending on the application, PZT can be found in several forms: bulk (single crystals
and ceramics) or thin films. Bulk PZT ceramics are typically found in piezoelectric buzzers,
lighters, fuel injectors in diesel engines, ultrasound transducers and electronic components such

as capacitors and resonators.

Applications of PZT in the form of thin films (films thinner than 10 um) include various
types of sensors, actuators and energy harvesters. Integration of PZT thin films on silicon-based
substrates has been extensively studied in the past decades and constitutes the basis for the
development of piezoelectric microelectromechanical systems (MEMS). Notable examples are
represented by micro-mirrors, micro-pumps, inkjet nozzles or micro switches [11]. Integration
of PZT thin films on other substrates such as metal foils for energy harvesting [12] or glass for
haptic applications [13] is also currently gaining attention.

The use of thin films for piezoelectric applications is particularly attractive for two main
reasons: (1) they require lower processing temperatures compared to bulk ceramics and (2) the
poling process is simpler in the case of thin films with respect to bulk ceramics, as relatively
low voltages give rise to high electric fields at the thin-film scale. The present work will
focus exclusively on PZT thin films. We now come back to the definition of the piezoelectric

coeflicients and specify them in the case of thin films.
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The characterization of the piezoelectric response of a material depends on the considered
direction and configuration of the piezoelectric stack. One possible configuration for thin-film-
based piezoelectric devices is the metal-insulator—metal (MIM) structure, where the piezoelec-
tric layer is surrounded by electrodes. If we place this structure in a coordinate system as shown
in Fig. 6, the electric field will be applied along direction 3. Measuring the deformation in
direction 1 gives access to the transverse e3; coefficient (Fig. 6a). Likewise, if we measure
the deformation in direction 3, we can determine the longitudinal ds3 piezoelectric coeflicient
(Fig. 6b).

(b)

- |

A 4

Fig. 6. Electromechanical response of piezoelectric thin films: (a) transverse and (b) longitudinal

response.

Strictly speaking, we measure effective piezoelectric coefficients in the case of thin films
because of the mechanical boundary conditions imposed by the substrate (the piezoelectric
film is clamped by the substrate). The effective e3;f and da3s coeflicients are related to the
in-plane and out-of-plane piezoelectric coeflicients, as well as the stiffness (c¢) or compliance (s)

coefficients [6]:

E
_ €13
e3f = €31 — €33 &)
€33
E
_ S13
dyzp = d33 — 2———Fd3) (6)
TR

These piezoelectric coeflicients will be measured and discussed in the present work. De-
tails on piezoelectric characterization techniques can be found in Appendix D (please refer to
page 139). We will now describe the main methods used for the fabrication of piezoelectric thin

films.
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Processing of piezoelectric metal oxide thin films

Physical methods

In physical vapor deposition (PVD), thin films are formed out of a vapor phase that is
condensed onto a substrate, under vacuum conditions. The vapor phase is created from a
condensed phase precursor called target, which can be fabricated via the bulk ceramic process.
Alternatively, the precursor metals can be supplied via metallic targets. The method by which
the vapor is created then depends on the particular PVD technique.

Pulsed laser deposition (PLD) uses a high-power laser to vaporize the target material in
the form of a plasma plume, which then deposits onto the substrate mounted on a heating stage
(Fig. 7a). This technique is mainly used for research purposes as its large-scale deployment for
industrial applications is challenging [14]. Careful tuning of the processing parameters allows
for the deposition of high-quality PZT films with well-controlled stoichiometry. For example,
PLD was used for the growth epitaxial PZT films [15, 16]. Other examples from the literature
include doped PZT films grown on platinized silicon [17] and piezoelectric devices based on
PLD-derived PZT films [18].

In sputtering, the vapor phase is created by collisions between ions and the target. The
ions are generated from an inert gas such as argon introduced into the deposition chamber and
ionized. In rf (radiofrequency) sputtering, the plasma is created by an oscillating electric field
between the target and the substrate (Fig. 7b). A selection of references from the literature report
on sputter-deposited PZT films on platinized silicon [19], on glass [20] or on metal foils for
piezoelectric energy harvesting applications [21]. Sputtering can also be used for the deposition
of PZT films at fast rates (up to 250 nm min~!), as reported by Jacobsen et al. [22].

While PVD techniques can be used for the fabrication of high-quality PZT thin films, their
use in an industrial context can be difficult due to the associated costs. Indeed, they require
vacuum conditions, as well as expensive targets and equipment. A cost-efficient alternative to

these techniques is represented by chemical deposition methods.
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Fig. 7. Working principle of PVD techniques: (a) pulsed laser deposition and (b) sputtering.
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Chemical methods

Contrary to physical deposition methods, chemical methods supply the metal precursors in
molecular form. Decomposition of the precursors at the substrate surface or in post-deposition

annealing steps affords the crystalline metal oxide layer.

Chemical vapor deposition

Chemical vapor deposition (CVD) consists in exposing the substrate to precursors in the vapor
phase. Reaction or decomposition of the precursors at the surface results in film growth (Fig. 8a).
Of the many variants of this technique, metal-organic CVD (MOCVD) is the most popular for
the deposition of metal oxide films such as PZT. Typical precursors are organometals, alkoxides
or B-diketonates. In 1990, Okada et al. reported the fabrication of highly oriented PZT films
on MgO(100) by MOCVD using tetraethyllead, titanium(IV) isopropoxide and zirconium(I'V)
dipyvaloylmethane as precursors [23] (Fig. 8b). The main advantage of this method is the
fabrication of high-quality films with a fast deposition rate (10 nm min~'). However, organolead
compounds are extremely toxic and should be handled with great care. In a recent contribution,
Kim et al. reported on the synthesis of Pb(IV) precursors for the deposition of PZT thin films
via MOCVD [24].
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Fig. 8. (a) Working principle of CVD and (b) structures of the precursors used by Okada et al. for
the deposition of PZT thin films via MOCVD [23]: tetraethyllead 1, titanium(IV) isopropoxide 2 and

zirconium(I'V) dipyvaloylmethane 3.

Chemical solution deposition

In chemical solution deposition (CSD), the metal precursors are first dispersed in a liquid
medium. The resulting solution is then coated onto a substrate to form a layer. A series of
thermal steps needs to be subsequently carried out to transform the precursor solution into a
solid crystalline film. The main stages of the CSD process are illustrated in Fig. 9 and can be

summarized as follows.
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Fig. 9. Flow chart illustrating chemical solution deposition of metal oxide thin films.

. Solution preparation. The solution should be a homogeneous and stable dispersion of

metal cations. It is prepared from metal precursors selected for their solubility in the
solvent and compatibility with the rest of the process. Importantly, the viscosity of the

solution should be adapted to the deposition method by a careful choice of solvents.

. Solution deposition. The solution is deposited onto a substrate via a coating method

such as spin coating, dip coating or inkjet printing. This step should apply the solution
onto the substrate surface in a homogeneous manner in order to create a liquid film whose

thickness can be controlled by tuning the deposition parameters.

. Low-temperature annealing. After deposition, all the organic content must be removed

from the film. A drying step (100-200 °C) is usually carried out to evaporate the solvent.
The dried film then undergoes a treatment at higher temperature (350-500 °C) called
pyrolysis in order to eliminate the residual organic content. This thermal process can
also be assisted by light via the incorporation of photoactive species in solution [25].
After pyrolysis, the film should be an amorphous metal oxide. Additional deposition—

low-temperature annealing sequences can be performed to increase film thickness.
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4. High-temperature annealing. Upon completion of pyrolysis, the amorphous film is
heated at higher temperature (600-800 °C) to induce the formation of the crystalline
phase. The deposition and thermal processing steps are usually repeated to increase film
thickness. Indeed, in most cases thick films cannot be grown in a single deposition step
because cracks may appear during the thermal treatment. This issue can be addressed
by the use of polymer-based solutions, which enable the growth of thicker films in fewer

deposition steps [26].

Depending on the type of precursors and chemistry, several terms are often employed to
denote CSD, and will be clarified hereafter [27-29]. The so-called sol-gel process describes a
family of techniques used to prepare inorganic materials from solution-based molecular precurs-
ors dissolved in a polar solvent. The starting point is the preparation of a colloidal solution (sol),
typically based on metal alkoxides, i.e. chemical species of the form M(OR),,, where M is a metal
or silicon and R an organic moiety. The two main chemical processes that govern the assembly
of these molecular building blocks are hydrolysis and condensation. Hydrolysis occurs in the
presence of water, which substitutes alkoxy groups at the metal center, thus forming reactive
hydroxy species, eq. (7). These species subsequently react through a condensation reaction,
with release of a water (eq. (8)) or an alcohol molecule (eq. (9)), thus forming an oxygen bridge
between two metal centers (M—O—M). Another possible reaction is olation, where the metal
cations are connected via a hydroxy bridge. The kinetics of these reactions can be controlled by

adjusting the solution pH.

M(OR), + H,O — M(OH)(OR),._; + ROH (7)
2 M(OH)(OR),._; — M;0(OR)2,,_» + H20 (8)
2 M(OH)(OR),._; — M,O(OH)(OR),,,_3 + ROH (9)

This process results in the formation of a complex inorganic polymeric network entrapping
solvent (gel). The transformation from the sol to gel state is known as the sol—gel transition or
gelation. Removal of the solvent from the inorganic matrix yields porous materials or powders.
The sol can also be coated onto a substrate and processed into a dense solid film. An overview
of the sol—gel process is shown in Fig. 10a.

The sol—gel process can be used to fabricate a variety of inorganic materials ranging from
silica to complex oxides such as perovskites. Budd et al. first reported sol-gel processing of
PZT thin films in 1985 [30]. Their approach consisted in adapting the single-cation sol-gel
process to the complex PZT system with three cations. In their original contribution, the authors
used lead(Il) acetate and zirconium(IV) and titanium(IV) alkoxides as metal precursors. The Pb
precursor was reacted separately in 2-methoxyethanol, then combined with the B-site alkoxides.
Reflux and distillation steps were carried out to improve solution homogeneity and eliminate
reaction by-products. Before deposition, small amounts of water were added to initiate partial
hydrolysis (Fig. 10b).
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Fig. 10. (a) Overview of the sol-gel process and associated fabrication methods. (b) Original process for

the preparation of PZT solutions via the sol—gel process, as described by Budd et al. [30].

From a chemical point of view, only the chemistries of zirconium and titanium alkoxides are
that of frue sol-gel in this system. Indeed, alkoxides of the B-site cations are water-sensitive
precursors that can undergo hydrolysis and condensation reactions to form oligo- and polymeric
species. The lead cation does not significantly contribute to this main framework and rather
occupies random interstitial positions in the gel [31]. Still, the presence of Pb—O—Zr and

Pb-0O-Ti linkages was evidenced in precursor solutions [32].

This process was found to be remarkably robust and offered good control of the chemical
composition of the layers. However, a drawback of the classical sol-gel approach is the long
synthesis time and the fact that incomplete reflux or distillation steps may result in premature
aging of the solutions [28]. Despite its excellent ability to stabilize alkoxides, the use of the
carcinogenic and teratogenic solvent 2-methoxyethanol is also a notable issue. Other solution

chemistries were therefore also developed in the wake of the seminal work by Budd et al.

An alternative technique known as metal-organic decomposition (MOD) exploits a radic-
ally different type of chemistry. Precursors in MOD are typically long-chain carboxylates and
B-diketonates and are usually dissolved in an apolar, non-interacting solvent. The precursor

species in MOD systems have therefore low reactivity and low sensitivity to water compared
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to classical sol—gel systems. Furthermore, the structure of the metal precursors is mostly pre-
served in solution. A contribution by Fukushima et al. in 1984 already reported the use of
lead(IT) 2-ethylhexanoate, zirconium(I'V) acetylacetonate and titanium(I'V) butoxide in butanol
as precursor solution for the deposition of PZT films [33]. In 1991, Vest and Zhu described
a system that better fits the definition of MOD, with lead(II) 2-ethylhexanoate, zirconium(I'V)
2-ethylhexanoate or zirconium(IV) neodecanoate and titanium(IV) dimethoxydineodecanoate

in xylene as precursor solution [34] (Fig. 11).
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Fig. 11. Structures of precursors employed by Vest and Zhu [34] for the processing of PZT thin films
via MOD: lead(Il) 2-ethylhexanoate 1, zirconium(I'V) 2-ethylhexanoate 2, zirconium(IV) neodecanoate

3 and titanium(IV) dimethoxydineodecanoate 4.

As indicated by the name, hybrid processes make use of a combination between sol—gel
and MOD in the sense that A-site cations are provided by carboxylate precursors and B-site
cations by alkoxides. In addition, chelating agents such as carboxylic acids (e.g. acetic acid)
and S-diketonates (e.g. acetylacetone) are often employed in hybrid systems to stabilize the
precursors by reducing the sensitivity of alkoxides towards hydrolysis.

The first chelate-based approach for the preparation of PZT solutions was introduced by Yi et
al.in 1988 [35], who used acetic acid as a solvent and chelating agent in a sol-gel system based on
lead(I1) acetate, zirconium(IV) propoxide and titanium(IV) isopropoxide. In 1993, Assink and
Schwartz developed a synthesis route known as the ‘inverted mixing order’ (IMO) process [36],
as described in Fig. 12. This fast preparation method is based on prior modification of the B-site
alkoxides with a chelating agent (acetic acid) before addition of the lead precursor (lead(IV)
acetate in this case). Methanol was used as a co-solvent and a controlled amount of water was
added for partial hydrolysis. The IMO process affords stable solutions with better B-site cation
homogeneity compared to the standard process and avoids the use of the hazardous solvent 2-
methoxyethanol. The downside of this approach is the difficulty to precisely control hydrolysis
in solution, as water is also introduced by the hydrated lead precursor and the esterification

reactions taking place between acetic acid and alcohols. This irremediably leads to solution

aging.
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Fig. 12. Hybrid IMO process for PZT solutions developed by Assink and Schwartz [36].

The processing of PZT by CSD also has a series of caveats that need to be considered.
Over the last decades, further developments of the original IMO route were made to address
these issues. Lead oxide (PbO) has a high vapor pressure at the typical temperatures used for
processing of PZT films and spontaneously sublimates. Lead also has the tendency to diffuse
in the underlying platinum electrode, which forms transient intermetallic Pt,Pb phases during
annealing. Both of these processes result in lead-deficient layers. This is usually addressed by
incorporating a superstoichiometric amount of lead precursor in the solution, typically ranging
from 5 to 30 % [28]. Lead deficiency is at the origin of the parasitic secondary phases fluorite and
pyrochlore? that degrade the properties of the PZT films. Since PbO sublimates at a higher rate
at the film surface, small amounts of pyrochlore (< 5 %, often not detected by X-ray diffraction)
may form on the surface [29]. This surface pyrochlore can be converted into perovskite by

coating of a PbO layer over the crystallized film and reannealing.

4Both the fluorite (Pby(Zr, Ti),07_,) and pyrochlore (Pby(Zr, Ti);O7) have a cubic structure and are formed in
lead-deficient environments as they can accommodate larger stoichiometric deviations than the perovskite phase.
These phases are also formed transiently during crystallization and are subsequently converted into the perovskite

phase, except at the interfaces where Pb volatility is high.



Processing of piezoelectric metal oxide thin films 17

Another particularity of CSD-derived PZT films is related to the crystallization mechanisms.
Crystallization of the layer proceeds via nucleation events, which can occur in the bulk of the
film in the case of homogeneous nucleation or at interfaces (substrate or film surface) in the case
of heterogeneous nucleation (Fig. 13). These two competing mechanisms have an influence on
the final film microstructure. In the case of PZT films, heterogeneous nucleation is preferred
because it affords textured polycrystalline films with columnar microstructure. It is known that
{100}-textured films have a greater piezoelectric response than {111} or randomly oriented
films [37]. The type of nucleation process that will occur depends on nucleation kinetics and

can be affected by pyrolysis and crystallization conditions (heating profile and atmosphere).
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Fig. 13. Nucleation mechanisms occurring in CSD-derived PZT thin films: (a) homogeneous nucleation

and (b) heterogeneous nucleation.

The development of texture is also intimately related to the nature and texture of the substrate.
Hence a popular approach for texturing PZT thin films is the use of seed layers. PZT films grown
on platinized silicon tend to adopt the {111} orientation of platinum. Titanium oxide (TiO,)
seed layers were also shown to favor this orientation. The preferred {100} orientation for
piezoelectric applications can be obtained via PbTiO3z or PbO seed layers [38]. In addition,
pyrolysis temperature and crystallization conditions also play a major role in the growth of
textured layers [28, 39].

Interestingly, in the case of heterogeneous nucleation from the substrate, the crystallization
of the layer proceeds via a titanium-rich phase. As the crystallization proceeds from the
substrate to the surface, the layer is progressively depleted from titanium, resulting in a chemical
gradient of zirconium and titanium cations. When several sets of depositions are carried out
with a crystallization step in between, chemical depth analysis reveals a characteristic sawtooth
profile [40]. In 2007, Calame and Muralt presented a modification of the sol-gel process to
fabricate gradient-free PZT films [41]. Their strategy consisted in using four solutions with
different stoichiometries (Zr/Ti ratios) in order to compensate the segregation effect during
crystallization. In addition, the authors showed that gradient-free PZT films exhibit enhanced

piezoelectric response (up to 20 %) compared to layers with a chemical gradient.
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Fig. 14. Ilustration of the chemical gradient phenomenon in CSD-derived PZT films. In (a), a single
solution with MPB composition was used (Zr/Ti = 53/47). The black triangles (») indicate the
crystallization steps. In the final crystallized film, the Zr and Ti contents follow a sawtooth profile. The
strategy of Calame and Muralt [41] shown in (b) makes use of four solutions with different stoichiometries
to counterbalance the chemical gradient, resulting in a significant attenuation of the gradient in the final
PZT film.

The typical temperatures used for the crystallization of PZT thin films (600-700 °C) are
prohibitively high for direct integration on certain substrates such as glass or polymers. In
addition, high temperatures are the cause of lead loss and diffusion, as explained earlier. Various
strategies have been developed to decrease the crystallization temperature of CSD-derived PZT
thin films [25, 42]. Seeding can be used to improve crystallization kinetics by increasing the
density of nucleation sites, either via a seed layer grown on the substrate [43] or crystalline seeds
incorporated in the solution [44]. Other approaches consisting in tailoring solution chemistry
by improving cation homogeneity [45] or extending crystallization time [46] were also reported
by Kosec et al. Alternative annealing conditions can also be envisaged, with reports of low-
temperature PZT crystallization using laser [47] or microwave annealing [48]. PZT processing

temperatures as low as 400-450 °C were achieved via these strategies.

The modification of solution chemistry for low-temperature processing can also be done via
the addition of photoactive species. One notable example is represented -diketonate complexes
of titanium or zirconium, which have strong absorption bands in the UV range. Irradiation by
UV light during processing was shown to promote the removal of organics from the layers,
thereby assisting the pyrolysis step [25]. With this method, Bretos et al. have shown that PZT
could be crystallized at 350 °C, enabling its integration on a flexible polyimide substrate [49].

Finally, it was shown that CSD could also be used to grow epitaxial PZT films [50] and a

variety of ferroelectric oxide nanostructures [29]. All these examples illustrate the considerable
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developments that were achieved during the last decades and the potential of CSD processing
with respect to PVD techniques, as CSD gives access to large-area high-quality layers at a
reasonable cost without the need for vacuum conditions nor large-scale PVD installations.
Several coating techniques can be used to deposit PZT films from CSD-based solutions.
Spin coating is probably the most popular: it consists in applying an excess of solution onto
the substrate and then spinning it at high velocity (several thousand rpm). The excess solution
is immediately spun off, while a thin homogeneous film forms on the substrate. This coating
process is particularly wasteful as the material utilization rate is only about 2% [4]. In dip
coating, the substrate is immersed in the solution, then pulled out of it at a constant speed.
Although CSD is considered as a low-cost process, both of these coating techniques require a
large excess of precursor solution that is not incorporated into the final product. In addition, the
fabrication of patterned layers requires the use of lithography, which adds extra manufacturing
costs. Both of these issues can be addressed by the use of inkjet printing as a coating method,

as will be discussed in the next section.
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Inkjet printing

Principle

Inkjet printing (IJP) is based on the deposition of liquid droplets (Vgropler = 1-100 pL) at
precise locations on a substrate. Under ideal conditions, these droplets merge together and form a
homogeneous continuous layer on the substrate. After deposition, drying and/or other processing
steps are required to convert the precursor liquid into the final functional material. 1JP is an
additive manufacturing technique, meaning that the functional material is only deposited where
needed, thus alleviating the need for subtractive steps (lithography or etching). Moreover, it
allows for freedom of geometry as the printed structures are first created digitally via computer-
aided design (CAD). In the context of low-cost manufacturing, IJP also has the combined
advantage of being compatible with CSD and operating under ambient pressure conditions.

Contemporary inkjet printers are based on either continuous inkjet (CIJ) or drop-on-demand
(DOD) inkjet printing technologies. In CIJ, a stream of droplets is created from a continuous
jet of ink due to the Plateau—Rayleigh instability.® As the droplets pass through an electrostatic
field, they become electrically charged and can be steered onto a substrate using an electric field.
Droplets that were not deflected are collected and recycled. For this reason, CIJ is not used for
IJP of functional materials, as the ink recycling process may degrade its quality [51].

In contrast, in DOD systems ink droplets are only generated when needed, which can be
done via two mechanisms. Thermal IJP uses a resistive heating element to create a gas bubble
in the ink chamber. The rapid expansion of this gas bubble increases the pressure, forcing
an ink droplet out of the nozzle (Fig. 15a). In piezoelectric DOD IJP, the pressure increase
is caused by the deformation of a piezoelectric element under an applied voltage waveform
(Fig. 15b). Piezoelectric inkjet printheads have now become standard for printing functional
materials thanks to the decrease of their manufacturing costs and the fact that they do not cause
thermal degradation of the ink [51].

In the past decades, IJP was successfully used to deposit a variety of materials including
polymers [52], metals [S1] and ceramics [53]. These achievements pave the way towards the
fabrication of a wide range of devices by inkjet printing, such as organic thin-film transistors,
solar cells, light-emitting diodes, memories and sensors [54]. Although conceptually simple,
IJP comes with several technical challenges, starting with the formulation an appropriate ink for
reliable jetting. After reaching the substrate, the liquid droplets experience interactions with it,
as well as subsequent drying, both of which may impact the homogeneity of the final functional

layer [55]. These aspects will be covered in the following paragraphs.

¢The Plateau—Rayleigh instability describes the phenomenon by which a continuous stream of fluid can break up

into individual droplets under certain conditions.
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Fig. 15. Drop-on-demand inkjet printing principle: (a) thermal inkjet printing and (b) piezoelectric inkjet
printing. Note that the scheme in (b) represents a bend-mode piezoelectric actuator. Other configurations

of piezoelectric printheads also exist.

Droplet formation

The formation and stability of droplets is a complex phenomenon governed by fluid mech-
anics. The behavior of a liquid can be predicted thanks to a series of dimensionless parameters
defined by the density p, viscosity n, surface tension y and velocity v of the liquid, as well as
the characteristic length a. In the case of inkjet printing, a corresponds to the nozzle size.

The Reynolds number (Re) is the ratio between the inertial and viscous forces of the fluid
and characterizes its flow. Systems with a low Reynolds number exhibit laminar flow, while
turbulent flow is characterized by a high Reynolds number [56]. The laminar-turbulent transition
usually occurs in the 103-10* range.

Re = 2¥¢ (10)

n
The Weber number (We) expresses the ratio between inertial and surface tension forces [56].

The formation of droplets is favored at low Weber numbers, when the system is dominated by

surface tension.

We = 224 (11)
Y
In 1984, Fromm found that the =< ratio could be used to predict the formation of droplets

VWe

in inkjet printing [57]. This ratio is the inverse of the Ohnesorge number (Oh) and is known as

the Z parameter (eq. (12)).

1 Re _ Vayp (12)

_&_\/We n

According to Fromm, the onset of stable jetting occurs for Z > 2. This analysis was later

refined by Reis and Derby, who identified 1 < Z < 10 as the range of stable droplet formation
[58]. Another study by Jang et al. redefined this range as 4 < Z < 14 [59]. Low Z values
characterize systems where jetting is impossible due to high viscosity. On the contrary, low-
viscosity liquids are associated with high Z values, which typically leads to the formation of
so-called satellite droplets. Two other constraints on the droplet initial energy set the bounds

of the printable range: it has to be high enough to enable droplet formation (We > 4) [60], but
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low enough to avoid splashing (i.e. fragmentation into smaller droplets) after impact with the
substrate (We!/?Re!/* < 50) [61]. A useful visualization of the jettable range was proposed by
Derby [55], as illustrated in Fig. 16.
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Fig. 16. Representation of the jettable range as function of the Weber and Reynolds numbers, as described
by Derby [55].

Ink—substrate interactions

After ejection, droplets travel towards the substrate and collide with it. The nature of the
interaction between a droplet and the substrate defines the printing resolution and the minimal
feature size that can be achieved. Under normal conditions, the lower bound limit of resolution
is set by the droplet size. The generation of 1 pL droplets, which have a diameter of ~12 pm,
translates into a printing resolution in the same order of magnitude. However, contrary to the
ink—paper system where the ink is mostly absorbed into the porous substrate upon impact, the
interaction of a ink droplet with a smooth surface is governed by the dissipation of its kinetic
energy and the interfacial energies of the liquid and the substrate.

The Bond number (Bo) is another dimensionless parameter used in fluid mechanics to
characterize the balance between gravitational and surface tension forces a liquid is subjected to
(eq. (13), where g is the gravitational acceleration constant). Ink droplets are characterized by

low values of Bo (1073-1072), meaning that the influence of gravitational forces is negligible.

2
_ pga (13)
y

Bo

The impact of the droplet with the substrate can be described in several stages that occur at
different timescales. Upon collision (¢ < 1 us), the droplet undergoes impact-driven spreading,
recoil and several oscillations to dissipate its kinetic energy by the viscous forces [62]. At

later stages (0.1-1 ms), surface energy takes over and causes ink spreading until equilibrium is
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reached. This situation is described by the Young equation (eq. (14)),

cos g, = LE Y (14)

71g

where 6. is the contact angle at equilibrium and s, 51 and e are the interfacial energies
between the solid (s), liquid (I) and gas (g) phases (Fig. 17a). Given that the final shape of
the droplet can be approximated by a spherical cap, its diameter Dy, on the substrate can be
expressed as a linear function of its inital diameter Dyyop, as given by eq. (15) [55].

1/3
8

Dygyp = Ddrop (15)

O 2 6
tan = (3 + tan 7)
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Fig. 17. Contact angles of a drop on a surface: (a) equilibrium contact angle, (b) advancing contact angle

and (c) receding contact angle.

In order to form a homogeneous layer, the droplets need to coalesce into a continuous liquid
film, which can be achieved by carefully tuning droplet spacing to obtain an ideal overlap of
the droplets. This can also prevent jaggedness at the edges of printed structures, as shown
by Soltman and Subramanian [63]. Furthermore, it is important that the printed liquid film
remains stable on the substrate. In other words, the collection of coalesced droplets should
resist the tendency of the liquid to form a circular bead on the surface in order to minimize its
surface energy. Duineveld showed that stable patterns can be printed when there exists contact
angle hysteresis, i.e. when the advancing contact angle 65 (Fig. 17b) is significantly different
from the receding contact angle 6r (Fig. 17¢) [64], in agreement with previous theoretical and
experimental works [65, 66]. The influence of droplet spacing and printing velocity on the
stability of printed patterns was also evidenced.

It should be noted that several strategies can be implemented to improve printing resolution
beyond what is permitted by classical inkjet printing. These methods typically consist in a prior
modification of the substrate in order to create a physical feature or a surface energy gradient
that can control ink spreading. Such strategies were reported by Sirringhaus et al., enabling

them to print structures with a feature size in the sub-100 nm range [67, 68].
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Drying and processing into functional layers

After deposition and coalescence of the droplets, the resulting liquid film experiences drying
as the ink solvent evaporates. This obviously causes a volume change of the liquid film, but can
also lead to a phenomenon known as the coffee ring effect which forms ridge-like deposits at the
edges of the printed structures (Fig. 18). This effect is due to the fact that the solvent evaporation
rate is greater at the edge of the liquid film as vapor transport is enhanced by the proximity of the
dry substrate. Preferential precipitation of the solute therefore occurs at the contact line, which
becomes pinned as a result. A capillary-driven outward flow of liquid then takes place in order
to replenish the evaporating solvent, thus sustaining the phenomenon [69].

The coffee ring effect is very often undesired and can be counteracted by methods which
control the internal flows in the drying liquid film. Strategies such as tuning substrate temperature
or exploiting a physical change of the ink upon impact have been reported [55], but a popular
approach consists in tailoring the ink composition by using a mixture of solvents with specific
properties. In a binary mixture containing solvents of different vapor pressures, the more volatile
component will evaporate first. If the second component is chosen such that a surface tension
gradient is created at the film edge, the solute will be redistributed towards the center through
an inward Marangoni flow [52, 70]. However, depletion of the volatile solvent will eventually
stop the inward flow. The use of more complex solvent systems such as ternary solvent mixtures

was shown to sustain this phenomenon until late stages of the drying step [71].
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Fig. 18. Illustration of internal flows during drying: (a) evaporation-driven capillary flow resulting in
the coffee ring effect (a typical ‘coffee ring’ profile is shown in the inset) and (b) recirculating inward

Marangoni flow.

As the ink is merely a liquid precursor of the final material, post-printing steps are usually
required to transform it into the final solid functional material. Thermal treatments are often
used for drying, be it on a conventional hot plate, or via infra-red [72] or photonic annealing
systems [73]. Curing of inkjet-printed polymers under UV light has also been reported [74].
Iteration of the printing—post-printing process is typically required to increase film thickness, as
the thickness per layer is limited by the ink concentration and the volume of ink delivered per

unit area on the substrate.
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Significant progress was made in the field of inkjet printing of functional materials, as
many of the underlying processes have been extensively studied and are supported by theoretical
models. Nevertheless, IJP remains largely empirical, as it is very sensitive to the nature of the
inks and substrates employed in the process. The particular case of inkjet printing of PZT thin

films has been investigated by several groups and will now be presented.

State of the art: inkjet printing of PZT thin films

The earliest reports of PZT printing date back to 1999, where Windle and Derby used aqueous
suspensions of PZT powders for the formulation of inks that could be jetted using a commercial
inkjet printer [75]. In 2005, Wang and Derby used paraffin suspensions of PZT powders to print
centimeter-sized ceramic objects, which could be considered as 3D printing [76]. More recent
contributions also feature PZT powder-based ink formulations used for printing thick PZT films
[77, 78]. However, since these approaches are not based on CSD, they afford porous materials
and require high sintering temperatures, which are incompatible with silicon substrates.

The seminal work in the field of CSD-based inkjet-printed PZT was carried out by Bathurst
et al. at MIT from 2008 to 2012 [79, 80]. During this period, Bathurst remarkably addressed
several of the challenges related to inkjet printing. The ink formulations he used were based
on a commercial CSD precursor, which he modified with co-solvents in order to obtain good
jetting using a thermal inkjet printer. He also focused on printing uniform PZT structures. The
strategy he adopted to combat the undesired coffee ring effect was to tune the temperature of the
substrate during printing in order to balance the competing solute flows inside the drying film.

An important part of Bathurst’s work was also dedicated to improving the resolution of PZT
patterns printed on platinized silicon, characterized by high surface energy at the origin of ink
spreading. His strategy was based on the use of templates to confine the ink and prevent it from
spreading. Two original solutions were proposed: (1) hard templates and (2) soft templates.
The hard template was a preformed polysilicon mold [81], constituting a physical barrier to the
spreading of PZT ink. After printing, the mold was removed by XeF, etching. In the case of
soft templates, the barrier is of chemical nature. The platinum surface was modified locally by
a fluorinated thiol, thus defining ink-repelling areas that would stop the spreading of ink. Thiols
(R-SH, where R is an organic moiety) have an affinity for noble metals such as platinum and
are spontaneously grafted onto the surface in the presence of the metal, forming a so-called
self-assembled monolayer (SAM). Microcontact printing was used to deliver a patterned SAM
onto the surface, thus defining the areas to be printed in [82]. Note that the fabrication of stamps
used in microcontact printing relies on a lithographic process.

The outcomes of this important work were two proof-of-concept devices, namely a ferro-
electric capacitor [83] and a piezoelectric micromachined ultrasonic transducer [84]. Although

very promising, the electrical properties of the inkjet-printed PZT thin films presented in this
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work (P; = 8.7 uC cm™2) are still relatively modest compared to CSD-derived films deposited
by conventional means.

After patenting a series of ink formulations [85], a Japanese research group at Ricoh Co.,
Ltd. also reported on inkjet-printed PZT in 2012 [86]. The authors printed 2 um-thick PZT
films on platinized silicon via a template-assisted method. Thiol-based SAMs were also used
in this case to improve the resolution, though these SAMs were patterned by photolithographic
means [87]. An alternative templating strategy was based on the selective formation of SAMs
on platinum. A patterned platinum layer was first formed on a conductive oxide, then treated
with a thiol. PZT ink was printed on the conductive oxide and remained confined to these
areas thanks to the SAM formed on platinum. In both cases, inkjet printing was assisted by a
lithographic process to produce a patterned template. In addition, remarkable homogeneity of
the printed films was obtained via control of the solvent composition and the heating rate for
drying the layers. Electrical characterization revealed a remanent polarization of 10 uC cm™=2 for
these printed PZT films.

In 2017, Matavz et al. developed another method for controlling the surface energy of the
substrate prior to printing [88]. Very thin polymeric layers were spin-coated onto platinized
silicon. Careful control of the nature of the polymer and the thermal treatment after deposition
resulted in surfaces with optimal properties for direct patterning of metal oxide thin films
via inkjet printing. Another contribution from this group shed light upon the suppression
of the undesired coffee ring effect by the use of a ternary solvent system comprising two
high-boiling-point co-solvents that prolong the duration of the inward Marangoni flow during
drying, thus resulting in homogeneous layers [71]. In a very recent contribution, Matavz et al.
also presented fully inkjet-printed ferroelectric stacks based on PZT and lanthanum nickelate
(LaNiO3) electrodes [89].

In the light of the advances made in the field of inkjet-printed PZT thin films, we identi-
fied several ideas that could be explored in order to improve the inkjet printing process itself
and the quality of the final material. In particular, we will investigate the development of a
lithography-free process for direct patterning PZT films on platinized silicon, without prior sub-
strate modification. We will also discuss the required process adaptations to obtain dense layers
with state-of-the art electrical properties. We will then present an application of inkjet-printed
PZT layers in the form of a proof-of-concept piezoelectric device for energy harvesting. Finally,
we will address the issue of toxicity of PZT solutions by investigating an alternative solvent to

2-methoxyethanol.



Chapter 1

Direct patterning of PZT thin films on
platinized silicon

1.1. Motivation

Platinized silicon (Si/SiO,/TiO,/Pt) is commonly used as substrate in piezoelectric devices
based on PZT thin films, such as microelectromechanical systems (MEMS). The excellent
chemical and thermal stability of platinum makes it a popular choice as bottom electrode in
PZT-based piezoelectric stacks. However, as mentioned in the Background chapter, printing
structures on platinized silicon represents a challenge due to the high surface energy of platinum
(~2.5Jm™2) [90]. This high surface energy causes spreading of liquids (Fig. 1.1) and ink
droplets deposited by inkjet printing are no exception to this phenomenon. Direct printing on

pristine platinized silicon can therefore result in poorly resolved patterned structures.
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Fig. 1.1. Demonstration of the wetting properties of a clean platinum surface. A ~1 pL drop of PZT ink

was deposited on the surface: complete spreading occurs within seconds after deposition.

Wetting can be controlled by physical or chemical modification of the surface. As such,
platinum is prone to contamination through the adsorption of atmospheric organic contaminants
[91], effectively lowering its surface energy. Although favorable for inkjet printing, the nature
and extent of this contamination can hardly be controlled. A possible solution for precise
control of ink-substrate interactions is the modification of the whole platinum surface with thin
polymeric layers [88].

Another strategy to limit ink spreading is represented by template-assisted inkjet printing.
This solution consists in local surface modification in order to create a mold where the ink can

be deposited and constrained by a barrier, be it physical or chemical. A physical mold or hard
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template can be a preformed polysilicon mold. After printing, the mold can be etched away by
a XeF, process. The use of such harsh etching steps can be avoided by using chemical molds or
soft templates.

Thiol-functionalized molecules (R—SH, where R is an organic moiety) can be used for
this purpose as they have a strong affinity for noble metal surfaces such as platinum, gold
and copper [92, 93]. The thiol moiety acts as an anchoring point on the surface, while the
rest of the molecule can be selected based on the desired properties. Alkyl substituents (R =
(CH),CH3) will provide the surface with hydrophobic character, thereby creating an efficient
water- and polar-solvent-repelling chemical barrier. The grafting of alkanethiols on platinum
is a spontaneous phenomenon, which usually occurs in three steps: (1) the formation of a
metal—sulfur covalent bond (chemisorption), (2) the formation of islands with ordered alkyl
chains and (3) the full coverage of the surface with chemisorbed species (Fig. 1.2). The resulting
ordered molecular monolayer is known as a self-assembled monolayer (SAM). Interestingly, the
metal—sulfur bond is labile and desorption of the SAM can be induced thermally, thus making

it an excellent reversible surface modifier.
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(1) Chemisorption of thiols (2) Formation of ordered islands (3) Full coverage with SAM

Fig. 1.2. Formation mechanism of a 1-dodecanethiolate-based self-assembled monolayer on a metal

surface.

To serve as an [JP-assisting mold, the SAM requires patterning in order to define the areas of
the substrate where ink is desired and where it is not. State-of-the art SAM patterning techniques
rely on either (1) photolithography, where the SAM is patterned via local oxidation of thiols
by UV light [87] or (2) microcontact printing, where thiols are delivered on the surface via a
prepatterned PDMS stamp soaked in a solution of the thiols [82]. Both of these methods rely
on lithography, which adds complexity and costs to the overall process, partially alleviating the
benefits of using inkjet printing in the first place.

In this context, it could be interesting to use inkjet printing as a patterning tool for SAMs to
create templates on platinized silicon where PZT ink would be deposited (see Fig. 1.3). We will
develop this idea in the present chapter. In particular, we will describe the use of two printheads
in the same printing process, where the first printhead defines the template and the second fills
it with the functional ink. This strategy will be used for direct patterning of PZT structures
on platinized silicon, with no lithographic intervention. A part of the study presented in this

chapter was published in Advanced Materials Technologies [94].
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1.2. Ink formulations

1.2.1. Templating ink

Thiolate-based SAMs are typically formed by the dipping method, where the substrate is
directly immersed in a dilute ethanolic solution of the thiol, then rinsed and dried. We therefore
used an ethanolic solution of 1-dodecanethiol as basis for the preparation of a templating ink.
As can be expected, ethanol has too low viscosity (ngiop = 1.074 mPa s at 25 °C [95]) to be used
as such for inkjet printing. We started using a 6:1 ethanol:glycerol (v/v) mixture as solvent for
the ink, as reported by Rianasari et al. [96]. The ink was prepared by simply diluting 100X a
0.1 mol L™! ethanolic solution of 1-dodecanethiol with the ethanol:glycerol solvent mixture.

As aproof-of-concept experiment, we printed a single line of this templating ink on platinized
silicon without prior treatment of the substrate. The spacing between droplets was 92 um, so
that the droplets touched but did not significantly overlap, as seen in Fig. 1.3a. Evidence for
the chemisorption of 1-dodecanethiol is the formation of a ring around the spot where the ink
droplet was deposited, as the residual ink is repelled outwards by the SAM (Fig. 1.3b). A drop
of PZT ink was then deposited on one side of the printed line using a syringe. Remarkably, the

large volume of ink did not cross the SAM barrier, with evident pinning at the base of the drop.
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Fig. 1.3. Ink-constraining capabilities of printed 1-dodecanethiol line: (a) optical micrograph of a printed
thiol line withholding a large drop of PZT ink on a platinum surface and (b) cross-section scheme of the

system. The arrows represent the liquid-repelling action provided by the SAM formed on Pt.

Although stable jetting was achieved with this formulation for a printhead temperature close
to room temperature (no heating), we experienced reliability issues as nozzles regularly stopped
jetting when the printhead temperature increased during operation (Tprineer ~ 30 °C). To avoid
temperature variations while printing, the substrate and printhead temperatures were set to 30 °C.
Due to the high vapor pressure of ethanol at 30 °C (~10kPa [95]), it is possible that substantial
evaporation occurred at the nozzle. The consequence was a significant viscosity increase as the

volume fraction of ethanol locally decreased, eventually clogging and deactivating the nozzle.

“The chemisorption of thiols on platinum is able to displace surface contamination.
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To overcome this issue, we decided to replace ethanol with another solvent. As it constituted
the basis of our reliable PZT ink formulation, 2-methoxyethanol appeared as a convenient
choice. The new formulation was prepared by a diluting 100x a 0.1 mol L™! ethanolic” solution
of 1-dodecanethiol with a 3:1 mixture of 2-methoxyethanol:glycerol (v/v). Tolerance towards
jetting temperature was considerably improved, with stable jetting possible at 35 °C, while still
providing a medium where 1-dodecanethiol is soluble and can be adsorbed onto the surface

where the ink is deposited.

1.2.2. PZT ink

Our initial PZT ink formulation was based on a procedure described in a patent [85], where
a ternary solvent system based on 2-methoxyethanol, ethylene glycol and bis(2-ethoxyethyl)
ether in a 2:2:1 ratio was employed. Although stable jetting was easily achieved at 35 °C, we
encountered serious drying issues when the ink was deposited on the substrate, namely important
coffee ring effect and high sensitivity towards surface conditions. The following study is based
on another PZT ink formulation, inspired from the work of Matavz et al. [71] and based on the
ternary solvent system 2-methoxyethanol, glycerol and ethylene glycol in a 65:25:10 ratio (v/v).

The following procedure describes the preparation of 100 mL of PZT spin coating solution
(MPB composition, Zr/Ti = 53/47, 10 % lead excess) and its use for the preparation of PZT ink.
All the chemicals were purchased from Sigma Aldrich.

A batch of lead(Il) acetate trihydrate was freeze-dried overnight. A small quantity of
deionized water was added to the compound before freezing it in liquid nitrogen. The addition
of water helps in spreading the hydrated lead precursor on the walls of the flask, thus increasing
its surface area. The flask containing the frozen solid was then connected to the vacuum manifold
of the freeze dryer (p < 0.05mbar). Upon completion of the freeze drying process, lead(Il)
acetate had the appearance of a fine power and was transferred inside a glovebox for storage.

Zirconium(IV) butoxide (80 wt% in butanol, 7.63 g, 15.9 mmol) was weighed inside a
round bottom flask containing 20 mL of anhydrous 2-methoxyethanol. Acetylacetone (99.5 %,
3.28 mL, 31.8 mmol) was added to the solution, which was gently stirred for 15 min. The
same procedure was repeated in a separate flask containing 20 mL of 2-methoxyethanol with ti-
tanium(IV) isopropoxide (97 %, 4.13 g, 14.1 mmol), to which acetylacetone (2.91 mL, 28.2 mmol)
was also added. The two solutions were combined in the first flask and 10 mL of 2-methoxyethanol
were used to wash the flask containing the titanium precursor. Freeze-dried lead(Il) acetate
(99.5 %, 10.79 g, 33.0 mmol) was then added to the resulting mixture of alkoxides. All these

operations were performed in a glovebox, where the precursors and solvents were stored.

PDue to the poor solubility of 1-dodecanethiol in 2-methoxyethanol, the initial 0.1 mol L™! stock solution had to be

ethanol-based.
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The flask was connected to a reflux apparatus under argon atmosphere (ARCAL™ Prime,
Air Liquide), as illustrated in Fig. 1.4a. An oil bath was used for heating the contents of the flask.
Lead(II) acetate was dissolved at 60 °C under stirring (800 rpm). After complete dissolution of
the solid, the temperature of the oil bath was raised to 130 °C. The stirring speed was decreased
to 300 rpm at the moment of boiling. The solution was maintained at reflux for 2h. The flask
was then transferred to a distillation apparatus (Fig. 1.4b), where 50 mL of the solution were
distilled off. The solution was finally diluted to 0.3 mol L' (Vipa = 100mL), affording the
PZT solution for spin coating. PZT ink was prepared by mixing 6.7 mL of the spin coating
solution with 2.3 mL of glycerol and 0.9 mL of ethylene glycol, thereby diluting the solution to
0.2mol L=, PZT solutions and inks were stored in a refrigerator at 4 °C.

The PZT ink can then be injected into the reservoir of a Fujifilm Dimatix DMCLCP cartridge
reservoir using a syringe fitted with a 0.2 um PTFE filter. Note that DMCLCP reservoirs provide
chemical resistance, as opposed to standard DMC reservoirs. Indeed, we discovered that the
presence of acetylacetone in inks attacks and degrades the O-ring of DMC reservoirs. Both

types of reservoirs are compatible with either 1 pL or 10 pL nominal volume printheads.
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Fig. 1.4. Schemes of the (a) reflux and (b) distillation apparatuses used for the preparation of PZT
solutions. In (b), the three-way valve is used to direct the flow of argon to the three-necked round bottom
flask for flushing the system or towards the end of the distillation apparatus to provide a small back
pressure during distillation. Gentle distillation must be performed, as solution drying over the walls of

the flask may result in particles in the final solution.
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1.2.3. Jetting behavior

The compositions and room-temperature physicochemical properties of inks are summarized
in Table 1.1. The viscosity of the formulations was evaluated by the parallel plate method using
an MCR 502 rheometer (Anton Paar, Austria), while surface tension was determined using the
pendant drop method (the software OpenDrop was used to process the photographs of droplets
and extract surface tension [97]). The density was evaluated by dividing the mass of a 10.0 mL
solution sample by its volume. The inverse Ohnesorge number Z, as defined by eq. (12), was
evaluated for 1 and 10 pL Fujifilm Dimatix cartridges, whose nozzle sizes are 9.5 and 21 um,
respectively. Z-parameter values of the inks conveniently fall in the 1-10 range for both cartridge

types, suggesting that both 1 and 10 pL cartridges can be used for printing with this two-ink

system.
Templating ink PZT SC solution PZT ink

Concentration (mol L™!) 0.001 0.3 0.2
Solvent composition (vol%) 2-Methoxyethanol 75 100 65

Glycerol 25 0 25

Ethylene glycol 0 0 10
Surface tension (MmN m™") 35.6 32.5 34.2
Density (gcm™) 1.04 1.05 1.11
Viscosity (mPa s) 7.1 2.0 8.1
Z parameter 1 pL cartridge 2.7 9.2 24

10 pL cartridge 39 13.4 3.5

Table 1.1. Room-temperature physicochemical properties of the templating ink, the PZT spin coating
(SC) solution and the PZT ink. Viscosity is given for a shear rate of 100s™!. For the templating ink,
concentration is defined as the concentration of 1-dodecanethiol, whereas for PZT solutions, it is defined

as Cz; + Crj in the solution.

As an example, the jetting pulses and corresponding stroboscopic images of PZT ink ejected
with 1 and 10 pL Dimatix cartridges are shown in Fig. 1.5. Stable jetting is possible at frequencies
in the 10>-10* Hz range with both cartridge types (Tprinthead = 35 °C). The 1pL cartridge
generates droplets travelling at ~7 ms~!, while the 10 pL cartridge ejects droplets at ~4ms™'.
In Fig. 1.5¢c, the small tail observed after 25 us merges into the droplet at the 50 us timestamp.
No satellite droplets nor significant droplet deviations were observed.

The optimized pulse waveform for ejection of the templating ink with the 1 pL is similar to
the one presented in Fig. 1.5a, except that the initial voltage is 6 V and the maximum voltage is
12 V. Stable ejection of this ink with the 10 pL cartridge was possible with the pulse waveform
represented in Fig. 1.5b.
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Fig. 1.5. Jetting of PZT ink with 1 and 10 pL Dimatix cartridges. The jetting pulses used for 1 and 10 pL
cartridges and are represented in (a) and (b), while the corresponding stroboscopic pictures are shown in

(c) and (d), respectively. In (c), the time pitch is 25 s and it is 50 ps in (d).

1.3. Printing PZT structures on platinized silicon

1.3.1. Process description

Based on the previous considerations, we developed a lithography-free printing strategy for
patterning PZT films on platinized silicon, which is described in the scheme of Fig. 1.6. The
overall process can be divided in two main parts: inkjet printing and annealing. The starting
point is a pristine platinized silicon substrate. The Ceradrop X-Series printer possesses two
printheads that can be fitted with Dimatix cartridges.

Printhead 1 is first used to create a SAM template grid by printing lines of templating
ink. Printhead 2 then fills the gaps between the templating lines with the functional ink, in
this case the PZT ink. After that, the deposited liquid film successively undergoes drying,
pyrolysis and crystallization steps, affording a crystalline PZT film, whose thickness can be

increased by iteration of the process. As the annealing steps are carried out outside the printer, a

“Substrates were degassed on a hot plate at 350 °C for 5 min before printing. This treatment was sufficient to desorb

surface contaminants.
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realignment step is necessary to deposit the next layers. The templating step has to be performed
at every iteration, because the organic SAM is eliminated during the annealing steps. Note that
this strategy could be generalized to pattern any CSD-compatible metal oxide on high-surface

energy metals such as gold, platinum or copper.

Platinized
silicon /

Templating ink

Fig. 1.6. Lithography-free inkjet printing process for patterning PZT films on platinized silicon: (a)
a SAM-based template is printed on the substrate and (b) the functional ink is then delivered to the
defined areas. An annealing sequence consisting of (¢) drying, (d) pyrolysis and (e) crystallization is then
performed outside the printer. Film thickness can be increased by iteration of the process, which requires

the sample to be (f) placed again in the printer and precisely realigned.

1.3.2. Printing PZT squares
Droplet deposition strategy

Piezoelectric devices based on PZT thin films require a certain film thickness, typically in
the order of 1 um. In conventional CSD processing by spin coating, the film is usually grown
by successive thin layers (d ~ 70 nm), although there exist solutions enabling the growth of a
couple hundred nanometers of PZT in a single deposition step [26]. In the case of inkjet printing,

the thickness of a single crystallized layer dpzT will depend on the ink concentration Cjy, the
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individual droplet volume Vjqp and the filling density Ngrop (number of droplets deposited per
unit area). It is interesting to get a sense of these values in order to deposit a reasonable amount
of material at every printing cycle.

A simple model assuming that the final film is dense, has the correct stoichiometry and is a
well-defined cuboid (homogeneous thickness and absence of edge effects) can be derived in a

few steps:

Vezr  mpzr Mpzr npzr  Mpzr Cink Vink
Apzr  Apzr ppzr  Apzr PPZT ApzT PPZT

dpzr =

B Mpzr Cink Virop Ndrop (1.1
PPZT ’ |

where MpzT and ppzT are the molar mass and the density of PZT, respectively. The molar mass
of PZT depends on its composition. For the general formula PbZr, Ti; _,O3, the molar mass is

given by eq. (1.2):
Mpzr (x) = Mpy + Mz; x + Mri (1 — x) +3 Mo
=207.20 +91.22 x +47.88 (1 — x) + 3 X 15.999

=303.08 + 43.34 x . (1.2)

Therefore, for the MPB composition (x = 0.53), the molar mass is 326.05 g mol~!, while its
density is 8048 kg m~3 (PDF 01-070-4264). Substituting in eq. (1.1) and solving for Narop yields
eq. (1.3) where, for convenience, Ngrop is expressed in droplets per mm?, dpyr in nm, Cjpx in
mol L™! and Virop in pL.

Narop = 24.68 —PZ1_ (13)
Cink Virop

We can estimate that for a final thickness of 70 nm, using 10 pL cartridges (the actual droplet
volume was evaluated to be closer to ~13 pL?) and 0.2 M ink, the required filling density should
be about 660 droplets per mm?. The other way to act on film thickness for a given amount of
delivered ink is the concentration, which is directly proportional to the final thickness. However,
we decided to keep this parameter constant for this study as (1) concentrated solutions could
be less stable and (2) preparing the PZT ink from a PZT spin coating solution is a convenient

approach for practical reasons.

4The droplet volume is estimated from the droplet diameter as seen on the live acquisition of the printer stroboscopic

camera. The actual ejected volume can differ from the nominal value depending on the jetting pulse.
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The Ceradrop printer CAD software (CeraSlice) can fill shapes using different types of
lattices. The default one is a simple square lattice (Fig. 1.7a), where the user-defined parameters
are the splat diameter Dgp1c and splat overlap Ogplar. The no void setting ensures complete filling

of the plane and corresponds to the condition:

V2
0splat = (1 - 7

Dsplat (1 -4)

Fig. 1.7. Representation of the (a) square lattice printing strategy in the no void condition and (b) the
rectangle filling strategy. The colored square and rectangle represent the elementary unit cells which

always contain one deposited droplet.

The spacing Sgpiac between two adjacent splats in the x and y directions is identical and is
given by (Dsplat — Osplat)- The filling density can then be computed by calculating the reciprocal

of the square of Sgpis, which defines the unit cell of this tiling pattern and always contains one

droplet.
1
Ndrop = (15)
(Dsplat - Osplat)2
Substituting eq. (1.4) in eq. (1.5) gives the filling density in the no void condition.
1 2
Ndrop,nv = = (16)

2 2
(Dsplat - (1 - g) Dsplat) (Dsplat)

The splat diameter of a 13 pL droplet on a clean platinum surface was measured and is in
the order of 110 um. Using the default square filling strategy with the no void condition would
result in a filling density of only 165 droplets per mm?, which is four times less than the desired
value computed earlier. The expected final film thickness would be ~17 nm. Obviously, a much
larger overlap is required to deliver the adequate amount of ink. Alternatively, the ink can be

delivered in multiple passes of the printhead.
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In order to gain more flexibility over the amount of delivered ink, we decided to use the
rectangle filling strategy instead (Fig. 1.7b), which allows for independent control over the droplet
spacing along the x and y directions, Sy and S, respectively. In the rest of this section, we
will discuss patterning of PZT films in the form of 500 X 500 um? squares using this deposition
strategy.

The droplet deposition strategy is illustrated in Fig. 1.8. The template lines were printed using
a single nozzle of a 10 pL cartridge and with a droplet spacing of 75 um. In these conditions,
spreading over the substrate afforded 200 um-wide templating lines. Lines in the x direction
were printed via movement of the printhead, while those in the y direction were printed with
the printhead fixed and movement of the substrate. The PZT ink was then delivered into the
defined areas using a series of eight consecutive nozzles, with 10 droplets in the x direction and 8
droplets in the y direction. Two depositions of PZT ink were successively carried out,’ resulting
in a grand total of 10 x 8 x 2 = 160 droplets per 500 X 500 um? square. This corresponds to a
filling density of 640 droplets per mm?, which is in excellent agreement with the filling density

required to achieve ~70 nm-thick PZT layers per deposition step.

Printhead 1 (templating ink) Printhead 1 (templating ink) Printhead 2 (PZT ink)
A A A

2,4

1,3

X (a) (b) (c)

Fig. 1.8. Printing strategy for 500 x 500 um? PZT squares. Templating lines are successively printed in

the (a) x direction (printhead movement) and in the (b) y direction (substrate movement, fixed printhead)
using a single nozzle. (c) The template grid is then filled with PZT ink in two successive passes using

eight consecutive nozzles. The numbers represent the different printhead passes.

Layer stacking

The printing strategy described above was implemented in the deposition of an array of
500 x 500 um? squares. After printing, the films were dried at 200 °C for 3 min, pyrolyzed
at 350°C for 8 min and finally crystallized at 700 °C for 5min. This annealing procedure
was performed for every printed layer. Here, we show optical micrographs and profilometry

measurements for a single printed layer and a succession of two and three printed layers (Fig. 1.9).

“Delivering the same amount of ink in a single pass sometimes resulted in ink spilling over the template.
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Fig. 1.9. (a) Optical micrographs and (b) profilometry of inkjet-printed 500 x 500 um? PZT squares after
crystallization. Every layer was dried at 200 °C for 3 min, pyrolyzed at 350 °C for 8 min and crystallized
at 700 °C for 5 min.

As explained earlier, the template needs to be reprinted for every layer, as the thermal anneal-
ing steps eliminate the organic-based SAM. However, using secondary ion mass spectrometry
(SIMS), we evidenced the presence of sulfur at the edge of the printed PZT structures after
crystallization, as shown in Fig. 1.10. This sulfur can only originate from the thiol and it is
possible that diffusion of 1-dodecanethiol into the PZT ink occurs while both inks coexist at
the liquid state on the substrate after printing. This results in a small but detectable amount of
sulfur in the film after thermal processing, mostly concentrated in a ~15 pm-wide border at the

interface between the substrate and the printed PZT film.
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Fig. 1.10. SIMS analysis at the edge of a crystallized 500 x 500 um? PZT square: (a) optical micrograph
showing the analyzed region, (b) line scan along the arrow shown in (a) and (c) elemental mapping of
Ti, O and S in the 350 X 350 um? square shown in (a). The primary ions were Cs* accelerated at 5.5 keV

and positive secondary ions were detected.

Remarkably, our strategy allowed us to pattern PZT films successfully up to a thickness of
~180 nm (3 layers). Spacings between the PZT squares corresponding to where SAM template
lines were printed are well-defined, with absence of spilled PZT ink in these areas. The template
therefore accomplishes its role for several printed layers of PZT.

The thickness of the printed structures is relatively homogeneous, with absence of coffee ring
effect. A slight dimple is nonetheless found in the center of the two-layered and three-layered
structures, in accordance with the color differences observed in the optical micrographs/ A
nonlinearity in the evolution of thickness as function of number of layers is observed and can be
explained by a slight enlargement of the square at the second layer.

These findings are very encouraging and suggest that the inkjet templating strategy can still
be used as the thickness of PZT increases. Whether the process is robust enough to stack layers

until the target thickness of one micron will be discussed in the next paragraphs.

fColors arise from a thin-film interference phenomenon and are a good indicator to estimate film thickness up to
~200 nm.
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Micron-thick layers

In order to obtain a micron-thick films, the printing—annealing sequence needs to be per-
formed 15 times (15 X 70nm = 1050nm =~ 1 pm). The optical micrograph and profilometry
characterization are shown in Fig. 1.11. Once again, it appears that the printed template provides
an efficient ink-repelling action throughout the process. It is clear that the sample needs precise
re-positioning at every iteration of the cycle, which can be carried out thanks to the two-point
alignment feature of the printer. For this, the coordinates of only two points are required, which
can be easy-to-identify defects on the substrate or, more conveniently, pre-made alignment
crosses. The final structure reaches 1 um at its highest point. The 3D shape of the printed
structure can be described as a squared-base truncated pyramid, with the central flat part being
a 200 x 200 um? square.
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Fig. 1.11. (a) Optical micrograph and (b)-(d) profilometry of an inkjet-printed micron-thick
500 x 500 um? PZT square. The profile shown in (b) corresponds to the line represented in (a).

Based on 3D profilometry, the volume of the printed structure was found to be 1.7 X 10° um?>.
If the film were a perfect micron-thick cuboid, the expected volume would be 2.5 x 10° um?.
This large discrepancy could be explained by the error on the measurement of the droplet
volume, which is the quantity with the highest uncertainty. Indeed, droplet volume is evaluated
by measuring its diameter or radius. A spherical 10 pL droplet has a diameter of 13.4 um.
If the stroboscopic camera is not properly focused and given the small size of the droplets, a
~10 % error on the radius is not unlikely, as the droplet outline is automatically detected by the

software. Computing the relative uncertainty shows that a such an error on the measurement of
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the radius of the droplet translates into a ~30 % error on measurement of the volume, eq. (1.7).
This appears to be the case here and we can work out that the actual droplet volume is 9 pL,

which is actually much closer to the nominal value.

AV A
LU il (1.7)
Vv r
The patterned array of micron-thick PZT structures was crystallized in the perovskite phase,
as shown by the grazing incidence XRD pattern (Fig. 1.12a). However, inspection of the surface
by SEM (Fig. 1.12b) reveals the presence of significant inter-granular porosity, along with

surface pyrochlore in the form of small bright grains.

Intensity (a.u.)

20 25 30 35 40 45 50 55 60
26 (°)

Fig. 1.12. (a) Grazing incidence XRD pattern and (b) surface SEM of inkjet-printed micron-thick PZT

structures.

Finally, we performed the electrical characterization after deposition of 100 um-diameter
Cr/Au round top electrodes by evaporation. The polarization—electric field loop is shown
in Fig. 1.13a. The inkjet-printed film displays clear ferroelectric behavior, with remanent
polarizations P} = 19.4uCcm=2 and P, = —14.1uCcm™2. The coercive fields are Ef =
54kVem~! and EZ = —63kV em™!. The relative permittivity—electric field loop is represented
in Fig. 1.13b, where the relative permittivity at zero bias is ~ 870. The loss tangent is inferior
to 0.03. These values are close to the typical values reported for CSD-derived PZT films [98].
The loops are asymmetrical, which is due to the different nature of the electrodes, the bottom
electrode being platinum and the top electrode gold with a chromium adhesion layer. Indeed,
these metals have different work functions, resulting in different Schottky barriers heights at the
interfaces [99].

In this section, we described the different steps that led us to the development of a lithography-
free patterning process for 500 x 500 um? PZT squares on platinized silicon. The creation of a
SAM template on the surface prior to printing PZT was performed in a time- and cost-efficient
manner thanks to inkjet-printing itself. Although promising, we have not yet explored the limits
of this strategy in terms of spatial resolution. This point will be addressed in the next section,

where we will describe inkjet printing of PZT lines using a similar approach.
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Fig. 1.13. Electrical characterization of inkjet-printed micron-thick 500 x 500 um? PZT squares: (a)
polarization—electric field loop at 100 Hz and (b) relative permittiviy—electric field loop at 1 kHz (Vac =
100 mV).

1.3.3. Printing PZT lines

In order to achieve a higher resolution, we naturally decided to use 1 pL Dimatix cartridges
for both templating ink and PZT ink deposition. The test pattern will be a 50 um-wide and
I mm-long PZT line. To begin with, we will present a study of the behavior of the templating

lines when printed using a 1 pL cartridge.

Study of templating lines

Unlike conventional inks, the templating ink has a surface-modifying behavior. As seen in
Fig. 1.3a, dewetting of the residual ink occurs and can form a ring of liquid around the spot
where the droplet was deposited. As we will see, under different circumstances (droplet size or
surface conditions) the dewetting pattern can take other shapes, making it difficult to visualize
where the SAM is formed. Nonetheless, we can use another ink (e.g. the PZT ink) like a ‘contrast
agent’ to reveal the template.

We performed a series of experiments illustrated in Fig. 1.14a. Parallel templating lines
were printed along the x axis. While the vertical pitch was kept constant (215 um), droplet
spacing along the x direction (S,) was varied from 200 to 20 um. PZT ink was then deposited
between the templating lines, thus revealing their position. When S, = 200 um, the SAM splats
do not influence each other and have a diameter D = 80 um. We begin to see this influence
when S, = 100 um, as the droplets start touching each other, resulting in a slight increase of the
splat diameter. This trend carries on as the droplet spacing is reduced to 20 um, then the splat
diameter or template linewidth becomes 165 pm.

Interestingly, the residual templating ink is repelled towards the center, forming individual
droplets or continuous lines depending on droplet spacing. For the 20 um spacing, the residual
templating ink is even repelled into an irregular pattern. This is not an issue because the residual

templating ink is fully removed upon pyrolysis, as seen in Fig. 1.14a (pictures labelled with P).
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In addition to template linewidth, tuning droplet spacing also allows control over edge jaggedness
of the printed PZT structures. Jagged edges are clearly visible after pyrolysis for droplet spacings
down to 60 um. This effect is significantly less pronounced for S, = 40 um and non-existent for
Sy = 20 um. The latter parameter was adopted in the rest of this study.

In order to stress the importance and effectiveness of the printed template, we attempted to
print the test pattern (1 x 0.05 mm? rectangle) without and with the SAM template (Fig. 1.14b).
PZT ink droplets were deposited using a single nozzle, in two successive passes and droplet
spacing of 10um (equivalent to a droplet spacing of 5um). In the absence of a template,
outward spreading of the ink results in a ~300 um-wide oval-looking shape. On the other hand,

the presence of a template guarantees excellent confinement of the ink into the desired pattern.

(a) S, =200 um S, =100 pm S, =80 um
: p AP PR pp e—
OAG SSSS
— = —— ——————
- 100 ym
100 um
With SAM template
P
;\\;I'grrnplate
= — |

Platinum . 250um | __ 250 pm

Fig. 1.14. Behavior of the templating ink on platinized silicon for printing PZT lines: (a) influence of

droplet spacing on template linewidth and (b) ink-constraining capabilities of printed template lines. The
optical micrographs are always presented in pairs, where the left picture shows the films after printing

(AP) and the right one after pyrolysis (P).
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Structural characterization

We then proceeded with the fabrication of an array of lines, very similarly to what was
described before for the 500 x 500 um? squares: at every iteration of the process, the films were
dried at 200 °C for 3 min, pyrolyzed at 350 °C for 5min and crystallized at 700 °C for 5 min.
However, the main difference in the deposition was the use of a single nozzle for the delivery of
PZT ink into the template and the level of precision required to successfully carry out multilayer
deposition. Particular attention had to be paid to printhead metrology,® fine adjustments of
printhead offsets” and sample realignment at every deposition.

Optical micrographs of the printed structures are shown in Fig. 1.15a. Monitoring of the
visual appearance during ten printing—annealing cycles reveals a series of color changes as film
thickness increases. This is also accompanied by widening of the structure from 70 to 150 um
with the number of layers. Nevertheless, edges along the x direction remain straight and the
structures stay well-defined throughout the stacking process (no merging between two adjacent
lines). No cracking of the films was observed either. Widening of the structures indicates that
some degree of spreading of PZT ink over the template can occur, which is probably due to the
fact that the structures are especially narrow. Indeed, this was not observed for the 500 x 500 um?
structures, which conserved the original dimensions throughout the stacking process.

Upon closer examination of the width profiles (Fig. 1.15¢), it appears that film thickness
measured at the center increases linearly up to eight layers, after which it starts to taper off
(Fig. 1.15b). Also note the non-zero intercept of the plot, which is directly linked to the
widening of the structures. Importantly, the measured 3D profiles allowed an estimation of
the volume of the structures, whose evolution is strictly linear with the number of layers as
expected, since the same amount of ink is delivered for each additional printed layer. With the
help of eq. (1.1), it is also possible to work out an estimate of the droplet volume, which turns
out to be ~2pL in this case, i.e. double the nominal value. The 3D profile of the 10-layered
structure (Fig. 1.15d) shows that a slight coffee ring-like behavior is observed in the x-section,
as the edges are ~10 % thicker than the center of the structure. Nevertheless, the central area is
sufficiently flat, with a thickness of 440 nm. The y-section shows that a width of less than 50 um
at the summit of the structure is flat enough to be exploited for the deposition of top electrodes.

We therefore proceeded with the deposition of 20 um-wide platinum top electrodes.

$Printhead metrology is a systematic operation that has to be performed every time a cartridge is changed or
removed/reinserted. The body of the cartridge printhead being made of plastic, small offsets in droplet position
can be introduced due to mechanical tolerance. The metrology routine allows a precise realignment of the nozzle
plate with the coordinate system of the printer.

"Despite printhead metrology, offsets can also be introduced by the choice of a particular nozzle (droplet deviation
can only be observed along one dimension) or the horizontal component in the droplet trajectory due to the

printhead motion.
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Fig. 1.15. Morphology of inkjet-printed PZT lines: (a) optical micrographs throughout the layer stacking
process, (b) evolution of film thickness and volume with the number of deposited layers, (c) thickness
profiles measured across the y direction for four adjacent lines and (d) 3D profile of the 10-layered PZT

structure.

Successful crystallization into the desired perovskite phase is confirmed by grazing incidence
XRD (Fig. 1.16a). Observation of the surface by SEM (Fig. 1.16b) reveals hundred-nanometer-
sized perovskite grains along with the presence of small quantities of pyrochlore. This parasitic
phase is typically present at the surface and accounts for less than 1 % of the volume fraction,
hence its absence from the XRD pattern. Pinholes can also be found on the surface, which are
believed to be small and shallow enough not to cause short circuits between top and bottom

electrodes.
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Fig. 1.16. (a) Grazing incidence XRD pattern and (b) surface SEM of inkjet-printed PZT lines.

Electromechanical characterization

Sputtered platinum top electrodes (300 x 20 um?) were patterned by photolithography on
top of the 440 nm-thick PZT structures for electrical characterization. The polarization—electric
field loop shown in Fig. 1.17a exhibits ferroelectric switching with remanent polarization P, =
13 uCcm™2 and coercive field E. = 58kVcm™'. The relative permittivity—electric field loop
(Fig. 1.17b) also displays a typical ferroelectric behavior, with &, = 900 and tan 6 = 0.07 at zero
electric field bias. These values are in line with what is typically observed for CSD-derived
PZT films (Table 1.2) and constitute an improvement with respect to the state of the art of
inkjet-printed PZT, taking into account that our process did not involve any lithographic step for

patterning the films.

Reference Year  Process Substrate ApzT dpzT 2P, 2E. & tan &
(mm?) (nm) (Cem™2)  (kVem™)

Bathurst et al. [83] 2009 P Pt/Si 0.25 400 17 220 - -
Rho et al. [100] 2010 SC Au/Cr/polym. 0.04 360 40 60 1100 -
Pérez et al. [101] 2010 SC Pu/Si - 420 30 100 1000 0.05
Zuo et al. [102] 2012 PLD Pt foil 100 200 51 110 2650 -
Machida et al. [86] 2012 P Pt/Si 0.05 2000 20 46 1700 0.05
Ghoneimetal. [103] 2015 SC Pt/Si 0.01 280 25 110 1265 -
This work [94] 2019 upP Pu/Si 0.15 440 26 116 900 0.07

Table 1.2. Inkjet-printed PZT lines: comparison of the electrical properties with literature. The cited
references include inkjet-printed (IJP) and spin-coated (SC) layers, as well as PZT films obtained by
pulsed laser deposition (PLD).

Piezoelectric characterization was performed using double beam laser interferometry (DBLI).
This technique has precise geometry requirements for a quantitative assessment of the effective
longitudinal piezoelectric coefficient d33¢ of piezoelectric thin films on a substrate. In partic-
ular, the ratio between electrode size and substrate thickness needs to be close to unity [104,
105], which is impossible with the PZT line structures. Dedicated samples with large-area PZT

films and 700 um-diameter sputtered platinum top electrodes were therefore fabricated, using



Printing PZT structures on platinized silicon 47

a strategy that will be presented in the next chapter (please refer to page 55). The large-signal
displacement and small-signal d33 coefficient are shown in Figs. 1.17c and 1.17d, respectively.
The large-signal displacement characteristic is a typical butterfly-shaped loop. The d33 coeffi-
cient reaches a maximum value 50 pm V!, which is in good agreement with the one reported
by Pérez et al. for 420 nm-thick spin-coated PZT films [101].
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Fig. 1.17. Electrical characterization of 440 nm-thick inkjet-printed PZT lines: (a) P—E loop measured
at 100 Hz and (b) e—E loop measured at 1 kHz (Vac = 1V). DBLI characterization of inkjet-printed
400 nm-thick PZT films with 700 um-diameter top electrodes: (c) large-signal displacement at 100 Hz
and (d) small-signal d33 ¢ coefficient at 1 kHz.

Discussion and further developments

Thanks to photolithographic techniques, it is possible to achieve resolutions down to the
10-100nm range [106]. Inkjet printing can realistically achieve resolutions in the 10-100 um
range, due to technical limitations such as droplet size, deviations in the droplet trajectory,
accuracy of the printhead and ink-substrate interactions. In our strategy, we need to distinguish
the resolution in printing the template and the functional ink. As we have seen, the templating
ink displays strong wetting towards the substrate, with a splat size ranging between 80 and
165 um for ~2 pL droplets (which have an initial diameter of 16 um) as we go from single splats
to continuous lines without jaggedness. This sets the limits for the types of shapes than can be

printed with the functional ink via this process and the pitch between the printed patterns.
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The procedure is quite straightforward for printing rectangles and squares as the template
grid can be printed cleanly. Indeed, the intersections between the template lines form sharp
corners and the pitch between them can be tuned down to the desired PZT linewidth (realistically
~30um). However, it would be much more challenging to print concave polygons or intricate
shapes with sharp inward angles because of the large splat size of the templating ink. Along
the same lines, printing a PZT shape with curved edges would also be somewhat challenging
as the printer typically operates in a raster fashion along the x or y direction. Some degree of
jaggedness in the edges is therefore to be expected. Once again, this raises the importance of

carrying out printhead metrology and fine adjustments of the printhead offsets.

A workaround for the line pitch limitation was attempted, as shown in Fig. 1.18. After
printing an array of lines as described earlier and performing the drying and pyrolysis steps, the
same fabrication file was printed with a vertical offset y,gs¢ corresponding to half of the splat
diameters of the templating ink (Dtempiate) and PZT ink (Dpzr) inside the template (eq. (1.8)),

effectively printing the same pattern between the previously printed lines.

1 1
Yoffset = = (Dtemplate + DPZT) = ESy,template (1.8)

2
The vertical offset yoser also corresponds to half of the pitch between the template lines
Sy template as defined in the fabrication file. After this step, the rest of the process is carried out as
usual. Although promising, increasing the film thickness by deposition of successive layers was

found to be quite challenging due to the widening of PZT lines observed earlier (see Fig. 1.15b).
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pyrolyzed, (c) a vertical offset is introduced to print the same pattern between the pyrolyzed lines and
(d) a final drying—pyrolysis sequence is performed. The array is then ready to be crystallized. Optical

micrographs provide a proof of concept of this process.
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Another limitation of this process is related to the 3D morphology of the printed structures,
which typically display gentle slopes at the edges instead of the desired steep slopes. This in
turn limits the area of homogeneous thickness suitable for the deposition of top electrodes and
therefore the active area of the final piezoelectric device. Fine tuning of the solvent composition
could be envisaged to adjust the balance between the outward capillary and inward Marangoni
flows, thus achieving steeper slopes [71]. Two different ink compositions could also be used
conjointly and compensate their effects while stacking multiple layers.

Finally, although our inkjet-printed films exhibited an appreciable electrical and piezoelectric
response, improvement of the material quality is still possible to match state-of-the-art values.
Optimization of the annealing process is the first step to be considered, as the ink chemistry and
thermal profile are different from those of the spin coating solution. This topic will be discussed

in the next chapter.

1.4. Chapter summary

In this chapter, we addressed the challenge of printing PZT structures on platinized silicon
without assistance from lithographic processes. We saw that the high surface energy of platinum
at the origin of extreme ink spreading makes direct printing of sub-100 um patterns impossible.
However, thanks to an ink based on 1-dodecanethiol, we were able to print ink-repelling SAM
soft templates on the platinum surface. These templates were able to confine PZT ink into
well-defined areas, thus enabling patterning of PZT films on platinized silicon using exclusively
inkjet printing.

This printing strategy served as basis for the development of an iterative inkjet printing
process, where every iteration of the cycle increases the thickness of the printed PZT film. With
this process, we were able to print a micron-thick 500 x 500 um? PZT square. The SAM-based
template proved to be reliable for preventing ink spreading and could very conveniently be
integrated in the printing process, making it remarkably time-efficient.

Finally, in order to explore the capabilities of the process in terms of resolution, we attempted
to print PZT lines. Although a widening of the line occurred during the layer stacking process
due to the narrowness of the pattern, the final 1000 X 150 um? and 440 nm-thick PZT structures
exhibited typical electrical properties of CSD-derived films, with P, = 13uCcm™2, E. =
58kVem™!, & =900 and tan 5 = 0.07.






Chapter 2

Study of pyrolysis for high-quality
inkjet-printed PZT layers

2.1. Motivation

Chemical solution deposition of PZT thin films via spin coating can serve as the basis for the
development of the inkjet printing process. The chemistry of solutions and the processing steps
remain essentially very similar. However, spin coating solutions cannot be used as such in inkjet
printing, for several reasons. First, considerations from fluid dynamics state that the rheological
properties (surface tension and viscosity) need to be adjusted for successful droplet formation

at the printhead nozzles. This is described by the dimensionless parameter Z as defined by

eq. (2.1),

z = NP 2.1)

n
where a is the characteristic length (nozzle size) in m, v is surface tension in Nm™, p is density

in kg m™3 and 7 is viscosity in Pas. Z describes the balance between surface tension and viscous
forces in the liquid and it is accepted that its value should be 1 < Z < 10 for successful droplet
formation [55]. Standard PZT solutions for spin coating are usually based on 2-methoxyethanol
(2ME) as a solvent, which is characterized by a relatively low viscosity (yome = 1.71 mPas at
20°C [107]) resulting in high Z values. A convenient strategy is the modification of such a
solution with viscous co-solvents.

The choice of solvents also needs to ensure stability of the CSD precursor solution, which
contains highly water-sensitive alkoxide species. An ink that is unstable or consists of a too
volatile solvent can result in undesired nozzle clogging, which then requires frequent purging,
thereby consuming large amounts of ink and decreasing the printhead lifetime.

In this chapter, we study a PZT ink formulated from a standard solution used for spin
coating by addition of high-boiling-point co-solvents. After highlighting the physicochemical
differences between these solutions, we will study the influence of solution modification on the

processing steps that need to be carried out after deposition. We will show that pyrolysis is a
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critical step that directly impacts the quality of the final material. In particular, we will show
that inkjet-printed PZT films need to be processed in conditions that differ significantly from
the typical ranges of conditions employed in the case of spin-coated PZT thin films. The study
presented in this chapter was published in the Journal of Materials Chemistry C [108].

2.2. Ink formulation

The PZT ink formulation based on 2-methoxyethanol, glycerol and ethylene glycol was
already described in the previous chapter. Please refer to page 30 for a detailed description of

the preparation procedure.

2.3. Ink characterization

2.3.1. Physicochemical properties

Viscosity of the solutions was determined via the parallel plate method (50 mm-diameter
plate and 1 mm-gap between the plate and the bottom of the steel cup filled with 2mL of
solution) using an MCR 502 rheometer (Anton Paar, Austria). The flow curves are shown in
Fig. 2.1a.“ Surface tension was determined using the pendant drop method. Photographs of 4 uL.
droplets hanging from a 0.51 mm-diameter needle (treated with a hydrophobization kit) were
recorded with an OCA 25 goniometer (DataPhysics, Germany) and processed with the software
OpenDrop [97]. Density was determined by a simple gravimetric method: the mass of 10.0 mL
of solution was recorded and divided by its volume. The results are presented in Table 2.1 and
allowed to evaluate the Z parameter for a nozzle size of 21 um (10 pL nominal volume Fujifilm

Dimatix cartridges), using eq. (2.1).

PZT SC solution PZT ink 2-Methoxyethanol Glycerol Ethylene glycol

Concentration (mol L") 0.3 0.2 - - -
Surface tension (mN m™!) 32.5 34.2 30.84 63.4 47.3
Density (gcm™) 1.05 1.11 0.965 1.26 1.14
Viscosity (mPas) 2.0 8.1 1.71 1412 16.1
Z parameter 13.4 3.5 14.5 0.03 2.1

Table 2.1. Room-temperature physicochemical properties of the PZT spin coating (SC) solution, the
PZT ink and the pure constitutive solvents. The Z parameter was evaluated for a nozzle size of 21 um

and concentration is defined as Cz; + Crj in the solution.

“For the evaluation of Z, we used viscosity values for a shear rate y of 100 s71 as they were consistent with the
literature. Note that the actual shear rates experienced during printing are several orders of magnitude higher: for

a 10 ps-long pulse, 10 pL droplet and 10 um-radius, y ~ 10° s~! at the nozzle.
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Fig. 2.1. (a) Flow curves of the PZT spin coating solution and PZT ink. Viscosity as function of shear
rate is represented by the closed symbols (e), while shear stress as function of shear rate is represented
by the open symbols (o). Viscosity values reported in Table 2.1 are the ones obtained for a shear rate of
100s!. (b) Representation of the jettable range in terms of Weber and Reynolds numbers (adapted from

Derby [55]) and effect of solvent modification on the jettability of PZT CSD precursor solutions.

The addition of glycerol and ethylene glycol to the PZT spin coating solution effectively
decreased the Z-value from 13.4 to 3.5, thereby bringing it into the jettable range, as shown
in Fig. 2.1b. These Z-values were evaluated at room temperature, whereas the temperature
is typically higher during printing (Tprintheaa = 30°C). Although Z is expected to increase
with increasing temperature because of lower viscosity, its value is assumed to remain within
the jettable range. This can be demonstrated by the excellent jetting across a wide range of
frequencies, as illustrated in the stroboscopic image of Fig. 1.5d shown in the previous chapter
(page 33). Slight deviations in droplet velocity were observed at high jetting frequencies
(10kHz), therefore a frequency of 4 kHz was selected in the rest of the study, as a compromise

between printing time and jetting stability.

2.3.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) coupled with differential thermal analysis (DTA) of the
solutions was performed on an STA 409 PC thermal analyzer (Netzsch, Germany), with a heating
rate of 10°C min~! under air atmosphere. The results are presented in Fig. 2.2. For the PZT
spin coating solution, drying is characterized by a significant loss of mass and an endothermic
signal centered at ~140°C, which corresponds to the evaporation of 2-methoxyethanol. The
addition of high-boiling-point co-solvents shifts the drying step towards higher temperatures
in the case of the PZT ink. The initial loss of mass is associated with two endothermic
contributions centered at ~155 °C and ~275 °C, which can be ascribed to the evaporation of
2-methoxyethanol and ethylene glycol up to 200 °C and the evaporation of glycerol between 250
and 300 °C, respectively. Glycerol could also decompose at temperatures below 300 °C [109],

however the absence of a well-defined exothermic contribution in the DTA signal suggests that
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its elimination is mainly dominated by evaporation in this temperature range. The formation
of azeotropic mixtures could also account for the absence of three distinct evaporation events
associated with each of the solvents.

Above 300 °C, loss of mass is observed until 500 °C for both solutions. The DTA signal
shows a broad exothermic contribution which can be ascribed to pyrolysis and crystallization
events. A close-up of the normalized mass variation in the 250-500 °C range is shown in the
inset of Fig. 2.2. From this representation, it is evident that the proportion of residual organics
in the PZT ink is higher than the one in the spin coating solution at any point during the analysis.
It has to be noted that the heating rate used for this thermal analysis (10 °C min~") differs from
the actual heating rates employed in the process. Indeed, the latter are much higher due to the
use of hot plates for drying and pyrolysis (heating is virtually instantaneous) and rapid thermal
annealing (RTA, 50 °C min~!) for crystallization. The thermogravimetric analysis therefore does
not properly reflect the kinetics of the process. Nonetheless, it shows that the elimination of
organics form the PZT spin coating solution and from the PZT ink is substantially different. A

closer examination of the pyrolysis step is the topic of the following section.
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Fig. 2.2. Thermogravimetric analysis (TGA) coupled with differential thermal analysis (DTA) of PZT
spin coating solution and PZT ink. The inset of the TGA curve represents the normalized residual mass
(ANRM = (m — mgna1)/(100 — mgpa1), with m and mgp, expressed in %, where mgp,; is the mass at 500 °C)
in the 250-500 °C temperature range. The highlighted areas denote the temperature ranges used in the

deposition process.
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2.4. Study of pyrolysis as function of time and temperature

2.4.1. Fourier transform infra-red spectroscopy

As stressed earlier, the purpose of the pyrolysis step is the removal of organic residues
from the dried film. We will see later that the completion of pyrolysis is critical, as remaining
organics that are carried over to the crystallization step may induce porosity in the final layers.
A convenient way to assess the completion of pyrolysis is the analysis of pyrolyzed layers by

Fourier transform infra-red (FTIR) spectroscopy.

The FTIR spectrum of PZT ink and its pure constitutive solvents is shown in Fig. 2.3. The
typical absorption bands that can be readily identified are the ones corresponding to O—-H and
C—H stretching, at 3000-3600 cm™! and 2800-3000 cm™!, respectively. The strongest absorption
band in the fingerprint region (1000—1100 cm™") can be attributed to aliphatic alcohol and ether
moieties [110]. The FTIR spectrum of the PZT ink is naturally dominated by the absorption

bands of 2-methoxyethanol, which is the major constituent of the ink.
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Fig. 2.3. FTIR spectra of PZT ink and its constitutive solvents, measured in ATR mode.

FTIR spectroscopy was then performed on inkjet-printed layers in order to follow the chem-
ical transformations occurring in the films during the annealing process. The analyses were
carried out on single layers printed on platinized silicon (degassed at 350 °C for 5 min before
printing), resulting from a single pass of the printhead in the x-direction. Droplet spacing was
15 um along x and 254 um along y (spacing between consecutive nozzles). This deposition
strategy can be used to print 4 mm-wide stripes of PZT with good homogeneity (except at the
edges, where a coffee ring-like build up is usually observed). The droplet filling density is such
that a homogeneous liquid layer is formed after printing and the thickness of one single layer

after processing is < 20 nm.
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The temperatures of the printhead and the substrate were both set to 30 °C during printing.
The films were dried on a hot plate at 175 °C for 1 min. Pyrolysis of the films was then performed
on hot plates for two sets of parameters: pyrolysis time (fpyro = 0.5, 1, 3, 5 and 10 min) and
temperature (Tpyo = 350, 375, 400, 425, 450 and 475°C). Thirty pyrolyzed samples were
produced in these conditions. Finally, a pyrolyzed sample was crystallized at 700 °C for 5 min.

FTIR spectra acquired in grazing angle mode of dried, pyrolyzed (extreme conditions: 350 °C
for 0.5 min and 475 °C for 10 min) and crystallized films are shown in Fig. 2.4a. The chemical
signature of the PZT ink is mostly preserved after drying, as the main absorption bands can still be
identified. However, their intensity significantly decreases after pyrolysis. Upon magnification
(see the inset of Fig. 2.4b), two groups of absorption bands can be found in the fingerprint region
of the spectrum at 1100-1800 cm™! and 600-800 cm™'. These can be attributed to the remaining
organics (possibly oxidized species such as carbonates and carboxylates [110]) and to metal—
oxygen bonds [111], respectively. The FTIR spectrum of the crystallized film is characterized
by the disappearance of the absorption band associated to organics, while that attributed to
metal-oxygen bonds becomes sharper and more intense, indicating the transformation from

amorphous to crystalline state.
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Fig. 2.4. (a) FTIR spectra showing transformations of the PZT ink from liquid to crystallized state:
(1) FTIR spectrum of the PZT ink acquired in ATR mode and down-scaled for comparison with FTIR
spectra acquired in grazing angle mode, namely a single layer printed on platinized silicon and (2) dried
at 175 °C for 1 min, followed by (3) pyrolysis at 350 °C for 0.5 min or 475 °C for 10 min and finally after
(4) crystallization at 700 °C for 5 min. (b) The region of interest between 600 and 1800 cm™! in the FTIR
spectra of pyrolyzed films was used to draw the correlation between pyrolysis conditions (temperature

and time) and amount of residual organics.

The relative amount of residual organics was evaluated from the integrated intensity of the
two groups of absorption bands in the region of interest illustrated in the inset of Fig. 2.4b, using
eq. (2.2). While this method does not provide an absolute measure of the amount of organic

residue, it can very effectively highlight trends in the influence of pyrolysis conditions.

Aorga

Residual organics (a.u.) = ——————
& Aorga + AMO

(2.2)
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The results are illustrated in Fig. 2.4b, where the ratio expressed by eq. (2.2) is plotted as
a 3D surface, as function of pyrolysis time and temperature. This surface is comparable to a
landscape, where the elevated areas are associated with high residual organic content and the
bottom flat area represents low organic content, i.e. when pyrolysis tends towards completion.
From this representation, it is clear that this flat area is bound by the conditions Ty, > 400 °C
and #pyro > 3 min. Lower pyrolysis temperatures (350 and 375 °C) appear to be unsuitable for
the process as the amount of residual organics is noticeably higher, even when pyrolysis time is
extended to 10 min. This observation irrevocably sets the requirement for Tjyr, > 400 °C when
processing PZT films based on glycerol and ethylene glycol-modified solutions. A qualitative
assessment of pyrolysis kinetics can also be drawn from these results. Indeed, for temperatures
lower than 450 °C, complete elimination of organics requires at least 3 min, as a significant

amount of residual organics is still present after 0.5 and 1 min of pyrolysis.

2.4.2. Microstructural characterization

The previous investigation was carried out on pyrolyzed layers resulting from a single
deposition, which are very thin (< 20nm). In this next step of the study, we will focus on
200 nm-thick PZT films prepared by twelve successive printing—drying—pyrolysis cycles and
eventually crystallized at 700 °C for 5 min. In particular, we will show how the microstructure
of crystallized films is affected by pyrolysis temperature along the 3 min line represented in
Fig. 2.4b.

Scanning electron microscopy

Scanning electron microscopy (SEM) observations were performed on a FEI Helios NanoLab
650 microscope. Images of cross sections were obtained with an accelerating voltage of 5kV
(platinum in the substrate stack can evacuate charges), while top views were obtained at 2 kV
to avoid charging effects. Cross section micrographs of PZT films pyrolyzed at different
temperatures for 3 min and then crystallized at 700 °C for 5 min are shown in Fig. 2.5a. The PZT
films pyrolyzed at 350 and 375 °C are clearly porous, as opposed to the comparatively denser rest
of the series. SEM top views of the PZT films pyrolyzed at the extreme temperatures of the series
are shown in Fig. 2.5b and display a similar trend. Pyrolysis at 350 °C results in significant inter-
granular porosity, whereas pyrolysis at 475 °C affords dense films with columnar microstructure.
A small amount of pyrochlore phase in the form of ~10 nm-sized grains is visible on the surface
of these films, however it is not detected in XRD patterns, as seen later (Fig. 2.8).

These observations correlate well with the FTIR study, suggesting a strong influence of re-
sidual organics in pyrolyzed films on the development of porosity during crystallization. Indeed,
if the elimination of residual organics happens during crystallization, gaseous decomposition
products are released rapidly as a result of the high crystallization temperature (700 °C) and

fast heating rate (50°Cs™). This process is believed to hinder film densification, resulting
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in a porous granular microstructure. Comparison of cross sections films pyrolyzed at 350 °C
and subsequently crystallized at 700 °C (Fig. 2.6) confirms that large pores appear during crys-
tallization. The pyrolyzed films exhibit porosity, which consists of small pores and is evenly
distributed throughout the thickness of the layer. This homogeneous distribution of porosity can
be explained by the fact that the pyrolyzed layer consists of the twelve thin sublayers that each
undergo pyrolysis. In contrast, porosity in the crystallized layer consists of much larger pores

mainly located at the PZT/platinum interface.

Fig. 2.5. SEM micrographs of crystallized PZT films pyrolyzed at different temperatures for 3 min: (a)
cross sections of the complete series and (b) top views of the films pyrolyzed at 350 and 475 °C. The film
pyrolyzed at 350 °C clearly exhibits intergranular porosity.

After pyrolysis at 350 °C § (b) After crystallization at 700 °C

Fig. 2.6. SEM cross sections of an inkjet-printed PZT film (a) pyrolyzed at 350 °C for 3 min (12 layers)
and (b) subsequently crystallized at 700 °C.
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X-ray reflectivity

X-ray reflectivity (XRR) was used to evaluate the density of the printed layers in order to
assess the trend observed in the SEM cross sections presented in Fig. 2.5a. The critical angle of
total reflection 6. can be directly related to the density p of the PZT layer and is characterized by
an abrupt intensity drop in the plot of the logarithm of intensity as function of 26, as shown in
Fig. 2.7a (a close-up of the PZT edge is given in Fig. 2.7b). XRR patterns were recorded with a
PANalytical X’Pert Pro diffractometer with Cu-K,, radiation (0.154 nm wavelength). The beam
width was confined to 4 mm using a mask and the beam footprint was limited with a knife edge
collimator. Please refer to page 136 in Appendix D for further details on the technique.

Due to the irregular sample geometry (PZT stripes separated by a gap and presenting
thickness variations at the edges), absolute density values could not be reliably extracted.
However, we were able to track relative changes in density, as the series of samples was
measured in a similar way. The critical angle 6. was defined as the angle where a 50 % decrease
of the maximum recorded intensity found at 26 = 0.4-0.5° was observed. The density was
then calculated from 6. using atomic scattering factors given in: [112, 113]. The second edge
observed at 260 ~ 1.1° is due to the platinum under the inkjet-printed PZT stripes.

The extracted density values were normalized with respect to the values obtained for the three
lowest pyrolysis temperatures and expressed as a percentage variation (Apporm), representing the
improvement of density with pyrolysis temperature. This is illustrated in the inset of Fig. 2.7b,
from which we can conclude that density improves by about 9 % above a threshold temperature
between 400 and 425 °C.” Having determined the link between pyrolysis temperature and poros-
ity, we will now examine the influence of pyrolysis temperature on the crystalline orientation of

the inkjet-printed films.
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Fig. 2.7. X-ray reflectivity patterns of crystallized inkjet-printed PZT films pyrolyzed for 3 min at
temperatures ranging from 350 to 475°C: (a) full pattern and (b) close-up on the PZT edge. Inset:

evolution of normalized density with pyrolysis temperature.

bThe error bars shown in the plot were derived from: (1) the variation in 6, obtained from using 0.40, 0.45 or 0.50°

as initial intensity and (2) the finite step width of the XRR scan. An uncertainty of +3 % was estimated.
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X-ray diffraction

X-ray diffraction (XRD) patterns of crystallized PZT films recorded in 6-26 geometry are
presented in Fig. 2.8. All the XRD patterns indicate the presence of the desired perovskite phase.
Traces of the parasitic pyrochlore phase seen in SEM top views are absent from the XRD pattern
(typical signal found at 20 ~ 29°), meaning that this phase represents <1 % of the total volume.
Inkjet-printed PZT films pyrolyzed at 350 °C are randomly oriented, as the intensity ratios of
the {100} and {110} match those of a powder ({110} is the most intense peak). Interestingly,
a noticeable contribution of the {100} orientation is detected in the film pyrolyzed at 375 °C.

However, predominance of the {111} orientation is observed for Tpy,, > 400 °C.
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Fig. 2.8. X-ray diffraction patterns of crystallized inkjet-printed (IJP) PZT films pyrolyzed for 3 min
at temperatures ranging from 350 to 475 °C. The XRD pattern of a spin-coated (SC) film pyrolyzed at
350°C for 3 min is given for comparison. Peaks marked with an asterisk (x) are due to the substrate.
The Pt(111) reflection at 26 ~ 40° was masked for clarity. The red bars represent the intensities for a
Pb(Zrg 53Tip.47)03 powder [PDF 01-070-4264].

It is known that PZT films grown on platinized silicon without a seed layer tend to adopt the
texture of the underlying platinum electrode [38]. Studies have also associated the development
of {111} orientation with the appearance of a transient Pt,Pb intermetallic phase at the interface
between PZT and Pt [114]. This transient phase forms as Pb(II) is reduced to Pb(0) in the

reducing environment created by the presence of remaining organics. Pb(0) diffuses into the Pt
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electrode, forming a (111)-oriented Pt,Pb phase. Pb(0) is then reoxidized to Pb(II). Whether
the {111} orientation in PZT stems from Pt,Pb was questioned by Nittala et al. [39], who also
evidenced a strong correlation between texture and heating rate during crystallization.

As the inkjet-printed PZT films pyrolyzed at 350 °C in this study still contained a substantial
amount of residual organics, it is probable that the rapid evolution of gases during crystalliz-
ation disrupted substrate-templated growth of the crystalline phase. Therefore, crystallization
proceeded via homogeneous nucleation, resulting in a randomly oriented film. At 375 °C, this
effect is less pronounced, as some degree of {100} and {111} textures can be detected. Com-
parison with a spin-coated PZT film pyrolyzed at 350 °C (also shown in Fig. 2.8) shows that
in the absence of high-boiling-point co-solvents and seed layer, {111} texture is predominant,
even for pyrolysis at 350 °C, similarly to what is observed for inkjet-printed films pyrolyzed at
Tpyro = 400°C.

2.4.3. Electrical characterization

Sputtered platinum top electrodes (100 um-diameter) were patterned by lift-off photolitho-
graphy and reannealed at 400 °C for 10 min. The polarization—electric field (P—E) loops shown
in Fig. 2.9a were recorded using an aixACCT TF Analyzer 2000 at a frequency of 100 Hz up to
+500kV cm™'. All the samples of the series exhibit a measurable ferroelectric response in this
electric field window, including the porous ones (no significant leakage current contribution).
The porous PZT films pyrolyzed at 350 and 375 °C display the lowest remanent polarizations,
with 8.0 and 10.2 uC cm™2, respectively. From 400 to 475 °C, a relatively steady increase of
both the remanent polarization P, and maximum polarization Pp,x can be observed (inset of
Fig. 2.9a). The highest value of P, is observed for the film pyrolyzed at 475 °C (23.7 uC cm™2).
It should be noted that the measured coercive field is not significantly influenced by the pyrolysis
temperature, contrary to what could be expected due to the different levels of porosity. However,
the relationship between coercive field and porosity is nontrivial and can be strongly nonlinear
as both the distribution and level of porosity come into play [115, 116].

Relative permittivity—electric field (&.—E) loops are represented in Fig. 2.9b and were meas-
ured at 1 kHz with a small-signal amplitude of 100 mV in the same electric field range as the
P-E measurements. The butterfly-shaped loops are characteristic of the ferroelectric response.
The relative permittivity at zero bias (E = 0kV cm™!) increases with increasing pyrolysis tem-
perature until it reaches a plateau at Ty, = 400 °C, where &, ~ 1000 (see inset of Fig. 2.9b).
An increase of the dielectric losses at zero bias with increasing pyrolysis temperature is also
observed. This a typical behavior in ferroelectric thin films and can be ascribed to extrinsic
contributions. Interestingly, the loss tangent at high bias fields is higher for the films pyrolyzed
at 350 and 375 °C (see magnification in Fig. 2.9d). This could be explained by a higher leakage
current at high fields. Indeed, a similar trend is observed in the current—electric field loops

corresponding to the P—E loops of Fig. 2.9a and illustrated in Fig. 2.9¢c.
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Fig. 2.9. Electrical characterization of 200 nm-thick inkjet-printed PZT films pyrolyzed for 3 min at
temperatures ranging from 350 to 475 °C: (a) polarization—electric field loops at 100 Hz and (b) relative
permittivity—electric field loops at 1 kHz (Vac = 100mV). The (c) current—electric field loops (with close

up on current at high fields) and (d) close-up on loss tangent are associated with (a) and (b), respectively.

Reference Year Process d P E. & tan §
(um) (uCcm™?) (kVem™)

Fang et al. [117] 2006 Spin coating 1.64 14 30 - -
Bathurst et al. [83] 2009 Inkjet printing 0.4 8.5 110 - -
Morimoto etal. [118] 2010 Sputtering 2.8 30 50 166 -
Pérez et al. [98] 2010 Spin coating 0.42 15 50 1000 0.05
Rho et al. [100] 2010 Spin coating 0.36 20 30 1100 -
Machida et al. [86] 2012 Inkjet printing 2 10 17 1700 0.05
Zuo et al. [102] 2012 Pulsed laser depo. 0.2 25 55 2650 -
Borman et al. [119] 2017 Spin coating 1.5 32 38 1650 0.03
Godard et al. [94] 2019 Inkjet printing 0.44 13 58 900 0.07
This work [108] 2020 Inkjet printing 0.2 23 60 1000 0.04

Table 2.2. Comparison of the electrical properties of inkjet-printed PZT presented in this study with the

literature.
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As could be anticipated, the films pyrolyzed at Ty, > 400°C display the best electrical
properties, in good agreement with the observed improvement of the microstructure and devel-
opment of dense columnar grains. A comparison of the results obtained for the films pyrolyzed
at 475 °C with selected works from the literature can be found in Table 2.2. The electrical
properties of the films presented in this study are in line with state-of-the art CSD-derived films
and show a noticeable improvement compared to previous reports on inkjet-printed PZT films.

The electromechanical response of inkjet-printed films was assessed through the design and
testing of a functional device in the form of an energy harvester, which will be fully exposed in

the next chapter.

2.5. Chapter summary

In this second chapter, we examined the adaptation of conventional chemical solution depos-
ition processing in order to print PZT thin films. The addition of glycerol and ethylene glycol to
a standard 2-methoxyethanol-based PZT precursor solution resulted in a stable PZT precursor
ink that exhibited excellent jetting characteristics. As could be expected, the presence of the
two high-boiling-point co-solvents shifted the typical processing temperatures higher, which
was confirmed by comparing the thermogravimetric profile of the standard PZT solution and
the PZT ink.

Then, using a technique based on Fourier transform infra-red spectroscopy, we estimated the
amount of residual organics in printed PZT layers after the pyrolysis step, both as function of
pyrolysis time and temperature. This study revealed that pyrolysis at 400 °C for at least 3 min
was the minimal requirement to achieve what was determined to be the lowest amount of residual
organics in the pyrolyzed films. A correlation was also established with the microstructure and
texture of the printed PZT films after crystallization at 700 °C: films pyrolyzed at >400 °C for
3 min were dense and exhibited clear {111} preferential orientation. The observed trend in the
improvement of density was further confirmed by X-ray reflectivity measurements.

Finally, electrical characterization of the series of inkjet-printed PZT pyrolyzed at different
temperatures for 3 min showed that films pyrolyzed above 400 °C exhibited the best properties,
with P, = 23uCem™2, E. = 60kVem™!, & = 1000 and tan§ = 0.04 for the films pyrolyzed
at the highest temperature (475 °C), which are in line with properties of state-of-the-art CSD-
derived PZT films.

In conclusion, we showed that the pyrolysis step was crucial in the processing of PZT thin
films based on a CSD precursor solution modified with high-boiling-point solvents. Care-
ful control of this step enabled high-quality inkjet-printed PZT films with excellent electrical

properties.






Chapter 3
Application of inkjet-printed PZT films

As anticipated by the previous chapters, the final purpose of this work is the fabrication of
functional piezoelectric devices based on inkjet-printed PZT films. Such applications require
PZT films with thicknesses in the order of one micron. For technical reasons, we decided to
develop devices that could be fabricated in-house, with the available tools and techniques. This
chapter will cover the processing of devices based on the direct piezoelectric effect, in the form
of energy harvesters. The results presented here were published in our article in the Journal of
Materials Chemistry C [108]. Another illustrative example exploiting the converse piezoelectric

effect can be found in Appendix C (please refer to page 129).

3.1. Energy harvesting

Environments such as cities, industries, infrastructure or engine-powered machines generate
mechanical energy in the form of vibrations that eventually dissipate in the surroundings. An
energy harvester (EH) is a device capable of tapping this stray mechanical energy and converting
it into a usable form of energy (such as electricity) that can be stored and be subsequently used.
Among the different types of EHs, piezoelectric devices have the advantage of a relatively simple
architecture, as piezoelectric materials readily perform electromechanical conversion. Typical
applications of EHs include powering autonomous sensors situated in inaccessible locations
or embedded in structures, that collect and transmit data to a remote receiver via a wireless

protocol. The concept of energy harvesting is summarized in Fig. 3.1.

Piezoelectric
energy harvester

Autonomous sensor
Vibrations in the Rectification ! Data in (sensor)

Mechanical energy Electrical energy

snvironment Electromechanical Storage Data out (transmitter)
transduction
Energy harvesting principle Application example

Fig. 3.1. Summary of the energy harvesting concept.
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It is commonly accepted that EHs should operate at frequencies in the order of 100 Hz,
which are close to the frequencies of vibrations found in the environment [120]. The desired
power output usually cited by the literature is 100 uW, but there exist low-power devices with
a power consumption of only about 10 uW [121]. The simplest form of piezoelectric EH is
called a unimorph and consists of a beam clamped at one end and bearing a piezoelectric stack
(piezoelectric film and electrodes) on one side, as illustrated in Fig. 3.2a.

In this chapter, we will describe the different steps in the design, fabrication and characteriz-
ation of such a device. The substrate will be platinized silicon and a micron-thick active layer of
PZT will be printed on it. As a starting point, we will discuss the vibration of cantilever beams,

which will help us for the design of our device.

3.2. PZT-based energy harvesters

3.2.1. Euler-Bernoulli beam theory

The Euler-Bernoulli beam theory is one of the simplest models that can describe the physics

of vibrating beams [122]. According to this theory, the first resonant frequency f of a cantilever

1.875)% [ EI
r=t 2n) Vars G-

where E is the Young modulus in Pa, 7 is the moment of inertia about the neutral axis of the

beam is given by:

beam in m, A is the mass per unit length in kg m™! and L is the length of the cantilever beam in
m. For a cantilever beam with a rectangular cross section, the moment of inertia / is equal to

3
%. Equation (3.1) can therefore be rewritten as:

(1.875)% | Eh?
- 2
f 2n 12pL*° (3:2)

where b is the cantilever width in m, / is the cantilever thickness in m and p is the density in

kg m~3. Equation (3.2) needs to be modified when a proof mass M is attached at the end of the
cantilever. To derive this expression, let us first consider the case of a massless cantilever with
an effective mass m’ attached at its free end. This effective mass produces the same resonant
frequency as the cantilever without a proof mass (i.e. when the total mass is distributed linearly
along the beam). The resonant frequency f’ of this massless cantilever corresponds to that of a

simple harmonic oscillator and is given by:

, 1 k
f= g (3.3)
a7 \m
where k is the stiffness constant in N m~! of the cantilever beam. In the considered case, k = %
Equation (3.3) becomes:
, 1 3E]
f (3.4)

"o m'L3 "



PZT-based energy harvesters 67

Given that AL* = mL3, eq. (3.1) can be rewritten as such:

1.875)2 [ EI
f= ( 2n ! mL3’ (3-5)

where m is the mass of the cantilever beam in kg. Setting eq. (3.4) equal to eq. (3.5) lets us

derive an expression for the effective mass m’ as function of the mass of the beam m:

3
'=——m. 3.6
"8y (3.6
Finally, with the addition of a real proof mass M, eq. (3.3) needs to be rewritten as such:
1 k
= — , 3.7
Ju 2n N M +m’ 3-7)

where f) is the resonant frequency of the cantilever beam with a proof mass M attached at this
free end. Substituting eq. (3.6) in eq. (3.7) and expressing m as function of the geometrical and

physical features of the cantilever beam yields the following expression after simplification:

1 Ebh3
fu = o 3 3pbhL \ 3-8)
4L (M + (1.875)4)

We can verify that setting M = O returns eq. (3.2). In the case of the unimorph energy
harvester, we can assume that the influence of the piezoelectric stack (~1 pum-thick) on the
mechanical properties of the beam is negligible. The evolution of the resonant frequency fy

as function of beam length L and proof mass M for a 1 cm-wide, 0.7 mm-thick silicon beam

(E = 179 GPa and p = 2330 kg m~>) is represented in Fig. 3.2b.
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Fig. 3.2. (a) Scheme of a unimorph energy harvester and (b) resonant frequency of a 0.7 mm-thick

and 1 cm-wide silicon beam as function of beam length and proof mass at the end. The inset shows a

magnification of the shaded area.
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3.2.2. Design of the energy harvester

As can be seen in Fig. 3.2b, without a proof mass the beam would have to be 10 cm-long to
resonate at 100 Hz. The length can be conveniently decreased by adding a proof mass at the end
of the cantilever. In the case of a 3 g proof mass, beam length can be decreased down to 5 cm.
These considerations allow us to set the dimensions of the device: it will be a 5 x 1 cm? beam,
with one extra cm at the extremity for clamping. A 3 g proof mass will be attached at the other
end. The final dimensions of the device are therefore 6 X 1 cm?.

The final point to consider in the design is the active area, namely its dimensions and position
along the cantilever beam. As our printing process can reliably print 4 mm-wide stripes of PZT,
we decided to print two such stripes along the beam (each stripe is 20 X 4 mm?) and position
them close to the clamping position, which is where strain is the highest during vibration. The
top electrodes were chosen to be 18.692 X 2.675 mm? = 50 mm?, so that the total active area
of one sample is 1 cm?. A scheme of the device design is shown in Fig. 3.3a. The structure
therefore consists of two piezoelectric stacks connected in series via the common platinum
bottom electrode. A series connection rather than parallel was preferred in order to lower the

overall capacitance, which in turn enables a higher voltage output.

(a) (b) Platinized silicon
[ ] ®
c substrate
I g
g Sputtered Pt
L ] o top electrodes
[ ] <
) 1 \ \ Inkjet;printed
10 4'14@,,‘, : Clamping / PZT films
| _$2.675 area /
18692
i 20 i Proof mass
10 50 (0.02 € coin)

Fig. 3.3. Design of PZT-based energy harvester: n repetitions of the device can be printed on a single

substrate. All the dimensions in (a) are given in mm. The scheme in (b) represents the final device.

3.2.3. Fabrication of the energy harvester

PZT rectangles were printed on a platinized silicon substrate according to the design of
Fig. 3.3a and the procedure described earlier (page 55). Inkjet printing enables the fabrication
of a series of devices in a single printing operation. In order to print n repetitions of the device,
the dimensions of the substrate were chosen to be 6 X (n + 1) cm (see Fig. 3.3a). All 16 nozzles
of a 10 pL Dimatix cartridge were used and the printing strategy was set such that the droplet
spacing was 15 um in the x direction and 254 um in the y direction. Five cycles of 12 printing—
drying—pyrolysis sequences were performed to deposit 1 um of PZT. After the printing process,

sputtered platinum top electrodes were patterned by lift-off photolithography.
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After protection of the surface with S1813 resist (spin coating at 2000 rpm for 30s, then
baking at 115 °C for 10 min), the beams were separated by cutting the sample with a wire saw.
Removal of the protection resist was performed by soaking the samples in an acetone bath
for 10 min. The beams were then carefully rinsed with isopropanol and deionized water, and
finally dried on a hot plate. Reannealing of the devices was performed at 400 °C for 10 min.
Contacts on the top electrodes were established by attaching 125 um-diameter gold wires with
two-component conductive epoxy glue. A 0.02€ coin (M = 3.0 g) was attached at the end of
the beam using a hot-melt adhesive (Fig. 3.3b).

3.3. Characterization of PZT-based energy harvesters

3.3.1. Development of a test bench

In order to test the energy harvesting capabilities of our device, we needed to develop
a vibrating characterization platform. Such devices exist on the market, but we decided to
opt for a low-cost solution inspired by the following work: [123]. The test bench is based
on a modified subwoofer with a fixture to clamp the sample. Our setup uses a Pioneer TS-
SW2002D2 subwoofer on which a cylindrical PVC platform was fixed with epoxy glue. A
stainless steel circular base and supporting rods were also machined and assembled into a
frame for the subwoofer, as illustrated in Fig. 3.4. This subwoofer model is a dual voice coil
(2 X 2Q)) and responds in the 20-200 Hz range (which corresponds perfectly to the relevant
frequencies in energy harvesting). Its two coils were connected in series, resulting in a total
impedance of 4 Q. The subwoofer was driven by an Agilent 33210A function generator whose
sinusoidal output signal was amplified by a Pioneer GM-D8601 amplifier (powered by a 12V
power supply) and then fed into the subwoofer. The signal output of the energy harvester was
measured across a variable resistive load (resistance decade box 10'-107 Q) using a Tektronix
TDS2004C oscilloscope.

Function
generator
Agilent 33210A

HVAVAY

Resistive load

Decade box
(10'-107 Q)
Amplifier
Pioneer
GM-D8601 ;
Oscilloscope

Tektronix TDS2004C
Modified subwoofer

Pioneer TS-SW2002D2 /\/\/\/

Fig. 3.4. Test bench for the characterization of energy harvesters.
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3.3.2. Material characterization

In this study, we fabricated and characterized energy harvesters with both inkjet-printed and
spin-coated PZT layers. The devices had the same geometrical features. The inkjet-printed
EH was fabricated using the PZT ink formulation described in Chapter 1 (page 30). Pyrolysis
was performed at 425 °C for 3 min for each of the 60 individual layers constituting the micron-
thick layer. The reference sample for benchmarking was fabricated from a spin-coated PZT
film obtained via the standard process and a 2-methoxyethanol-based PZT solution, as will be

described in Chapter 4 (page 81).

Examination of the cross sections (Fig. 3.5a) by SEM reveals a certain degree of porosity,
but only in the upper part of the films, the first 200 nm being dense, as shown previously in
Fig. 2.5 (page 58). It therefore appears that beyond 200 nm, the elimination of residual organics
during pyrolysis is less efficient, resulting in porosity after crystallization. This observation is
further supported by the XRD pattern (Fig. 3.5¢). The inkjet-printed PZT film exhibits a strong
{111} textural component, which can be ascribed to the 200 nm-thick dense layer grown on
the substrate. As we know from a previous study, pyrolysis at 425 °C results in strong {111}
texture (Fig. 2.8, page 60). The rest of the micron-thick film contributes to a randomly textured
component that can be identified in the XRD pattern. The spin-coated reference PZT film is
dense (Fig. 3.5b) and exhibits {100} texture (Fig. 3.5d), promoted by the use of a PbTiO3 seed

layer.

Inkjet-printed Reference

o {200}

Intensity (a.u.)
Intensity (a.u.)

20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
26 (°) 26 (°)

Fig. 3.5. Comparison of inkjet-printed and spin-coated micron-thick PZT films for energy harvesters:
(a)—(b) SEM cross sections and (c)—(d) XRD patterns. The Pt(111) peak was omitted for clarity. Peaks

due to the substrate are marked with asterisks ().



Characterization of PZT-based energy harvesters 71

Polarization—electric field loops are presented in Fig. 3.6a. The loops in plain lines were
measured for 100 um-diameter platinum top electrodes. Inkjet-printed and spin-coated PZT films
exhibit similar remanent and maximum polarizations with 20 and 50 uC cm~2, respectively. The
inkjet-printed PZT film has a slightly higher coercive field (50kV cm™') than the spin-coated
one (40kVcem™). The P—E loop corresponding to the inkjet-printed film also appears more
slanted. While little change is observed for the spin-coated film when the same measurement
is performed with a 50 mm? top electrode (dashed lines), the inkjet-printed film clearly exhibits
lower polarization and higher coercive field. This could be ascribed to the larger amount of
defects that the large-area electrode encompasses in the case of the inkjet-printed film. However,
no short circuit nor excessive leakage was observed for the IJP device. Relative permittivity—
electric field loops shown in Fig. 3.6b reveal similar behavior for both films, with a relative

permittivity at zero bias of ~1200.
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Fig. 3.6. Electrical and piezoelectric characterization of inkjet-printed PZT thin films for energy har-
vesters. (a) Polarization—electric field loops for the films with (a) 100 um-diameter (plain lines) and
50 mm? (dashed lines) sputtered platinum top electrodes. (b) Relative permittivity—electric field loops
(100 um-diameter sputtered platinum top electrodes, Vac = 1V). (c) Measurement of the effective
transverse piezoelectric coefficient e3; r via the four-point bending method (with prepolarization) and (d)

dependence of e31 r with the applied electric field.
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The effective transverse piezoelectric coefficient (e3;f) was evaluated via the four-point
bending (4PB) method. Details on the method can be found in Appendix D (please refer to
page 139). From the measurements shown in Fig. 3.6¢c and eq. (D.7), we can extract values
of —6.2 and —-9.3Cm™2 for the inkjet-printed and spin-coated films, respectively. Note that
the measurements were carried out at zero electric bias, with prepolarization (25V for 15s)
before the measurement. The electric field-dependence of e3;y is illustrated in Fig. 3.6d. As
anticipated, the spin-coated film exhibits higher e3;s values than the inkjet-printed one. The
loops are not perfectly symmetrical and the highest values are recorded for a positive bias field,
with e3;y = —8.3 and —12.6 Cm™2 for the inkjet-printed and spin-coated films, respectively.
Nevertheless, at zero bias both films retain approximately 70 % of the maximum value of e3¢

reaches when the layers are poled with a positive bias field.

3.3.3. Testing the device

Before testing the device, both of its piezoelectric elements had to be poled under a DC
electric field. This was performed by heating of the sample at 150 °C and applying an electric
field equivalent to approximately three times the coercive field (200kV cm™') [124]. The two
elements were poled antiparallel to each other. The energy harvester was then mounted on the

test bench as shown in Fig. 3.4.

First, we determined the resonant frequency of the beams by monitoring the output voltage
of energy harvesters as function of frequency (Fig. 3.7a). The IJP and ref. EHs resonate at
102 and 99 Hz, respectively, in excellent agreement with the value predicted by the Euler-
Bernoulli model. Interestingly, a secondary parasitic resonance can be detected at f < fis and
is particularly visible for the ref. EH (f = 84 Hz). It could be attributed to the clamping of the
device or a contribution from the test bench. The mechanical quality factor Q = Jg—? (with Af the
full width at half maximum of the resonance peak) is 20 for both beams. This value (Q > %) is
characteristic of underdamped mechanical oscillators. The relatively narrow bandwidth (5 Hz)
indicates that the EHs need to be excited very close to their resonant frequencies for optimal

operation.

We then measured the output peak-to-peak (V,p) voltage at the resonant frequency under an
acceleration of 5.0 g (49 ms~2, measured at the clamping position using an accelerometer) as
a function of load resistance R. This acceleration value is quite significant, but still in the safe
range under the breaking point of the beam. The output power P was calculated using eq. (3.9),
where Vrwvs is the root mean square (RMS) voltage (Vrms = 2‘/—:}%). Fig. 3.7b shows the evolution
of P and Vgums with R for both devices.

VZ
P = RMS )
R (3.9)
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Fig. 3.7. (a) Resonance and (b) power versus load resistance curves for energy harvesters. In (b), power

is represented with closed symbols () and RMS voltage with open symbols (o).

The power versus resistance curves exhibit a maximum, which corresponds to the situation
where the impedance of the resistive load matches that of the capacitor represented by the
piezoelectric elements, i.e. Zpx = %eq, where Ceq is the equivalent series capacitance. Two
identical capacitors connected in series (as in the case of our energy harvesters) will have an
equivalent capacitance which is half of the capacitance C of a single capacitor, as shown by

eq. (3.10).

2

Knowing that the capacitance of a parallel plate capacitor is given by eq. (3.11), we can derive

-1
11 C
Coq = (E + E) == (3.10)

an expression for Zy,.x where d is the thickness of the PZT film, f is the frequency of the output
AC signal, ¢ is the relative permittivity of PZT and A is the surface area of a single piezoelectric
element. Equation (3.12) predicts the values of the optimal resistive loads, which are 5.9 and
5.7kQ for the IJP and ref. EHs, respectively. These values are verified experimentally, as shown
in Fig. 3.7b.

A
C= £08r (3.11)

d
Zhax = ———— 3.12
max ﬂfgogrA ( )

Output power peaks at 5.8 uW for the inkjet-printed EH, while the reference device with
spin-coated PZT exhibits a maximum power output of 13.6 uW.
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3.3.4. Discussion

A comparison of the relevant properties of both EHs is presented in Table 3.1. The difference
in output power (more than a factor of two) can be rationalized using the figure of merit (FOM),
as defined for a piezoelectric thin-film based beam [125]. With this definition, the FOM
corresponds to the piezoelectric coefficient squared divided by relative permittivity, eq. (3.13).
If we take into account the differences in resonant frequency and active volume of the EHs, we
can predict that the power output of the inkjet-printed EH should be 5.4 uW, which is in good

agreement with the power measured experimentally.

2

31
FOM o 23 (3.13)
&r
Device fres Zmax d €31,f Er FOM Preas Prodel
Hp) kQ () (Cm?) W) @W)
1JP 102 59 1.0 -6.2 1200 33 5.8 54
Ref. 99 5.7 0.9 -9.3 1150 8.3 13.6 -

Table 3.1. Comparison of energy harvesters based on inkjet-printed and reference spin-coated PZT
2
€3),¢ Jres d

&

layers. The FOM was calculated as to account for the differences in resonant frequency and

volume of active material. Ppodel for the IJP device was evaluated by taking the 13.6 uW value for the

spin-coated device as a reference.

The performance of our energy harvester based on inkjet-printed PZT is also compared to
other works in Table 3.2. Our device stands quite well compared to the literature if we consider
the volume of active material, which is 0.1 mm?>. Furthermore, our piezoelectric layers are fully
inkjet-printed, whereas the other contributions feature spin-coated [118] or sputtered PZT films
[12, 126]. This represents a significant advantage, as we estimate that growing 0.1 mm? of PZT
for a single energy harvester only requires ~14 puL of ink. Even if we take into account purging
and priming operations, the ink consumption per EH device still remains well below 1 mL for
the overall process.

Another advantage of inkjet printing is represented by the simplicity to print repetitions of
the device within the same process, in order to fill a wafer for example. Let us consider an
8-inch platinized silicon wafer. As shown in Fig. 3.8, such a substrate can be tiled with 40
devices, resulting in a surface area of 64 cm? covered with PZT films (20 % coverage of the
whole substrate). The amount of ink required to cover this surface by a 1 um-thick film is in
the order of 560 uL.. A 50 % or 100 % coverage of the substrate would require 1.36 mL and
2.72 mL of ink (approximately equal to the capacity of a Dimatix DMCLCP cartridge reservoir),

respectively.
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These figures can be put into perspective with the amount of PZT solution that would be
required to deposit a 1 pm-thick PZT film on an 8-inch wafer by spin coating. In a typical process,
100 mL of solution would be required in total, regardless of the desired substrate coverage. For
the fabrication of our EH devices, the spin coating process would require almost 180x more

precursor solution than the IJP process.

Reference Fangetal. [117] Morimoto et al. [118, 126] Yeoetal. [12] This work [108]
Year 2006 2010 2016 2019
Process Spin coating Sputtering Sputtering Inkjet printing
d (um) 1.64 2.8 3 (bimorph) 1
Texture - (001) (001) {111}

P; (uCcm™) 14 30 40 20

E. (kVcm™) 30 50 65 48

& - 166 210 1200

tan § - - 0.03 0.05
Power (UW) 2.2 53 149 5.8
Frequency (Hz) 609 126 6 102
Acceleration (m s™2) 10 5 1 50
Active volume (mm?) 0.78 0.26 1.2 0.1
Power density (uW mm™>) 7.6 21 124 58

Table 3.2. Comparison of inkjet-printed energy harvester characteristics with similar works from the

literature.

Fig. 3.8. Illustration of an 8-inch platinized silicon wafer covered with EH devices. With the proposed
tiling pattern, 40 devices fit on the wafer. 20 % of the total wafer surface is covered with inkjet-printed
PZT thin films.
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Several points related to both material quality and device design could be addressed to
improve its energy output. In addition, we saw that the generated output voltages are quite low
(amplitude of ~0.25V at maximum power). This represents a problem for the rectification of
the AC signal into DC for electronic applications, as typical p-n junction semiconductor diodes
have a forward threshold voltage of 0.6-0.7 V.

In terms of material quality, the printed layers still contain a significant amount of porosity,
as seen in the cross section of Fig. 3.5. Printed micron-thick PZT films also lack the preferable
{100} orientation for enhanced piezoelectric response. The next chapter provides possible hints
to address this issue (please refer to the discussion at page 93).

Another reason for the low output voltage lies in the fact that silicon is a particularly stiff
and fragile substrate. The strain induced in the piezoelectric active layer is therefore relatively
modest, as the acceleration needs to be kept below the breaking point of the cantilever beam.
The use of a more compliant material as substrate could be envisaged [12].

The high relative permittivity intrinsic to PZT (g, ~ 1000) also contributes to lower the
output voltage due to the high capacitance of the piezoelectric elements. A possible design
modification would be to connect more piezoelectric elements in series in order to lower the
equivalent capacitance. With platinized silicon as a substrate, this would require cutting the
platinum common bottom electrode in order to isolate electrically each piezoelectric element
and perform the connection in series.

Some of these considerations could also be addressed by the use of another piezoelectric
material, such as the polymer poly(vinylidene fluoride-co-trifluoroethylene) or P(VDF-TrFE).
Despite its weaker piezoelectric properties, P(VDF-TrFE) has a much lower relative permittivity
than PZT and can be easily integrated on a compliant substrate such as a polymer sheet. A
study on P(VDF-TrFE)-based energy harvesters can be found in Appendix B (please refer to
page 117).

3.4. Chapter summary

In this chapter, we presented an application of inkjet-printed PZT films. We described the
fabrication of simple energy harvesting devices consisting of micron-thick PZT films printed
on platinized silicon beams. The energy harvesters were tested using a home-made test bench.
Under 5.0 g acceleration, the device could output 5.8 uW of power across a 6 kQ resistive load
at its resonant frequency (102 Hz). This example shows that it is possible to fabricate functional
devices based on inkjet-printed piezoelectric layers and demonstrates the potential of inkjet

printing for low-cost fabrication of piezoelectric sensors or actuators.



Chapter 4

Development of safer solutions

4.1. Motivation

Safety is a critical aspect in industry, as well as in research. Chronic exposure to harmful
chemical substances can have long-term effects on a person’s health and should not be considered
lightly. Typical precursor solutions for PZT films pose a series of health hazards due to the

combined presence of lead and 2-methoxyethanol.

Lead is a neurotoxic and nephrotoxic metal that can bioaccumulate in case of prolonged
exposure. It can cause cognitive decline and a whole range of other symptoms. Its concentration
in homogeneous materials used in electronics is restricted to a maximum level of 1000 ppm
by the RoHS (restriction of hazardous substances) European directive EU 2015/863. This is a
strong incentive for the development of lead-free piezoelectrics. Although significant progress
has been made in this field in the past decades for specific applications [127, 128], PZT still
remains the battle horse of the piezoceramics industry owing to its excellent properties, low
manufacturing costs and ease of processing. Replacing lead by another element is therefore not

straightforward and is still an active research topic.

The solvent 2-methoxyethanol is a known carcinogenic and teratogenic substance. Exposure
issues can be mitigated quite efficiently at the laboratory scale by the use of protective equipment
and due to the small quantities involved. However, one can imagine that industrial-scale
processes require an additional level of safety measures. As described in the Background section,
2-methoxyethanol-free solutions for the processing of PZT thin films have been developed, but
they can be prone to aging and have therefore a limited shelf life [27]. The 2-methoxyethanol-
based route remains popular owing to its simplicity and reliability. The work presented in this
chapter was initially motivated by the replacement of 2-methoxyethanol by a safer solvent in our

process for the deposition of PZT thin films by spin coating.
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4.2. Role of the solvent

As we have discussed in the previous chapters, the solvent is an important element of the
solution as it is a carrier medium for the metal precursors of PZT. It needs to have the adequate
rheological properties depending on the deposition method. In addition, the solvent stabilizes
the metal precursors via ligand exchange.

The molecule of 2-methoxyethanol possesses two functional groups: a primary alcohol and
a methyl ether. Both oxygen atoms of the molecule can interact with a metallic center, conferring
it a chelating character. Chelation greatly stabilizes alkoxide precursors [27], which are very
sensitive to water and react readily with air moisture. This stabilizing effect makes it an ideal
solvent for PZT solutions, as zirconium and titanium are introduced in the form of alkoxides.
The stability of these precursors in solution is primordial for process reproducibility and allows

the preparation of solutions with a long shelf life.

Despite its multiple advantages for CSD, 2-methoxyethanol has adverse biological effects in
the body as a result of its metabolism (Fig. 4.1). One of the main metabolic pathways degrades
2-methoxyethanol into 2-methoxycitrate and interferes with the natural metabolite citrate [129,
130]. This is a key metabolite of the Krebs cycle, which occupies a central part in metabolism
and is connected to a series of other metabolic pathways involved in cell development. As can be
anticipated, this results in abnormal cell growth, which in turn translates into the carcinogenic

and teratogenic effects mentioned earlier.
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Fig. 4.1. Metabolism of 2-methoxyethanol. In the body, 2-methoxyethanol 1 undergoes two successive
oxidations of the primary alcohol moiety, yielding methoxyacetaldehyde 2 and methoxyacetic acid 3. A
thioesterification then takes place, where the methoxyacetyl moiety is grafted to the coenzyme A (CoA),
yielding methoxyacetyl-CoA 4. The subsequent reaction with oxaloacetate 5 releases the coenzyme A
and yields 2-methoxycitrate 6 as a final product, which interferes with metabolic pathways involving the

natural metabolite citrate 7.
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In the quest for an alternative solvent with low toxicity, our intuition was guided by both
(1) chemical (reactivity and functional groups) and (2) physical (surface tension, viscosity,
boiling point) considerations. The solvent should also be commercially available and ideally at a
reasonable cost. From a chemical point of view, the molecule should be an oxygenated bidentate
ligand. Diols such as ethylene glycol and propylene glycol could be suitable candidates (Fig. 4.2).
However, their viscosities and boiling points are relatively high compared to 2-methoxyethanol
(Table 4.1). If we choose to preserve the main scaffold of the molecule and both chemical
functions (alcohol and ether), we could also change the alkyl chain of the ether. However,
2-ethoxyethanol follows the same metabolic pathway as 2-methoxyethanol and therefore leads

to similar ill biological effects [131].

0 OH Jvo
HO™ >N HO™ > HO ~

2-Methoxyethanol Ethylene glycol 1-Methoxy-2-propanol

0 OH 0
HO™ NN Ho/ﬁ/ Ho/ﬁ/ ~

2-Ethoxyethanol Propylene glycol 2-Methoxy-1-propanol

Fig. 4.2. Structures of the solvents listed in Table 4.1. All these compounds contain a similar backbone

structure (alcohol, two-carbon chain, oxygen) and can act as bidentate ligands for metal cations.

Solvent Molar mass  Surface tension  Density  Viscosity Boiling pt. GHS
(gmol™") (mNm™) (gem™)  (mPas) (°0)
2-Methoxyethanol 76.09 30.84 0.965 1.72 124 ®OP
2-Ethoxyethanol 90.12 28.2 0.930 1.84 135 ®OH®
Ethylene glycol 62.07 47.99 1.113 16.1 197 SO
Propylene glycol 76.09 40.1 1.036 56.0 188 -
2-Methoxy-1-propanol  90.12 N/A 0.938 N/A 130 B®O®
1-Methoxy-2-propanol  90.12 27.7 0.916 1.7 118 ® O

Table 4.1. Room-temperature physicochemical properties of 2-methoxyethanol and potential candidates
for its replacement in PZT CSD processing. Global harmonized system (GHS) pictograms indicate the

hazards associated with each substance.

1-Methoxy-2-propanol appears to stand out from this simple screening and importantly, it
has very favorable toxicological properties when compared to 2-methoxyethanol. The metabolic
pathway shown in Fig. 4.3 reveals that the degradation products of 1-methoxy-2-propanol are
lactate and pyruvate [132]. These are natural metabolites involved in the energy-producing
metabolic pathways and are therefore of little concern if an individual is exposed to low doses.

1-Methoxy-2-propanol can therefore be considered as a relatively safe solvent.
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Fig. 4.3. Metabolism of 1-methoxy-2-propanol 8. After demethylation of the methyl ether moiety, the
resulting propylene glycol 9 is oxidized to lactaldehyde 10. Subsequent oxidations yield lactate 11 and

pyruvate 12, which are natural metabolites.

In this chapter, we will attempt to replace 2-methoxyethanol (2ME) by 1-methoxy-2-propanol
(1M2P) in the processing of PZT films. Our starting point will be standard deposition of PZT

thin films via spin coating.

4.3. Study of solvent influence

4.3.1. Preparation of 1-methoxy-2-propanol-based solutions

The preparation procedure for the PZT spin coating solution is identical to the one presented
in Chapter 1 (please refer to page 30), except that 2ME was replaced by 1M2P. Unfortunately,
anhydrous 1M2P was not commercially available at the time of the experiments. The use of
anhydrous solvents is advised for the preparation of PZT solutions, as traces of water can react
with titanium and zirconium alkoxides. We used 3 A zeolite molecular sieves for drying the
solvent. Molecular sieves are aluminosilicate beads that have the property of trapping water
molecules inside their porous structure, and are therefore ideal for drying organic solvents. After
thermal activation (300 °C for 24 h inside a furnace), the molecular sieves were transferred and
stored inside a glovebox. A 20% mass-to-volume ratio of activated molecular sieves was used

for drying 1M2P [133], which were simply placed in a bottle containing the solvent.

The solvent change did not affect much the preparation of the PZT spin coating solution as
all reagents were miscible with and soluble in 1M2P at these concentrations. In addition to the
PZT solution, a lead titanate (PT) solution was prepared. Lead titanate is commonly used as a
seed layer for growing PZT films by CSD as it favors the {100} orientation. The PT solution
was prepared according to a similar procedure as the PZT solution, as detailed in Fig. 4.4. The

differences between both solutions are summarized in Table 4.2.
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Fig. 4.4. Preparation procedure for PT solutions: freeze-dried lead(Il) acetate (Pb(OAc),) and ti-

tanium(IV) isopropoxide (Ti(OiPr)4) are used as metal precursors.

Solution PT PZT
Concentration (mol L") 0.1 0.3

Pb excess (%) 30 10

Zr:Ti ratio 0:100 53:47
Spinning 3000 rpm, 30s 3000 rpm, 30s
Drying 130°C,3min  130°C, 3 min
Pyrolysis 350°C, 3min 350°C, 3min
Crystallization 700°C, 1 min 700 °C, 5 min

Table 4.2. Summary of solution characteristics and deposition conditions for the fabrication of PT seed
layers and PZT films.

4.3.2. Deposition of PZT films by spin coating

The deposition process starts with the deposition of the PT seed layer on platinized silicon.
The substrates are 1.5 x 1.5 cm? squares obtained by manual cleavage of a 6-inch platinized
silicon wafer supplied by Sintef, Norway. Substrates are always degassed on a hot plate at
350 °C for 5 min before deposition. Solutions are deposited onto the substrate using 3 mL
syringes fitted with 0.2 um PTFE filters (13 mm diameter). The spin coating program has two
steps: (1) 50 rpm for 10 s, which ensures homogeneous spreading of the deposited solution and
(2) 3000 rpm for 30 s to spin the excess solution off the substrate and reach the final thickness.
A couple drops of solution (~0.1 mL) are enough to cover the substrate surface.

After spinning the PT solution, the film is dried at 130 °C for 3 min and pyrolyzed at 350 °C
for 3 min on hot plates, then crystallized in an RTA furnace at at 700 °C for 1 min (heating ramp
50°Cs~!, air atmosphere). This affords a thin seed layer of lead titanate, on top of which the
PZT film will be grown. Deposition of the PZT film proceeds via the same scheme, except
that the spinning—drying—pyrolysis sequence is performed several times (five times for 2ME-
based solutions) before the final crystallization at 700 °C for 5 min (heating ramp 50 °Cs™!, air
atmosphere). The resulting crystallized PZT film has a thickness of 200 nm. The PZT deposition

procedure is then iterated to obtain thicker films, as illustrated in Fig. 4.5.
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Repeat (m—1) times Repeat (n—1) times

Spinning Drying Pyrolysis Crystallization
3000 rpm, 30 s 130 °C, 3 min 350 °C, 3 min 700 °C, 5 min

Fig. 4.5. Spin coating of PZT thin films: workflow of the overall process. For the deposition of a
micron-thick film using a 0.3 M 2ME-based solution, m = 5 and n = 5.

4.3.3. Influence on film thickness

The thickness of a spin-coated film depends on the spinning rate. It is commonly accepted
that the thickness £ of the liquid film is proportional to iw, where w is the angular velocity.
However, the thickness of the film also depends on the rheological properties of the spinned
liquid. According to Emslie, Bonner and Peck’s model, % is a function of the intial thickness of

the liquid hy, its density p and viscosity 7. Its evolution with time 7 is given by eq. (4.1) [134].

h= o 4.1

4pw?
3n

1+

2
hol

For a given spinning rate and time, the resulting film will be thicker if the liquid is less
dense and/or more viscous. It is therefore expected that performing the process with 2ME and
IM2P-based solutions will yield films of different thicknesses. In order to provide meaningful
comparisons in this study, we decided to first evaluate the impact of the solvent on the thickness
of the final crystallized film for one series of depositions. The 1M2P process would then be

adapted to comply with the 2ME process.

When processed in the same conditions, the 1M2P-derived PZT film has a thickness of
260nm (Fig. 4.6b), which is approximately %x thicker than its 200 nm-thick 2ME-derived
counterpart (Fig. 4.6a). We therefore decided to deposit only four layers in the IM2P process,
which should result in a final thickness close to 200 nm. Performing this sequence five times
yields 950 nm-thick films (=1 pm), as shown in Figs. 4.6c and 4.6d. This initial study therefore
shows that 1M2P-based PZT solutions can afford dense films with columnar microstructure.
Implementing slight adaptations in the number of depositions enabled us to fabricate micron-

thick PZT films, allowing us to carry out a meaningful comparison of the two solvents.
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Fig. 4.6. SEM cross sections of PZT films deposited using (a),(c) 2ME and (b),(d) IM2P-based solutions.
The values of m and n correspond to the number of steps, according to the sequence represented in Fig. 4.5.
A simple adjustment of m allowed deposition of films of the same thickness with both 2ME and 1M2P-
based solutions. XRD patterns of micron-thick (¢) 2ME and (f) 1M2P-derived PZT films. The peak at
260 ~ 40° corresponds to Pt(111). Note that the intensities are expressed in absolute units (number of

counts) and the scale is identical for both XRD patterns.

4.3.4. Influence on film orientation

Since we used a PbTiO3 seed layer, we anticipate {100} preferential orientation of the
micron-thick PZT films. That is indeed the case, as seen in the XRD patterns of Figs. 4.6e
and 4.6f, performed in 6-20 geometry. However, there is a striking difference in the intensities
of the signals: the 1M2P-derived film appears to be exclusively {100}-oriented, whereas the
PZT obtained from the 2ME-based solutions has a noticeable contribution from the {110}
plane. This surprising observation raises the question of the origin of this strong orientation in
the 1IM2P-derived films.
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A possible explanation is that the strong orientation is induced by the PbTiO3 seed layer.
In order to confirm this hypothesis, we performed a ‘cross-check’ experiment, whose results
are summarized in Fig. 4.7. The experiment was performed as follows: PbTiO3 seed layers
were first grown on platinized silicon substrates, then 200 nm-thick films were grown on top,
with every solvent combination. As expected, fully 2ME and 1M2P-derived films exhibited the
same behavior as the micron-thick films. Interestingly, the 1M2P-derived PZT film grown on
the 2ME-derived PT seed layer exhibited the same type of orientation as the fully 2ME-derived
one. Likewise, 2ME-derived PZT crystallized on the 1M2P-derived seed layer exhibits strong
{100} orientation. These findings strongly suggest that the nature of the seed layer influences

the growth of the PZT film.
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Fig. 4.7. XRD patterns of 200 nm-thick PZT films as function of PT and PZT solution solvent. The peaks

marked with asterisks (x) are attributed to the substrate. The scale is identical for all XRD patterns.

We then naturally went on to investigate the structure of seed layers. The XRD patterns
shown in Fig. 4.8a reveal a clear difference between the seed layers: the 2ME-derived PT seed
layer exhibits modest (001)/(100) orientation, with noticeable (101)/(110) contributions. On the
other hand, strong (001)/(100) texture is detected in the 1M2P-derived seed layer. These two
reflections could even be very well resolved in the XRD pattern (Fig. 4.8b). The strong orientation
was also assessed by performing a rocking curve around the (100) reflection (Fig. 4.8c): the
curve corresponding to the IM2P-derived PbTiO3 seed layer exhibits a distinct peak with a full
width at half maximum of ~4°. This is not the case for the 2ME-derived sample, which only

displays a broad low-intensity peak under the same measurement conditions.
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Fig. 4.8. (a)-(c) XRD patterns and (d),(e) surface SEM micrographs of 2ME and 1M2P-derived seed
layers. In (a), the black bars represent the intensities for a PbTiO3 powder [PDF 00-006-0452]. The
Pt(111) reflection at 26 ~ 40° is masked for clarity and the parasitic peak at 44.7° could be attributed to
the diffractometer aluminium stage (Al1(200)). A close-up view of the 20-25° range is given in (b) and
the rocking curve around the (100) reflection (26 = 22.68°) is shown in (c).

This difference is further emphasized upon examination of the surface by SEM. When 2ME is
employed as solvent for the PT solution, the resulting seed layer consists of PbTiO3 nanoislands
distributed across the Pt surface. These nanoislands have complex curved shapes and only
partially cover the surface (Fig. 4.8d). However, the 1M2P-based PT solution affords PbTiO3
nanocrystals with well-defined facets (Fig. 4.8e). Based on these observations, it is reasonable
to assume that the strong orientation in the PZT layer stems from the quality of the orientation

of the seed layer.



86 Development of safer solutions

Coming back to the discussion of section 4.3.3, we could hypothesize that the solvent plays
a role in the amount of precursor material deposited on the surface and that is then available
for the growth of the PbTiOs3 crystalline phase. We have seen that 1M2P-based solutions afford
thicker films as compared to 2ME-based solutions under identical spinning conditions, due to

the nature of the solvent. If we assume that the thickness of the liquid film is proportional to Lw,
Ci

Vo
depending on the nature of the solvent. From the previous experiments with PZT films (where

we can postulate that for a given solvent i, the thickness d; is equal to ==, where c¢; is a constant

Cim2p

~ 5
~ 7.
COME 4

the solution concentration was 0.3 M), we know that % & %, which infers that

Based on this simple model, we can work out that spinning the 2ME-based PT solution at
1900 rpm should result in a liquid film having a similar thickness as the one obtained from the
IM2P-based PT solution spun at 3000 rpm. Conversely, spinning the 1M2P-based solution at
4700 rpm would result in a layer thickness similar to the one of the 2ME-based solution spun
at 3000 rpm. Therefore in both cases, a comparable amount of precursor material would be

available on the surface for crystallization of the seed layer.

The results are presented and compared in Fig. 4.9. It appears that the spinning rate has no
significant influence on the observed phenomenon at the selected spinning rates. The thicker
2ME-derived PT seed layer exhibits a similar microstructure as the one spun at 3000 rpm. There
only appears to be a higher amount of small-sized PbTiO3 nanoislands on the thicker sample,
possibly due to an increased number of nucleation sites. Likewise, the two 1M2P-derived seed
layers share similar features. The thinner sample exhibits a greater amount of well-defined single
nanocrystals (in the shape of truncated pyramids), whereas the thicker one mainly consists of

nanocrystal clusters.

With the influence of the amount of precursor material in the orientation effect ruled out, we
could reasonably invoke a role from the solution chemistry. As mentioned earlier, the solvent
interacts with the metal cations in solution via substitution reactions. The nature of the metal—
organic species in a PT solution is typically quite complex, with polynuclear heterometallic
complexes (or oligomers) [135]. Based on the structural difference between 2ME and 1M2P, it
can be hypothesized that the reactivity of these two solvents towards alkoxides is different, with
IM2P being less reactive than 2ME (due to the steric hindrance of the methyl moiety on the alpha
carbon relative to the alcohol). The structures of the metal oligomers obtained upon reaction
with the Pb and Ti precursors should therefore be different. This structure and distribution of
metal cations is expected to be preserved in the dried and amorphous pyrolyzed layers. This in

turn can affect the growth of the crystalline phase.

In a contribution from 2006, P. Muralt attributed the nucleation of the (100) orientation in
sputter-deposited PbTiO3 seed layers to a high PbO partial pressure in the system [136]. In the
case of our solution-based spin-coated seed layers, we can further hypothesize that the nature of
the metal species formed in solution upon reaction with 1-methoxy-2-propanol provides a lead-

rich environment during crystallization that favors the formation of (100)-oriented crystallites.
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Fig. 4.9. Influence of the spinning rate on the microstructure of PT seed layers: (a) evolution of the
thickness of the liquid film based on the Lw model, (b),(c) XRD patterns of the (001)/(100) reflection
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and (d),(e) surface SEM micrographs.
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Studying the structure of the solution precursors could help us understand the mechanism
of the observed phenomenon. Probing the lead environment by the means of liquid state 2’Pb
nuclear magnetic resonance (NMR) spectroscopy was attempted. However, our investigations
were not conclusive, probably due to the complexity of the lead-containing species and the
existence of exchange phenomena in solution, both of which cause signal broadening and
intensity decrease. The wide spectral window of 2°’Pb is an additional difficulty.

Nevertheless, we also discovered that the presence of acetylacetone (Hacac) in the solution
was required for the orientation effect to be observed, as illustrated in Fig. 4.10. Acetylacetone is
used as an additive as it has strong chelating properties, in particular with titanium alkoxides. Its
reaction with Ti(OiPr), is fast and yields a yellow-colored complex. It appears that the structure
of the metal species in solution is both mediated by the solvent and Hacac. We can therefore
conclude that the strong orientation in 1M2P-derived seed layers results from a synergistic effect
between 1M2P and Hacac.

2-Methoxyethanol 1-Methoxy-2-propanol

Acetylacetone

No acetylacetone

Fig. 4.10. Influence of the presence of acetylacetone on the microstructure of PT seed layers (surface
SEM). Note the presence of visible ferroelectric domains in the PbTiO3 seed layer prepared from a

1M2P-based solution without Hacac.

4.3.5. Influence on electrical and piezoelectric properties

After examination of the structural features of micron-thick PZT films deposited from 2ME
and 1M2P-based solutions, we went on to assess their respective performances in terms of
functional properties. We could expect that the strong {100} orientation in 1-methoxy-2-

propanol-derived films results in an enhanced piezoelectric response [38].
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Polarization—electric field loops are presented in Fig. 4.11a and were measured at 100 Hz for
100 pm-diameter sputtered platinum top electrodes. Under normal conditions (bipolar meas-
urement up to +500kV cm™!), the loops appear relatively similar, with P, ~ 18 uC cm™2 and
E. ~ 35kV cm~!. However, for some electrodes or when the field was initially increased up to
0.7-1 MV cm™!, we could measure a significantly higher response, with remanent polarization
reaching as high as 30 and 37 uCcm™ for 2ME and 1M2P-derived films, respectively. The
coercive field is close to 55kV cm™! for both samples. Remarkably, the P—E loop measured
for the 1M2P-derived films displays a square shape which reminds that of a single crystal. This
‘wake up’ effect could be attributed to interface defects that can occasionally be eliminated by
applying a high enough electric field. Further investigations would be required to verify this

hypothesis.

The relative permittivity—electric field loops measured at 1 kHz (Fig. 4.11b) do not appear
to be significantly affected by the nature of the solvent used for processing, with & ~ 1300 and
tano ~ 0.04.
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Fig. 4.11. Electrical and piezoelectric characterization of micron-thick 2ME and 1M2P-derived PZT
films. (a) Polarization—electric field loops measured at 100Hz. The loops measured as a result of
the observed ‘wake up’ effect are shown in dashed lines. (b) Relative permittivity—electric field loops
measured at 1kHz (Vac = 500mV). (c) Effective transverse piezoelectric coefficient as function of
electric field measured via the direct 4PB method (measurement at 10 Hz). (d) Displacement—electric

field characteristic used for the evaluation of e3 ¢ via the converse method (measurement at 20 Hz).
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To complete the electromechanical characterization, we measured the effective transverse
piezoelectric coeflicient e3; s by the direct and converse methods (see description in Appendix D,
page 139). The electric field-dependence of e31 s measured via the direct 4PB method is shown
in Fig. 4.11c. The IM2P-derived PZT film displays slightly higher e3;, reaching +13.8 C m~2,
However, the remanent values (at zero electric field) are similar for both layers, with ~7 C m2.
We then measured the large-signal displacement as function of the applied electric field (converse
method), as shown in Fig. 4.11d. We estimated the piezoelectric coefficient by applying eq. (D.8)
to the slope of the displacement curve (linear fittings in the —100-0kV cm™! and 0-100kV cm™!
ranges were performed to extract the slope). The values are compiled in Table 4.3 for comparison
with the ones obtained via the direct measurements. Despite some differences in the absolute
values, the piezoelectric coefficients measured via the two methods are in good agreement, with

a similar observed trend.

Direct measurement Converse measurement
o €31t o €31, ¢
2-Methoxyethanol -12.6 12.1 -13.9 11.3
1-Methoxy-2-propanol -13.8 13.8 -14.6 13.1

Table 4.3. Effective transverse piezoelectric coefficients of micron-thick 2ME and 1M2P-derived PZT
films. We report here the maximum ez s values extracted form direct and converse measurements, for

positive (e], ) and negative (e3, ;) electric bias. The values are expressed in C m~.

As the PZT films processed using 1M2P-based solutions exhibit stronger {100} orientation
than the 2ME-derived films, we could have expected to measure a higher remanent e3;s for
these layers. Since both PZT films were grown via a conventional CSD method where a
single solution with MPB composition was employed, chemical gradients should exist across
the layers, as explained in the Background section (page 17). A more pronounced chemical
gradient in the case of IM2P-derived films could account for these observations. To verify this
hypothesis, a depth profiling of the PZT films was performed by dynamic secondary ion mass
spectrometry (D-SIMS). The results of the analyses are presented in Fig. 4.12. Five oscillations
in the zirconium and titanium signals associated with the five deposition cycles (n = 5, see
Fig. 4.5) can be clearly distinguished. Interestingly, the chemical profiles of lead and oxygen in
the PZT films are correlated with zirconium signals and display a higher concentration at the

film surface. Nonetheless, similar trends in the chemical profiles are observed for both samples.

We can therefore conclude that the nature of the solvent does not have a significant influence
on the development of chemical gradients during crystallization. The ‘wake up’ effect observed
for polarization loops could perhaps be invoked here, as it could play a similar role in the
piezoelectric characterization. Again, the verification of this hypothesis would require further

investigations.
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Fig. 4.12. D-SIMS depth profiling of (a) 2ME and (b) 1M2P-derived micron-thick PZT films. The
primary ion beam consisted of Cs* ions accelerated at 1keV and positive secondary ions were detected
in a 60 um-diameter spot. The structure of the platinized silicon substrate is clearly represented for
sputtering times > 6.5h, with the succession of Pt, TiO,, SiO; and bulk Si. Note the presence of Pb in
the TiO, layer.

From this study, we can conclude that 1-methoxy-2-propanol is a suitable solvent for the
preparation of PZT solutions and the deposition of high-quality films via spin coating. These
layers exhibit electrical and piezoelectric properties which are comparable to the ones obtained
for 2-methoxyethanol-derived layers, with even a noticeable improvement that could be ascribed
to the strong {100} orientation induced by 1M2P-derived PbTiOj3 seed layers.
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4.4. Implementation of 1-methoxy-2-propanol in the inkjet

printing process

We have seen that 1-methoxy-2-propanol is a promising alternative to 2-methoxyethanol for
chemical solution deposition of PZT films via spin coating. In order to make a link with the
main topic of this work, we will now come back to inkjet printing and discuss how our process

can be improved thanks to 1IM2P.

4.4.1. Simplification of the printing process

A downside of our printing process is the number of individual steps that need to be performed
to deposit large-area micron-thick films. The original procedure described in Chapter 2 (page 55)
involves 60 individual printing—drying—pyrolysis sequences for printing a micron-thick film,
which represents 10h of work at the laboratory scale. In order to make this process more
time-efficient, we would need to increase the thickness per deposition step. Referring back to
eq. (1.1) in Chapter 1, this can be done in two ways: (1) by increasing the amount of deposited
ink or (2) by increasing the ink concentration. The first approach could lead to spreading and
inhomogeneity issues, whereas the second one appears more straightforward to test. In the
rest of this chapter, we will attempt to double the ink concentration, i.e. shifting from 0.2 to
0.4 M inks. This should decrease the number of individual deposition steps to 30, making it
comparable to conventional spin coating in terms of processing time.

As a starting point, we tested our original ink formulation (based on the 2-methoxyethanol,
glycerol and ethylene glycol solvent mixture in 65:25:10 ratio) at a concentration of 0.4 M. The
process was carried out as usual, with only six depositions done by inkjet printing. Drying
was carried out at 175 °C for 1 min and pyrolysis was performed at 475 °C for 3 min after each
deposition. The cross section of the film crystallized at 700 °C for 5 min (Fig. 4.13a) reveals
significant porosity across the whole ~200 nm-thick layer. This contrasts strongly with the study
presented in Chapter 2. As we have discussed in that chapter, the elimination of organic residues
due to the presence of high-boiling point solvents is a crucial factor for the growth of dense
films. The present study suggests that the original formulation is not suitable for this modified
process due to incomplete elimination of organic residues (even at 475 °C), which are assumed
to mainly come from glycerol (Fig. 4.13c). The six individual layers are probably too thick to
ensure efficient transport of the pyrolysis by-products out of the layer.

Likewise, porosity was also observed in the top part of micron-thick films printed according
to the original procedure with 0.2 M glycerol-based ink (the SEM cross section can be found in
Chapter 3, page 70), further suggesting that glycerol might be at the origin of porosity. Despite
its beneficial influence for the jetting and drying behavior, glycerol may not be the ideal solvent
for printing thick layers due to all the considerations described above. In the next test, we will

attempt to phase it out from the formulation, while replacing it with another viscous solvent.
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Fig. 4.13. SEM cross sections of inkjet-printed PZT film printed using (a) a 0.4 M glycerol-containing
ink formulation (6 deposition steps) and (b) the original 0.2 M glycerol-containing ink formulation. Both
films were pyrolyzed at 475 °C for 3 min. Porosity in (a) can be correlated with a significant amount of
residual organics in the film (c). The variation of normalized residual organics (ANRO) after pyrolysis
at 475 °C was obtained from the FTIR study of the films (see Chapter 2). The data were normalized with

respect to the point at 10 min and expressed as a percentage variation.

A promising formulation was prepared as follows. A 1 M PZT stock solution in 2-methoxy-
ethanol was initially prepared according to the protocol detailed at page 30. This solution was
then diluted down to 0.4 M with 1,3-propanediol. The addition of this viscous solvent resulted in
a stable ink, that exhibited no precipitation, even after several months of storage in a refrigerator.
This ink displayed good jetting characteristics too, and only slight adjustments of the waveform
illustrated in Fig. 1.5b (Vp = 5V and Vjax = 30 V) were required for optimal jetting with 10 pL
Fujifilm Dimatix cartridges at Tprinthead = 32 °C.

4.4.2. Highly oriented seed layers for {100}-textured inkjet-printed PZT

The new 0.4 M ink formulation was used to print 200 nm-thick films with only six deposition
cycles. After printing, each layer was dried at 175 °C for 1 min and pyrolyzed at 475 °C for
3min. In addition, the films were printed on PbTiO3 seed layers obtained via spin coating
of 2ME and 1M2P-based solutions, as described earlier. XRD patterns of the inkjet-printed
PZT films are presented in Fig. 4.14a. Without a seed layer, the films exhibit a {111} texture,
similarly to what was observed for the 0.2 M glycerol-containing formulation. The presence of
PbTiO3 induces {100} orientation as expected and the influence of the solvent is comparable to
the case of spin-coated films, with the strongest orientation associated with the 1M2P-derived
seed layer.

In all cases, the films exhibit a dense microstructure, as can be seen in the cross sections
shown in Figs. 4.14b to 4.14d. The inkjet-printed PZT film printed without a seed layer is
200 nm-thick, which is the expected thickness for this process. In contrast, the PZT films printed
on 2ME and 1M2P-derived seed layers have respective thicknesses of 230 and 245 nm.
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The thickness difference could be ascribed to the presence of the seed layer. The visual

appearance of the layers also suggested thickness variations across each respective sample. In
the following electrical characterization, we used these values for the thicknesses of the films

and performed the measurements using electrodes in the vicinity of the region where the cross

section cut was made.
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Fig. 4.14. (a) XRD patterns and (b)—(d) SEM cross sections of PZT films printed using the 0.4 M

glycerol-free ink formulation.

The polarization—electric field loops are shown in Fig. 4.15a. The unseeded {111 }-textured
PZT film displays a remanent polarization of 24 uC cm™ and a coercive field of 60kV cm™!,
which are in excellent agreement with the properties of the layer printed using the glycerol-based
ink formulation and pyrolyzed at 475 °C (please refer back to Fig. 2.9a, page 62). A decrease

of Pr, Pmax and E; is observed for the printed films grown on PbTiO3 seed layers and can be

attributed to the {100} texture [137].
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In the relative permittivity—electric field loops represented in Fig. 4.15b, we can observe that
the unseeded film has a relative permittivity of 950 at zero bias, while its seeded counterparts

reach a value close to 1100. The loss tangent remains at 0.04 for all the inkjet-printed PZT films.
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Fig. 4.15. Electrical characterization of PZT films printed using the glycerol-free ink formulation: (a)
polarization—electric field loops measured at 100 Hz and (b) relative permittivity—electric field loops

measured at 1 kHz.

We have therefore shown that it is possible to control the texture of PZT films printed using the
modified glycerol-free ink formulation. For pyrolysis performed at 475 °C, printing on pristine
platinized silicon results in {111} texture, while the use of a 1-methoxy-2-propanol-derived
PbTiO3 seed layer affords strong {100} texture.

4.4.3. Towards 2-methoxyethanol-free ink

The natural question that now comes to mind is whether 2ME can also be replaced by 1M2P
in PZT inks. When we tried to prepare a 1 M PZT stock solution in IM2P (as described in the
modified procedure for the preparation of 0.4 M ink), we encountered an issue: the solubility
of lead(Il) acetate in 1M2P is too low to obtain directly a solution at this concentration. Even
upon prolonged heating and vigorous stirring, a significant amount of undissolved lead precursor
remained in the flask. Nevertheless, it was possible to prepare a 1 M solution by first preparing
a dilute solution (~0.3 M) via the usual route and then concentrating it by distillation. The stock
solution could then be diluted to 0.4 M with 1,3-propanediol as described before.

PZT stripes were printed onto a fused silica substrate using this ink formulation. The
substrate was coated with a 24 nm-thick buffer layer of HfO, (deposited by ALD) and a 1M2P-
derived spin-coated PbTiO3 seed layer prior to printing. The XRD pattern shown in Fig. 4.16
indicates clear {100} texture of the printed layer. This final example demonstrates that it is
possible to use the safe solvent 1-methoxy-2-propanol as basis for the preparation of PZT inks

and that the printed layers exhibit the desired {100} orientation for piezoelectric applications.
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Fig. 4.16. XRD pattern of a PZT film printed on fused silica using a 1-methoxy-2-propanol-based ink

formulation.

4.5. Chapter summary

In this chapter, we addressed the issue of the toxicity of PZT solutions based on 2-methoxy-
ethanol. After a screening of potential candidates based on structure and physicochemical
properties, we selected 1-methoxy-2-propanol as a replacement. This experiment was successful
in the sense that we could obtain dense PZT films with excellent ferroelectric and piezoelectric
properties through the 1-methoxy-2-propanol route.

Furthermore, we found out that lead titanate seed layers derived from 1-methoxy-2-propanol-
based solutions had a strong (100)/(001) orientation, which in turn induced a strong {100}
orientation in PZT films grown on top of them. These PbTiO3 seed layers can also be used for
the {100} orientation in inkjet-printed PZT films. To conclude this study, we also showed that

1-methoxy-2-propanol could be used as basis of the preparation of PZT inks.



Summary and conclusions

In this work, we have studied different aspects related to inkjet printing and solution pro-
cessing of lead zirconate titanate thin films. This section provides a summary of the four chapters

of this thesis and presents the conclusions we can draw from the present work.

Chapter 1 was dedicated to the study of inkjet-printed PZT structures on platinized silicon.
PZT was prepared from a CSD solution suitable for spin coating by addition of viscous high-
boiling-point co-solvents. To overcome the issue of ink spreading due to the high surface energy
of the substrate, we developed a novel printing strategy based on inkjet-printed soft templates.
In our process, an ink-repelling self-assembled monolayer was selectively formed on the surface
by direct printing of an ink containing 1-dodecanethiol. State-of-the-art methods using a similar

strategy involved a lithographic step in order to pattern the template.

Several PZT structures were printed using this strategy, namely 1 pm-thick 500 x 500 um?
squares and 440 nm-thick 1000 x 150 um? rectangles. These thicknesses were achieved by
iteration of the printing process. Inkjet-printed templates were shown to provide an efficient
ink-repelling action, in addition to being fabricated in a time-efficient manner. In the case of the
printed squares, the initial dimensions were preserved throughout the stacking process, while a
gradual widening of the rectangles occurred with each additional deposited layer. Nevertheless,
the electrical properties of the inkjet-printed PZT films were in line with those of typical
CSD-derived layers with P, = 13uCcm™2, E. = 58kVem™, & = 900 and tan § = 0.07.

We conclude that it is possible to perform a direct patterning of metal oxide structures with
a feature size in the ~100 um range on platinized silicon without the assistance of a lithography-
based templating method or prior surface modification. Inkjet printing itself can be used for the

fabrication of a patterned ink-repelling soft template.

In Chapter 2, we studied the transformation of the ink formulation developed in the previous
chapter into a functional layer. The modification of the 2-methoxyethanol-based CSD solution
with viscous high-boiling-point co-solvents (glycerol and ethylene glycol) required adaptations
of the standard processing route in order to obtain dense layers. In particular, we examined the
pyrolysis step of the process, required for the elimination of the residual organic content before

crystallization at 700 °C.
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First, comparison of the thermogravimetric profiles of the CSD solution and the ink con-
firmed the expected shift of processing temperatures. We then used Fourier transform infra-red
spectroscopy to estimate the amount of residual organics in inkjet-printed pyrolyzed layers as
function of pyrolysis temperature and time. We showed that pyrolysis at 400 °C for at least 3 min
was a minimal requirement for effective elimination of organic residues. Indeed, the presence
of residual organics was associated with porosity and degradation of the electrical proper-
ties in the crystallized films. The implementation of optimal processing conditions afforded
dense {111}-textured 200 nm-thick PZT layers on platinized silicon, with P; = 23 uC cm™2,
E. = 60kVcm™!, & = 1000 and tan§ = 0.04. This represents a significant improvement with
respect to the previous chapter and the current state of the art.

It can be concluded that pyrolysis is the crucial step in the processing of inkjet-printed PZT
thin films. The introduction of glycerol, though beneficial for the jetting behavior, required
the use of higher temperatures than the ones used in conventional processing. A systematic
investigation of the completion of pyrolysis as function of temperature and time was shown to

be a valuable tool for obtaining dense and textured layers.

In Chapter 3, we examined a possible application of inkjet-printed PZT layers in silicon-
based unimorph energy harvesters. The devices were designed to have their resonant frequency
close to 100Hz. A power output of 5.8 uW was measured across a 6 kQ resistive load under
5.0 g acceleration. It is therefore possible to implement inkjet printing as a manufacturing step

in the fabrication of piezoelectric devices based on PZT thin films.

Finally, in Chapter 4 we proposed to use 1-methoxy-2-propanol as an alternative solvent to
2-methoxyethanol in order to mitigate the toxicity issues associated with PZT processing. The
solvent was selected based on its structure and physicochemical properties. We showed that
this safe solvent could be used to grow dense layers via the conventional spin coating process.
Interestingly, we identified an unexpected characteristic of 1-methoxy-2-propanol: its presence
in precursor solutions for the deposition of lead titanate seed layers was shown to induce a strong
(100)/(001) orientation in the latter. Although the underlying mechanism of this phenomenon
is still not fully understood, we showed that 1-methoxy-2-propanol-derived seed layers could be
used for the growth of strongly {100 }-textured PZT layers on platinized silicon, be it via spin
coating or inkjet printing.

Here, we conclude that 2-methoxyethanol can be replaced by 1-methoxy-2-propanol for the
processing of PZT thin films. In addition to its low toxicity, 1-methoxy-2-propanol has a bene-
ficial effect on the orientation of PZT films, thus representing a double advantage compared to

2-methoxyethanol.



Outlooks

The present work attempted to answer a series of questions about inkjet printing and CSD
processing of PZT thin films. Our investigations lead us to new questions and let us now

formulate several outlooks, which we will examine chapter by chapter.

From Chapter 1, we learnt that the lithography-free technique we developed to pattern
PZT films could be used for patterning 440 nm-thick 1000 x 150 um? rectangles. Nevertheless,
profilometry measurements of these structures revealed a relatively limited area of constant
thickness in the central part as a result of the gradual slopes. It would be interesting to improve
the profile of these structures in order to increase the usable surface area. A possible solution
would be to tune the solvent composition to induce a coffee-ring-like redistribution of solute at the
edges of the structures. In addition, limitations of the ink-constraining capabilities provided by
the thiol ink were demonstrated by the widening of the printed lines, which had a nominal width
of 50 um in the fabrication file but became 150 um-wide after ten depositions. A fluorinated
thiol could provide a more efficient templating action. However, the ink formulation might have

to be revised to dissolve this compound and preserve good jetting characteristics.

In Chapter 2, we saw that a PZT ink based on a solvent composition containing 25 % of
glycerol by volume required a pyrolysis temperature of at least 400 °C for 3 min for efficient
removal of organic residues from the layer and subsequent consolidation into a dense layer during
the crystallization step at 700 °C. These findings could naturally be implemented for processing
the patterned structures described in Chapter 1, thus combining lithography-free patterning of

PZT films on platinized silicon with optimized processing conditions.

As seen in Chapter 3, inkjet-printed PZT films on platinized silicon can be used for energy
harvesting. We discussed the reasons behind the modest voltage output of our devices, even
those based on {100}-textured spin-coated PZT films. Other applications of inkjet-printed PZT
films could therefore be explored and extended to substrates such as glass. An example is
provided in Appendix C (please refer to page 129), where transducers based on inkjet-printed
PZT films were used to induce a Lamb wave in a glass plate. After implementing the processing
conditions determined in Chapter 2, we observed that micron-thick inkjet-printed PZT films still

exhibit porosity and lack the preferred {100} orientation for enhanced piezoelectric response.
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Chapter 4 provided valuable insights on the influence that solvents could play in a CSD
formulation. We saw that the presence of glycerol was an obstacle to the growth of films in fewer
deposition steps, as its removal during pyrolysis was incomplete. The alternative formulation
based on 2-methoxyethanol and 1,3-propanediol showed promising results, as we were able to
print { 100 }-textured 200 nm-thick PZT films on platinized silicon in six deposition steps, when
a spin-coated PbTiO3 seed layer derived from a 1-methoxy-2-propanol-based solution was used.
Further developments of this ink formulation could be considered (including the replacement
of 2-methoxyethanol by 1-methoxy-2-propanol), in order to improve its reliability and behavior
on the substrate. This naturally poses the question of whether PbTiO3 seed layers could be
deposited by inkjet printing and used for the subsequent growth of {100 }-textured inkjet-printed
PZT layers.

Finally, it would be interesting to elucidate the mechanism by which 1-methoxy-2-propanol
induces strong (100) orientation in PbTiO3 seed layers. As discussed in the corresponding
section, the solvent can influence the local coordination environment around the metal centers,
resulting in a different structure of the precursors in solution and in the as-deposited layers as a
consequence. We attempted to probe lead in solution by the means of liquid state 2°’Pb NMR
spectroscopy, which was not conclusive. The same experiments could be attempted using solid
state NMR to analyze powders obtained after drying of the solutions. Alternatively, a technique
of choice to probe the local environment of lead would be EXAFS (extended X-ray absorption

fine structure) spectroscopy.

The present work could also inspire broader perspectives that would make use of the potential
of inkjet printing for the fabrication of low-cost piezoelectric stacks. The development of inkjet-
printed electrodes could be envisaged, thereby enabling fully printed piezoelectric transducers.
In Appendix A we present a study on inkjet-printed silver top electrodes. However, it could
be interesting to extend our printing expertise to transparent indium tin oxide (ITO) electrodes,
which are particularly relevant for applications on glass substrates.

We could also think about the improvement of technical aspects of the process that would
facilitate its industrialization. For example, automation of the printing process could be achieved
by performing the annealing steps inside the printer thanks to an integrated annealing system
(e.g. photonic annealing). The implementation of low-temperature processing strategies for
inkjet-printed ceramic layers could be an asset in this context, as it would also expand the
compatibility of our process to other substrates such as standard glass.

Ultimately, we could consider the integration of our lithography-free patterning process
in the microfabrication workflow of silicon-based piezoelectric devices such as MEMS. As an
example, an array of narrow inkjet-printed PZT structures such as the ones presented in Chapter 1
could be used to manufacture inkjet printheads. This would illustrate quite remarkably the role

inkjet printing technology can play in its own development.
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Alongside these technical outlooks, we can also think of other aspects more oriented towards
material science. Understanding drying phenomena in our layers could help us improve the
thickness homogeneity of our films. In turn, this would enable inkjet printing of homogeneous
layers at different length scales — from sub-100 um structures to the coverage of entire wafers.

Fine tuning of solution and ink chemistry could also be considered to further improve the
quality of our material. For example, similarly to what was achieved in spin-coated films, we
could use several inks with different stoichiometries to fabricate gradient-free PZT films. Our
study on highly oriented PbTiO3 seed layers could also inspire the development and study of
inkjet-printed epitaxial layers.

Finally, this work could also serve as basis for the development of printing processes for
other ferroic materials. Solution chemistry is specific to each CSD system and its adaptation
for inkjet printing is therefore not necessarily straightforward. The present work can provide
guidelines and insights for the formulation and processing of inks into high-quality materials.
In order to go one step beyond the issue we addressed in Chapter 4, we could envisage the

development of inkjet-printed lead-free piezoelectric thin films.
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Appendix A

Inkjet-printed silver top electrodes

A.1. Motivation

In the main part of this work, we presented and discussed inkjet printing of PZT thin films.
Piezoelectric transducers also consist of electrodes, which brings the question of whether it is
possible to print these components of the piezoelectric stack as well. The typical electrode
materials used in PZT-based piezoelectric stack are noble metals and conductive metal oxides
such as LaNiO3z, RuO,, SrRuO; or IrO, [138—-141]. Metal oxide electrodes were shown to
improve the fatigue characteristics of PZT thin films and enable the growth of epitaxial perovskite
layers. However, platinum remains a popular choice owing to its low-leakage characteristics.
Its deposition on piezoelectric films is usually performed via cost-intensive PVD methods and

therefore requires lithography for patterning.

Inkjet printing of metal layers can be done using nanoparticle-based inks. Colloidal sus-
pensions of nanoparticles are typically used, as they can be prepared in bulk quantities, remain
stable over time and afford layers with good electrical conductivity [51]. Although many metals
can be dispersed in a liquid medium as nanoparticles, silver is particularly interesting thanks to
its relative low cost and chemical stability towards oxidation. Silver inks have therefore become
standard for printing of conductive layers and are widely available from chemical suppliers.
Nanoparticle colloids usually contain stabilizing agents to prevent the aggregation of particles,
which is of crucial importance for inks as aggregates can precipitate out, clog the nozzles and
result in inhomogeneous layers. Appropriate annealing conditions need to be applied after

printing in order to eliminate the stabilizing agent and allow the growth of metal grains.

In this section, we will assess inkjet-printed silver as an electrode for CSD-derived PZT thin
films deposited by spin coating. After optimizing the printing strategy and annealing process
to obtain good-quality silver layers, the inkjet-printed silver electrodes will be compared with
sputtered platinum top electrodes patterned by lift-off photolithography. This work is published
in the Journal of Alloys and Compounds [142].
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A.2. Inkjet printing of silver ink

A.2.1. Substrate preparation

For this study, we selected as substrate {100}-textured polycrystalline PZT films deposited
on platinized silicon via spin coating. The PZT spin coating solution was prepared according
to the standard procedure described at page 30. In addition, a PbTiO3 seed layer was used to
promote the growth of the {100} orientation. The solution concentration, stoichiometries and
processing parameters can be found in Table 4.2 (page 81). The process was used to grow 170 nm

and 750 nm-thick PZT films, for electrical and piezoelectric characterization, respectively.

A.2.2. Printing strategy

SunTronic nanosilver EMD5730 ink was purchased from SunChemical. The ink was stored
in a refrigerator at 4 °C and was shaken for 1 min before introduction into a Fujifilm Dimatix
DMC-11610 cartridge (10 pL nominal volume) through a 5 um PTFE filter. The printhead and
substrate temperatures were set to 30 °C. The actuation pulse is shown in the inset of Fig. A.2. It
consists of a trapezoidal pulse with a rise and decay time of 2 us. The maximum voltage Viax is
maintained for 3 us at a value in the range 30-50 V. The jetting frequency was 500 Hz. A single
nozzle was used for printing an array of 10 X 10 circular electrodes with 200 um horizontal and
vertical pitch, each droplet of nanosilver ink forming a single electrode. The velocity of the
printhead vpy was 10cm s7L.

The delivery of the droplets onto the surface was performed in two ways. A 10 mm-long
priming line was always printed 20 mm away from the electrode array before printing the latter.
The distance between the end of the priming line and the first electrode of the array is referred

to as the priming distance diyim.

— In the first deposition method, a line of electrodes was printed in a single pass of the
printhead, meaning that consecutive electrodes were printed at intervals of 2 ms (except

for the first one in the line).

— In the second strategy, a priming line was printed for each electrode. Each electrode was
therefore printed at an interval of at least dv%“ = 200 ms after printing the priming line.
This interval will be referred to as jetting dwell time, as jetting was systematically paused
during the displacement of the printhead from the end of the priming line to the electrode

to be printed.

After printing, the electrodes were dried at 200 °C for 10 min and sintered between 250 and
350 °C for 30 min (the sintering temperature range recommended by the ink manufacturer is

150-250 °C). These annealing steps were performed on hot plates.
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As a starting point, we studied the influence of the maximum actuation voltage Via.x and
jetting dwell time on the size and morphology of the printed electrodes after annealing. As can
be seen in Fig. A.1, the top electrode diameter can be controlled from 75 to 93 + 1 um by varying
Vmax from 30 to 50 V. The 50V actuation pulse was selected for further investigations, as it
produced electrodes with a size similar to the reference sputtered platinum ones. In addition,

the selection of lower voltages sometimes lead to nozzle deactivation during printing.
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Fig. A.1. Diameter of inkjet-printed silver electrodes as function of the actuation pulse voltage Viax.
Optical micrographs of the sintered electrodes are shown below the data points. Inset: waveform of the

actuation pulse.

Interestingly, we found that jetting dwell time had a considerable effect of the morphology
of the electrodes after sintering. On the optical micrograph shown in Fig. A.2a, we observe that
without jetting dwell time, only the first electrode of each line has a consistent and homogeneous
appearance. All the other electrodes in the line are surrounded by a dark rim that consists
of sparsely distributed silver nanoparticles. This undesired effect was accentuated for each
consecutive electrode in the line. The introduction of jetting dwell time resolved this issue, as
shown in Fig. A.2b. With this printing strategy, all the electrodes in the array were homogeneous

and could be printed with excellent repeatability.

SEM observations of the two types of electrodes revealed a difference in the microstructure,
as electrodes printed without jetting dwell time were highly porous and did not cover the substrate
completely: in Fig. A.2a the underlying PZT film can be seen through the electrode. Coverage
was much improved after the implementation of jetting dwell time. A possible explanation is
that this time is required to allow the cartridge ink chamber to replenish itself and be reset to
its initial state, enabling droplet formation in a reproducible manner. Indeed, slight variations
in droplet volume or velocity could result in the observed effect. In the following studies, we

naturally used jetting dwell time in the printing of electrode arrays.
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(a) Without jetting dwell time (b) With jetting dwell time

Fig. A.2. Printing strategy for silver top electrodes: influence of jetting dwell time on morphology. In
(a), the electrodes in a row were printed in a single pass of the printhead (represented by an arrow on the
scheme), whereas in (b) every electrode was printed during its own printhead pass. Optical micrographs
and surface SEM pictures show the different structures at the center (C) and edge (E) of the printed

electrodes. The asterisks () represent the origin of the electrode array on the optical micrographs.
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A.2.3. Effect of sintering temperature

The microstructure of the inkjet-printed silver electrodes is significantly impacted by the
sintering temperature. Fig. A.3 illustrates the evolution of the microstructure as function of
temperature for dried inkjet-printed layers. After drying at 200 °C, the silver top electrode
is highly porous as it consists on silver nanoparticles with a size in the order of 100 nm.
Nanoparticle aggregates can also be distinguished on the surface (marked with an arrow in
Fig. A.3a). The onset of sintering is observed when annealing is performed at 250 °C for 30 min.
A gradual decrease of porosity is associated with the growth of silver grains as the sintering
temperature is increased to 300 and 350 °C. A small quantity of pinholes can still be found on
the surface after sintering at 350 °C. Examination of the cross section reveals a ~200 nm-thick

dense silver layer that provides good coverage of the underlying PZT film. The presence of silver

grains is responsible for the observed surface roughness.

Fig. A.3. Surface SEM micrographs of inkjet-printed silver electrodes dried at 200 °C as function of
sintering temperature: (a) no sintering (as dried), (b) 250 °C, (c) 300 °C and (d) 350 °C for 30 min. (e)
Cross-section SEM micrograph of the platinized silicon substrate/PZT thin film/silver top electrode stack.
The top electrode was sintered at 350 °C (sample tilted by 10°).
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A.3. Comparison with sputtered platinum

A.3.1. Ferroelectric properties

The ferroelectric stacks constituted by inkjet-printed silver top electrodes, 170 nm-thick
spin-coated PZT film and platinum bottom electrode were characterized to assess the measured
ferroelectric properties and compare them with a stack where sputtered platinum top electrodes
(100 um-diameter) were patterned by lift-off photolithography and reannealed at 400 °C for
10 min before characterization.

The electrical characterization was performed using an aixACCT TF Analyser 2000. As can
be seen in Fig. A.4a, the P—E loop measured at 100 Hz with silver top electrodes only dried at
200 °C reveals high coercive field (E. ~ 190kVem™). E. was found to be highly frequency
dependent, decreasing to 110kV cm™! at 1 Hz. PZT films with dried silver electrodes are also
characterized by a low relative permittivity (e, ~ 115) and high losses (tan 6 ~ 0.20). Only slight
improvement of the properties occurs when the layers are sintered at 250 °C for 30 min after the
drying step. However, sintering at 300 °C results in significant improvement of the measured
ferroelectric properties, with P- = =22.5uC cm™2, Pr =19.5uC cm~2, E; = -50kV cm™ !,
Ef = 60kV cm™!, & = 920 and tané = 0.08. The P-E loop is almost symmetrical, does
not exhibit significant frequency dependence in the 10—1000 Hz range and clearly evidences

ferroelectric switching of the PZT layer.
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Fig. A.4. Electrical properties of PZT films with inkjet-printed silver top electrodes as function of
sintering temperature and comparison with sputtered platinum top electrodes. (a) Polarization loops of
170 nm-thick PZT films measured at 100 Hz. Inset: evolution of relative permittivity and loss tangent at
1kHz (Vac = 100 mV). (b) Relative permittivity and loss tangent as function of electric field of 170 nm-
thick PZT films with inkjet-printed silver top electrodes sintered at 350 °C and sputtered platinum top
electrodes, both measured at 1 kHz (Vac = 100mV).
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Further increase of the sintering temperature to 350 °C yields a very similar result, which
can be compared with the reference sputtered platinum top electrodes. The shape of the P—E
loop and the measured values for P; and E, are similar, although in the case of the inkjet-printed
electrodes, the loop is slightly shifted towards positive fields. The ,—E loop measured with the
silver top electrode sintered at 350 °C displays &, = 940 and tan = 0.07 at zero bias, which
are comparable to the values obtained for the reference platinum top electrode (g, = 1080 and
tano = 0.04), as shown in Fig. A.4b. The loop is also slimmer and slightly shifted towards
positive fields.

However, significant leakage was observed in the case of inkjet-printed silver top electrodes,
with 0.29 uA cm™2 at 120kV cm™', i.e. two orders of magnitude higher than the current density
measured at the same field with the platinum top electrode (0.0026 uA cm™2). Nevertheless,
the ferroelectric stacks can withstand a poling electric field higher than the coercive field of
PZT (measurement of a P—E loop up to +500kV cm™!), which will enable the assessment of
piezoelectric properties.

The effect of sintering temperature on the measured ferroelectric properties can be ascribed
to the enhancement of the electrical conductivity of the printed silver electrodes as sintering
tends toward completion at temperatures > 300 °C. Indeed, the silver electrodes that were only
dried and sintered at 250 °C display a particle-like microstructure and a significant amount of
inter-particle porosity, which increases the electrical resistance of the electrode. The electrical
conductivity of electrodes sintered at temperatures > 300 °C should be strongly enhanced, as
could be expected from the observed dense and large-grained microstructures (Fig. A.3) [143].
As a result, the measured ferroelectric response of the PZT thin film is much improved and
becomes comparable to the reference platinum-based stack (Fig. A.4a).

However, higher dielectric losses, higher leakage current and lower breakdown field were
observed in the case of inkjet-printed silver electrodes. The PZT film being identical in both
cases, it is reasonable to assume that the difference with the sputtered platinum top electrodes
is related to the nature of the electrode/film interface. A possible explanation is that the work
function of silver (4.3eV) is smaller than the one of platinum (5.7 eV), resulting in a lower
Schottky barrier at the metal/PZT interface. However, a study by Pintilie et al. shows that
leakage current cannot be simply correlated with the electrode metal work function in (001)-
oriented epitaxial PZT films [140]. In addition, the authors showed that evaporated silver
electrodes exhibited lower leakage currents than sputtered platinum electrodes. Nevertheless, it
is known that the metal/PZT interface can be strongly processing dependent [ 144]. Furthermore,
the presence of pinholes in our inkjet-printed silver electrodes could also decrease the effective
electrode area, while giving rise to high local electric fields at the origin of dielectric breakdown
of the PZT film.
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A.3.2. Piezoelectric properties

The electromechanical response of a 750 nm-thick PZT film spin-coated on platinized silicon
was performed via the four-point bending (4PB) method, which enables the extraction of the
effective transverse piezoelectric coefficient e3;¢. The sample was designed according to the
specifications of Prume et al. [145], as described in Appendix D.10 (page 139). 10 X 2 mm?
silver top electrodes were printed on the PZT film with a droplet spacing of 70 um (equivalent
to 360 dpi). As in the previous case, reference samples were fabricated with a 100 nm-thick
sputtered platinum top electrode.

Fig. A.5 shows the charge measured on the electrodes of the sample subjected to a 10 Hz
mechanical bending excitation as function of the induced deformation or strain. A prepolariza-
tion pulse of 10V was applied during 1 s before the measurement. While the reference sample
with the Pt top electrode exhibited an e3;¢ value of 5.1 C m™2, the sample with the large-area
inkjet-printed silver top electrode still displayed an appreciable response in the same measure-
ment conditions, with 4.1 C m~2. The discrepancy could be partly ascribed to the slight porosity
of the printed silver electrode. It is noteworthy that the unfavorable leakage characteristics
of inkjet-printed electrodes did not prevent the poling of the sample and the measurement a
piezoelectric coefficient comparable to the sputtered platinum reference.
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Fig. A.5. Four-point bending characterization of PZT devices with inkjet-printed silver top electrode

sintered at 350 °C and sputtered platinum top electrode, measured at 10 Hz.
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A.4. Summary

In this study, we investigated inkjet printing of silver top electrodes on CSD-derived PZT
thin films deposited on platinized silicon via spin coating. Optimization of the printing and
processing parameters was necessary to obtain functional homogeneous top electrodes in a
reproducible manner. These conditions were related to the nature of the ink, which required the
introduction of a systematic jetting dwell time in the printing sequence for printing each single
electrode as well as the use of a sintering temperature of at least 300 °C.

Inkjet-printed silver top electrodes allowed the measurement of polarization—electric field
loops for 170 nm-thick PZT films. The obtained values for remanent polarization and coercive
field were comparable to the ones measured in the same conditions with sputtered platinum top
electrodes, with P, ~ 20 uC cm2 and E. ~ 55kVem™!'. We could also evaluate the effective
transverse piezoelectric coefficient e3;¢ of a sample with a 20 mm? silver top electrode printed
on a 750 nm-thick PZT film. The value of 4.1 Cm™2 was comparable to the reference sample
with a platinum top electrode.

Thanks to this inkjet printing process, the deposition of top electrodes can be performed in
a time-efficient manner, without lithography nor the vacuum conditions otherwise required by
PVD. It could therefore be a promising alternative to PVD, enabling low-cost characterization
of piezoelectric thin films and the fabrication of devices where the piezoelectric layer is not

exposed to high electric fields, such as energy harvesters.
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P(VDF-TrFE)-based energy harvesters
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B.2. Motivation

In Chapter 3, we discussed the fabrication and characterization of silicon-based piezoelectric
energy harvesters (EHs) using inkjet-printed PZT thin films as active layers. The energy output
of 5.8 uW was promising, as devices with an energy consumption in this range have already
been described [121]. However, the output voltage of the PZT-based device remained quite low
(below the threshold voltage of a diode). We identified the stiffness of the silicon substrate and
the high relative permittivity of PZT as main causes for the low output voltage.

The importance of these two parameters can be highlighted via the derivation of a simplified
one-dimensional model [120, 147]. A piezoelectric material subjected to a variation of longit-
udinal strain from O to S can store energy in the form of mechanical elastic energy. Assuming
that S is homogeneous all over the volume V of the material, the mechanical energy density Ep,

[T m™3] can be expressed by Hooke’s law:

1
Ey = 3 C s2, (B.1)
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where ¢y is the effective stiffness of the piezoelectric material in Pa. As the material is piezo-
electric, mechanical energy is coupled to electrical work W, (expressed here per unit volume)
via the square of effective electromechanical coupling factor k¢ in transverse mode (in-plane
deformation, out-of-plane generation of charges):

e e\
We:kszm:cf—(’SEm:2—8’52 (B.2)

where e3¢ is the effective transverse piezoelectric coefficient in Cm™2 and & is permittivity in
Fm™!. If the EH is driven by a sinusoidal mechanical excitation of frequency f [Hz], the output

power in W will be given by [147]:
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Note that this model is based on the assumption that S is imposed to the piezoelectric material

Pu f SV (B.3)

(which is the case when a thin piezoelectric layer is integrated on an elastic substrate). The
output power Py is therefore independent from the stiffness of the piezoelectric material. We
also assumed an ideal case where the strain distribution is homogeneous.

Nevertheless, it is obvious from eq. (B.3) that strain should be maximized, while the piezo-
electric material should have low permittivity in order to increase the output power. Both of these
conditions can be fulfilled by the use of polymers. A polymer sheet used as substrate can un-
dergo significant deformation and induce higher strain in the piezoelectric layer. Poly(vinylidene
fluoride) (PVDF) is a piezoelectric and ferroelectric polymer characterized by a relative permit-
tivity in the order of 10, which is two orders of magnitude lower than that of PZT films. Its
modest piezoelectric coefficient (~0.1C m~?) compared to the one of PZT (~10C m~2) can be
compensated by its low permittivity and the high strain that can be applied to it, thus making
it a solid competitor for PZT. The added value of PVDF lies in its low processing temperature
compared to PZT, which does not exceed 150 °C. This enables simple integration on flexible
substrates and implementation into wearable devices.

From eq. (B.3), we also see that power is proportional to the volume of piezoelectric material.
In the context of device integration, it is of interest to maximize the power output per unit area.
In other words, the footprint of the device should be minimized. Increasing the thickness of the
piezoelectric layers is a possibility, but it has a limit as the layers require poling by an external
electric field. As the coercive field of PVDF is rather high (0.5-1 MV cm™!), the very high
voltages are required for poling thick films could result in dielectric breakdown of the material.
This issue can be addressed by processing the piezoelectric polymer into multilayers, thereby
decreasing the poling voltage by a factor equal to the number of individual layers.

Several works have demonstrated the use of PVDF layers for energy harvesting applications.
In 1998, Kymissis et al. integrated PVDF layers in a shoe sole and were able to harvest 1.1 mW
at a 1 Hz walking pace, for an active area of 65 cm? [148]. A very recent contribution by Yuan
et al. reported a rugby ball-shaped device based on 3D-printed P(VDF-TrFE) multilayers that

could collect 11 mW for an active area of 1.89 cm? [149].
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B.3. Piezoelectric polymers

Poly(vinylidene fluoride) (PVDF) is a thermoplastic polymer obtained via the polymerization
of the monomer vinylidene fluoride (F,C=CH,). The polymer chain of PVDF therefore consists
of repeating —CF,—-CH;— units. As carbon—fluorine bonds are highly polarized due to the
electronegativity difference (yr — yc = 1.4), local dipoles exist along the polymer chain and
different interactions between these dipoles are possible depending on its conformation. In the
TGTG’ conformation (T = trans and G = gauche), the dipoles compensate each other resulting
in zero macroscopic polarization. This type of conformation is found in the non-piezoelectric
«a crystalline phase (Fig. B.1). On the other hand, in the all-trans conformation (777T), dipole
moments point in the same direction and add up as a result. This structure is the one present
in the piezoelectric 8 phase. Note that polar y and ¢ have also been identified, but are not as

abundant as the main phases we have just described [150].

(a) Non-piezoelectric a phase (b) Piezoelectric 8 phase

Fig. B.1. Conformations of PVDF and associated crystalline phases: (a) TGTG’ conformation (« phase)

and (b) TTTT conformation (5 phase). Dipole moments are indicated by the arrows (chemist convention).

It follows that the S phase needs to be present and stabilized to obtain a piezoelectric
response. This can be performed by mechanical orientation of the polymer chains (stretching of
the material) or by incorporating trifluoroethylene (TrFE) as a co-monomer. The typical blend
consists of 75 % vinylidene fluoride and 25 % trifluoroethylene. The resulting copolymer is

known as poly(vinylidene fluoride-co-trifluoroethylene) or P(VDF-TrFE).

B.4. Energy harvester fabrication

The P(VDF-TrFE) copolymer formulation used in this study consisted of 75 % vinylidene
fluoride and 25 % trifluoroethylene (supplied by Arkema, France). The P(VDF-TrFE) powder
was dissolved in cyclopentanone at a concentration of 15 wt%. The fabrication of the device is
entirely based on screen printing (EKRA X35 screen printing apparatus). P(VDF-TrFE) multilay-
ers were screen-printed on a 150 um-thick poly(ethylene naphthalate) (PEN) sheet, with inter-
calated screen-printed poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS)
electrodes (Clevios™ S V4, Heraeus, Germany). The structures of PEDOT:PSS and PEN are
shown in Fig. B.2.
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Fig. B.2. Structures of electrode and substrate polymers: poly(3,4-ethylenedioxythiophene) (PEDOT)
1, poly(styrene sulfonate) (PSS) 2 and poly(ethylene naphthalate) (PEN) 3. PEDOT:PSS is a mixture

between 1 and 2.

As illustrated in Fig. B.3a, the final multilayer stack consists of a succession of 0.8 um-thick
PEDOT:PSS electrodes intercalated between 2.5 um-thick P(VDF-TrFE) layers. Every second
electrode is electrically connected, resulting in stack of ten round-shaped 1.95 cm-diameter
capacitors connected in parallel, as explained in Fig. B.3b.

After the screen printing process, the multilayer was annealed in air at 150 °C for 30 min.
The SEM cross section presented in Fig. B.3c shows the succession of layers. As can be seen
in Fig. B.3d where three devices are illustrated, silver traces (dark lines) were also printed on
PEDOT:PSS to increase the conductivity and protect the contacts. A final 3 um-thick layer of

P(VDF-TrFE) was printed over the multilayer stack to act as a passivation layer.

(a)

P(VDF-TrFE)

(b)

Fig. B.3. Design of P(VDF-TrFE) multilayer energy harvesters: (a) scheme of the multilayer stack, (b)
representation of the parallel connection of the piezoelectric elements, (c) SEM cross section and (d)

photograph of the final devices.
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B.5. Material characterization

The XRD pattern of the P(VDF-TrFE) multilayer shown in Fig. B.4a exhibits clear evidence
of 8 phase (reflection at 26 = 20.1°). The intense signal at 26 = 26.8° can be ascribed to the
PEN substrate. The relative permittivity—electric field characteristic (Fig. B.4b) displays typical
ferroelectric behavior with a sudden change at the coercive fields, E; = —500kV cm™' and
E = 450kVcm~!. Relative permittivity has a value of 7.3 at zero bias and peaks at 9.3 at
the coercive fields, in accordance with typical values reported in the literature [151]. The loss
tangent follows similar dependency with the electric field, with 0.5 at the coercive fields and
0.13 at high fields.

The polarization—electric field loop shown in Fig. B.4c also exhibits a clear ferroelectric
signature. Note that the measurement was carried out at low frequency (0.2 Hz) due to the low
conductivity of the PEDOT:PSS electrodes and the slow switching dynamics of P(VDF-TrFE).
The values of the coercive fields are in agreement with the ones from the relative permittivity—
electric field loop. The remanent polarization is 8 uC cm™2. The P—E loops displays saturation

at high electric fields (pinched shape in upper right and lower left quadrants of the plot).
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Fig. B.4. Structural, electrical and piezoelectric characterization of P(VDF-TrFE) multilayers: (a) XRD
pattern, (b) relative permittivity—electric field loop at 100 Hz and Vac = 50 mV, (c) polarization—electric
field loop at 0.2 Hz and (d) deflection of the beam as function of applied voltage used to evaluate the
piezoelectric coefficient.
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In order to evaluate the effective transverse piezoelectric coefficient ez, we measured the
deflection of the multilayer P(VDF-TrFE) device under an applied voltage (actuator mode), as
illustrated in Fig. B.4d. The value of €31 was extracted form the displacement d versus voltage
V plot thanks to eq. (B.4), adapted from Defay [6],

YPEN fppx d

32V (B.4)

e31f =

where YppNn and tppn are the Young modulus and the thickness of the PEN substrate, i.e. 5 GPa
and 150 um, respectively. L is the distance between the clamping line and the spot of the
interferometer (11.5 mm). Note that the influence of the 30 um-thick P(VDF-TrFE) multilayer
was neglected in this simplified model (the Young modulus of P(VDF-TrFE) is at least three

times smaller than the one of PEN). The extracted piezoelectric coefficient e3¢ is 0.038 C m~2.

B.6. Energy harvester characterization

B.6.1. Experimental setup

The test bench presented in Chapter 3 (page 69) was used for the characterization of the
P(VDEF-TrFE)-based EHs. The tested cantilevers were cut out from the PEN sheets with scissors
and made stiffer by doubling the thickness of the substrate, i.e. a layer of substrate was glued to
the one bearing the active layers using adhesive tape. Two metal nuts (1.3 g each) were used as
a proof mass and were attached at the end of the cantilevers to decrease the resonant frequency
and increase the amount of harvested energy.

Electrical contacts were established by gluing metallic wires onto the silver traces of the
samples using a two-component conductive epoxy adhesive (MG Chemicals 8331). Poling of
the multilayer stack was performed by applying a unipolar sine voltage with an amplitude of
300V at 1 Hz and room temperature. Samples were then mounted on the test bench and were
clamped along the active part diameter perpendicular to the length of the cantilever. This was
done to maximize the strain in the piezoelectric multilayer. The EH characterization setup is
illustrated in Fig. B.5a.

B.6.2. Harvested power

The output voltage of the EH was monitored as function of frequency in the 15-80 Hz
range (Fig. B.5b). Resonance of the cantilever occurs at 33.5 Hz and the cantilever beam has
a mechanical quality factor of ﬁ—;‘ = 4.5, (fres is the resonant frequency and A f the full width
at half maximum). We then followed the output peak-to-peak voltage V,;, as function of load
resistance R at the resonant frequency, as shown in Fig. B.5c.

The output power P was evaluated as P = ‘g‘;. It reaches a maximum value of 0.97 mW for

a load resistance of 60k€2, which corresponds to the capacitance impedance of the multilayer
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at 33.5Hz (Z¢c = i, with C = 90nF). In these conditions, the peak-to-peak voltage V,, and
current I, are 21.6 V and 0.36 mA, respectively. In open circuit conditions (R — o0), V;,, reaches
as high as 34 V. These voltages are significantly higher than the ones measured for PZT-based
EHs in Chapter 3 thanks to the lower permittivity of the piezoelectric and the much higher strain
applied to the piezoelectric layer. Such output voltage values represent a double advantage: they
are high enough for rectification and low enough for a voltage regulator to handle. Indeed, the
voltage regulator (LTC3588-1, Linear Technology) used later in the study discards parts of the
rectified waveform with an amplitude above 20 V. This point further highlights the importance
of multilayers for this EH device. A single 30 um-thick piezoelectric layer would yield output

voltages over 100V, thus reducing the overall efficiency of the EH—voltage regulator system.
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Fig. B.5. Characterization of P(VDF-TrFE)-based energy harvester: (a) vibrating test bench used for the

characterization, (b) resonance curve and (c) power versus load resistance curve.
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B.6.3. Discussion
Comparison with model

The harvested energy can be compared with the predictions of the model presented earlier
(eq. (B.3)). Strain S in the P(VDF-TrFE) layers can be evaluated using eq. (B.5):

3d (L — x) tpEN

§(x) = VE

) (B.5)

where x is the coordinate along the beam, d is the deflection of the beam measured via interfer-
ometry and L is the total length of the beam. In our experiment, L = 22 mm, tpgny = 310 um
(thickness doubled) and d measured at the tip of the cantilever was 20 mm. Taking into account
the length of the electrode with respect to the total length of the cantilever and the fact that 80 %
of the multilayer area was used, we can estimate an average S value of 1.44 %.

The acceleration was evaluated by vibrometry, which enables the direct measurement of
velocity. Since the mechanical excitation is sinusoidal and velocity v can be expressed as

v (t) = vgsin(wt), acceleration a is simply a (t) = dfi(lt) = vowcos (wt). The amplitude of

acceleration can therefore be derived from ay = vow and was found to be 57 ms=2 or 5.8 g.
Using eq. (B.3) and the values of the parameters found experimentally, the model predicts
a value of 1.41 mW. This is 45 % higher than our experimental value (0.97 mW), but still a
reasonable estimation of the power that can be harvested with our device. The discrepancy
can be ascribed to the assumptions of the model, such as a uniform strain distribution in the
cantilever. This analysis further highlights the crucial role of strain in the amount of harvested
energy, as flexible polymer layers can withstand higher levels of strain than stiff substrates such

as silicon.

Power density

A primordial feature for device integration is the amount of collected power for a given
footprint of the energy harvester. We can define this footprint as being the area of the piezoelectric
layer. In Table B.1, we have compiled examples of EHs with an output power higher than 100 uW
at a frequency lower than 150 Hz. For the sake of comparison, we also report the power density
(power per unit area). The majority of the cited examples are based on bulk PZT ceramics,
which can achieve power densities as high as 1.56 mW c¢cm™ [152, 153]. The remaining examples
feature PZT films on nickel foil [12], AIN films [154] or P(VDF-TrFE)-derived layers [155].

Our energy harvester achieved a power density of 0.405mW cm™. By assembling two of
our devices into a bimorph, we could potentially reach 0.81 mW cm™2, i.e. more than half the
power density obtained using PZT ceramics. This further illustrates the influence of the volume
of piezoelectric material on the harvested power (eq. (B.3)). As thickness stands for the smallest
dimension (¢ < 1 mm in the provided examples), it can be augmented to increase the active

volume of the piezoelectric device without significant impact on its footprint. The correlation
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between power density and thickness of the piezoelectric layer (up to thicknesses of 200 um) is

illustrated in the inset of Fig. B.6. In this context, it is of particular interest to use multilayers:

the thickness of the active layer can be increased, while the poling process remains simple (use

of lower voltage for poling).

Ref. Year  Material and config. Torocess f t P A P/A
CC) (Hz) (um) @W)  (em?) (mWem™)

[156] 2012 PZT, ceramic 900 150 200 28 19.6 14

[157] 2004  PZT, ceramic 900 120 280 0.375 0.35 1.06

[158] 2016  Bulk PZT on 900 101 57 0.321 0.55 0.58
phosphor bronze

[159] 2009  Terfenol-D/PZT 900 51 1000 1.055 1.2 0.88
bulk composite

[160] 2010  PZT bulk 900 42 500 2.5 11.8 0.21

[161] 2011  PZT bulk 900 20 1000 1.08 1.7 0.325

[162] 2012 PZT bulk fiber 900 28 300 1.43 2.0 0.73
composite on Al

[163] 2015  PZT bulk with 900 90 200 0.385 6.0 0.065
with nonlinear circuit

[164] 2016 ~ PZN-PT single crystals 1350 38 400 0.43 0.72 0.60

[165] 2017  PZT bulk bimorph 900 77 129 0.979 0.48 1.0
on Be-bronze

[152] 2017  PZT bulk 900 20 1000 15 4.8 1.56
in compression

[153] 2017  PZT bulk 900 67 200 2.35 1.5 1.56

[12] 2016  PZT films on 650 6 6 0.284 2 0.14
Ni foils

[154] 2011  AIN thin film 400 143 5 0.134 1.3 0.1

[155] 2010  P(VDF-TrFE-CFE) 150 100 50 0.415 5 0.083
thick layer

This work [146] 2020  P(VDF-TrFE) 150 33 30 0.972 2.4 0.405
multilayer

Table B.1. Comparison of our P(VDF-TrFE) energy harvester with selected works from the literature

(power output P higher than 100 yW and frequency f lower than 150 Hz). For the sake of comparison,

P was normalized with respect to the active surface area A of the piezoelectric layer.
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Processing temperature

In Table B.1, we also reported the maximum processing temperature used for the fabrication
of piezoelectric layers. We assumed that unless specified, all the devices based on bulk PZT
should require a processing temperature of at least 900 °C [166]. The energy density of the EH
devices is represented as function of processing temperature in Fig. B.6. From this representa-
tion, it is clear that our device provides an appreciable power output, even when compared with
the best bulk PZT-based EHs, with a processing temperature limited to 150 °C. This represents

a considerable advantage, as our lead-free device is fully compatible with flexible electronics.
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Fig. B.6. Comparison of power density of vibrating energy harvesters based on bulk PZT ceramics, PZT
films, AIN films, PVDF foils and P(VDF-TrFE) multilayers (this work). The vertical boundary at 300 °C
defines the temperature limit beyond which technology is not compatible with flexible electronics. Inset:

power density as function of the piezoelectric layer thickness.

B.7. Development of a proof-of-concept device

To conclude this study, we developed a proof-of-concept device consisting of the P(VDF-
TrFE)-based energy harvester described earlier and an Arduino-based temperature sensor, as
illustrated in Fig. B.7. Two EHs were assembled together back-to-back with adhesive tape and
were wired in parallel. The resulting energy harvesting device was mounted on the test bench.
In this case the resonant frequency was 36 Hz and the acceleration was kept at ~ 2 g in order
to prevent premature aging of the polymer layers. The AC output of the EH was directly fed
into a voltage rectifier and regulator (LTC3588-1, Linear Technology). In the first phase of the
experiment, the DC output of the voltage regulator was used to charge a 0.4 F supercapacitor
(CAP-XX HA230). This was done by continuous shaking of the device during 5 h, until the
voltage at the terminals of the supercapacitor reached 3.3 V.
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Fig. B.7. Block diagram description of a proof-of-concept device powered by a P(VDF-TrFE)-based
energy harvester. The AC output of the EH is rectified and used to charge a supercapacitor. The energy
stored in the supercapacitor is then used to power a microcontroller equipped with a temperature sensor.

The recorded temperature values are transmitted to a mobile phone via a Bluetooth emitter.

In the second phase of the experiment, the supercapacitor was used to power an Arduino
Pro Mini microcontroller connected to a radio frequency emitter (RN-42 Bluetooth module,
Microchip). The microcontroller has an integrated temperature sensor, whose reading was
transmitted via Bluetooth to a mobile phone for approximately 10s. Through this experiment,
we show that it is possible to use the electrical energy harvested by a P(VDE-TrFE)-based device
to power a sensor and transmit data via a wireless protocol to a receiver device.

Over the course of 5h, the EH collected approximately 2.2J of electrical energy. This
corresponds to a continuous power output of 120 uW. This is significantly lower than the value
of 0.97 mW reported earlier due to (1) the much lower strain applied in this case in order to
prevent aging and (2) the losses due to the voltage regulator. The microcontroller module could
be powered for 10 s during the discharge of the supercapacitor, at which point the voltage at the
supercapacitor terminals dropped to 2 V, causing the microcontroller to turn off. The amount of
energy consumed is approximately 1.4 J, meaning that the sensor had a power consumption in the
order of 140 mW during data transmission. Note that exist optimized transmitting devices with
a simpler architecture and design than an Arduino microcontroller. Their power consumption is

therefore significantly lower.
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B.8. Summary

In this study, we demonstrated the potential of screen-printed P(VDF-TrFE) multilayers for
energy harvesting. A device consisting of ten 3 um-thick P(VDF-TrFE) layers separated by
PEDOT:PSS electrodes was fabricated on a flexible PEN sheet as a substrate. The piezoelectric
elements of the stack were connected in parallel, which simplified the poling process. Under a
5.8 g mechanical excitation at a frequency of 33.5 Hz, the device had an output of 0.97 mW of
electrical power, for an active area of 2.4 cm?.

This represents a rather high power density, even when compared to similar devices based
on bulk PZT ceramics. However, the processing of P(VDF-TrFE) is lead-free and only requires
temperatures up to 150°C. It is therefore readily compatible for integration with flexible
electronics. Furthermore, the compliant nature of polymers allows the application of large strain
levels in the piezoelectric layers. Their active volume was increased with no impact on the device
footprint thanks to the multilayer structure. Strain and active volume were shown to be critical
parameters influencing the power output, with quadratic and linear contributions, respectively.

Although the high power output of 0.97 mW could only be sustained for a limited period
due to material fatigue and mechanical deterioration, we showed that useful amounts of energy
could be harvested over the course of several hours under moderate conditions of mechanical
excitation. Thanks to two devices connected in parallel, we were able to harvest 120 uW of
continuous power for Sh in order to charge a supercapacitor. The collected energy was then
used to power a microcontroller-based sensor that successfully transmitted temperature data to
a mobile phone through a wireless protocol.

The fabrication of the P(VDF-TrFE)-based devices presented in this section is low-cost, in-
volves low temperatures and can be deployed for large-scale production. Piezoelectric polymers
are therefore promising candidates for high-power-density energy harvesting applications, such

as human body-related autonomous sensors.
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Haptic devices

C.1. Acknowledgements

The work presented in this part results from a collaboration with co-workers and external
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inkjet-printed piezoelectric layers featured in this example of application were developed in the
framework of this PhD thesis. I would like to acknowledge Aymen Mahjoub and Stéphanie
Girod for performing most of the experimental work presented in this section (processing and
characterization). The design of the haptic device was developed by the company Hap2U

(France). Emmanuel Defay and Sebastjan GlinSek managed the project.

C.2. Haptic technology

User experience has now become a major selling point for consumer electronics. In particular,
mobile devices such as smartphones and tablets interact with the user via tactile screens. Haptic
technology has the potential to ‘bring life’ to these otherwise inert surfaces by recreating the
sensation of touch at the surface of the screen. Combining visual and tactile sensory inputs can
therefore make the user experience richer. Textures can be rendered by a solid surface such as
the glass plate of a screen by inducing a stationary acoustic wave in it. This type of acoustic
wave is known as a Lamb wave [168]. The induction of the Lamb wave in the plate can be
achieved via piezoelectric actuators placed at specific locations along its surface corresponding
to anti-nodes of the stationary vibration mode. The frequency of this vibration mode should be
in the ultrasonic range (>20kHz) in order to be inaudible. Furthermore, the amplitude of the
displacement has to be greater than one micron and the wavelength of the acoustic wave in the
order of one centimeter. Under these conditions, the vibration of the surface can be sensed by
dragging a finger across it, as the air pressure locally increases between the epidermal ridges of
the fingertip and the surface (Fig. C.1). Different textures can be simulated by modulating the

frequency and amplitude of the vibration.
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N

Fig. C.1. Illustration of the haptic force feedback principle.

C.3. Design and fabrication of a haptic device

The haptic device is a 47 x 17 mm? fused silica plate with four piezoelectric actuators at
its surface. The actuators are located at the anti-nodes of the Lamb wave and consist of a
micron-thick PZT film on top of which interdigitated electrodes (IDE) are deposited. These
IDEs consist of comb-like structures whose fingers are separated by a 10 um gap. A schematic

description of the device is shown in Fig. C.2.
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Fig. C.2. Design of the haptic device based on inkjet-printed PZT films: (a) top view of the device (all

dimensions are given in mm), (b) close-up view of the IDE structure (proportions are not respected) and

(c) cross section of the piezoelectric actuator stack.

For the fabrication of the device, a two-inch fused silica wafer was used as substrate. A
buffer layer of HfO, (24 nm) was deposited by atomic layer deposition (ALD). PZT stripes were
then printed on the substrate according to the design shown in Fig. C.2a and the printing strategy
described in Chapter 2 (please refer to page 55). After every printing step, the films were dried
at 175 °C for 1 min and pyrolyzed at 450 °C for 3 min. Crystallization at 700 °C for 5 min was
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performed after the deposition of 12 layers. This process was carried out four more times to
afford micron-thick PZT layers.

Sputtered platinum IDEs were patterned on the printed PZT films via lift-off photolitho-
graphy. After protection with photoresist, the sample was cut according to the design dimensions
using a wire saw. The final device was passivated with a layer of resist to prevent electrical
arcing between the fingers. Electrical connections were established via metal wires glued on

IDE pads with a two-component conductive epoxy adhesive.

C.4. Characterization of the haptic device

Observation of the PZT film cross section by SEM (Fig. C.3a) reveals the presence of
porosity in the 1.1 um-thick layer. The amount of porosity appears to be greater than in the case
of the film printed on platinized silicon (see Fig. 3.5a, page 70). A possible explanation could
be the difference in thermal conductivity between the two substrates: the thermal conductivity
of silicon is a hundred times greater than that of fused silica. This in turn can have an impact
on the completion of the pyrolysis process. As can be anticipated from the microstructure, the
XRD pattern of the PZT film (Fig. C.3b) indicates random orientation of the printed layer.
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Fig. C.3. (a) SEM cross section and (b) XRD pattern of PZT inkjet-printed on fused silica for the

fabrication of a haptic device.

Electrical properties of the inkjet-printed PZT film on fused silica were measured in the IDE
configuration. The polarization—electric field loop (Fig. C.4a) displays properties comparable
with the ones of CSD-derived PZT films, with P, ~ 17uCcm™2 and E. ~ 40kVcm™'. The
relative permittivity—bias voltage loop (Fig. C.4b) shows a typical ferroelectric behavior with a
value of &, close to 950 at zero bias. Note that the relationship between the electric field E and
the voltage V in the case of interdigitated electrodes is given by eq. (C.1), where a is the IDE
gap width and Aa a correction term depending on film thickness #r, Aa ~ 1.324 ¢ [169].

(C.1)
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Fig. C.4. Electrical characterization of haptic device based on inkjet-printed PZT films: (a) polarization—

electric field loop (100 Hz) and (b) relative permittivity—bias voltage loop (1 kHz).

Finally, the acoustic properties of the devices were investigated. A sinusoidal electrical
excitation was applied to the piezoelectric actuators and the displacement of the plate was
measured using a laser Doppler vibrometer. For a given amplitude of the driving signal (50 V),
the displacement was measured at an anti-node and a frequency scan was performed across the
ultrasonic range (20—-100kHz). As seen in Fig. C.5a, the main resonance of the plate occurs at
80kHz. The vibrometer sample stage is motorized and allows for 1D and 2D scans of the device.
A line scan in the y direction was performed for different driving voltages, as shown in Fig. C.5b.
A Lamb wave was successfully induced in the plate and the amplitude of the displacement at
the anti-nodes increases almost linearly as the driving voltage is raised from 50 to 150 Vj,,. To
complete the analysis, a 2D map of the device under a 100 V,,, driving signal was performed.
The map presented in Fig. C.5c reveals the pattern of the Lamb wave. A displacement amplitude
of one micron was measured at the anti-nodes, which corresponds to the target value. A final
test was performed by dragging a fingertip across the device surface: it was indeed possible to

feel the vibration of the plate.
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Fig. C.5. Acoustic characterization of haptic device based on inkjet-printed PZT films: (a) resonance
curve and (b) displacement in the y direction as function of driving voltage. (c) 2D mapping of the Lamb

wave induced in the glass plate.



Appendix D

Processing and characterization

techniques

D.1. Lift-off photolithography

In this work, the patterning of platinum top electrodes on PZT films was performed by lift-off
photolithography. An overview of the process is shown in Fig. D.1. After thermal dehydration
of the sample, two layers of photoresist are successively spin coated onto the sample: (1) a resist
based on polydimethylglutarimide (LOR3A, MicroChem™) and (2) a cresol formaldehyde resin
(S1813, Microposit™). After exposure of the resist using a direct laser exposure aligner (MLA
150, Heidelberg Instruments), the development is performed using a tetramethylammonium
hydroxide-based developer (MF-319, Microposit™). This process creates an undercut in the
resist layers. Platinum is then deposited by sputtering. The lift-off step is performed using
a resist remover based on N-methyl-2-pyrrolidone (Remover PG, MicroChem™) in which the

sample is immersed. The sample is finally rinsed with solvents and dried under nitrogen.
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Fig. D.1. Overview of the lift-off photolithography process for patterning platinum top electrodes.
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D.2. Freeze drying

Freeze drying is a technique for the dehydration of samples at low temperatures and is
particularly useful for the dehydration of temperature-sensitive compounds. It is based on the
fact that below the triple point of water (T < 0°C and p < 6.12mbar) ice sublimates, i.e. it
transitions directly from the solid to the gas state.

In order to freeze dry a solid sample (e.g. a hydrated salt such as lead(II) acetate trihydrate),
the sample is first frozen inside a flask. A small amount of water is typically added to help freeze
the compound and spread it on the walls of the flask to increase its surface area. The sample is
then put under reduced pressure by connecting the flask to the freeze dryer manifold, causing
ice in the sample to sublimate. The generated water vapor is condensed back into ice on a plate

condenser, whose temperature is lower than that of the sample.

D.3. Fourier transform infra-red (FTIR) spectroscopy

Fourier transform infra-red (FTIR) spectroscopy is a vibrational spectroscopy technique used
for chemical characterization. Structural information can be extracted from the position and
intensity of absorption bands, which can be used to identify functional groups. In FTIR the final
spectrum is obtained by performing a Fourier transform of the raw acquisition data.

Several geometries can be used for the measurement. In attenuated total reflectance (ATR),
the sample (liquid or solid) is deposited onto a crystal through which an infra-red beam is passed
at an angle such that total internal reflection occurs. The beam interacts with the sample at
the interface with the crystal via evanescent waves. The exiting beam is then analyzed and
processed into a spectrum. Thin films on a metallic substrate can be analyzed using a grazing
angle objective (GAO), where the infra-red light is directed onto the sample at an angle. The
optical path is such that the beam interacts twice with the sample, which increases the signal
intensity. This setup is coupled with an optical microscope that enables localized analysis on a

sample.

D.4. Secondary ion mass spectrometry (SIMS)

Secondary ion mass spectrometry (SIMS) is a surface chemical characterization technique
where a primary ion beam is used to sputter the sample surface. The generated secondary ions
are collected and analyzed by a mass spectrometer, which allows their identification based on
their mass/charge ratio. It is therefore a destructive characterization technique. SIMS can be
used to perform chemical imaging a the sample surface (see page 39) or depth profiling (see

page 91).
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D.5. Scanning electron microscopy (SEM)

Electron microscopy allows the observation of features that cannot be resolved by optical
microscopy due to the use of visible light. In virtue of the wave-particle duality, electrons possess
wave-like properties. Their associated wavelength is shorter than that of visible light, allowing
for much higher resolutions. In a scanning electron microscope, electrons are accelerated down
a column and focused onto the sample. Several types of interactions can take place between the
incident electrons and the sample such as the emission of secondary electrons, back-scattered
electrons, Auger electrons and X-rays, all of which can be detected. The detection of secondary

electrons is used to recreate a magnified topographical image of the sample.

D.6. Thermogravimetric analysis (TGA)

Thermogravimetric analysis consists in measuring the mass of a sample as function of
temperature, thereby providing information about the physical or chemical changes the sample
undergoes with temperature. This information can be coupled with differential thermal analysis
(DTA), where the temperature of the holder containing the analyzed sample is compared with
the temperature of a reference holder during the thermal analysis. Temperature variations can

be linked with exothermic or endothermic processes taking place in the sample.

D.7. X-ray diffraction (XRD)

X-ray diffraction is an analysis technique for crystalline materials. Electronic densities of the
atoms constituting the crystal lattice can diffract an incident X-ray beam in various directions,
which correspond to conditions where constructive interference occurs. These conditions are

expressed by Bragg’s law eq. (D.1),
2d sin 6 = nA, (D.1)

where d is the interplanar spacing, 6 is the incident angle, » is an integer and A is the wavelength
of the incident X-ray radiation. Diffractometers typically use copper K, radiation (1 = 1.54 A).
Configurations where the condition for constructive interference is met results in peaks in a plot
of intensity of X-rays as function of the deviation angle 26. The intensity of these peaks depends
on the chemical composition at the crystal planes.

Two common setup configurations for XRD measurements are illustrated in Fig. D.2. In the
0-20 configuration, the X-ray tube and the detector move at the same rate, thereby only probing
crystal planes that are parallel to the sample surface. In the grazing incidence setup, the position
of the X-ray source is fixed at a small angle (w ~ 1°) and only the detector moves. Due to its

particular geometry, this configuration is particularly sensitive to the sample surface.
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X-ray tube Detector -~

il ™

Detector

Sample Sample
(a) (b)

Fig. D.2. Setup configurations for X-ray diffraction: (a) 6-26 configuration and (b) grazing angle

configuration.

D.8. X-ray reflectivity (XRR)

X-ray reflectivity is a technique used for the characterization of the density, thickness and
roughness of thin films by analyzing X-rays reflected from the surface as function of the incidence
angle. XRR operates at shallow angles, which are close to the critical angle of total reflection
6.. The position of 6. corresponds to a significant intensity drop of the reflected X-rays in a plot
of log(intensity) as function of 26 and can be used to determine the density p of the material

using eq. (D.2):

. 3

= 9> ! D.2

P Cre/lzNA in ( )
P M;

where r. is the classical electron radius (2.818 x 107> A), A the X-ray wavelength, Na the
Avogadro constant (6.626 X 102 mol™1), x; the stoichiometric coefficients, M; the molar masses

of the elements and f; the real part of the atomic scattering factors [170].

D.9. Electrical characterization

Electrical characterization is performed to assess the ferroelectric properties of thin-film
ceramic piezoelectrics such as PZT, namely the response of polarization and relative permittivity
as function of the applied electric field. For thin films grown on platinized silicon, metal
electrodes are deposited on top the film, thus forming a metal-insulator-metal (MIM) structure.
This parallel plate capacitor can be electrically contacted through the top and bottom electrodes
for characterization of the ferroelectric thin film, which can be performed using a measurement
station as the aix ACCT TF Analyzer 2000 used in this work. Here, we present the basic principle

of these measurements.
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D.9.1. Polarization—electric field

The polarization—electric field (P—E) loop is obtained by applying a bipolar voltage wave-
form with frequency f (here triangle, Fig. D.3a) to the sample and measuring the current i(z)
(Fig. D.3b). In an ideal ferroelectric, this current corresponds to the switching current, i.e. the
movement of charges due to the switching of the polarization. Since i(t) = %l(t), the charge Q
can be obtained by integration of the current. The polarization P can be then be calculated by

dividing this charge by the surface area A of the capacitor (eq. (D.3)).

P() = Q(’) / i(t)dt (D.3)

The hysteresis loop is then simply constructed by representing P as a function of the electric

field E. Note that this measurement does not provide an absolute measure of polarization. The

P-E loop is therefore represented such that P . = |P;1ax| = Pmax, as shown in Fig. D.3c.

+Viax f (8) (b) lep,
. c
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Electric field
Fig. D.3. Measurement principle of polarization—electric field loops: (a) a bipolar triangle waveform
applied to the sample and (b) current is measured as function of time (blue curve). Polarization is obtained

using eq. (D.3) (red curve) and (c) represented as function of electric field.
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D.9.2. Relative permittivity—electric field

The measurement of the relative permittivity—electric field loop is done by measuring the
capacitance of the MIM structure as function of a DC bias electric field on which a low-amplitude
AC excitation is superimposed. This electrical excitation applied to the sample is represented in
Fig. D.4a.

+Vinax ’(a) MWM /! 1/f (b) ; ; C
I Rd -
|
)
()]
S
S (c) 1/Z
wC AT g
. o
~Vinax [ WVV o
0 1/Ry

Time
Fig. D.4. Measurement principle of relative permittivity—electric field loops. (a) Electrical signal applied
to the sample. The small signal has an amplitude Vac and a frequency f. It is superimposed to a staircase
DC bias voltage. (b) Modelling of a real capacitor by an RC parallel circuit and (c) representation of the

components inverse impedance in the complex plane.

In AC regime, a real ferroelectric capacitor can be modelled as an RC parallel circuit,
where the resistance Ry represents the losses (Fig. D.4b). Note that in this model, we assume
that the conduction current is negligible, i.e. there are no free charges flowing through the
capacitor. Relative permittivity & can be expressed as a complex quantity, where the real part
&’ corresponds to the electrical energy stored in the material and the imaginary part &” to the

energy dissipated by the dielectric losses, as described by eq. (D.4) (j is the imaginary unit).
g =¢& —je”’ (D.4)

The inverse of the equivalent impedance of the RC circuit is given by % = Rld + jwC.
Dielectric losses are usually expressed by the loss tangent, tan ¢, which corresponds to:
g’ 1
tand = — = .
g wCRy

The angle ¢ is the angle between the vectors associated to % and jwC in the complex plane

(D.5)

(Fig. D.4c). Its value decreases as the resistive contribution Rld of the dielectric losses decreases.

Since the capacitance C of a capacitor can be defined as the variation of charge with respect

to the voltage applied across it (g—‘Q,), measuring the capacitance gives access to the relative

permittivity of the material via the expression of capacitance for a parallel plate capacitor:
_ Cd
& = e
where d is the thickness of the film and A the capacitor area.

(D.6)
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D.10. Piezoelectric characterization

The piezoelectric properties of thin films on a substrate can be evaluated by several methods.
We present here the techniques used in this work to evaluate effective piezoelectric coefficients,
namely e31r and dzzf. As for electrical measurements, piezoelectric characterization can be

performed using equipment from aix ACCT Systems.

D.10.1. Direct measurement

The so-called direct measurement is based on the direct piezoelectric effect and uses the
four-point bending (4PB) method. A sample with precise geometric features first needs to be
fabricated, as shown in Fig. D.5a.“ The sample is then mounted on the measuring stage and
pressed between four metallic rods: two from the bottom of the sample and two from the top,
which also make electrical contact with the electrodes. A mechanical excitation is applied to the
sample via actuation of the metallic rods, causing the sample to bend (Fig. D.5b). The charge
Q on the electrodes and the displacement at the center of the sample u are measured during
bending. If the mechanical properties of the substrate are known, it is possible to extract the
piezoelectric coefficient thanks to eq. (D.7),

12 0
4 Atgy (1= vewn) 0’

where [ is the distance between the bottom rods, A is the electrode surface area, g and veyp

e3lf = (D.7)

are the substrate thickness and Poisson’s ratio, respectively [145]. The relationship between the
displacement (or strain in the substrate) and the measured charge should be linear. Note that the
measurement can be carried out with prior prepolarization of the sample or with a bias voltage

to observe the dependence of e3¢ with the electric field.

(a) Top view (b) Side view
F

25 ‘
u
v —

2 TE PZT BE 73 tsub¢
)

6 10 4 /

-

Fig. D.5. Principle of the 4PB technique. (a) Description of the sample for testing. TE and BE stand
for top and bottom electrodes, respectively. All dimensions are given in mm. (b) Representation of the

sample under test: the sample is bent, while its displacement and charge on the electrodes are measured.

“In our case the samples were cut using a wire saw. Note that for spin-coated layers which cover the whole sample
area, etching of the piezoelectric film is required for access to the platinum bottom electrode. An etching solution
for PZT can be prepared by adding 5 mL of concentrated HCI1 (37 %) and a couple drops of concentrated HF
(40 %) to 30 mL of deionized water. The etching solution can be applied on the PZT film using a swab.



140 Processing and characterization techniques

D.10.2. Converse measurement

The e3¢ coefficient can also be evaluated via the converse piezoelectric effect. The sample
described in Fig. D.5a can be clamped at its extremity. The cantilever beam is then actuated
by an electrical signal applied across its electrodes and its deflection u is measured by laser
interferometry. If the deflection is measured at the extremity of the electrode, i.e. at a distance
d from the clamping point, the e3; ¢ coefficient can be evaluated by eq. (D.8):

2

tsub u
[er + (1 =) (1 = voun)] A (D.8)

1 Y
3 (1 - Vsub) (&3

where Yqup, Vsup and fgyp are the Young modulus, Poisson’s ratio and thickness of the substrate,

e3f =

respectively. The parameter ¢ is the coverage factor and corresponds to the ratio between the
electrode width and the substrate width [126, 171].

The converse measurement can be associated with the electrical characterization techniques
described earlier. The electrical signal used to measure polarization hysteresis loops (Fig. D.3a)
gives the large-signal displacement curve of the cantilever. The staircase waveform shown in

Fig. D.4a can be used to derive the electric field dependence of the small-signal e3¢ coeflicient.

Fig. D.6. Principle of piezoelectric characterization in converse mode: an electrical signal is applied

across the electrodes and the displacement of the clamped cantilever is measured by laser interferometry.

D.10.3. Double beam laser interferometry

Double beam laser interferometry (DBLI) can be used to measure the out-of-plane piezoelec-
tric coeflicient (d33¢) of a piezoelectric film on a wafer in MIM configuration. This represents
a challenge for the measurement as wafer bending occurs, which introduces large measuring
errors. Wafer bending effects can be suppressed by gluing the wafer onto a rigid surface or by
using a dual interferometric setup, which performs a differential measurement of the displace-
ment and can achieve resolutions < 1 pm [172]. Still, thickness expansion or compression of the
substrate can hamper the derivation of meaningful ds3¢ values, which vary with electrode size.
Sivaramakrishnan et al. showed that the ratio between the electrode size and substrate thickness

should be close to unity for the extraction of reliable d33¢ values [104].
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D.11. Laser Doppler vibrometry

Laser Doppler vibrometry is a non-contact technique that can be used to measure the
vibrations of a surface. A laser beam is directed onto the surface and the reflected beam
is analyzed. The motion of the surface causes a Doppler shift, which is used to extract the
vibration amplitude and frequency. Coupling the vibrometer with a positioning stage can be
used for two-dimensional mapping of the vibrations at the surface.
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