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Abstract 

The miniaturization of electronic devices requires the fabrication of functional components 
in the form of µm-sized thick films. Some of the most promising functional materials are 
relaxor-ferroelectric (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–100xPT), as they exhibit 
versatile dielectric, piezoelectric and relaxor-ferroelectric properties. However, the 
integration of functional ceramic thick films with non-conventional substrates such as 
metals and polymers remains challenging due to the thermally activated processes and 
incompatibilities that arise during the high-temperature sintering process of ceramics. To 
overcome the integration barrier, an aerosol deposition (AD), spray-coating method based 
on room-temperature deposition is used. 

In this work, PMN–100xPT thick films were deposited on low-cost substrates using the 
AD method. We deposited PMN–10PT and PMN–35PT on stainless-steel (SS) and PMN–
10PT on flexible polyimide (PI) substrates. The focus of this thesis is on the optimization 
of the deposition process of thick films and on the effect of thermal annealing the samples 
on their structural, microstructural and functional properties. 

First, the main material parameters for successful AD of the powder were identified 
and used in the process. It was found that after the mechanochemically assisted synthesis 
of PMN–10PT powder, additional powder treatments such as heating and subsequent 
milling are crucial for efficient film deposition, as the treatment yields highly crystalline 
powder particles in the range of several hundred nm. The optimized PMN–10PT and PMN–
35PT powders resulted in high-density and few-µm-thick films with very low porosity (1.5–
3.0%) and good adhesion. These are also the properties that contribute to the very high 
dielectric breakdown strength of the films (above 900 kV·cm–1).  

The as-deposited thick films were thermally annealed at temperatures of 400 °C (for PI 
substrates) and 500 °C (for SS substrates), which are far below the temperatures for 
sintering ceramics. Thermal annealing at such moderate temperatures does not change the 
microstructure of the ceramic thick films, i.e., crystallite and grain growth is insignificant, 
and the density remains the same. However, thermal annealing leads to compressive stress 
relaxation in PMN–10PT and PMN–35PT thick films, which is evident from structural 
analysis by X-ray diffraction and Raman spectroscopy. The as-deposited films show 
promising room-temperature electrical energy-storage properties, which improve after 
thermal annealing due to stress relaxation. After thermal annealing, the recoverable energy-
storage density (Urec) and energy-storage efficiency (η) reach 8.8–9.8 J·cm–3 and 61–79% 
at 900 kV·cm–1, respectively. In particular, the PMN–10PT thick films on SS exhibit 
excellent temperature stability up to 200 °C and electric field cycling stability up to 16·106 
cycles. The PMN–10PT thick films on PI were subjected to flexural bending tests, which 
showed high flexibility (1.1% bending strain) and high durability (105 bending cycles). The 
piezoelectric activity of the AD thick films was also confirmed for the PMN–35PT thick 
films on SS. The as-deposited and annealed thick films achieve a piezoelectric coefficient 
of 25 and 41 pm·V–1, respectively. We demonstrate that the integration of PMN–100xPT 
on low-cost substrates such as SS and PI is feasible, which can significantly impact the 
diversity and affordability of future electro-energy systems and devices. 
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Povzetek 

Miniaturizacija elektronskih naprav zahteva pripravo funkcijskih komponent v obliki 
mikrometrskih debelih plasti. Eden izmed najbolj obetavnih funkcijskih materialov je 
relaksorski feroelektrik (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–100xPT), saj izkazuje 
vsestranske dielektrične, piezoelektrične in relaksor-feroelektrične lastnosti. Integracijo 
funkcijskih keramičnih materialov na neuveljavljene substrate, kot so kovine in polimeri, 
otežuje pojav termičnih procesov ob visokotemperaturnem postopku sintranja keramike.  

V tej doktorski nalogi smo debele plasti PMN–100xPT nanesli na nizkocenovne podlage. 
Z namenom učinkovitejšega združevanja materialov smo uporabili metodo nanosa plasti v 
aerosolu (ang.: aerosol deposition, AD), ki temelji na pršenju delcev in oblikovanju prevlek 
pri sobni temperaturi. Plasti PMN–10PT in PMN–35PT smo nanesli na podlage iz 
nerjavnega jekla (ang.: stainless steel, SS) in upogljivega poliimida (PI). Osredotočali smo 
se na optimizacijo procesa nanašanja debelih plasti na podlage in na vpliv segrevanja 
vzorcev na njihove strukturne, mikrostrukturne in funkcijske lastnosti.  

Opredelili smo ključne korake obdelave prahu, ki omogočajo uspešen nanos plasti. 
Ugotovili smo, da je za učinkovit nanos plasti prah potrebno po mehanokemijski sintezi 
dodatno segreti in mleti. Po omenjenem postopku postane prah visoko kristaliničen z nekaj 
sto nm velikimi delci. Z optimiziranimi prahovi PMN–10PT in PMN–35PT smo pridobili 
nekaj µm debele plasti z visoko gostoto, nizko poroznostjo (1,5–3,0 %) in dobrim spojem s 
podlago. Na zelo visoko dielektrično prebojno trdnost debelih plasti (več kot  
900 kV·cm–1) pomembno vplivata predvsem debelina in visoka gostota. 

Debele plasti smo v nadaljevanju toplotno obdelali pri temperaturah, nižjih od 
temperatur, ki so potrebne za sintranje keramike. Plasti na PI smo segreli na 400 °C in 
plasti na SS na 500 °C. Te zmerne temperature niso vplivale na mikrostrukturo debelih 
plasti, saj je bila rast kristalitov in zrn zanemarljiva, gostota plasti pa je ostala enaka. Iz 
strukturnih analiz rentgenske difrakcije in ramanske spektroskopije je razvidno, da je 
segrevanje debelih plasti PMN–10PT in PMN–35PT vodilo v popuščanje tlačnih napetosti, 
ki so se v plasteh razvile med postopkom nanašanja. Nanešene debele plasti izkazujejo 
lastnosti, ki so obetavne za shranjevanje električne energije. Te lastnosti se po segrevanju 
še izboljšajo zaradi popuščanja napetosti. Po segrevanju doseže gostota povrnjene električne 
energije (ang.: recoverable energy-storage density, Urec) v plasteh 8,8–9,8 J·cm–3 in 
učinkovitost shranjevanja električne energije (η) 61–79 % pri električnem polju  
900 kV·cm–1. Debele plasti PMN–10PT na SS izkazujejo tudi odlično temperaturno 
stabilnost do 200 °C in odlično odpornost proti električnemu utrujanju do 16·106 ciklov. 
Na debelih plasteh PMN–10PT na PI smo naredili teste upogibanja, ki so pokazali visoko 
prožnost (brez poškodbe do 1,1 % upogibne napetosti) in visoko trpežnost (do 105 ciklov 
upogibanja). V debelih plasteh PMN–35PT na SS smo potrdili tudi piezoelektrični pojav. 
Nanešeni vzorci dosežejo piezoelektrični koeficient 25 pm·V–1, dodatno segreti vzorci pa 
41 pm·V–1. Dokazali smo, da je integracija debelih plasti PMN–100xPT na nizkocenovne 
podlage izvedljiva, kar lahko občutno vpliva na raznolikost in dostopnost bodočih 
elektronsko-energetskih sistemov in naprav. 





 xi 

Contents 

List of Figures xiii 

List of Tables xv 

Abbreviations xvii 

Symbols xix 

1 Introduction 1 
1.1 Definition of the Problem .................................................................................... 1 
1.2 Aerosol Deposition Method .................................................................................. 2 

1.2.1 Ceramic Thick Films Prepared by Aerosol Deposition ............................. 3 
1.3 Piezoelectrics, Ferroelectrics and Relaxor Ferroelectrics ...................................... 5 

1.3.1 Piezoelectrics and Ferroelectrics ............................................................... 5 
1.3.2 Relaxor-Ferroelectrics ............................................................................... 7 
1.3.3 Pb(Mg1/3Nb2/3)O3–PbTiO3 Solid Solutions ................................................ 8 

1.4 Ferroelectric Ceramic Thick Films Prepared by Aerosol Deposition ................... 9 
1.5 Objectives and Hypotheses of the Dissertation ................................................... 11 

2 Energy-Storage-Efficient 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 Thick Films 
Integrated Directly onto Stainless Steel 13 

3 Flexible Energy-Storage Ceramic Thick-Film Structures with High 
Flexural Fatigue Endurance 35 

4 Multifunctional Energy Storage and Piezoelectric Properties of 
0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 Thick Films on Stainless-Steel 
Substrates 49 

5 Summary and Conclusions 67 

References 73 

Bibliography 83 

Biography 89 
 
 





 xiii 

List of Figures 

Figure 1.1: Scheme of the AD apparatus. ..........................................................................2 
Figure 1.2: Schematic representation of different sized ceramic particle collisions ............4 
Figure 1.3: Scanning electron microscope images of AD 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 
thick films on SS substrates ................................................................................................5 
Figure 1.4: (a) Schematic of the direct and converse piezoelectric effects and (b) the 
hierarchical subdivision of piezoelectric materials ...............................................................6 
Figure 1.5: (a) Temperature dependence of the dielectric permittivity around TC and (b) 
characteristic P–E hysteresis loop of a ferroelectric ............................................................7 
Figure 1.6: (a) Temperature dependence of the dielectric permittivity and (b) P–E 
hysteresis loop (at 1 kHz) of Pb(Mg1/3Nb2/3)O3 ceramics ....................................................8 
Figure 1.7: PMN–100xPT phase diagram ...........................................................................9 
Figure 1.8: P–E hysteresis loops of AD Pb(Zr0.52Ti0.48)O3 thick films ................................ 10 
Figure 5.1: Comparison of the energy-storage properties of AD thick films ..................... 70 
 
 





 xv 

List of Tables 

Table 5.1: Comparison of the properties of PMN–100xPT thick films. .......................... 69 
 
 





 xvii 

Abbreviations 

a.u. . . . arbitrary units 
ABO3 . . . chemical formula of the perovskite unit cell 
AC . . . alternating current 
AD . . . aerosol deposition 
AFM . . . atomic force microscopy 
BNT-SBT . . . (Bi,Na)TiO3–(Sr,Bi)TiO3 
BT . . . BaTiO3 
BZN . . . Bi(Zn,Nb)O3 
cAFM . . . conductive atomic force microscopy 
CNRS . . . French National Centre for Scientific Research 
DAAD . . . German Academic Exchange Service 
DBLI . . . double-beam laser interferometer 
DBS . . . dielectric breakdown strength 
DC . . . direct current 
EDXS . . . energy-dispersive X-ray spectrometer 
ERC . . . European Research Council 
FAU . . . Friedrich-Alexander-Universität Erlangen-Nürnberg 
FE-SEM . . . field-emission scanning electron microscope 
FPA . . . fundamental parameters’ approach 
H . . . heat-treated powder 
HM30 . . . heat-treated and milled (30 min) powder 
HM60 . . . heat-treated and milled (60 min) powder 
INSA CVL . . . French National Institutes of Science and Technology, 

Centre Val de Loire 
IPA . . . isopropanol 
JCPDS . . . joint committee on powder-diffraction standards 
JSI . . . Jožef Stefan Institute 
KNNLN . . . (K,Na)NbO3–LiNbO3  
MCL . . . Materials Center Leoben Forschung GmbH 
MPB . . . morphotropic phase boundary 
NT . . . non-treated powder 
PECS . . . precision etching and coating system 
PFM . . . piezo-response force microscopy 
PI . . . polyimide 
PLZT . . . (Pb,La)(Zr,Ti)O3 
PMN . . . Pb(Mg1/3Nb2/3)O3 
PMN–100xPT . . . (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 
PMN–10PT . . . 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 
PMN–35PT . . . 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 
PNR . . . polar nano-region 
PT . . . PbTiO3 



xviii  Abbreviations 

PZT . . . Pb(Zr,Ti)O3 
RF . . . radio frequency 
SAED . . . selected-area electron diffraction 
SBLI . . . single-beam laser interferometer 
SS . . . stainless steel 
TEM . . . transmission electron microscopy 
XRD . . . X-ray diffraction 
YSZ . . . yttria-stabilized zirconia 
 



 xix 

Symbols 

2θ . . . X-ray diffraction angle 
a, c . . . unit-cell parameters 
b . . . distance between the neutral mechanical plane in the thick film structure 

and the film surface 
D . . . dielectric displacement 
d . . . interplanar spacing 
d*

33 eff . . . inverse effective longitudinal piezoelectric coefficient 
d33 eff . . . direct effective longitudinal piezoelectric coefficient 
d50 . . . 50th percentile of the particle size limit 
dim . . . piezoelectric coefficient with an electrical and mechanical component

in the i and m directions, respectively 
DR . . . deposition rate (mm3⋅min–1) 
E . . . electric field 
EC . . . coercive field 
Ei . . . Young’s modulus of the ith layer 
G. O. F. . . . goodness of fit 
h . . . film thickness 
N . . . number of scans 
N . . . number of cycles, sum of the tested specimens or total number of layers 
P . . . electric polarization 
pi . . . cumulative probability of dielectric breakdown 
Pmax . . . maximum polarization 
PR . . . remanent polarization 
R . . . bending radius 
Rexp . . . expected R-factor 
Rp . . . un-weighted profile R-factor 
Rq . . . root-mean-square roughness 
Rwp . . . weighted profile R-factor 
S . . . strain 
tan δ . . . dielectric losses 
TC . . . Curie temperature 
Troom . . . room temperature 
Uloss . . . energy-loss density 
Urec . . . recoverable energy density 
v . . . sweep speed 
w . . . film width 
y . . . distance from the neutral mechanical plane 
β . . . shape factor, slope of the Weibull distribution 
ε . . . bending strain 
η . . . energy-storage efficiency 
νi . . . Poisson’s ratio of the ith layer 



xx  Symbols 

ψ . . . sample-tilting angle 
𝜎 . . . stress 
 



 1 

Chapter 1 

1 Introduction 

In the Introduction a literature overview of the relevant topics for the thesis is provided. 
The chapter begins with a basic definition of the problem and the motivation for this work. 
The following section deals with a basic description of AD, which covers some technological 
aspects of the method and a theoretical background for the deposition mechanism. Next, 
piezoelectric, ferroelectric and relaxor-ferroelectric materials are presented and the physical 
properties of (100–x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–100xPT) materials are explained. 
The chapter continues with aerosol-deposited ferroelectric films. Special attention is given 
to their ferroelectric behavior, which is different from the behavior of conventional bulk 
ferroelectrics. At the end, the objectives and hypotheses of the dissertation are presented. 

1.1 Definition of the Problem 
Ferroelectric ceramic components used in electronic devices are conventionally fabricated 
using a top-down approach. The process of producing bulk ceramics involves powder 
compaction, densification and subsequent shaping of the ceramic components to dimensions 
of the order of a few hundred µm. This approach is not suitable for ceramic components of 
the order of µm. However, thick-film technology, i.e., a bottom-up approach, can produce 
layered structures with the thickness of the functional layers being between 1 µm and 
100 µm [1]. The advantage of thick-film technology is that it can fabricate complex-shaped 
structures in a cost-effective way [2]. 

The conventional thick-film deposition methods, such as screen-printing, tape casting, 
electrophoretic deposition and ink-jet printing, deposit ceramic thick films with relatively 
low green densities (from 60% to 70% of the theoretical density) [2]. Thus, the deposition 
of the thick films is followed by a high-temperature annealing treatment (often over 
1000 °C), in order to densify the films using a sintering process [3]. However, the annealing 
at high temperatures imposes many drawbacks on the process. Higher annealing 
temperatures increase the production costs, and promote the evaporation of volatile 
components, which can significantly deteriorate the final chemical composition of the thick 
films. Furthermore, annealing at high temperatures restricts the use of substrate materials 
with low melting points, such as metals, polymers and glass. The integration possibilities 
are especially important when designing diverse applications. In order to overcome the 
mentioned shortcomings, another deposition method is required. Aerosol deposition (AD) 
has a unique deposition mechanism and is capable of producing dense, ceramic thick films 
at room temperature [4], [5]. The AD method differs significantly from conventional thick-
film deposition methods mentioned above because the film densification in AD is basically 
without thermally activated processes, but happens due to the high kinetic energies 
involved. Any thick films deposited by AD possess special features, such as significant 
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internal stresses and small crystallite sizes. In the case of ferroelectric thick films, these 
features not only contribute to the film’s constitution (physical appearance), but also alter 
the functional behavior. The focus of this thesis is on aerosol-deposited ceramic thick films 
and the effect of thermal annealing on their structural, microstructural and functional 
properties. 

1.2 Aerosol Deposition Method 
Aerosol deposition is a method for producing dense thick films on a variety of substrates 
at room temperature. It is a spray-coating process, where the deposition mechanism is 
based on the collision of fine particles with the substrate’s surface. A powder with the 
required chemical composition is mixed with a carrier gas to form an aerosol, which is then 
ejected through a micro-orifice nozzle and deposited on the substrate under vacuum [4], 
[5]. A schematic of some typical AD apparatus is shown in Figure 1.1. 

 

Figure 1.1: Scheme of the AD apparatus. 

There are two chambers in the system: the aerosol chamber and the deposition chamber. 
The aerosol chamber has the function of aerosol generation, whereas in the deposition 
chamber the aerosol is deposited onto a substrate. For that reason, the deposition chamber 
is evacuated with a vacuum pump and equipped with a programmable moving stage that 
has a substrate holder. By passing the carrier gas in the aerosol chamber, which is 
positioned on a vibrating table, a fluidized bed of aerosol is produced. The connecting pipes 
enable the transfer of the aerosol in the evacuated deposition chamber, which occurs due 
to the pressure difference [4], [5]. The aerosol is accelerated when passing through the 
nozzle in the evacuated chamber. The focused jet of particles collides with the substrate, 
causing fragmentation and re-bonding to form a thick film [4].  

The process parameters that can be controlled in AD are the following: the carrier-gas 
species, the gas consumption (i.e., gas flow rate), the distance between the nozzle and 
substrate, the number, velocity and length of the scans, the size of the nozzle orifice, the 
pressure in the deposition chambers and the pressure in the aerosol chambers. The 
thickness of the films is controlled by the number and velocity of the scans, although the 
gas flow rate also affects the deposition rate and, consequently, the final thickness. For a 
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setup with a fixed pipe and nozzle dimensions, varying the carrier gas (e.g., N2, He, O2, 
Air, Ar) as well as its flow rate influences the pressure in the aerosol chamber and the 
deposition chamber. By varying the gas flow rate between 1 L/min and 30 L/min we can 
control the pressure in the evacuated deposition chamber between 0.2 mbar and 20 mbar. 
The pressure difference between the aerosol chamber and the deposition chamber 
determines the velocity of the aerosol jet (ranging between 100 m/s and 600 m/s) and the 
kinetic energies of the impacting particles [6]. It is common to use converging nozzles with 
a narrow orifice, having a typical slit width between 0.2 mm and 0.8 mm. The flow and 
the velocity of the aerosol jet also depends on the nozzle geometry [5]. 

The materials that have typically been deposited by AD are ceramic materials. These 
can be divided into simple oxides (Al2O3 [7], TiO2 [8], Y2O3 [9], yttria-stabilized zirconia 
(YSZ) [10], ZnO [11]), perovskites (Pb(Zr,Ti)O3 (PZT) [4], [12], BaTiO3 [13], LaNiO3 [14], 
MgTiO3 [15], (La0.8Sr0.2)MnO3 [16], (La0.6Sr0.4)(Co0.2Fe0.8)O3 [17], BaZr0.8Y0.2O3 [18], 
(K,Na)NbO3 [19]–[21], BiFeO3 [22], PMN–100xPT [23] and other ceramics (CuFeO2 [24], 
NiZnCu-Fe2O3 [25], NiMn2O4 [26], Ca10(PO4)6(OH)2 [27], AlN [28]). However, AD is not 
limited to ceramics, as metal materials can also be deposited, e.g., Ag [29], Bi0.4Sb1.6Te3 [30], 
Nd4.5Fe73Co2Cr2B18.5 [31], Sm2Fe17N3 [32]. A great advantage of the AD method is the 
combination of different materials in the deposition simultaneously. This is called aerosol 
co-deposition, which was used to deposit different composites, like ceramic/ceramic (e.g., 
BaTiO3/Al2O3 [33]), ceramic/metal (e.g., BaTiO3/Al [34]) and ceramic/organic composites 
(e.g., Ca10(PO4)6(OH)2/chitosan [35]) 

Furthermore, AD provides an appropriate way to coat these materials on a variety of 
substrates. The substrates that were already used for AD can be divided into: i) ceramics, 
e.g., Al2O3 [36], [37] and low-temperature co-fired ceramics [38], [39]; ii) metals, e.g., 
stainless steel (SS) [40], [41], Cu [13], [42], Pt [43], Au [44], Al [45]; iii) polymers [46], [47] 
and iv) others, such as glass [37], [48] or Si [49], [50].  

To summarize, with the AD method it is possible to combine ceramics, metals and 
polymers in order to prepare thick-film structures for various applications. While the topic 
of the thesis is oriented towards functional ceramic thick films, the AD process of ceramic 
thick films and their properties will be discussed further on. 

1.2.1 Ceramic Thick Films Prepared by Aerosol Deposition  
For the AD of ceramic thick films, it is very important to control the material parameters, 
such as the properties of the ceramic powders [51]. In contrast to metal particles, which 
are ductile and deform plastically during the collision with the substrate, the ceramic 
particles are brittle, thus the plastic deformation is often accompanied by fracture [5]. As 
shown in Figure 1.2, smaller ceramic particles (<< 0.1 µm) ejected from the nozzle have a 
lower kinetic energy and can be deflected (by the bow shocks) or rebound elastically from 
the substrate/film. Medium-sized ceramic particles have an appropriate kinetic energy and 
are deposited due to the plastic deformation and fracturing. Larger ceramic particles 
(>> 10 µm) obtain a too high kinetic energy, which causes abrasive blasting of the 
substrate/film [5]. Thus, the proposed deposition mechanism is based on the ceramic 
particle cracking and deformation, which occurs due to a hammering effect of the 
subsequent particle bombardment [52]. 
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Figure 1.2: Schematic representation of different sized ceramic particle collisions that take 
place during the AD process. A successful deposition of appropriate (medium) sized 
particles happens due to ceramic particle cracking and deforming. 

The particles’ deposition efficiency is not just size dependent; it also depends on the 
ceramic particles’ hardness, fracture toughness, density and state of agglomeration. Small, 
sub-µm-sized particles agglomerate due to their high specific surface energy. An 
agglomerate is a larger unit, which comprises loosely bonded particles. The degree of 
agglomeration does not influence just the deposition efficiency of the powder, but also the 
distribution of the particles lifted in the aerosol. Agglomerates behave differently when 
hitting the substrate/film surface than primary particles (of the same size). They 
presumably crash into smaller, loose particles, which are not able to bond to the 
substrate/film surface (Figure 1.2) [5]. An appropriate ceramic particle size range that is 
suitable for aerosol generation and deposition is estimated to be between 0.2 µm and 2 µm 
[5], [37]. To control the powder parameters such as powder particle size distribution, state 
of agglomeration, surface morphology and crystallite size, the powder is often treated prior 
to AD. The treatment of the powder usually involves heating to the temperatures of partial 
sintering, milling, sieving and drying [51], [53], [54]. Heating of the powders was proven to 
be essential in ensuring the adequate crystallinity and growth of crystallites. Only 
sufficiently large crystallites can undergo fracturing and plastic deformation, which is a 
prerequisite for successful powder deposition [55]. The powder milling reduces the particle 
size, while preserving the crystallite size. The milling is therefore used to increase the 
deposition rate, but progressive milling can also lead to insufficient particle compaction 
and increase the porosity of the deposited films, as reported by Akedo and Lebedev [54].  

AD ceramic thick films exhibit some special characteristics. The typical films (Figure 
1.3(a)) are dense (over 95% of theoretical density [56]) with nm-sized pores [57], [58] and 
with a good adhesion to the substrate [4]. The reason for the high density can be found in 
the kinetic energy of the high-speed particles, as already discussed. The high kinetic energy 
causes an intensive solidification when impacting with the substrate. Since the deposition 
occurs at room temperature, the bonding of the particles does not occur because of the 
thermal energy, but as a consequence of a sufficiently high kinetic energy. In studies where 
the particle collisions were modelled, it was shown that the local maximum temperature of 
the particles does not exceed 330 °C, which is far below the ceramics’ melting point [6], 
[59].  
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Figure 1.3: Scanning electron microscope images of AD 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3

thick films on SS substrates in (a) cross-section and (b) surface (plain) view. An example 
of a crater is marked with a white circle. 

The microstructure of the ceramic films shows non-distinctive grains reaching a few 
tens of nm in diameter [4], [57]. The impact of the ceramic particles does not just make 
the films dense; it also significantly increases the internal stress, which can be of the order 
of GPa [60], [61]. Usually, after the deposition the crystallographic phase is preserved and 
the crystallite size is reduced compared to the initial particles [50]. AD films also exhibit a 
relatively rough surface (Figure 1.3(b)). The root-mean-square values of the roughness (Rq) 
are usually in the range of a few hundred nm [48].  

1.3 Piezoelectrics, Ferroelectrics and Relaxor Ferroelectrics 

1.3.1 Piezoelectrics and Ferroelectrics 
Electro-mechanical devices, such as sensors, actuators and ultrasonic transducers, often 
consist of functional materials that exhibit a piezoelectric effect. Piezoelectrics are materials 
that can develop a dielectric displacement when a mechanical stress is applied (direct 
piezoelectricity, equation (1.1)) and mechanical deformation when an external electric field 
is applied (converse piezoelectricity, equation (1.2)). The direct and converse piezoelectric 
effects are schematically illustrated in Figure 1.4(a) and can be written in matrix form as: 

 𝐷ன = 𝑑ன஭ 𝜎஭ (1.1)

 𝑆஭ = 𝑑ன஭ 𝐸ன (1.2)

where D, S, 𝜎, E, d are the dielectric displacement (C⋅m–2), strain (/), stress (N⋅m–2), 
electric field (V⋅m–1) and piezoelectric coefficient (C⋅N–1 or m⋅V–1), respectively [62].  

Piezoelectricity can only be exploited in crystals that do not have a center of symmetry. 
Out of 32 crystal classes, 21 of them exhibit non-centrosymmetry and 20 of them exhibit 
piezoelectricity. Piezoelectrics are further divided into pyroelectrics (10 crystal classes), 
which exhibit a spontaneous polarization (i.e., a permanent electrical dipole at the unit-
cell level) in the absence of an external electric field. Pyroelectrics can also change their 
polarization with the temperature, which is known as pyroelectricity. Moreover, a subgroup 
of pyroelectrics are ferroelectrics. They possess at least two equilibrium orientations of the 
spontaneous polarization, which can be switched by an external electric field [62], [63]. The 
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hierarchical subdivision of piezoelectrics into ferroelectrics is schematically presented in 
Figure 1.4(b). 

 

Figure 1.4: (a) Schematic of the direct and converse piezoelectric effects and (b) the 
hierarchical subdivision of piezoelectric materials. 

The ferroelectric properties of crystals at the unit-cell level are often presented using 
the example of a perovskite (ABO3) crystal structure (Figure 1.5). Above the Curie 
temperature (TC) such materials are in a paraelectric (non-polar) phase, while below TC 
they are in a ferroelectric (polar) phase. The paraelectric phase is centrosymmetric and 
always has a higher symmetry than the low-temperature ferroelectric phase, which exhibits 
spontaneous polarization (Figure 1.5) [62], [64]. At the microscopic level the regions of 
uniform spontaneous polarization are called the ferroelectric domains, which can be aligned 
in a certain direction with the application of an external electric field. The ferroelectric 
domains are separated by domain walls. The phase transition at TC in ordinary 
ferroelectrics is accompanied by a sharp maximum in the dielectric permittivity vs. 
temperature dependence (Figure 1.5(a)). Furthermore, ferroelectric materials exhibit a 
typical electric polarization (P) vs. electric field (E) behavior, which is a consequence of 
domain switching (shown in Figure 1.5(b)) [62].  
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Figure 1.5: (a) Temperature dependence of the dielectric permittivity around TC and (b) 
characteristic P–E hysteresis loop of a ferroelectric, with a perovskite crystal structure 
(ABO3). The remanent polarization (PR) is the polarization that persists when an external 
electric field is removed. The coercive field (EC) is the electric field that reduces the 
polarization to zero. The schematics in panel (a) are modified after [65] and the graphs are 
courtesy of the Electronic Ceramics Department, JSI. 

1.3.2 Relaxor-Ferroelectrics 
In contrast to classic ferroelectrics, relaxor-ferroelectrics, or briefly relaxors, do not exhibit 
a long-range-ordered ferroelectric phase and their symmetry remains, on average, cubic 
down to very low temperatures. Relaxors are chemically (or compositionally) disordered, 
meaning that in the unit cell equivalent lattice sites are occupied by different cations in a 
random order [66]. Such chemical disorder creates randomly oriented dipoles with the 
associated local random fields, even in the paraelectric state [66], [67]. By cooling down 
from the paraelectric state, an (ergodic) relaxor state appears, which contains polar regions 
on the nm scale (called the polar nano region – PNR) [66], [68]. In the absence of an 
external electric field the polarization of the PNR is random and the macroscopic 
spontaneous polarization is zero. However, when applying an external electric field, the 
dipoles in the PNR become oriented [69]. Relaxors exhibit a broad and frequency-dependent 
dielectric permittivity vs. temperature maximum and rather slim P–E loops, as shown in 
Figure 1.6(a) and (b), respectively [66]. 
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Figure 1.6: (a) Temperature dependence of the dielectric permittivity and (b) P–E
hysteresis loop (at 1 kHz) of Pb(Mg1/3Nb2/3)O3 ceramics, which is a prototype relaxor. 
Courtesy of Electronic Ceramics Department, JSI. 

1.3.3  Pb(Mg1/3Nb2/3)O3–PbTiO3 Solid Solutions 
One of the most studied relaxors is the perovskite lead magnesium niobate 
Pb(Mg1/3Nb2/3)O3 (PMN). Its chemical disorder, which is typical for relaxors, originates 
from the B-site Mg2+ and Nb5+ ions (with a stoichiometric ratio of 1:2). The occupancy of 
Mg2+ and Nb5+ ions is random, with the exception of the chemically ordered nm-sized 
regions [70], [71]. However, such a complex order/disorder local structure disturbs the long-
range order typical for ferroelectrics and leads to the formation of PNR [72], [73]. Therefore, 
the nm-sized domain pattern and the absence of long-range ferroelectric order give rise to 
the characteristic relaxor behaviour shown in Figure 1.6. 

On the other hand, the PbTiO3 (PT) is ferroelectric, having a tetragonal crystal 
structure at room temperature. It shows a typical ferroelectric P–E hysteresis loop and a 
frequency-independent permittivity peak at TC = 495 °C [74]. 

Together, the PMN and PT form a solid solution (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 
(PMN–100xPT) over the entire compositional range [75]. According to the binary phase 
diagram (shown in Figure 1.7) at room temperature (Troom), multiple phases exist between 
the cubic (Pm-3m) PMN and tetragonal PT (P4mm). With increasing PT content, the 
cubic phase first transforms to a “pseudo-rhombohedral” (R3m) phase (observed in single 
crystals) or distorted monoclinic (Cm) phase (observed in ceramics) and then to a 
monoclinic (Cm) and monoclinic (Pm) [76]. As expected, the increasing PT content 
gradually suppresses the relaxor behavior (0 < x < 0.1) and at x > 0.30 the ferroelectric 
behavior prevails [66], [77], [78]. The PMN–100xPT system shows a so-called morphotropic 
phase boundary (MPB) at x ~ 0.35, where monoclinic and tetragonal phases coexist. The 
compositions in the MPB region are characterized by promising ferroelectric properties. 
Thus the PMN–35PT (blue dotted vertical line shown in Figure 1.7) possesses excellent 
dielectric and piezoelectric properties, i.e., the longitudinal piezoelectric coefficient (d33) of 
bulk ceramics typically reaches more than 500 pC⋅N–1 [77], [79]–[81]. On the other hand, 
compositions with a low PT content, like PMN–10PT (red dotted vertical line shown in 
Figure 1.7), exhibit small hysteretic losses (evident from the slim P–E loops) and 
exceptional electrocaloric properties [82]–[85], and so have potential in capacitive energy-
storage and solid-state cooling technologies. 
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Figure 1.7: PMN–100xPT phase diagram. Modified after [76], [86]. 

1.4 Ferroelectric Ceramic Thick Films Prepared by Aerosol 
Deposition 

Aerosol deposition is a promising method for the fabrication of ferroelectrics in the form of 
thick films. Most of the research on AD ferroelectrics has been conducted on lead zirconate 
titanate (Pb(Zr,Ti)O3, PZT), as it offers excellent ferroelectric and piezoelectric properties. 
In addition, diverse chemical modifications of the PZT system make it possible to tailor its 
properties, which is beneficial when engineering various devices [87]. The applicability of 
aerosol-deposited PZT thick films was demonstrated in micro-electromechanical systems, 
such as micro-actuators [88]–[90], ultrasonic transducers [91], electro-optical modulators 
[92]–[94] and energy harvesters [95]–[97]. In recent years, more attention has been given to 
demonstrate the capacitive energy-storage capabilities of aerosol-deposited PZT thick films 
[98]–[102]. However, PZT is not the only ferroelectric material being prepared using the 
AD method. Other ferroelectrics include, e.g., BaTiO3 [41], [103]–[106], (K,Na)NbO3 [19]–
[21], BiFeO3 [22] and PMN–100xPT [23], [107], [108].  

The microstructure of AD ferroelectric thick films is different compared with the bulk 
ferroelectrics prepared by conventional ceramic sintering. The as-deposited ferroelectric 
films have an increased amorphous content and a reduced crystallite size [50]. As mentioned 
earlier, the impact of the ceramic particles also increases the internal stresses in the material 
[60]. The consequences of such microstructural characteristics are poor dielectric, 
piezoelectric and ferroelectric properties of the as-deposited films. For example, the 
dielectric permittivity (measured at 1 kHz) of as-deposited Pb(Zr0.52Ti0.48)O3 thick films on 
Si substrates is low (~100) in comparison to their bulk counterparts (~1200) [109]. In 
addition, the P–E loops of the as-deposited Pb(Zr0.52Ti0.48)O3 films do not show typical 
ferroelectric hysteresis loops, but almost a linear behaviour, as shown in Figure 1.8 [109]. 

In order to improve the functional properties, the AD films are usually annealed above 
500 °C after the deposition [12], [19], [22], [50], [104], [109]–[111]. However, low 
temperatures of 300 °C can also be used in the post-deposition annealing [60]. Depending 
on the temperature, the annealing increases the crystallinity and the crystallite size [50], 
and relaxes the internal stresses [41], [60], which leads to improved dielectric, piezoelectric 
and ferroelectric properties. For example, in BaTiO3 thick films on stainless steel (SS) after 
annealing at 300 °C (500 °C) the compressive residual stress relaxes from 672 MPa to 
319 MPa (271 MPa), and the maximum polarization at 500 kV⋅cm–1 increases from 
3.3 µC⋅cm–2 to 5.0 µC⋅cm–2 (5.8 µC⋅cm–2) [60]. In this case, the annealing temperatures of 
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500 °C were too low to cause any crystallite growth. A further increment in the annealing 
temperature improves the functional properties even more. The enhancement of the 
ferroelectric character is especially obvious from the P–E hysteresis loops. In 
Pb(Zr0.52Ti0.48)O3 thick films on Si substrates the maximum polarization at 500 kV⋅cm–1 
increases from 7.7 µC⋅cm–2 to 48.3 µC⋅cm–2 and 66.6 µC⋅cm–2, when the annealing 
temperature increases from 500 °C to 700 °C, respectively (Figure 1.8) [109]. Note that 
above 500 °C the grain growth becomes a significant factor in the improvement of the 
functional properties. 

Furthermore, the high density and low pore concentration of the AD thick films 
contribute to an extremely high dielectric breakdown strength (DBS). In general, the DBS’s 
characteristics are independent of the post-deposition thermal annealing temperatures, 
since the annealing does not change the film density. For example, the DBS of AD 
(Pb0.89La0.11)(Zr0.70Ti0.30)O3 thick films can reach 3000 kV⋅cm–1 [100], which is much higher 
than their bulk counterparts, with a DBS of ~80 kV⋅cm–1 [112]. 

 

Figure 1.8: P–E hysteresis loops of AD Pb(Zr0.52Ti0.48)O3 thick films on Si substrates 
annealed at different temperatures. Modified after [109]. 

Ferroelectric materials are promising as piezoelectrics and therefore their 
electromechanical properties are also investigated in thick-film form. However, the 
piezoelectric effect in aerosol-deposited thick films is typically much lower than that of 
bulk ceramics. For example, it was shown that the film-substrate clamping effect 
remarkably reduces the maximum piezoelectric strain output of aerosol-deposited PZT 
thick films [113]. More studies have shown that the measured piezoelectric coefficient also 
depends on the thermal expansion mismatch between the film and the substrate [114] and 
on the thickness of the annealed aerosol-deposited films [115]. Han et al. demonstrated an 
increasing converse piezoelectric coefficient d33 with increasing the film’s thickness (between 
1 µm and 55 µm) [115].  

Since aerosol-deposited ferroelectric thick films already have a high (green) density, no 
densification is required, only stress relaxation, crystallization and crystal growth. Thus, 
the temperatures for annealing the AD ferroelectric films are a few hundred degrees lower 
than the temperatures for sintering low-density thick films prepared by other methods. For 
example, screen-printed ferroelectric thick films often need to be densified at temperatures 
above 1000 °C [116], [117], while AD ferroelectric thick films can exhibit ferroelectric-like 
properties after annealing at 300 °C [60]. The advantage of the AD method is, therefore, 
the integration of thick films onto a wider collection of substrates. 
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Metal substrates offer good electrical conductivity and mechanical stability, while 
polymer substrates offer flexibility, bendability and pliability, making them a promising 
choice for flexible electronics [118], [119]. SS represents a versatile metal, durable and 
resistant to corrosion and wear. As a low-cost material it is in everyday use. When using 
flexible polymers as substrates, polyimide (PI) is often chosen as it offers excellent chemical 
resistance and thermal stability [120]. However, little research has been done on the 
integration of ferroelectric ceramic thick films on PI substrates [99]. 

Despite huge efforts that have been made with the AD of ferroelectrics, most of the 
studies have been conducted on PZT thick films (starting with Akedo et al. in 1999 [40], 
[50]), while little attention was given to the PMN–100xPT system [23], [107], [108]. 
Moreover, there is only one research group working on aerosol-deposited PMN–100xPT 
thick films on low-cost substrates such as SS [107] and none on flexible polymer substrates.  

1.5 Objectives and Hypotheses of the Dissertation 
Due to the room-temperature deposition, the AD method is a great option to integrate 
ceramics with a variety of low-melting-point substrates. The potential for developing new 
material combinations is huge, as well as being important for designing diverse applications 
(e.g., capacitive energy storage, energy harvesting, high‐power electronics, actuators and 
sensors). 

The main goal of the thesis is to prepare functional (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 
(PMN–100xPT) thick films using the AD method on stainless-steel (SS) and polyimide 
(PI) substrates. Furthermore, the purpose is to evaluate the influence of the post-deposition 
thermal annealing on the structural, microstructural and functional properties of the 
prepared films. 

 
The objectives of this doctoral dissertation are the following:  

1) To find the relation between the PMN–10PT and PMN–35PT powder-preparation 
procedure, particle properties and the powder-deposition efficiency during AD. 

2) To integrate PMN–10PT and PMN–35PT thick films on substrates, incompatible 
with a high-temperature sintering process, such as on SS and PI substrates.  

3) To deposit homogeneous PMN–10PT and PMN–35PT thick films with a relative 
density above 97%. 

4) To determine the influence of thermal annealing on the structure and 
microstructure of PMN–10PT and PMN–35PT thick films, and consequently on 
their functional properties, i.e., dielectric, ferroelectric, energy-storage and 
electromechanical properties.  

5) To evaluate the degree of stress relaxation during the thermal annealing of prepared 
thick films at different annealing temperatures. 

6) To prepare PMN–10PT and PMN–35PT thick films with a high dielectric 
breakdown strength (DBS), which leads to a high energy-storage density. 

7) To investigate the bendability of ceramic PMN–10PT thick films deposited on 
flexible PI substrates. 

8) To determine the electromechanical properties of PMN–35PT thick films deposited 
using AD.  

 
This doctoral dissertation is based on the following hypotheses: 

1) PMN–10PT and PMN–35PT powders with particle sizes less than 100 nm are not 
suitable for the aerosol deposition of thick films because small particles do not 
undergo typical fragmentation and re-bonding. In addition, the presence of 
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agglomerates can hinder the deposition of films with a homogeneous film thickness. 
Only powders with particles in the range of several hundred nm can form dense, 
homogeneous, few-μm-thick films with good adhesion.  

2) PMN–10PT and PMN–35PT powders, after mechanochemically assisted synthesis, 
consists of nanocrystalline particles; therefore, thermal annealing of the powder, 
which increases the particle size, is required for successful film deposition on SS 
and PI substrates. 

3) The microstructure of PMN–10PT and PMN–35PT thick films does not change 
significantly with a post-deposition thermal annealing up to 500 °C.  

4) The stress relaxation after the post-deposition thermal annealing of PMN–10PT 
and PMN–35PT thick films is significant and improves their functional properties. 

5) The DBS of aerosol-deposited thick films is higher than that of bulk ceramics. 
Moreover, the dielectric breakdown characteristics of PMN–10PT and PMN–35PT 
thick films do not change after post-deposition thermal annealing due to the 
preserved microstructure. 

6) Compared to their bulk-ceramic counterparts, the aerosol-deposited PMN–10PT 
and PMN–35PT thick films exhibit higher polarization and energy-storage 
properties. 

7) The AD method enables the preparation of PMN–10PT and PMN–35PT thick 
films on SS with a high electrical fatigue stability, i.e., they withstand more than 
one million cycles of applied electric field. 

8) The aerosol-deposited PMN–10PT thick films on PI substrates are flexible and 
durable, and can withstand bending up to a radius of 3 mm and repetitions of 105 
bending cycles without degradation of the energy-storage performance.  

9) Using the AD method, piezoelectrically active PMN–35PT thick films can be 
produced entirely at room temperature. Additional thermal annealing of the thick 
films increases their piezoelectric response. 
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2 Energy-Storage-Efficient 
0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 
Thick Films Integrated Directly onto 
Stainless Steel 

To overcome the obstacles in integrating functional ceramics with metals, a room-
temperature AD method was employed. Relaxor-ferroelectric PMN–10PT thick films were 
aerosol-deposited on low-cost SS substrates to produce energy-storage-efficient thick films. 

First, a single-phase PMN–10PT powder was prepared by mechanochemical-activation-
assisted synthesis. Heating and planetary ball milling were introduced to the powder and 
four powder modifications were prepared by varying the heating and milling conditions. 
To investigate the influence of powder properties on the aerosol deposition behavior, the 
surface morphology, state of agglomeration and particle size of all four PMN–10PT powder 
modifications were studied. The first part of our study demonstrated how critical powder 
preparation is to successful AD. A combination of heating (at 900 °C) and subsequent 
milling (for 30 min) proved to be important to obtain a PMN–10PT powder with 
sufficiently large crystallites (181 nm) and an optimized particle size to allow the formation 
of dense and homogeneous thick films at an increased deposition rate (0.27 mm3·min–1). 

Due to the typical deposition mechanism of AD, the crystallite size of the aerosol-
deposited PMN–10PT thick films on SS substrates decreased to 33 nm ± 1 nm, and the 
microstrain increased significantly to 25.9·10−4 ± 0.3·10−4. Furthermore, the as-deposited 
thick films were additionally annealed at 500 °C, and the effect of thermal annealing on 
the structural, microstructural, and energy-storage properties of the PMN–10PT films was 
investigated. Thermal annealing does not lead to any microstructural changes; the high 
density (porosity of only ~1.5%) and excellent adhesion are maintained. After thermal 
annealing, the crystallite size remained similar, while the microstrain decreased by 47%, 
indicating a partial relaxation of the residual stresses. The stress relaxation is responsible 
for the evolution of dielectric behavior (in as-deposited films) to relaxor-ferroelectric 
behavior in thermally annealed PMN–10PT thick films. As a result of the slim P–E 
hysteresis loops and high DBS, the thermally annealed films achieve a recoverable energy-
storage density (Urec) of 9.8 J·cm−3 and an energy-storage efficiency (η) of 79% at 
900 kV·cm−1. These results are comparable to other energy-storage-efficient thick films 
prepared by AD on conventional Si substrates. The excellent temperature stability of the 
energy-storage properties up to 200 °C and the electric-field cycling stability up to 1.6·107 
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cycles make thermally annealed PMN–10PT thick films promising for energy-storage 
applications. 
This chapter addresses thesis objectives 1, 2, 3, 4, 5, and 6. 
 
Published in: M. Sadl, O. Condurache, A. Bencan, M. Dragomir, U. Prah, B. Malic, M. 
Deluca, U. Eckstein, D. Hausmann, N. H. Khansur, K. G. Webber, and H. Ursic, “Energy-
storage-efficient 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 thick films integrated directly onto 
stainless steel,” Acta Mater., vol. 221, p. 117403, 2021. (IF = 9.209, 2021) 

 
My contribution: I synthesized the powder and prepared the powder modifications after 
heating and milling. I optimized the process parameters for the aerosol-deposition process 
and deposited the thick-film samples on the SS. I performed surface profilometry, scanning 
electron microscopy, laser granulometry, X-ray diffraction data (XRD) analysis, electrical 
and impedance characterization and the calculation of the energy-storage properties. I 
elaborated the concept of the manuscript and wrote the paper, together with the co-
authors. 
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a b s t r a c t 

The integration of functional ceramics with metals remains challenging due to the thermally activated

processes and the incompatibilities that arise during the high-temperature ceramic sintering process.

In order to overcome this, low-temperature processing methods can be employed. In this work, dense

0.9Pb(Mg 1/3 Nb 2/3 )O 3 –0.1PbTiO 3 thick films were deposited on low-cost, stainless-steel substrates at room 

temperature using an aerosol-deposition method. The key material parameters for a successful aerosol

deposition of the powder were identified and used in the process, which resulted in homogeneous 15-

μm-thick films. The as-deposited films can withstand electric fields of 900 kV �cm 

−1 and exhibit promis- 

ing room-temperature energy-storage properties: the recoverable energy density reaches 7.0 J �cm 

−3 with 

an energy-storage efficiency of ∼70%. A post-deposition stress relaxation by annealing at 500 °C further 

improves the recoverable energy density, leading to 9.8 J �cm 

−3 at 900 kV �cm 

−1 with an energy-storage 

efficiency of ∼80%. The energy-storage performance exhibits excellent temperature stability up to 200 °C 
and an electric-field cycling stability up to 16 million cycles. The low-temperature integration of energy- 

storage-efficient thick films onto stainless steel opens up possibilities for numerous new, pulsed-power

and power-conditioning electronic applications.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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. Introduction

Ceramic dielectric capacitors can absorb and release large volt- 

ge or current pulses in a short timeframe (i.e., between μs and 

s), making them promising for energy-storage devices in pulsed- 

ower and power-conditioning electronic applications. These can 

e found in medical equipment, transportation, avionics, energy 

ystems such as photovoltaics and other commercial systems [1–3] . 

eramic dielectric capacitors, however, possess energy-density val- 

es some orders of magnitude lower than supercapacitors or bat- 

eries. Increasing the energy density of ceramic dielectric capaci- 

ors might thus open up possibilities for new applications in which 

hey could – at least partly – replace long-term, energy-storage de- 
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E-mail address: hana.ursic@ijs.si (H. Ursic).
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ices. Dense materials in the form of films with thicknesses around 

r above 1 μm show the most promising energy-storage properties 

o far [4] . 

The materials used for capacitors in energy-storage applications 

eed to operate under demanding conditions such as high electric 

elds, a broad temperature range and they need to endure repet- 

tive electric-field cycling. Ceramic thick films based on relaxor- 

erroelectrics (1 −x )Pb(Mg 1/3 Nb 2/3 )O 3 –x PbTiO 3 (PMN–100 x PT) cope 

ell with all these requirements. Among them, PMN–10PT is in- 

eresting for such applications as it exhibits small hysteresis losses, 

hich is evident from the slim electric polarization ( P ) vs. elec- 

ric field ( E ) hysteresis loops [5] . The requirements for a large

ielectric-breakdown strength of ceramics can be achieved by in- 

reasing the material’s density and reducing the thickness of the 

apacitor. As such, dense PMN–10PT thick films have excellent pos- 

ibilities to achieve a high energy-storage performance in layered 

eramic dielectric capacitors. 
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16 Chapter 2. Energy-Storage-Efficient 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 Thick Films Integrated Directly onto Stainless Steel
Conventional thick-film deposition methods, such as screen- 

rinting, tape-casting or electrophoretic deposition, are followed 

y a high-temperature annealing (often above 10 0 0 °C) to den- 

ify the deposited films [6] . However, annealing at such high tem- 

eratures imposes many drawbacks. High annealing temperatures 

ncrease the production costs and promote the evaporation of 

olatile components, which can significantly deteriorate the chem- 

cal composition of functional layers. Furthermore, annealing at 

igh temperatures restricts the use of substrate materials with a 

ow oxidation resistance and a low melting point, such as metals. 

his limits the integration possibilities of ceramic layers on metal 

ubstrates, which is especially important when designing new ap- 

lications [6] . In order to overcome these shortcomings, aerosol 

eposition (AD) can be used. AD is a spray-coating method for 

reparing dense, several-μm-thick films at room temperature. The 

eposition mechanism is based on the collision of high-speed par- 

icles with the substrate’s surface and the densification occurs as a 

onsequence of the high kinetic energies involved [ 7 , 8 ]. 

Stainless steel is an iron-based alloy containing chromium, 

hich makes it durable and resistant to corrosion and wear. It 

s a low-cost material that is used in various applications, e.g., 

n buildings and monuments, manufacturing, medicine, power sta- 

ions, vehicles, spacecraft and many other appliances and con- 

umer products [9–11] . The integration of functional layers directly 

nto stainless-steel surfaces is a very important scientific and 

echnological challenge with enormous potential for applications. 

he processing and characterization of piezoelectric Pb(Zr,Ti)O 3 - 

ased [12–16] and lead-free [17–19] thick films on stainless 

teel have been widely reported; however, no reports of energy- 

torage-efficient PMN-based thick films on stainless steel are 

vailable. 

In this work, PMN–10PT thick films were directly deposited by 

D on stainless-steel substrates without any additional intermedi- 

te layers (electrodes or barrier layers). For the successful deposi- 

ion of films by AD, the powder properties need to be optimized. 

ccording to the literature [8] , powders with a particle size rang- 

ng between 0.2 μm and 2 μm can be successfully deposited by 

D. However, the deposition is not just particle-size dependent; 

t also depends on the particles’ shape, state of agglomeration, 

ardness, average crystallite size, etc. [ 8 , 20 , 21 ]. Milling and ther-

al pre-treatment of the powder are thus crucial for an efficient 

lm deposition. This work investigates the influence of PMN–10PT 

owder properties on the deposition rate. Four different PMN–10PT 

owders were prepared and deposited on the stainless-steel sub- 

trates. The optimum powder resulted in dense films that were a 

ew μm thick. 

According to reports in the literature, the impact of ceramic 

articles during the AD process creates internal stresses in the de- 

osited material [ 19 , 22 , 23 ]. The post-deposition annealing of pre-

ared films will induce an increase in the size of the crystallites 

24] and the relaxation of internal stresses [ 19 , 25 ], which can lead

o improved functional properties. Therefore, in the second part of

his work, the influence of thermal annealing on the structural,

icrostructural and energy-storage properties of PMN–10PT thick

lms on stainless-steel substrates is discussed.

. Experimental procedure

For the synthesis of the PMN–10PT ceramic powder, PbO (99.9%, 

ldrich), MgO (99.95%, Alfa Aesar), TiO 2 (99.8%, Alfa Aesar) and 

b 2 O 5 (99.9%, Aldrich) were employed. Two sets of oxide mix- 

ures corresponding to the stoichiometry of Pb(Mg 1/3 Nb 2/3 )O 3 and 

bTiO 3 were homogenized separately. The PT powder mixture was 

alcined at 750 °C for 2 h and additionally milled in order to 

btain crystalline PT seeds. It was reported that such PT seeds 

acilitate faster kinetics of the PMN–10PT perovskite-phase for- 
2

ation and shorten the high-energy milling time [26] . PT and 

MN powder mixtures were homogenized with a stoichiome- 

ry of 0.9Pb(Mg 1/3 Nb 2/3 )O 3 –0.1PbTiO 3 . This mixture was reacted 

y mechanochemical-activation-assisted synthesis, also known as 

igh-energy milling, after which the synthesized powder was 

illed. All homogenization and milling processes were carried out 

n a planetary ball mill (PM 400, Retsch, Germany) at 200 min 

−1 

or 2 h, in isopropanol, using yttria-stabilized zirconia (YSZ) milling 

alls with diameters of 3 mm. The high-energy milling involved 

he same planetary ball mill, but for 36 h at 300 min 

−1 in a

ungsten-carbide milling vial with a volume of 250 cm 

3 , filled 

ith 10 tungsten-carbide milling balls having diameters of 20 

m. In addition to the thick films, the PMN–10PT bulk ceramic

ellets with an average grain size of 4.4 μm were prepared

ia mechanochemical-activation-assisted synthesis and sintering at

200 °C for 2 h, as previously reported in ref. [27] .

The as-synthesized PMN–10PT powder was further processed to 

btain four powder modifications, which were used in the AD pro- 

ess. The first powder, here referred to as the non-treated powder 

NT), did not receive any post-synthesis treatment. The remaining 

hree powders were thermally treated at 900 °C for 1 h. The sec- 

nd powder (H) was subjected only to the heat treatment, while 

he third (HM30) and fourth (HM60) powders were subjected to 

n additional ball milling for 30 min and 60 min, respectively. The 

illing conditions were similar to those used in the previous steps, 

.e., milling at 200 min 

−1 in isopropanol using YSZ milling balls

ith diameters of 3 mm. Prior to the AD, the powders were sieved

hrough a 200-μm mesh and vacuum dried for 12 h at 100 °C and

t 10 mbar.

The AD equipment was provided by InVerTec, Germany. 

ommercial stainless steel (SS, no. 304, American Iron and 

teel Institute) with a bright, polished surface (A480: No. 8, 

merican Society for Testing and Materials) and dimensions 

5 mm × 15 mm × 0.8 mm was used as the substrate. The pro- 

ess parameters during the AD, reported elsewhere [28] , were kept 

he same for the deposition of all four powders. After the AD, the 

amples were cleaned with ethanol and annealed at 500 °C for 1 h 

sing 2 K �min 

−1 heating and cooling rates in order to release the 

nternal stresses developed in the material during deposition. 

The X-ray diffraction (XRD) analysis was performed with a 

igh-resolution diffractometer (X’Pert PRO, PANalytical, Nether- 

ands) using Cu–K α1 radiation. Diffraction patterns were recorded 

n the Bragg–Brentano geometry using a 100-channel X’Celerator 

etector in a 2 θ range of 10 °–120 ° with a step of 0.017 ° and an

ntegration time of 100 s per step. The Topas R package (version 

.1, Bruker AXS GmbH, Germany) was employed for the Rietveld 

efinement and the Fundamental Parameters Approach (FPA) was 

sed for the line-profile fitting of all the samples [29] . The FPA 

ses the geometrical properties of the diffraction experiment to 

uild up the instrumental line width from first principles. It thus 

llows an explicit determination of the sample-dependent line- 

roadening contributions to the peak profile, which are dominated 

y the microstrain and broadening due to decrease in the crystal- 

ite size [30] . The microstructure effects were modeled using the 

ouble-Voigt approach [31] . The volume-weighted mean crystal- 

ite size was calculated based on the integral breath method in- 

orporated in the Topas software. The residual stress analyses of 

he films in the Bragg–Brentano geometry were performed with 

 high-resolution XRD diffractometer (Bruker D8 Advance, Bruker 

XS GmbH, Germany) using Cu–K α1 radiation equipped with a Eu- 

erian cradle. 

Particle size analyses were performed using a light-scattering 

aser granulometer (S3500, Microtrac, USA) with isopropanol (IPA) 

s a medium. Prior to the measurement the powder in the liquid 

edium was placed in an ultrasonic bath (PRO 50, ASonic, China) 

or a few minutes in order to break the agglomerates. 
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Scanning electron microscopy (SEM) analyses were performed 

ith a field-emission scanning electron microscope (FE-SEM, JSM- 

600F, JEOL, Japan) equipped with an energy-dispersive X-ray spec- 

rometer (EDXS, Inca Oxford 350 EDS SSD, Oxford Instruments, 

K). For the SEM analyses, the powders were deposited on car- 

on tape. In the case of the thick films, plain surfaces and pol- 

shed cross-sections were analysed. For the cross-sectional analy- 

es, the samples were cut, mounted in epoxy resin, ground and 

ne-polished using a colloidal silica suspension. Prior to the SEM 

nalyses, all the samples were coated with a 3-nm-thick carbon 

ayer using a Precision Etching and Coating System (PECS 682, 

atan, USA). 

The porosity of thick films was estimated from SEM cross- 

ectional images using the Image Tool software (UTHSCSA Image 

ool Version 3.0 0. 20 02, [32] ). Also the size analyses of the pow-

er particles were based on SEM images with the Image Tool soft- 

are and measuring more than 150 particles. The data are pre- 

ented as a number particle size distribution and the particle size 

s expressed as Feret’s diameter [33] . 

The transmission electron microscopy (TEM), including 

elected-area electron diffraction (SAED), of the powders dispersed 

n a grid and the thick films in cross-section were performed 

sing JEM 2100 and JEM 2010F (JEOL, Japan) microscopes, re- 

pectively. Prior to the analyses, the thick-film samples were cut, 

round, dimpled and finally Ar-ion milled (PIPS 691, Gatan, USA). 

he SAED patterns were indexed according to the cubic perovskite 

tructure (JCPDS 81-0861, Pm ̄3 m space group). 

Raman measurements of the thick films were performed with 

 single spectrograph apparatus (LabRAM 300, Horiba Jobin Yvon, 

rance), using an excitation wavelength of 532 nm. The spectra 

ere collected in the backscattered geometry with an edge filter 

cut-off: 80 cm 

−1 ), 1800 gr �mm 

−1 grating, slit size of 100 μm and

 charge-coupled-device camera. The laser beam spot had a diam- 

ter of ∼1 μm on the specimen’s surface. 

The film thickness was evaluated from the step height of the 

ine profiles measured with a contact profilometer (DektakXT, 

ruker, USA). A quadratic polynomial was used for the curvature 

emoval on the line profiles. For each powder, the deposition rate 

 DR ) was calculated from the film thickness ( h ), film width ( w ),

weep speed ( v ) and number of scans ( N ), according to the follow-

ng Eq. (1) : 

R = 

h · w · v
N 

(1) 

For the electrical measurements, the bulk ceramic pellets were 

ut to a thickness of ∼200 μm and polished, while in the case 

f the thick films no additional preparation was needed. In both 

ases, the surfaces were coated with Au electrodes using a RF- 

agnetron sputtering machine (5 Pascal, Italy). The diameters of 

he electrodes sputtered on the thick-film and ceramic surfaces 

ere 1.5 mm and 5 mm, respectively. The unipolar polarization–

lectric field ( P–E ) hysteresis loops of the films and ceramics were 

easured using an aixACCT TF analyzer 20 0 0 (aixACCT Systems 

mbH, Germany) by applying a single sinusoidal waveform with a 

requency of 100 Hz. For the P–E loops that were measured at tem- 

eratures ranging from 0 °C to 200 °C and during room-temperature 

epetitive electric-field cycling an electric field of 500 kV �cm 

−1 

as applied. 

. Results and discussion

.1. Influence of the powder properties on the AD rate 

Initially, the influence of the powder properties on the aerosol- 

eposition rate was studied. The morphology, state of agglomera- 

ion and particle size of all four PMN–10PT powders were inves- 
3

igated using laser granulometry, SEM and TEM. The laser gran- 

lometric analyses are shown in Supplementary material S1. The 

easurements made in isopropanol (IPA) revealed multimodal size 

istributions and a broad particle size range in all the powders, 

.e., between 100 nm and a few tens of micrometers, indicating the

ormation of agglomerates, presumably partially related to the IPA

iquid medium used during the measurements. Note also that the

ub-100-nm particles were not detected by laser granulometry, due

o the detection limit of the device [34] . On the other hand, the

article size analyses by SEM ( Fig. 1 ) revealed non-agglomerated

articles with sizes below 500 nm.

According to data from the SEM analyses ( Fig. 1 d, h, l, p), the

on-treated (NT) powder consists of the smallest particles. These 

articles are, according to the SEM and TEM, irregularly shaped 

nd their size range is between 20 nm and 120 nm, with a median 

article size ( d 50 ) of 50 nm ( Fig. 1 d). Such small particles tend to

educe their surface energy by assembling into agglomerates larger 

han 200 nm, as observed in Fig. 1 b and c. 

The thermal treatment completely modifies the powder prop- 

rties, since the early stages of interparticle sintering occur due to 

ufficient thermal energy being available. The H powder consists 

ainly of large, round-like particles with smooth surfaces. Accord- 

ng to the particle size distribution determined from the SEM mi- 

rographs ( Fig. 1 h), the size of these particles ranges between 150 

m and 450 nm, with a d 50 of 250 nm. 

Milling influences both the particle size and shape. In compar- 

son to the H powder, the milled HM30 powder contains smaller 

articles with sizes between 100 nm and 400 nm, and a d 50 of 220

m ( Fig. 1 l). Due to milling, the particles are also more irregularly 

haped in comparison to the round-like particles of the H powder. 

Further milling leads to the formation of more irregularly 

haped particles with fresh surfaces and higher specific surface 

nergies [35] . These particles tend to reduce their surface energy 

y assembling into large agglomerates, some of them exceeding 

0 0 0 nm ( Fig. 1 m). According to the particle size distribution de-

ermined from the SEM micrographs ( Fig. 1 p), the size of the HM60 

owder particles typically ranges between 50 nm and 400 nm, 

ith a d 50 of 200 nm. Despite progressive milling, these few- 

undred-nm-sized particles ( Fig. 1 o) can be identified as single 

rystalline particles according to the SAED analysis (Supplementary 

aterial S2). Furthermore, in all three heat-treated powders, a few 

xamples of particles with sizes around or below 100 nm were ob- 

erved with the TEM ( Fig. 1 g, k and o). 

X-ray diffraction analyses (XRD) were performed on all four

MN–10PT powders ( Fig. 2 ). All the powders were indexed to the 

erovskite structure with the Pm ̄3 m space group (JCPDS 81-0861). 

o secondary phases were detected. The XRD patterns reveal a 

ubstantial peak broadening of the NT powder compared to other 

amples. Such broadening is evidence of a reduced crystallite size 

nd/or microstrain. These XRD patterns were examined in detail 

sing Rietveld refinements and the results are shown in Fig. 2 c. 

he smallest average crystallite size of 21 nm ± 1 nm and the 

argest microstrain of 15.4 �10 −4 ± 0.8 �10 −4 was found in the NT 

owder that was high-energy milled, but not thermally treated af- 

erwards. In the other three powders that were exposed to a ther- 

al treatment, the average crystallite size increased to ∼190 nm 

nd the microstrain decreased below 2.0 �10 −4 . Note that the crys- 

allite size of the heat-treated powders is comparable to the par- 

icle size determined by the SEM analysis ( Fig. 1 ), where d 50 is

lightly above 200 nm. These particles are mainly single crystalline, 

hich was confirmed by the SAED analyses (Supplementary mate- 

ial S2). 

Finally, all four powders were deposited on stainless-steel (SS) 

ubstrates under similar conditions. Fig. 3 a shows photographs of 

he deposited thick films and their surface line scans, while the 

EM images of the films in cross-section are shown in Fig. 3 b. The
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Fig. 1. SEM micrographs (1 st and 2 nd columns), bright-field TEM micrographs (3 rd column) and particle size distribution from SEM micrographs (4 th column) of the NT

powder (1 st row), H powder (2 nd row), HM30 powder (3 rd row) and HM60 powder (4 th row). Blue and green arrows mark clearly visible particles of a few tens and a

few hundreds of nm in size, respectively. Red arrows mark agglomerates. Note the different scales of individual panels. The vertical red dashed lines represent d 50 . (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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18 Chapter 2. Energy-Storage-Efficient 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 Thick Films Integrated Directly onto Stainless Steel
eposition of the NT powder was not successful. There was only 

 build-up of a pile of loose powder, which was easily wiped off. 

mportantly, the NT powder was found to contain relatively small 

articles in the range of tens of nm. According to the literature, 

uch small particles ( < 100 nm) are either deflected during the AD 

rocess by bow shocks before reaching the substrate or they elasti- 

ally bounce off the substrate. Consequently, these particles do not 

lastically deform or fracture and, therefore, a room-temperature 

mpact consolidation mechanism is not reached [8] . 

Both the H and HM30 powders resulted in consolidated films 

ith homogeneous thicknesses over the whole deposition area 

 Fig. 3 a). The films’ surface profiles indicate that the edge of each 

lm is slightly thicker. A reason for that could be the higher de- 

osition rate that might occur locally due to the mask used for 

he film edges [36] . The calculated deposition rates of the H and 

M30 powders, presented in Fig. 3 c, reach 0.15 mm 

3 �min 

−1 and 

.27 mm 

3 �min 

−1 , respectively. Such high deposition rates are typi- 

ally achieved with the AD method [ 37 , 38 ]. The additional heating

f the powder provided sufficiently large particles with a d 50 of 

50 nm, which enabled their successful deposition. Further milling 

lightly reduced the d 50 to 220 nm, which correlates with the in- 

reasing deposition rate of the HM30 powder. This is in agreement 

ith other reports [ 39 , 40 ], where it was explained that smaller
4

articles can be more easily dispersed in a turbulent gas flow 

han larger particles. Thus, milling of the powder increases the 

erosol concentration in the aerosol-generation process, leading to 

 higher deposition rate. 

With a longer milling time, the HM60 powder resulted in an 

nsuccessful and uncontrolled film deposition ( Fig. 3 ). After the 

D, piles of loose powder were easily wiped off and only a par- 

ially covered deposition area remained. The result indicates a 

ual nature of the HM60 powder. Besides the particles that have 

 potential to form very dense films, a fraction of the powder 

s depositing without consolidation. This powder fraction is most 

ikely represented by the large agglomerates that are identified in 

ig. 1 m. It is known that the presence of agglomerates can disturb 

uccessful film formation due to the different impact behaviour of 

gglomerates in comparison to single-grain particles [8] . During 

he AD, agglomerates are most likely to accumulate on the sur- 

ace of the nozzle and pipes until a critical amount is reached and 

he agglomerates are released in the aerosol flow. Because of the 

epetitive process, the concentration of agglomerates in the aerosol 

aries over time, resulting in an inhomogeneous film thickness. 

In the first part of our study, it was shown how crucial the 

owder preparation is for a successful aerosol deposition. A com- 

ination of heating and subsequent milling proved to be impor- 
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Fig. 2. (a) Zoom-in XRD patterns in the 2 θ range 20–60 ° for powders used in the AD. All the peaks were indexed to a cubic perovskite structure. (b) Enlarged view of (110)

cubic reflection. (c) The corresponding crystallite size (grey circles) and microstrain (blue squares) evaluated by Rietveld refinement. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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ant for obtaining a PMN–10PT powder with an optimized particle 

ize, which enables the formation of dense and homogeneous thick 

lms at increased deposition rates. The most successful deposition 

as achieved with the HM30 powder. Therefore, all the thick films 

sed in subsequent analyses were prepared from this powder. In 

he next part of this study, the influence of thermal annealing at 

00 °C on the structural, microstructural and functional properties 

f the thick films prepared from the HM30 powder on low-cost 

tainless steel is discussed. 

.2. Influence of annealing on the structural, microstructural, and 

nergy-storage properties of AD films 

Next, the influence of annealing on the structural, microstruc- 

ural, and energy-storage properties of AD thick films is studied. 

he films are denoted as “as-deposited” or “annealed”. The XRD 

atterns of the as-deposited and annealed thick films are shown in 

ig. 4 a. The XRD pattern of the starting HM30 powder is added for 

omparison. All the samples were indexed to the perovskite struc- 

ure with the Pm ̄3 m space group (JCPDS 81-0861). No secondary 
5

hases were detected and no peak shift could be observed. In 

omparison with the HM30 powder, the as-deposited films exhib- 

ted a remarkable peak broadening that originates from a reduced 

rystallite size and/or microstrain. The reduction in the crystallite 

ize and the increased microstrain could be caused by the colli- 

ion of particles with the substrate during the AD process [ 8 , 41 ].

hese XRD patterns were examined in detail using Rietveld re- 

nements and the results are shown in Fig. 4 b. As already men- 

ioned, the starting HM30 powder shows intense and sharp reflec- 

ions with a refined crystallite size of 181 nm ± 2 nm and a mi- 

rostrain of 1.5 �10 −4 ± 0.1 �10 −4 . The as-deposited film has a re- 

uced crystallite size of 33 nm ± 1 nm and an increased micros- 

rain of 25.9 �10 −4 ± 0.3 �10 −4 , which developed in the films during 

he aerosol-deposition process. With further annealing at 500 °C, 

he crystallite size does not change significantly and continues at 

round 38 nm ± 2 nm. On the other hand, annealing seems to re- 

uce the microstrain by 47% ( Fig. 4 b). 

To further investigate the residual stresses developed during the 

D, a tilt-angle-dependent XRD analysis, i.e., the sin 

2 � method 
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Fig. 3. (a) Photographs with the corresponding line profiles, (b) SEM cross-sectional images and (c) deposition rate of samples with differently modified powders. The

measured line profiles are marked on the photographs with yellow lines. The estimated position of the SEM cross-sectional images is marked on the line profiles with black

dashed lines. Note that the represented deposition rate of the HM60 powder is zero, due to the inhomogeneous film thickness. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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20 Chapter 2. Energy-Storage-Efficient 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 Thick Films Integrated Directly onto Stainless Steel
42] , was performed on the as-deposited and annealed films. The

211) reflection was measured at different sample-tilting angles � .

he results shown in Fig. 4 c reveal compressive in-plane residual

tresses in the as-deposited films. The decrease in the slope indi- 

ates that the residual stresses partially relax when annealing the 

lms, a result that is consistent with previous reports on AD thick 

lms [ 19 , 43 ]. 

Additional stress analyses were performed using Raman spec- 

roscopy. The Raman spectra of the as-deposited and annealed 

lms are shown in Fig. 4 d. The as-deposited film displays a slight 

eak shift towards higher wavenumbers. This is evident from the 

70 cm 

−1 band, which is related to the mixed B-O-B-bending and 

-B-O-stretching modes [44] . This mode is the only one influ- 

nced by temperature variations, and is expected to be sensitive to

tress as well [45] . A shift towards higher wavenumbers in the as- 

eposited films can be associated with a higher compressive stress; 

ecovery of this shift after annealing is thus compatible with a 

esidual stress relaxation during annealing. 

SEM images of as-deposited and annealed films are shown in 

ig. 5 a–d. The cross-sectional view of the as-deposited sample re- 

eals a very dense film with excellent adhesion to the SS substrate 
6

 Fig. 5 a). There is no apparent damaged layer at the film-substrate 

nterface. The as-deposited film contains nm-sized pores that can 

e clearly distinguished at higher magnification, as shown in Sup- 

lementary material S3. In addition, the microstructure also reveals 

arger pores, a few tens of nm in size ( Fig. 5 a). Like the cross-

ectional view ( Fig. 5 a), the surface-view ( Fig. 5 c) also reveals a

ery dense film. Excellent adhesion and high density were main- 

ained after the annealing ( Fig. 5 b, d). Furthermore, no notable mi- 

rostructural differences were observed between the as-deposited 

nd the annealed films. In addition, the porosity of as-deposited 

nd annealed films, which was estimated from SEM cross-sectional 

mages, reached 1.6% and 1.5%, respectively. TEM images of the as- 

eposited films are shown in Fig. 5 e, f. The SAED analyses of the 

lm reveal its polycrystalline nature (inset of Fig. 5 e). A clearly vis- 

ble film-substrate interface in Fig. 5 e confirms the excellent adhe- 

ion. The as-deposited film contains grains from 10 nm ( Fig. 5 f) to

00 nm in size ( Fig. 5 a, c, e). 

Unipolar P–E hysteresis loops of the as-deposited and an- 

ealed films are shown in Fig. 6 a. The as-deposited films exhibit 

 dielectric-like behavior at 300 kV �cm 

−1 . By increasing the elec- 

ric field up to 900 kV �cm 

−1 , the P–E loop of the as-deposited film
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Fig. 4. (a) Zoom-in XRD patterns in the 2 θ range 20–60 ° for HM30 powder and as-deposited and annealed films (left); enlarged view of (110) cubic reflection (right). (b)

The corresponding crystallite size (grey circles) and microstrain (blue squares) evaluated using Rietveld refinement. (c) d -spacing of the (211) reflection plotted with respect

to sin 2 � for as-deposited and annealed films. Dotted lines represent a linear fit to a measured data set. (d) Raman spectra of as-deposited and annealed thick films. The

right panel shows an enlarged view of the 270 cm 

−1 peak. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.)
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pens slightly. By annealing the films at 500 °C and thus partially 

eleasing the stresses, the P–E loops develop a relaxor-ferroelectric 

haracter, reaching a maximum polarization ( P max ) of 39 μC �cm 

−2 

t 900 kV �cm 

−1 . Relaxor-like behavior is typical for PMN-rich com- 

ositions as well as for other PMN-PT compositions with the grain 

ize in the range of hundreds of nm [46] . Such high polarization 

nd low hysteresis losses make aerosol-deposited PMN–10PT films 

specially interesting for energy-storage applications. 

In non-linear dielectrics, the recoverable energy density ( U rec ) 

s calculated by integrating the area between the discharge curve 

nd the polarization axis. An example of U rec is shown by the 
7

range patterned area in Fig. 6 a. The charging-discharging of a 

erroelectric-like capacitor is, in practice, associated with hystere- 

is, which represents the polarization losses. The energy-loss den- 

ity ( U loss ) is calculated by integrating the area between the charge 

nd discharge curves. An example of U loss is represented with the 

lack patterned area in Fig. 6 a. In addition to U rec , the energy-

torage efficiency ( η) is an important parameter for evaluating the 

erformance of materials used in energy-storage capacitors. η is 

efined as the ratio between the recovered and stored energy: 

= U rec /(U rec + U ) [1] . 
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Fig. 5. SEM images of aerosol-deposited thick films (from the HM30 powder) in cross-section (a, b) and surface (c, d) views. SEM images represent as-deposited (a, c) and

annealed (c, d) films. Bright-field TEM image (e) and high-resolution TEM image (f) of as-deposited thick film are shown in cross-sectional view. A SAED pattern of the film

is shown in the inset (e). Pores, a few tens of nm large, and ∼200-nm-large grains are marked with yellow and green arrows, respectively. The film-substrate interface and 

the grain boundaries are marked with blue and red lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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The electric-field dependence of the energy-storage properties 

f the as-deposited and annealed films is shown in Fig. 6 b. At low

lectric fields of 100 kV �cm 

−1 , the as-deposited and annealed films 

each U rec of 0.1 J �cm 

−3 and 0.4 J �cm 

−3 , respectively. These values

re comparable with the U rec values of PMN–10PT bulk ceramics 

hat were prepared in our laboratory via mechanochemically as- 

isted synthesis, followed by sintering (blue stars in Fig. 6 b), as 

ell as with the results of other reported aerosol-deposited thick 

lms [47–49] . Furthermore, as-deposited and annealed films ex- 

ibit a similar η of ∼85%, which is much higher than for bulk ce- 

amics ( ∼66%). The thickness of bulk ceramics is limited, typically 

own to few hundred μm, because of the mechanical thinning pro- 

ess. On the other hand, a-few-μm-thick films are ∼100 times thin- 

er than bulk ceramics and thus they require ∼100-times-smaller 
N

8

pplied voltages to reach the same electric field as the bulk ceram- 

cs. 

U rec shows a linear increase with the electric field, reaching a 

alue of 7.0 J �cm 

−3 at 900 kV �cm 

−1 for the as-deposited films. 

his value is comparable to the aerosol-deposited PMN-based films 

49] and magnetron sputtered PMN–10PT films [50] , both de- 

osited on conventional and costly Si substrates. Furthermore,

he annealed films exhibit even higher U rec values of 9.8 J �cm 

−3

t 900 kV �cm 

−1 . These results are comparable to other energy- 

torage-efficient AD thick films prepared on Si substrates [ 47- 

9 , 51 , 52 ] (Supplementary material S4). In comparison to screen- 

rinted thick films [53] and bulk ceramics [54] , the aerosol- 

eposited PMN–10PT thick films exhibit a significantly higher di- 

lectric breakdown strength (DBS) and, consequently, a higher U rec . 

ote that the dielectric breakdown of PMN–10PT bulk ceramics 
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Fig. 6. (a) Unipolar P–E hysteresis loops of as-deposited and annealed thick films. Light- and dark-colored lines represent P–E loops measured up to 300 kV �cm 

−1 and 900 

kV �cm 

−1 , respectively. The U rec and U loss of the annealed film are represented by the orange and black patterned areas, respectively. (b) The electric-field dependence of 

U rec and η for the as-deposited and annealed thick films and the bulk ceramic. (c) The temperature dependence and (d) electric-field cycling dependence of U rec and η for

as-deposited and annealed thick films at 500 kV �cm 

−1 . Lines between the values are just a guide to the eye. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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ccurs already at ∼100 kV �cm 

−1 ( Fig. 6 b). According to Weibull 

nalysis, the DBS of as-deposited and annealed PMN-10PT thick 

lms reaches 992 kV �cm 

−1 and 1106 kV �cm 

−1 , respectively (Sup- 

lementary material S5). The efficiency of energy-storage materials 

ends to decrease with the electric field [1] . In as-deposited films, 

decreases from 87% at 100 kV �cm 

−1 to 68% at 900 kV �cm 

−1 

 �η = 19%). On the other hand, the efficiency remains constant 

n annealed films, where η decreases from 84% at 100 kV �cm 

−1 

o 79% at 900 kV �cm 

−1 ( �η = 5%). The efficiency of our annealed

hick films is similar to the most efficient PMN-based thick films 

eposited on Si substrates [49] . Additionally, a comparison of their 

tabilities, �η, with an increasing electric field reveals the superior 

erformance of our films. 

The energy-storage properties of the as-deposited and annealed 

lms at different tem peratures and increasing numbers of electric- 

eld cycles are shown in Fig. 6 c and d, respectively. The U rec and

specially η of the as-deposited films decrease with increasing 

emperature. A reason for this decrease is related to the opening 

f the P–E hysteresis loops (Supplementary material S6), which is 

ost probably associated with an increased electrical conductivity 

t elevated temperatures. At room temperature, sharp P–E loops 

re observed, while with increasing temperature, P–E loops be- 

ome more rounded, indicating the presence of a leakage current. 

he increase in the electrical conductivity of the as-deposited films 

t elevated temperatures is evident from the increase in the dielec- 

ric losses tan δ (Supplementary material S7) and the local elec- 

rical current (Supplementary material S8) with increasing tem- 

erature. On the other hand, the annealed films exhibit sharp P–

 loops even at elevated temperatures. These films also exhibit a 

ufficient temperature stability up to 200 °C. Both the as-deposited 

nd annealed films exhibit sufficient electric-field cycling stability 

ntil the occurrence of dielectric breakdown after 1.6 �10 7 cycles 

 Fig. 6 d). 
9

. Summary and conclusions

The room-temperature deposition of PMN–10PT thick films on 

ow-cost stainless-steel substrates was investigated for the first 

ime. Prior to the aerosol deposition, the properties of the PMN–

0PT powder were optimized through heating and milling pro- 

esses. A successful deposition of 15-μm-thick and very dense films 

n stainless-steel substrates was achieved with powder contain- 

ng particles of a few hundreds of nanometres. The films exhib- 

ted excellent energy-storage properties already in the as-deposited 

orms, reaching 7.0 J �cm 

−3 of recoverable energy density and 68% 

f energy-storage efficiency at 900 kV �cm 

−1 . 

The post-deposition thermal annealing of films at 500 °C re- 

ulted in a significant stress relaxation of the deposited layers, 

hich improved the U rec and η, reaching 9.8 J �cm 

−3 and 79% at 

00 kV �cm 

−1 , respectively. Furthermore, the excellent temperature 

tability of U rec and η up to 200 °C and the electric-field cycling 

tability up to 1.6 �10 7 cycles make the films promising for energy- 

torage applications. To conclude, we successfully prepared energy- 

torage-efficient, 15-μm-thick films integrated directly onto more 

ffordable st ainless-steel substrates without any additional inter- 

ediate electrode layer, which opens up possibilities for new, in- 

egrated energy-storage applications. A low-cost AD method with 

 fast deposition rate has the potential to be used in mass pro- 

uction processes, which could significantly impact the availability 

nd affordability of future electronic devices. Further research in 

he field of energy storage capacitors could target efficient lead- 

ree materials [55] that are compatible with stainless-steel appli- 

ations for everyday use, such as stainless-steel medical devices, 

mart buildings, vehicles and other stainless steel consumer prod- 

cts. Very promising groups of materials are antiferroelectrics and 

elaxor-antiferroelectrics, which combine relaxor and antiferroelec- 

ric properties [56–59] . 
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S1: Particle size analysis performed by laser granulometry 

Figure S1: Volume parƟcle size distribuƟons (grey) and the cumulative curves (blue) of (a) NT, (b) H, 
(c) HM30 and (d) HM60 powders. The measurements were performed by laser granulometry.
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S2: Selected-area electron diffraction analysis of HM60 powder 

The transmission electron microscopy (TEM) and selected-area electron diffraction (SAED) analyses of 
the powders dispersed on a grid were performed with a JEM-2100 (Jeol, Japan). 

A bright-field TEM image and a SAED pattern of the HM60 powder are shown in Figure S2. According 
to the SAED analysis, the selected few-hundred-nm-large powder particle is single crystalline [RS1], 
while its crystal structure matches best with the cubic Pb(Mg1/3Nb2/3)O3 structure (JCPDS 81-0861, 
Pm3തm space group). 

Figure S2: (a) Bright-field TEM and (b) SAED paƩern of a single-crystalline parƟcle in HM60 powder. 
The SAED paƩern was taken from the circled area. 

S3: Scanning electron microscopy of as-deposited and annealed films 
Scanning electron microscopy (SEM) images of nano-porous regions in as-deposited and annealed 
PMN–10PT thick films in a cross-section view are shown in Figure S3a and S3b, respectively. 

Figure S3: SEM images of (a) as-deposited and (b) annealed PMN–10PT thick films in cross-secƟon 
with clearly visible nano-porous regions (marked with yellow rectangles). 
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S4: A comparison of energy storage properties in thick films 

Figure S4: A comparison of energy storage properƟes in thick films from the literature. The graph 
shows the Urec and η of annealed thick films at 900 kVcm-1. In this work thick films were deposited on 

low-cost stainless-steel (SS), while other used plaƟnized silicon (Pt/Ti/SiO2/Si) as a substrate. 
Deposited thick films were 0.942[Na0.535K0.480NbO3]−0.058LiNbO3 (KNNLN), 

0.95(Pb0.92La0.08Zr0.52Ti0.48O3)-0.05Bi(Zn0.66Nb0.33O3) (PLZT-BZN5), (Pb0.89La0.11)(Zr0.70Ti0.30)O3 (PLZT), 
0.65Pb(Mg1/3Nb2/3)O3-0.35PbTiO3 (PMN-35PT) and 0.90Pb(Mg1/3Nb2/3)O3-0.10PbTiO3 (PMN-10PT). 
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S5: Dielectric breakdown measurements 

Dielectric breakdown measurements of as-deposited and annealed PMN–10PT thick films were 
performed using an aixACCT TF analyzer 2000 (aixACCT Systems GmbH, Germany) by applying a single 
sinusoidal unipolar waveform with a frequency of 100 Hz. To evaluate the dielectric breakdown fields 
(Ei), 7 electrodes of each sample were tested. The evaluated Ei follow the two-parameter Weibull 
distribution described by [RS6, RS7]: 

𝑋௜ = ln(𝐸௜) (S5.1) 

𝑌௜ = ln(− ln(1 − 𝑝௜)) (S5.2) 

𝑝௜ =
𝑖 − 0.3

𝑁 + 0.4
(S5.3) 

Here i, N and pi represent the specimen sequential number, the sum of the tested specimens and the 
cumulative probability of dielectric breakdown, respectively. A high shape factor of Weibull 
distribution (β > 1) indicates low fluctuations of Ei in the as-deposited and annealed samples. Dielectric 
breakdown strength (DBS) is extracted from the intersection of the linear regression curve and the 
horizontal line ln(–ln(1–pi)) = 0. It represents the electric field at which the breakdown probability is 
63.2 %. 

Figure S5: Weibull distribuƟon of the dielectric breakdown field of as-deposited (black) and annealed 
(orange) PMN–10PT thick films. The dashed lines represent linear regression. 
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S6: Electric polarization vs. electric field hysteresis loops at varying temperature 

Unipolar polarization–electric field (P–E) hysteresis loops of as-deposited and annealed PMN–10PT 
thick films at temperatures from 0 °C to 200 °C were measured at 500 kV⋅cm−1 and 100 Hz (Figure S6). 
The hysteresis losses of as-deposited film increase remarkably with increasing temperature, while in 
the annealed film the effect is far less evident. 

Figure S6: P–E loops of as-deposited (black-grey) and annealed (red-orange) PMN–10PT thick films at 
different temperatures (from 0 °C to 200 °C). 
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S7: Dielectric properties as a function of temperature 

The dielectric losses (tan δ) and relative dielectric permittivity were measured between −50 °C and 
150 °C with a Precision LCR impedance meter (HP 4284A, Hewlett-Packard, USA) in the frequency 
range 0.1–10 kHz (Figure S7). 

Figure S7 reveals a remarkable increase of tan δ with increasing temperature in as-deposited films. 
This behavior is in agreement also with other aerosol deposited BaTiO3 thick films [RS8]. The electrical 
response of as-deposited films is dominated by the defects, which are generated after AD. The reason 
for increase of tan δ with increasing temperature can be attributed to the relaxation of space charges, 
which become mobile at higher temperature. In this way, the AD process overshadows the electrical 
response of the material, which is recovered after annealing at 500 °C. The annealed films exhibit a 
decrease of tan δ in temperature range from −50 °C to 150 °C and a broad frequency-dependent 
dielectric permittivity maximum, which is also consistent with the material response of bulk PMN-10PT 
[RS9]. Similar decrease of tan δ is also observed in aerosol deposited BaTiO3 thick films after annealing 
at 1000 °C [RS10]. 

Figure S7: The tan δ (solid line) and relaƟve dielectric permiƫvity (dashed line) vs. temperature of as-
deposited (black-grey) and annealed (brown-orange) PMN–10PT films. 
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S8: Temperature-dependent conductive atomic force microscopy 

Topography (height) and conductive atomic force microscopy (cAFM) images of as-deposited and 
annealed films were recorded with an atomic force microscope (AFM, Molecular Force Probe 3D, 
Asylum Research, USA) equipped with an ORCA mode. Prior to the cAFM experiment, the surface of 
the thick-film samples was fine-polished using a colloidal silica suspension. The final thicknesses of the 
as-deposited and annealed films were ~5 μm. Tetrahedral Si tips on Si cantilevers coated with Ti/Ir 
(Asyelec, AtomicForce F&E GmbH, Germany; curvature diameter of ~15 nm) were used. cAFM 
measurements were conducted by applying a DC voltage of 60 V between the tip and the SS substrate. 

The cAFM images of as-deposited films (Figure S8) reveal an increase in the local electrical conductivity 
with increasing temperature. Up to 100 °C, the local electrical current flowing through the sample was 
below the detection limit of the cAFM technique (below ~1 pA) [RS11]. A rise in the local electrical 
current is visible above 100 °C, where the bright areas in Figures S8d and S8e represent the regions 
with an enhanced electrical current. Note that there is no signal correlation between the cAFM and 
topography images. In contrast, in annealed films, no increase in the local electrical current with 
increasing temperature is observed (Figure S8g–j).  

Figure S8: Topography (height) and cAFM images of (a–e) as-deposited and (f–j) annealed PMN–10PT 
films. 
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Chapter 3 

3 Flexible Energy-Storage Ceramic 
Thick-Film Structures with High 
Flexural Fatigue Endurance 

The integration of functional ceramics on flexible materials represents a major challenge in 
the development of flexible energy-storage devices. In this study, the relaxor-ferroelectric 
PMN–10PT thick films were aerosol-deposited on PI substrates coated with gold. The as-
deposited and flexible PMN–10PT thick films were also thermally annealed at 400 °C. The 
effect of thermal annealing on the structural, microstructural and energy-storage properties 
as well as the bending tolerance of the thick films was investigated. 

Thermal annealing had no effect on the grain size and porosity, which remained at 2% 
for both the as-deposited and the annealed thick films. The as-deposited thick films 
typically contained small crystallites (49 nm ± 13 nm) and a large amount of microstrain 
(34.4·10−4 ± 6.3·10−4). Thermal annealing did not increase the crystallite size but rather 
reduced the microstrain by 30%. The stress relaxation through thermal annealing is 
responsible for an established relaxor-ferroelectric behavior in the annealed films. The 
achieved high electric polarization, low hysteresis losses and high electric fields lead to 
promising energy-storage properties of the annealed thick films. The Urec reaches 10 J·cm−3 
and the η reaches 73% at 1000 kV·cm−1. 

The as-deposited and the annealed thick films were subjected to bending tests and the 
results showed high bendability and durability. The excellent stability of the energy-storage 
properties was confirmed after tensile bending to a radius of 3 mm (1.1% bending strain) 
and after repeating 105 bending cycles. The PMN–10PT thick films presented in this study 
are one of the first ceramic-polymer layered structures to provide high energy-storage 
performance and flexural endurance for future flexible energy-storage devices.  

 
This chapter addresses thesis objectives 2, 3, 4, 5, 6 and 8. 

 
Published in: M. Sadl, A. Lebar, J. Valentincic, and H. Ursic, “Flexible Energy-Storage 
Ceramic Thick-Film Structures with High Flexural Fatigue Endurance,” ACS Appl. Energy 
Mater., vol. 5, no. 6, pp. 6896–6902, 2022. (IF = 6.959, 2021) 

 
My contribution: I synthesized the powder and used it in the aerosol-deposition process to 
prepare thick-film samples on PI foils. I annealed and prepared the samples, performed 
optical and scanning electron microscopy, XRD, Rietveld refinement analysis, static 
bending tests, electrical characterization and calculation of the energy-storage properties. 
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authors. 
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ABSTRACT: When developing flexible electronic devices, trade-
offs between desired functional properties and sufficient mechan-
ical flexibility must often be considered. The integration of
functional ceramics on flexible materials is a major challenge.
However, aerosol deposition (AD), a room-temperature deposi-
tion method, has gained a reputation for its ability to combine
ceramics with polymers previously considered incompatible with
the conventional high-temperature sintering process. In this work,
0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 (PMN−10PT) thick films were
deposited directly on a polyimide substrate using the AD method.
As a result, dense and flexible relaxor-ferroelectric thick films were
produced by a one-step direct-integration, suitable for large-scale production. After annealing of as-deposited PMN−10PT films at
400 °C, stress-relaxation occurs, which is responsible for the development of a relaxor-ferroelectric character. Achieved high
polarization (38 μC·cm−2), high dielectric breakdown strength (∼1000 kV·cm−1), and low hysteresis losses lead to improved
recoverable energy density and energy-storage efficiency of the annealed thick films, reaching 10 J·cm−3 and 73% (at 1000 kV·cm−1),
respectively. The thick films were subjected to flexural bending tests, which showed high flexibility (1.1% bending strain) and high
durability (105 bending cycles). This stable energy-storage operation makes ceramic-polymer layered structures promising for
integration into a wide range of flexible electronic devices.
KEYWORDS: flexible electronics, ceramic thick films, energy storage, aerosol deposition method, polyimide substrate, relaxor-ferroelectrics

■ INTRODUCTION

For the transition to a low-carbon footprint society, the
development of sustainable electrical energy-storage systems,
such as batteries, electrochemical and dielectric capacitors, is of
great importance. Electrical energy storage is becoming
increasingly important because of the ever-increasing gen-
eration of electrical energy from intermittent renewable
sources and the electrification of our energy-intensive world.
Among electrical energy-storage systems, dielectric ceramic
capacitors are simply structured and offer the fastest charge/
discharge speed and powder density. These characteristics
make them attractive for energy-storage devices in electronic
applications requiring power in very short pulses and
conditioning of large electric signals.1

Dielectric ceramic capacitors in the form of films have
proven to be particularly advantageous as they offer very high
energy density while allowing mechanical flexibility at the same
time. By integrating films with high energy-storage perform-
ance on flexible substrates, one could meet the energy
conversion needs for numerous flexible applications like
electronic textiles, wearable and implantable medical elec-
tronics, easily integrable solar cells, and conformable sensor
arrays.2 To fabricate flexible energy-storage devices, high-
energy storage films must be integrated on sufficiently flexible

substrates. To ensure good flexibility, bendability, and
pliability, polymers are often chosen as substrate materials.
Applying rigid and brittle functional ceramics to flexible
electronic devices represents a major challenge.
In general, two very different approaches can be used to

fabricate functional films on flexible substrates: (1) transfer and
bonding or (2) direct deposition.2,3 The disadvantages of the
first approach are the low surface area coverage and the high
cost of the process, which makes it unsuitable for large-scale
production. For this reason, many flexible electronic devices
will tend to be fabricated by direct deposition.3 Deposition of
functional films on polymers by the latter approach is
problematic because high annealing temperatures are required
for densification and crystallization of the deposited films.4

However, a relatively new method, aerosol deposition (AD), is
gaining importance as it allows the deposition of fully dense
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ceramic films onto any substrate materials at room temper-
ature.5

AD is a spray coating method viable of integrating ceramic
thick films on polymers, thus enabling together the
functionality of ceramics and the flexibility of polymers. AD
is a rapid deposition method capable of depositing micrometer
thick films in a matter of minutes.5 In addition, this method
can also be used to produce multilayers6,7 and has the potential
to be implemented on a large scale. In the AD process, dry and
fine high-velocity particles are deposited onto the substrate by
high-energy collisions. The bonding of the particles and

densification are not achieved by thermal energy, but by a
sufficiently high kinetic energy.8,9 By mixing a desired powder
with a carrier gas, an aerosol is formed. The deposition of
aerosol occurs in the vacuum chamber by ejecting the aerosol
through a micro-orifice nozzle.5,10 Typically, AD thick films
have very high density and exceptional adhesive properties.
However, because of the particle consolidation through
impacting, the films exhibit reduced crystallinity (on the
order of tens of nanometers) and increased build-in
compressive stresses.11−13 Ceramic functional layers deposited
using AD therefore often require a postdeposition annealing

Figure 1. (a) XRD patterns of PMN−10PT powder and as-deposited and annealed thick films in the 2θ range of 20°−60° for; (b) (110) cubic
reflection shown in close-up view. The corresponding (c) crystallite size and (d) microstrain calculated using Rietveld refinement. The SEM images
in cross-section (e−h) and surface (i,j) views show as-deposited (e,g,i) and annealed (f,h,j) thick films. A few tens of nm sized pores are marked
with yellow arrows.
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step to increase crystallinity and reduce internal stresses in the
film. However, the dielectric, ferroelectric, and other functional
properties of the deposited materials improve significantly even
when annealed at low temperatures (below 500 °C),14

enabling the integration of inorganic materials even on
polymer substrates. For this reason, AD can become a
substantial process in the fabrication of flexible energy-storage
devices.
In this work, we have developed flexible energy-storage

ceramic thick-film structures with high flexural fatigue
endurance. The relaxor-ferroelectric 0.9Pb(Mg1/3Nb2/3)O3−
0.1PbTiO3 (PMN−10PT) material offers promising energy-
storage performance because of low hysteresis loss, low
remanent polarization, and high spontaneous polarization.15,16

We have employed the AD method, which enables a room-
temperature ceramic densification and integration with
polymers; as a result, energy-storage thick films were produced
on flexible foils. The newly fabricated thick film structures can
withstand bending up to 3 mm bending radius and 105

bending cycles without noticeable degradation of energy-
storage properties.

■ MATERIALS AND METHODS
The 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 ceramic powder was prepared
by mechanochemical-activation-assisted synthesis as described in ref
17. After the synthesis, the PMN−10PT powder was milled for 2 h, at
200 rpm in a planetary ball mill (PM 400, Retsch, Germany) using
isopropanol and yttria-stabilized zirconia milling balls (diameters of 3
mm). After milling, the powder was heated at 900 °C (with 5 K·min−1

heating and cooling rates) for 1 h. After that, the powder was milled
again for 1 h.
A commercial polyimide (PI) foil (Kapton HN, DuPont,

Wilmington, Delaware, US) with a thickness of 125 μm was chosen
as the substrate. The bottom Cr/Au electrode was deposited on the
substrate (first 30 nm Cr, then ∼1 μm Au) using an RF-magnetron
sputtering machine (5 Pascal, Italy). The PMN−10PT powder was
sieved through a mesh (with 80 μm sized openings) and vacuum-
dried at 100 °C for 12 h, before being aerosol deposited onto the
substrate. The AD equipment was provided by InVerTec, Germany.
The AD setup is presented in ref 18, while the process parameters of
the AD are given in Supporting information S1. The deposited thick-
film samples were cleaned with ethanol and annealed at 400 °C (with
2 K·min−1 heating and cooling rates) for 1 h. The annealing step is
intended to release internal stresses developed in the thick films
during AD. Further on, the samples are referred to as “as-deposited”
and “annealed”.
The powder and thick-film samples were analyzed by X-ray

diffraction (XRD), which was carried out with a high-resolution
diffractometer (X’Pert PRO, PANalytical, Netherlands) using Cu-Kα1
radiation, Bragg−Brentano geometry, and a 100-channel X’Celerator
detector. Diffraction patterns were recorded in a 2θ range of 10°−
120° with a step of 0.017° and an integration time of 100 s per step.
The Rietveld refinement of the diffraction patterns was performed by
a Topas R package (version 2.1, Bruker AXS GmbH, Germany) with
the details described in ref 17. The Fundamental Parameters
Approach (FPA) was used to fit the line-profile of the powder and
thick-film samples.19 The FPA uses the geometrical properties of the
diffraction experiment to build up the instrumental line width from
first principles. It thus allows an explicit determination of the sample-
dependent line-broadening contributions to the peak profile, which
are dominated by the microstrain and broadening due to a decrease in
the crystallite size.20 The microstructure effects were modeled using
the Double-Voigt approach.21 The volume-weighted mean crystallite
size was calculated based on the integral breath method incorporated
in the Topas software.
The microstructures of the thick films were analyzed using a field-

emission scanning electron microscope (FE SEM, JSM-7600F, JEOL,

Japan). To analyze the thick films in cross-section, the samples were
prepared by cutting, mounting in epoxy resin, grinding, and fine-
polishing using a colloidal SiO2 suspension. To prevent charging
during the SEM analysis, a 3 nm-thick carbon coating was deposited
on the samples using a Precision Etching and Coating System (PECS
682, Gatan, USA). Images of the thick films in cross-section were used
to evaluate the film porosity and thickness. Image Tool software
(ImageTool Version 3.00 UTHSCSA 2002)22 was used to estimate
the film porosity.

For the electrical measurements, the top Au electrodes (1.5 mm
diameter) were deposited by RF-magnetron sputtering. The aixACCT
TF analyzer 2000 (aixACCT Systems GmbH, Germany) was used to
measure the polarization−electric field (P−E) hysteresis loops of the
films. The waveform of the applied electric field was single, unipolar,
and sinusoidal at 100 Hz. The P−E loops were measured after
bending tests were performed with an electric field of 500 kV·cm−1.

The static tensile bending tests of thick-film samples were
performed by conforming the thick film samples to steel cylinders
with specific radii (ranging from 12 to 3 mm). The bending strain was
calculated from the bend curvature using the multilayer model,23,24

which is described in detail in Supporting information S2. The fatigue
tensile bending tests were performed on a linear sliding moving stage.
The custom-made sample holder enabled bending of free-standing
samples (see Supporting Video). The minimum bending radius and
bending frequency were kept constant at 3 mm and 1 Hz, respectively.
The minimum bending radius was set using a 2D laser displacement
sensor (sensor head LJ-G080, controller LJ-G5001, Keyence, Japan).
The maximum bending cycles were 1 × 105.

■ RESULTS

At first, the as-deposited and annealed thick films were
analyzed using SEM and XRD. The resulting XRD patterns of
the PMN−10PT powder and as-deposited and annealed thick
films are shown in Figure 1a,b. Every sample was indexed by a
perovskite crystal structure, more exactly by Pb(Mg1/3Nb2/3)-
O3 with the Pm3̅m space group (JCPDS 81-0861). In addition,
the XRD patterns of thick-film samples exhibit also Au
reflections coming from the Au bottom electrode. A careful
inspection of the XRD patterns did not reveal any secondary
phases. Compared to the PMN−10PT powder, a remarkable
broadening of the peaks is observed in the XRDs of the thick
films. Such broadening originates from a microstrain and/or
reduced crystallite size, often found in AD thick films due to
collisions of powder particles during the AD process. A
Rietveld refinement analysis of the XRD patterns was used to
calculate the crystallite size and microstrain of the samples
(Figure 1c,d). For the PMN−10PT powder, the crystallite size
is 178 nm ± 2 nm and the microstrain is insignificant, that is,
1.9 × 10−4 ± 0.1 × 10−4. These results are in agreement with
the powder processing procedure.17 After the AD process,
which involves highly energetic particle collisions, the
crystallite size of as-deposited films decreases to 49 nm ± 13
nm and the microstrain increases to 34.4 × 10−4 ± 6.3 × 10−4.
Further annealing of the films does not affect the crystallite size
(51 nm ± 6 nm), but rather the microstrain, which decreases
remarkably by 30% (to 24.1 × 10−4 ± 3.0 × 10−4). Such a
decrease in microstrain indicates significant stress relaxation. It
is worth noting that stress relaxation also occurs in other
aerosol-deposited ceramic thick films between the thermal
annealing temperatures of 30014 and 500 °C.12,17,25−27 The
crystallite size of the PMN−10PT powder and as-deposited
thick films evaluated here by the Rietveld refinement method is
consistent with previously reported transmission electron
microscopy analysis.17
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The SEM images of as-deposited (Figure 1e,g,i) and
annealed films (Figure 1f,h,j) are shown in cross-sectional
(Figure 1e−h) and surface view (Figure 1i,j). The cross-
sectional images exhibit a high contrast, which allows easy
distinction of the layered structure. Black, white, and gray
layers represent the PI substrate, Au bottom electrode, and
PMN−10PT films, respectively (Figure 1e,f). The thickness of
the Au bottom electrode and PMN−10PT films is 1.3 and 3.4
μm, respectively. The as-deposited and the annealed films did
not exhibit any notable difference in the microstructure. Both
samples reveal high film density (the porosity reaches 2%) and
excellent adhesion because there are no signs of delamination.
The microstructure of both films includes nm-sized pores,
which are designated by yellow arrows in Figure 1g,h. The
SEM images in the surface view reveal dense films with an
apparent surface roughness (Figure 1i,j).
Unipolar P−E hysteresis loops of the as-deposited and

annealed films are shown in Figure 2a. The as-deposited films
exhibit almost a linear dielectric behavior at a relatively low
electric field of 300 kV·cm−1. By increasing the electric field at
1000 kV·cm−1, the P−E loop slightly opens, indicating
increased hysteresis losses. The P−E characteristics of thick
films are much different after annealing, which is a
consequence of stress relaxation. The polarization increases
and the loops obtain a relaxor-ferroelectric character. At 1000
kV·cm−1, the P−E loop of annealed thick films exhibits a
maximum polarization of 38 μC·cm−2 and slightly higher
hysteresis losses compared to lower electric fields (300 kV·
cm−1), but opening of the hysteresis loop is not so extensive as
for as-deposited films. Both, as-deposited and annealed thick
films, exhibit P−E characteristics, which are promising for
energy storage. In addition, both exhibit high dielectric
breakdown strength (DBS), that is, 1085 and 986 kV·cm−1

in as-deposited and annealed thick films, respectively. More
details about the DBS measurements can be found in
Supporting information S3. Depending on the electric field

range, each thick film can be used in specific applications. At
high electric fields, annealed films exhibit especially high
polarization, while as-deposited films show low hysteresis
losses at low electric fields (up to 300 kV·cm−1).
To evaluate the energy-storage performance of PMN−10PT

thick films, we have calculated the recoverable energy density
(Urec) and energy storage efficiency (η). The Urec represents
the integrated area between the discharge curve and the
ordinate, E = 0 (shown by the green patterned area in Figure
2a). However, the charging and discharging cycle is associated
also with hysteresis losses, represented by the gray patterned
area in Figure 2a. The η accounts also for the energy losses
(Uloss) and is defined as the ratio between the recovered and
stored energy: η = Urec/(Urec + Uloss).

1

The dependence of the energy-storage properties (Urec and
η) on the electric field is shown in Figure 2b. For both samples,
Urec increases linearly with electric field. The as-deposited films
exhibit very high efficiency at low electric fields. Up to 300 kV·
cm−1, the η exceeds 86%, but Urec remains below 0.8 J·cm−3.
On the contrary, at high electric fields of 1000 kV·cm−1 the
Urec reaches 6.0 J·cm

−3, but the η drops to 65%. The annealing
of the films stabilizes the drop of η with increasing electric
field. In the electric field range from 300 to 1000 kV·cm−1, the
η decreases from 80 to 73%. The annealed thick films are
interesting for energy storage at high fields because of their
excellent Urec performance, which reaches 10 J·cm−3 at 1000
kV·cm−1. It should be noted that we have studied two extreme
cases: as-deposited PMN−10PT thick films and films annealed
at 400 °C. By annealing the films at a temperature lower than
400 °C, one can produce films with properties spanning
between those of the as-deposited and annealed samples.
The flexibility of the thick films was evaluated by measuring

the energy-storage properties after tensile bending of the thick
films (Figure 2c). Visual inspection did not reveal any physical
damage to the thick films after bending (Supporting
information S4). Figure 2d shows Urec and η (at 500 kV·

Figure 2. (a) Unipolar P−E hysteresis loops of as-deposited and annealed PMN−10PT thick films. The P−E loops measured up to 300 and 1000
kV·cm−1 are represented by light- and dark-colored curves, respectively. The Urec and Uloss of the annealed film are represented by the green and
gray patterned areas, respectively. (b) Electric-field dependence of Urec and η for the as-deposited and annealed thick films. (c) Photograph of the
sample under a tensile bending test. (d) Urec and η values (at 500 kV·cm

−1) reaching different bend radii. (e) Urec and η values (at 500 kV·cm
−1) as

a function of bending cycles measured after the fatigue test (repetitive bending down to a radius of 3 mm). Lines between the data points are just a
guide to the eye.
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cm−1) after reaching different bending radii. The results show
excellent energy storage performance, which does not
deteriorate after bending down to a radius of 3 mm, that is,
a bending strain of 1.1%.
To evaluate the flexural fatigue tolerance of the films,

additional repetitive tensile bending tests (down to a radius of
3 mm) were performed. The energy-storage properties were
measured (at 500 kV·cm−1) after 103, 104, and 105 repetitions
(Figure 2e). The results show that Urec and η remain very
stable, that is, without any distinct fluctuations. The values
remain almost constant with increasing bending cycles up to
105. After extensive bending tests, the as-deposited and
annealed PMN−10PT thick films showed no performance
degradation, which remarkably increases their potential for
integration into a wide range of flexible electronic devices,
especially as high-energy storage capacitors.
There are many reports in the literature about thin or thick

films for energy storage, especially on rigid substrates, which
are not suitable for flexible applications.28−35 Another
approach for designing flexible energy-storage devices is to
use organic materials in the form of composite films36−43 or
other inorganic nonperovskites, such as fluorophlogopite
mica.44 The organic films perform well in mechanical tests
but often require extremely high electric fields (i.e., several
thousand kV·cm−1) to achieve the same Urec as ceramic
perovskite films.45 Some reports even address the integration
of promising energy-storage materials on flexible substrates via
a transfer and bonding approach.46−50 The drawback of such
an approach is the use of expensive and sophisticated methods
that are difficult to integrate into large-scale production
processes. For this reason, future research should focus on a
direct deposition approach.
To compare the energy-storage performance of deposited

films, one must also consider the film thickness, which has a
significant impact on device design and operating conditions.
Thin films less than 1 μm thick are often performing well,
delivering very high volume-specific recoverable energy
densities (Urec reaches up to several tens of J·cm−3), but
their absolute recovered energy is rather low due to the thin
film thickness.1 Currently, there is a lack of scientific reports
dealing with the integration of flexible thick-film structures
(film thickness of at least several μm) for energy storage. To
date, there is only one report on the fabrication of thick films
for energy storage. In the mentioned report, the AD method
enabled the integration of 8 μm-thick lanthanum-doped lead
zirconate titanate on a flexible PI foil.51 The Urec values at 1000
kV·cm−1 reach about 7.3 J·cm−3, which is lower than that of
our PMN−10PT thick film after annealing (10 J·cm−3). Other
properties such as energy-storage efficiency and mechanical
flexibility, which are important factors for the operation of
flexible capacitors, were not evaluated in the mentioned report.
Thus, a comprehensive review shows that the PMN−10PT
thick films reported here are one of the first flexible thick films
to provide high energy storage performance and mechanical
reliability in flexible applications.

■ CONCLUSIONS
In this work, it was demonstrated that the integration of
ceramic thick films on polymers is possible using the AD
method, which attracts much attention nowadays because it
operates at room temperature. We have adopted a novel and
unique one-step direct-integration approach that allows
combining electrical functionality and mechanical flexibility

in integrated energy-storage devices. The AD of a few μm thick
PMN−10PT films on a flexible PI substrate was successful.
The SEM analysis shows a single-phase and dense micro-
structure with a porosity of only 2%. After annealing at 400 °C,
the microstructure is preserved and the internal stresses relax.
The Rietveld refinement shows no crystallite growth (the
crystallite size remains at 50 nm), while the microstrain
decreases by 30%. The AD enables high DBS (∼1000 kV·
cm−1) in flexible PMN−10PT thick films, while stress
relaxation after annealing is responsible for the development
of a relaxor-ferroelectric character leading to high polarization
of 38 μC·cm−2 at 1000 kV·cm−1. Such high electric fields, high
polarization, and low hysteresis losses result in promising
energy-storage properties. In annealed films, the recoverable
energy density reaches 10 J·cm−3 and an energy storage
efficiency of 73% (at 1000 kV·cm−1). The as-deposited and
annealed thick film samples were subjected to bending tests,
and the results showed high bendability and durability. The
excellent stability of energy-storage properties was confirmed
after tensile bending to a radius of 3 mm (1.1% bending strain)
and after repeating 105 bending cycles. To conclude, the
PMN−10PT thick-film structures presented here are one of
the first ceramic-polymer layered structures to provide high
energy storage performance and flexural endurance for future
flexible energy-storage devices.
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S1: Aerosol deposition process parameters 

Table S1. Process parameters used during the AD. 

Process Parameters 

Carrier gas species N2 

Nozzle geometry (slit size) (0.5 × 10) mm2 

Distance between nozzle and substrate 5 mm 

Sweep speed 5 mm·s−1 

Gas flow rate 4 L·min−1 

Pressure in aerosol chamber 180 mbar 

Pressure in deposition chamber 2 mbar 

 

S2: Bending strain 

The bending strain of the thick film surface dependents on the bend curvature and was calculated by 

using the multilayer model.1,2 In the thick film multilayer structure there is a neutral mechanical 

plane, where the bending strain is zero. The distance between the neutral mechanical plane and the 

film surface is given by equation (1): 

𝑏 =
∑ 𝐸̅𝑖
𝑁
𝑖=1 ℎ𝑖 [(∑ ℎ𝑗

𝑖
𝑗=1 ) −

ℎ𝑖
2 ]

∑ 𝐸̅𝑖
𝑁
𝑖=1 ℎ𝑖

 (1) 
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where 𝑁 is the total number of layers and ℎ𝑖 is the thickness of the 𝑖th layer (from the top). 𝐸̅𝑖  is 

equal to 𝐸𝑖 (1 − 𝜈𝑖
2)⁄ , where 𝐸𝑖  and 𝜈𝑖 are Young’s modulus and Poisson’s ratio of the 𝑖th layer, 

respectively. The bending strain in the multilayer structure can be calculated by equation (2): 

𝜀 =
𝑦

𝑅
 (2) 

where 𝑅 is the bend radius and 𝑦 the distance from the neutral mechanical plane. Thus, the highest 

bending strains are on the film’s surface, where 𝑦 equals 𝑏. All parameters needed for the calculation 

of the bending strain are given in the Table S2. 𝐸𝑖  and 𝜈𝑖 values were taken from the given 

references. Note, that the Young's modulus of AD thick films depends on the thermal treatment, 

which was confirmed for aerosol-deposited BaTiO3 thick films thermally annealed at 500 °C.3 After 

thermal annealing of BaTiO3 thick films at 500 °C, the Young's modulus increased by about 15%. 

However, since there are no similar studies on aerosol-deposited PMN–10PT thick films, we did not 

consider the changes in Young's modulus after thermal annealing. The calculated bending strain for 

different bending radii used in the evaluation of flexibility can be found in Table S3.  

Table S2. Elastic properties and layer thicknesses. 

𝑖 1 2 3 

layer PMN–10PT thick film Au bottom electrode 
polyimide substrate 

(Kapton® HN) 

ℎ𝑖 (µm) 3.4 1.3 125 

𝐸𝑖  (GPa) 90 78 2.76 

𝜈𝑖 0.30 0.43 0.34 

reference 4 5 6 

 

Table S3. The calculated bending strain for different bending radii. 

Bending radius (mm) Bending strain (%) 

12 0.27 

10 0.32 

7.5 0.43 

5.0 0.64 

4.0 0.80 

3.0 1.07 
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S3: Dielectric breakdown measurements – Weibull analysis 

Dielectric breakdown measurements of as-deposited and annealed PMN–10PT thick films were 

performed using an aixACCT TF analyzer 2000 (aixACCT Systems GmbH, Germany) by applying a 

single sinusoidal unipolar waveform with a frequency of 100 Hz. To evaluate the dielectric 

breakdown fields (Ei), 12 Au top electrodes (1.5 mm diameter) of each sample were used. The 

evaluated Ei follow the two-parameter Weibull distribution described by:7,8 

𝑋𝑖 = ln(𝐸𝑖) (3) 

𝑌𝑖 = ln(− ln(1 − 𝑝𝑖)) (4) 

𝑝𝑖 =
𝑖 − 0.3

𝑁 + 0.4
 (5) 

Here i, N and pi represent the specimen sequential number, the sum of the tested specimens and the 

cumulative probability of dielectric breakdown, respectively. A high shape factor (β > 1), determined 

from the slope of the Weibull distribution, indicates low fluctuations of Ei in the as-deposited and 

annealed samples. The dielectric breakdown strength (DBS) is extracted from the intersection of the 

linear regression curve and the horizontal line ln(–ln(1–pi)) = 0. It represents the electric field at 

which the breakdown probability is 63.2%. 

 

Figure S1: Weibull distribution of the dielectric breakdown field of as-deposited (blue) and annealed 
(green) PMN–10PT thick films. The dashed lines represent linear regression. 
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S4: Optical micrographs of thick films surfaces 

Optical micrographs of the thick film surfaces were taken using an optical microscope Axio Imager A1 

m, Carl Zeiss, Germany. Figure S2 shows micrographs of the as-deposited and annealed thick films 

before and after bending to a minimum radius of 3 mm and 105 cycles. No obvious cracks or other 

damage could be detected after bending. 

 

Figure S2: Micrographs of the surface of as-deposited (a, b) and annealed (c, d) thick films before 
(a, c) and after (b, d) bending. 

 

 

Supporting video 

The supporting video shows fatigue tensile bending tests of PMN–10PT thick films performed on a 

linear sliding moving stage and a custom made sample holder. 
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Chapter 4 

4 Multifunctional Energy Storage and 
Piezoelectric Properties of 
0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 
Thick Films on Stainless-Steel 
Substrates 

In this study, ferroelectric PMN–35PT thick films were deposited on SS substrates using 
the room-temperature AD method. After deposition, the thick films were thermally 
annealed at 500 °C and the structural, microstructural, energy-storage and piezoelectric 
properties of the as-deposited and the annealed thick films were investigated. Thermal 
annealing did not result in any microstructural changes; the density of the films remained 
very high (porosity of only ~3%). The high-impact particle collisions in the AD process are 
responsible for an 8-fold decrease of the crystallite size in the as-deposited thick films (from 
146 nm ± 3 nm in the powder to 17.2 nm ± 0.3 nm in the as-deposited films). Thermal 
annealing of the films has little effect on the crystallite size, but a remarkable one on the 
microstrain, which decreases by 41% (from 22.7·10−4 ± 2.1·10−4 in the as-deposited films 
to 13.4·10−4 ± 1.2·10−4 in the annealed films).  

Due to the similar and dense microstructure, both the as-deposited and annealed PMN–
35PT thick films achieve similar and very high electric fields (1350 kV·cm−1). However, 
the stress relaxation after thermal annealing is responsible for the evolution from a lossy 
dielectric behavior in the as-deposited films to a relaxor-ferroelectric behavior in the 
annealed films. The thermally annealed thick films achieve a Urec of 15.1 J·cm−3 and an η 
of 55% at 1350 kV·cm−1, while both the as-deposited and annealed films exhibit an electric-
field cycling stability of 5 million cycles.  

A piezoelectric response was confirmed throughout the thickness of both the as-
deposited and annealed PMN–35PT thick films. Macroscopic electromechanical 
measurements on the annealed films revealed a maximum strain response of 0.38% and an 
inverse effective piezoelectric coefficient (𝑑ੋੋ ஥஦஦

∗ ) of 41 pm·V−1 at 1000 kV·cm−1. 
However, this piezoelectric coefficient is lower than that of PMN–35PT ceramics (typically 
above 525 pC·N–1) and screen-printed PMN–35PT thick films (typically between 130 and 
170 pC·N–1), which is due to a strong film-substrate clamping effect and a much smaller 
grain size in AD thick films.  
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In summary, it has been shown that the integration of PMN–35PT thick films on SS is 
possible and that such integration enables multifunctional ceramic-metal structures, since 
the deposited PMN–35PT thick films exhibit an energy-storage capability and piezoelectric 
properties. 
 
This chapter addresses thesis objectives 2, 3, 4, 5, 6 and 7. 

 
Published in: M. Sadl, K. Nadaud, M. Bah, F. Levassort, U. Eckstein, N. H. Khansur, K. 
G. Webber, and H. Ursic, “Multifunctional energy storage and piezoelectric properties of 
0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 thick films on stainless-steel substrates,” J. Phys. 
Energy, vol. 4, no. 2, p. 024004, 2022. (IF = 7.528, 2021) 

 
My contribution: I synthesized the powder and used it in the aerosol-deposition process to 
prepare thick-film samples on SS. I annealed and prepared the samples, performed scanning 
electron microscopy, XRD, Rietveld refinement analysis, electrical, electro-mechanical and 
impedance characterization and calculation of the energy-storage properties. I elaborated 
the concept of the manuscript and wrote the paper, together with the co-authors. 
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Abstract
The miniaturization of electronic devices and power systems requires the fabrication of functional
components in the form of micrometer-sized thick films. A major challenge is the integration of
functional ceramics with metals, which are considered incompatible with high-temperature
ceramic processing. To overcome the integration barrier, an aerosol deposition (AD) spray-coating
method based on room temperature deposition can be used. By employing the AD method, we
were able to deposit relaxor-ferroelectric 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 ceramic thick films
on low-cost stainless-steel substrates. The as-deposited films were dense, with∼97% of the
theoretical density. Moreover, the post-deposition annealing at 500 ◦C did not result in any
microstructural changes. Compared to the as-deposited films, the annealed films exhibit improved
energy storage and electromechanical properties. The annealed thick films achieve a recoverable
energy density of 15.1 J·cm−3 at an electric field of 1350 kV·cm−1 and an electric-field cycling
stability of 5 million cycles. A piezoelectric response was detected through the entire film thickness
by piezoelectric force microscopy. Macroscopic displacement measurements revealed a maximum
relative strain of 0.38% at 1000 kV·cm−1, corresponding to inverse effective piezoelectric
coefficient of∼40 pm·V−1. In this study, we overcame the integration challenges and
demonstrated the multifunctionalization of future ceramic-metal structures, as the deposited thick
films on stainless steel exhibit energy storage capability and piezoelectric properties.

1. Introduction

Ceramic perovskite materials are featuring many promising characteristics for use in electronic applications
[1]. One of the most promising materials are relaxor-ferroelectrics with a (100–x)Pb(Mg1/3Nb2/3)O3

–xPbTiO3 (PMN–100xPT) solid solution, as they exhibit versatile dielectric, piezoelectric and
relaxor-ferroelectric properties [2]. Of particular interest is the 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3

(PMN–35PT) material with a composition close to the morphotropic phase boundary due to its high
piezoelectric performance in bulk form [3–5]. PMN–35PT possesses all the attributes that are important for
electrical energy storage devices in pulsed-power and power-conditioning electronic applications and for
electromechanical energy conversion in energy harvesting applications. Both energy storage and energy
harvesting are crucial for the efficient use and management of electrical energy, which can ensure the
sustainability of integrated electronic systems in the increasingly connected internet of things [6–8].

© 2022 The Author(s). Published by IOP Publishing Ltd
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To miniaturize energy systems, functional components need to be fabricated in the form of thick films.
Ceramic thick films with a thickness of a few micrometers enable device miniaturization and are a good
compromise between the high volume-specific energy conversion performance offered by ceramic thin films
and the large absolute energy conversion offered by conventional bulk ceramics [9]. However, integrating
ceramic thick films into everyday devices is challenging. The fabrication of dense and high quality ceramic
thick films by conventional thick-film deposition methods, such as screen-printing, tape-casting, or
electrophoretic deposition consists of high temperature processes that often exceed 1000 ◦C [10]. The
required high temperature treatment is a limiting factor as it prevents the integration of ceramics with
materials that cannot withstand high temperatures, such as polymers and metals.

To overcome the integration barrier, a so-called aerosol deposition (AD) can be used. AD is a room
temperature spray-coating method for the deposition of dense, several-µm-thick films on any type of
substrate. The deposition mechanism is based on the collision of high-speed particles with the substrate’s
surface and the densification occurs as a result of high kinetic energies involved [11–13].

Metals and their alloys are frequently considered as substrate materials in the electronics industry because
they offer both heat sink and electrode functionality. As such, various metal substrates can expand the range
of applications (actuators, sensors, transducers, energy harvesters and energy storage systems) [14, 15].
Metals as substrates offer good electrical conductivity and mechanical stability, which makes them a
promising choice also for the field of flexible electronics [16]. Stainless steel (SS) is a versatile metal, durable,
and resistant to corrosion and wear. As a low-cost material, it is in everyday use. However, little research has
been done on the integration of ferroelectric ceramics on SS. Currently, there are few reports on the
deposition of Pb(Zr,Ti)O3-based [14, 17–21], BaTiO3-based [22–24] and (K,Na)NbO3-based [25] thick
films on SS. In our previous work, energy storage-efficient PMN–10PT thick films were integrated on SS
substrates [26], while this study focuses on a ferroelectric PMN–35PT with a composition close to the
morphotropic phase boundary responsible for high piezoelectric response in bulk ceramics [3–5].

In this work, we have deposited ceramic PMN–35PT thick films on SS substrate by employing the AD
method, which allows densification of ceramics at room-temperature. We have shown that the integration of
ceramic thick films on metals is possible and that such integration enables the multifunctionalization of
future ceramic-metal structures, since the deposited PMN–35PT thick films exhibit energy storage
capabilities and piezoelectric properties.

2. Materials andmethods

PbO (99.9%, Aldrich), MgO (99.95%, Alfa Aesar), TiO2 (99.8%, Alfa Aesar) and Nb2O5 (99.9%, Aldrich)
were used for the synthesis of PMN–35PT ceramic powder. Two sets of oxide mixtures corresponding to the
stoichiometry of Pb(Mg1/3Nb2/3)O3 and PbTiO3 were separately homogenized for 2 h in a planetary ball mill
(PM 400, Retsch, Germany) at 200 min−1, in isopropanol, using milling balls made of yttria-stabilized
zirconia (YSZ) with diameter of 3 mm. After that, the powder mixture corresponding to the stoichiometry of
PbTiO3 was calcined at 750 ◦C for 2 h as previously suggested by Dragomir et al [27] and additionally milled
for 2 h in a planetary ball mill (PM 400, Retsch, Germany) under the same conditions. Eventually, both
powder mixtures were mixed together and homogenized for 2 h with a stoichiometry of
0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3. The homogenization was carried out in a planetary ball mill (PM 400,
Retsch, Germany) under the same conditions as before. This mixture was reacted for 24 h by
mechanochemical-activation-assisted synthesis, using the same planetary ball mill, but at 300 min−1 in a
tungsten-carbide milling vial with a volume of 250 cm3, filled with 10 tungsten-carbide milling balls with a
diameter of 20 mm. After synthesis, the powder was milled for 2 h, heated in a furnace at 900 ◦C for 1 h (with
heating and cooling rates of 5 K·min−1), and finally milled for 0.5 h. The milling processes were carried out
in a planetary ball mill (PM 400, Retsch, Germany) at 200 min−1, in isopropanol, using milling balls made of
yttria-stabilized zirconia (YSZ) with diameter of 3 mm.

Prior to AD of the PMN–35PT powder on the substrate, the powder was sieved through an 80 µmmesh
and vacuum dried for 12 h at 100 ◦C and 10 mbar. The substrate used was a commercial SS No. 304
(American Iron and Steel Institute) with a bright, polished surface A480: No. 8 (American Society for Testing
and Materials) with dimensions 15 mm× 15 mm× 0.8 mm. The AD equipment was provided by InVerTec,
Germany and the scheme of the set-up is represented elsewhere [28]. The process parameters during AD are
listed in (supplementary material S1 available online at stacks.iop.org/JPEnergy/6/024004/mmedia). After
AD, the samples were cleaned with ethanol and annealed at 500 ◦C for 1 h with heating and cooling rates of
2 K·min−1. From now on, the samples will be referred to as ‘as-deposited’ and ‘annealed’.

The x-ray diffraction (XRD) analysis was performed with a high-resolution diffractometer (X’Pert PRO,
PANalytical, Netherlands) using Cu–Kα1 radiation. Diffraction patterns were recorded in the
Bragg–Brentano geometry using a 100-channel X’Celerator detector in a 2θ range of 10◦–120◦ with a step of

2

52
Chapter 4. Multifunctional Energy Storage and Piezoelectric Properties of 

0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 Thick Films on Stainless-Steel Substrates

https://stacks.iop.org/JPEnergy/6/024004/mmedia


J. Phys. Energy 4 (2022) 024004 M Sadl et al

0.017◦ and an integration time of 100 s per step. For the Rietveld refinement, the Topas R package (version
2.1, Bruker AXS GmbH, Germany) was employed as described elsewhere [26]. According to the literature, a
tetragonal (P4mm) and a monoclinic (Pm) crystal structure co-exist in the PMN–35PT solid solution [2, 3].
However, to calculate the crystallite size and microstrain of the film only the P4mm structure was selected. To
fit the SS reflections originating from the substrate a cubic (Fm-3m) crystal structure was used. The
fundamental parameters approach (FPA) was used to fit the line-profile of the samples [29]. The FPA uses
the geometrical properties of the diffraction experiment to build up the instrumental linewidth from first
principles. Therefore, the FPA allows determination of the sample-dependent line-broadening contributions
to the peak profile, which are dominated by microstrain and crystallite size broadening [30]. The effects of the
microstructure were modeled using the Double-Voigt approach [31]. The volume-weighted mean crystallite
size was calculated based on the integral breath method integrated in the Topas software. The calculated peak
profiles and the agreement factors of the Rietveld refinement are listed in supplementary material S2.

Scanning electron microscopy (SEM) analyses of thick films’ surfaces and cross-sections were performed
with a field-emission scanning electron microscope (FE-SEM, JSM-7600F, JEOL, Japan). For the
cross-sectional analyses, the samples were cut, mounted in epoxy resin, ground and fine-polished using a
colloidal silica suspension. Prior to the SEM analyses, the samples were coated with a 3 nm thick carbon layer
using a Precision Etching and Coating System (PECS 682, Gatan, USA). The thickness and the porosity of
thick films were evaluated from SEM cross-sectional images. For the estimation of porosity, the Image Tool
software (UTHSCSA Image Tool Version 3.00. 2002 [32]) was used.

Piezoelectric force microscopy (PFM) was performed on two types of thick film samples; first, on the
polished surface and second, on the polished cross-section of the thick films. The samples were polished as
described above. An atomic force microscope (AFM; MFP-3D, Asylum Research, USA) and Ti/Ir coated
silicon tips (Asyelec_01_R2, Oxford Instruments, Germany) were used for the analysis. To examine the
polished surface, the electric voltage of 25 V and a frequency of∼350 kHz were applied between a conductive
AFM tip and the bottom electrode of the films. To examine the samples in cross-section, electric voltage of
30 V and a frequency of∼350 kHz were applied to the thick film/epoxy resin composite in the virtual ground
regime as previously described in [33, 34]. After PFM scans, the PFM phase hysteresis loops were measured
on the polished surface samples in the switching spectroscopy off-electric-field mode with the pulsed DC step
signal and the superimposed AC drive signal, as described in [35]. The waveform parameters were as follows:
The sequence of rising steps of the DC electric field was driven at 20 Hz and a maximum amplitude of 100 V;
the frequency of the triangular envelope was 0.99 Hz; a superimposed sinusoidal AC signal with an amplitude
of 25 V and a frequency of∼350 kHz was used. Three cycles were measured in an off-electric-field mode.

For the electrical and electro-mechanical measurements, the top Au electrodes with a diameter of 1.5 mm
were deposited by RF-magnetron sputtering. Measurements of dielectric permittivity and dielectric losses
versus temperature are given in supplementary material S3. The unipolar polarization–electric field (P–E)
hysteresis loops and bipolar strain–electric field (S–E) hysteresis loops of the films were measured at room
temperature using an aixACCT TF analyzer 2000 (aixACCT Systems GmbH, Germany) equipped with a
single beam laser interferometer. The applied electric field had a single sinusoidal waveform with a frequency
of 100 Hz. In the electric-field fatigue cycling experiment the P–E loops were measured at an electric field of
500 kV·cm−1. The direct piezoelectric coefficient (d33 eff) measurements of annealed thick films were
performed using a Berlincourt piezometer (Take Control PM10, UK). Prior to the measurements, the
samples were polarized by applying a DC electric field of 200 kV·cm−1 at 160 ◦C for 15 min and then
field-cooled to 30 ◦C.

3. Results

The structural and microstructural properties of as-deposited and annealed PMN–35PT thick films were
investigated by XRD and SEM. The XRD patterns of the thick films and the PMN–35PT starting powder are
shown in figures 1(a) and (b). None of the secondary phases were detected. The thick film samples exhibit
additional minor SS reflections originating from the surrounding substrate. The perovskite reflections
showed no significant peak shift after film deposition or after further annealing of the film. However,
compared to the PMN–35PT powder, the as-deposited thick films exhibit a remarkable peak broadening.
This broadening is due to reduced crystallite size and/or microstrain, and is typically observed in
aerosol-deposited thick films, as the AD process involves cracking and fragmentation of colliding powder
particles. Importantly, the broadening decreases slightly after annealing of thick films, indicating stress
relaxation, which can occur even at moderate temperatures such as 500 ◦C [23, 36, 37].

The XRD patterns were examined in detail using Rietveld refinement, which quantitatively evaluates the
crystallite size and microstrain of the samples (figures 1(c) and (d)). The calculated crystallite size of the
PMN–35PT powder is 146 nm± 3 nm and the microstrain is 8.4× 10−4 ± 0.3× 10−4. After the AD process

3

53



J. Phys. Energy 4 (2022) 024004 M Sadl et al

Figure 1. (a) XRD patterns in the 2θ range of 20◦–60◦ for PMN–35PT powder, as-deposited and annealed thick films; (b)
enlarged view of (200) reflection. Diffraction peaks corresponding to perovskite phase are indexed according to the cubic notation
(JCPDS 81–0861). The corresponding (c) crystallite size and (d) microstrain evaluated using Rietveld refinement. SEM
micrographs of as-deposited (e), (g), (i) and annealed (f), (h), (j) films in cross-section (e)–(h) and surface (i), (j) views. Green
and yellow arrows mark pores several tens of nm in size and smaller pores in the nm-range, respectively.

the crystallite size of as-deposited thick films decreases to 17.2 nm± 0.3 nm and the microstrain increases to
22.7× 10−4 ± 2.1× 10−4. These results indicate a remarkable (8-fold) decrease in crystallite size that occurs
during the high-energy particle collisions in the AD process. According to Exner et al [38] significant
crystallite size reduction is a prerequisite for successful film consolidation. A crystallite size reduction is
indicating the extent of converted kinetic energy into fracture energy, forming new surfaces that allow the
particles to rebond and consolidate into a film [38]. Further annealing of the thick films has a minor effect
on the crystallite size (21.9 nm± 0.3 nm), but much more on the microstrain, which decreases significantly
by 41% (down to 13.4× 10−4 ± 1.2× 10−4).

The as-deposited and annealed thick films were analyzed by SEM in cross-sectional (figures 1(e)–(h))
and surface view (figures 1(i) and (j)). Both samples exhibit similar microstructure, despite the difference in
the annealing process. Figures 1(e) and (f) reveals around 4 µm thick films firmly attached to SS substrates.
The film-substrate interface does not show any damaging effects or any signs of chemical reaction between
the film and the substrate. The polished cross-sections (figures 1(g) and (h)) show a crack free
microstructure with a density of 97%± 1%. The remaining porosity of 3%± 1% is similar in as-deposited
and annealed films and consists of isolated pores of several tens of nm in size (green arrows) and smaller
pores in the nm-range (yellow arrows). The SEMmicrographs of films’ surfaces confirm (figures 1(i) and (j))
a high film density.

Figure 2(a) shows the unipolar P–E hysteresis loops of the as-deposited and annealed films. The
as-deposited films exhibit linear dielectric-like behavior at low electric field (300 kV·cm−1), while a more
lossy, round-like behavior is observed at high electric fields (1350 kV·cm−1). The annealing of the films leads
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Figure 2. (a) Unipolar P–E hysteresis loops of as-deposited (grey to black lines) and annealed (orange to red lines) thick films.
P–E loops measured up to 300, 700 and 1350 kV·cm−1 are shown in light to dark shades. Urec and Uloss of the annealed film are
represented by the red and grey patterned areas, respectively. (b) The electric-field dependence of Urec and η for the as-deposited
and annealed thick films. (c) The electric-field cycling dependence of a normalized Urec and η for the as-deposited and annealed
thick films at 500 kV·cm−1. The lines between the values are only a guide for the eye.

to a relaxor-ferroelectric character of the P–E loop. Moreover, the shape of the P–E loop remains similar with
decreasing frequency (supplementary material S4). As we have seen in the SEM analysis (figures 1(e)–(j)),
the microstructure is preserved after annealing the films. Therefore, one of the possible reasons for the
changes in P–E behavior after annealing is related to stress relaxation, as previously shown for PMN–10PT
thick films on SS [26]. Dielectric breakdown strength (DBS) was evaluated using Weibull analysis
(supplementary material S5). The determined DBS is high, i.e. 1334 and 1351 kV·cm−1 for as-deposited and
annealed thick films, respectively. Compared to the as-deposited films, the annealed films exhibit lower
hysteresis losses and higher polarization. At 1350 kV·cm−1 the polarization of as-deposited and annealed
films reaches 43 and 59 µC·cm−2, respectively. The high electric polarization and DBS indicate possibility of
achieving excellent energy storage properties.

The energy storage performance of the PMN–35PT thick films was evaluated by calculating the
recoverable energy density (Urec) and energy storage efficiency (η). The Urec represents the energy that is
available in the discharge cycle and is therefore calculated by integrating the area between the discharge curve
and the polarization axis (red patterned area in figure 2(a)). The charge–discharge cycle generates also
hysteresis or polarization losses (Uloss), which are calculated by integrating the area between the charge and
discharge curves (grey patterned area in figure 2(a)). The η is determined from the ratio between the
recovered and stored energy: η = Urec/(Urec + Uloss) and therefore, highly efficient energy storage capacitors,
should have low Uloss [9].

In as-deposited thick films, the Urec increases linearly with the electric field and reaches 10.7 J·cm−3 at
1350 kV·cm−1, which is already high for AD thick films prepared at room temperature (figure 2(b)). These
values are almost an order of magnitude higher than Urec of various bulk ceramics, reaching between 1 and
5 J·cm−3 [39–41]. However, the η-value decreases with the electric field. It decreases from 78% at 100
kV·cm−1 to 32% at 1350 kV·cm−1 (∆η = 46%). The annealed thick films have improved energy storage
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Figure 3. PFM out-of-plane amplitude images of (a), (d) surface and (b), (e) cross-section views for (a), (b) as-deposited and (d),
(e) annealed PMN–35PT thick films on SS. Switching spectroscopy experiment; the local hysteresis loops of the PFM out-of-plane
(c), (f) phase measurements obtained at the point marked by blue crosses in panels (a), (d).

properties. The Urec value reaches 15.1 J·cm−3 at 1350 kV·cm−1, which corresponds to an increase of 41%
compared to the as-deposited films (figure 2(b)). Overall, the annealed PMN–35PT films on low-cost SS
substrate exhibit Urec values comparable to other AD thick films on conventional, more expensive platinized
silicon substrates (Pt/Ti/SiO2/Si) [42–46]. The η of the annealed films is more stable with increasing electric
field compared to the as-deposited films. It reaches 70% at 100 kV·cm−1 and 55% at 1350 kV·cm−1

(∆η = 15%).
The properties during fatigue cycling under electric field are shown in figure 2(c). Both the deposited and

annealed films withstood a large number of electric field cycles, i.e. 5× 106. During the fatigue test, the
η-value of both samples is stable while the Urec value of the deposited and annealed films decreases to∼0.6
and∼0.8 of the initial Urec value after 5 million cycles, respectively.

The local electromechanical response of the as-deposited (figures 3(a)–(c)) and annealed films
(figures 3(d)–(f)) was investigated by PFM. The PFM out-of-plane amplitude images of the polished film
surfaces (figures 3(a) and (d)) show a piezoelectric response associated with the fine-grained microstructure
of as-deposited and annealed films (figure 1). It is evident that the annealed thick film exhibits more areas
with enhanced piezoelectric response (bright regions) in comparison to the as-deposited film. The
cross-sectional PFM out-of-plane amplitude images (figures 3(b) and (e)) confirm that both films are
piezoelectrically active throughout their thickness, while the SS substrate or the encapsulating epoxy resin
above the film does not show any piezoelectric response (dark areas). Furthermore, PFM switching
spectroscopy was performed on the polished film surfaces. The analysis shows a local hysteresis loop of the
PFM phase (figures 3(c) and (f)), which is evidence that the ferroelectric domains in the as-deposited and
annealed films can be effectively switched.

Macroscopic displacement measurements were performed on the as-deposited and annealed films. The
measured relative longitudinal strain with the applied electric field (S–E) is shown in figure 4(a). The S–E
loops of both samples are symmetrical i.e. without any imprint and their shape is typical of
relaxor-ferroelectric materials. The strain response is much larger for the annealed films. The as-deposited
and annealed films reach a maximum strain of 0.25% and 0.38%, respectively, at 1000 kV·cm−1. Figure 4(b)
shows the S/E coefficient (or inverse effective piezoelectric coefficient, d∗33 eff) evaluated from the slope of the
S–E loops by linear regression. In as-deposited films, d∗33 eff gradually increases with the electric field, reaching

25 pm·V−1 at 1000 kV·cm−1, while in annealed films, d∗33 eff reaches a constant value of 41 pm·V−1 from 650

to 1000 kV·cm−1. A small difference between the d∗,+33 eff and d∗,−33 eff coefficients (determined from the right and
left sides of the (S–E) hysteresis loops, respectively) confirms a symmetrical electromechanical behavior. The
displacement measurements were also performed with a double beam laser interferometer (DBLI,
supplementary material S6) and the determined d∗33 eff is similar, indicating that there is no displacement due
to substrate bending during the measurements. Additional measurements of the direct effective piezoelectric
coefficient (d33 eff) were performed after the DC poling at elevated temperatures. The d33 eff of the annealed
films reaches∼25 pC·N–1, which is close to the measured d∗33 eff at low electric field. However, the
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Figure 4. (a) Strain vs. electric field (S–E) hysteresis loops of as-deposited (grey-black) and annealed (orange-red) thick films.

(b) The d∗33 eff vs. E of as-deposited (grey and black) and annealed (orange and red) thick films. The d∗,+33 eff and d∗,−33 eff coefficients

are evaluated with a linear regression of the positive and negative E (i.e. the right and left sides of the S–E hysteresis loops),
respectively.

piezoelectric coefficient of PMN–35PT AD thick films is lower than that of PMN–35PT ceramics (typically
above 525 pC·N–1) [4, 47–49] and screen-printed thick films on platinized Al2O3 substrates (typically
between 130 and 170 pC·N–1) [50–52]. This can be attributed to several factors: first, the film-substrate
clamping effect in thick films [51, 53] and second, the much smaller grain size in AD thick films [47] in
comparison to screen-printed films or bulk ceramics, due to the low processing temperature.

4. Summary and conclusions

By employing the AD method, which enables the fabrication of dense ceramic layers at room temperature,
we deposited ceramic PMN–35PT thick films on low-cost stainless-steel substrates. The deposited 4 µm thick
films exhibit high density, namely 97% of the theoretical density, with pores in the range of a few to tens of
nm. Post-deposition annealing at moderate temperatures of 500 ◦C does not lead to any microstructural
changes, but reduces the microstrain by 41%.

The annealed thick films exhibit high polarization (59 µC·cm−2) and high DBS (∼1350 kV·cm−1),
leading to promising energy storage performance. The Urec value of the annealed PMN–35PT films on the
low-cost SS reaches 15.1 J·cm−3 at 1350 kV·cm−1, which is similar to other AD thick films on conventional,
more expensive platinized silicon substrates (Pt/Ti/SiO2/Si). Moreover, both the as-deposited and annealed
films withstand a large number of electric field cycles, namely 5× 106. The electromechanical response of the
thick films was investigated in cross-section using the PFM technique. The as-deposited and annealed films
are piezoelectric/ferroelectric over the entire film thickness. The macroscopic electromechanical
measurements of the as-deposited and annealed films revealed a longitudinal strain of 0.25% and 0.38% at
1000 kV·cm−1, corresponding to d∗33 eff of 25 and 41 pm·V−1, respectively.

In summary, we have shown that the integration of PMN–35PT thick films on SS is possible and that
such integration enables the multifunctionalization of future ceramic-metal structures, since the deposited
PMN–35PT thick films exhibit energy storage capability and piezoelectric properties. The multifunctional
properties are already observed in films deposited at room temperature. However, they are further enhanced
by post-deposition annealing at moderate temperatures of 500 ◦C.
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S1: Aerosol deposition process parameters 

Table S1. Process parameters used during the AD. 

Process Parameters 

Carrier gas species N2 

Nozzle geometry (slit size) (0.5 × 10) mm2 

Distance between nozzle and substrate 5 mm 

Sweep speed 5 mm·s−1 

Gas flow rate 4 L·min−1 

Pressure in aerosol chamber 180 mbar 

Pressure in deposition chamber 2 mbar 
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S2: Rietveld refinement 

A quantitative analysis of the XRD data was performed using the Rietveld refinement method. The 

measured XRD patterns and the corresponding calculated profiles after Rietveld refinement of the 

PMN–35PT powder, as-deposited thick film and annealed thick film are shown in Figure S2. The 

agreement factors and unit cell parameters of the Rietveld refinement are listed in Table S2. 

Figure S2: The measured XRD patterns (black) and the corresponding calculated profiles (orange) of 
(200) and (211) PMN–35PT reflections for (a) PMN–35PT powder, (b) as-deposited thick film and (c)

annealed thick film. A cubic (Fm-3m) crystal structure was used to fit the stainless-steel (SS)
reflections originating from the substrate. 
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Table S2. Agreement factors of the Rietveld refinement. 

Sample PMN–35PT powder As-deposited film Annealed film 

Crystal system Tetragonal Tetragonal Tetragonal 

Space group P4mm P4mm P4mm 

a (Å) 4.01098(8) 3.99538(54) 4.01024(38) 

c (Å) 4.03040(11) 4.04584(30) 4.04047(21) 

Rwp (%) 14.49 8.27 8.95 

Rexp (%) 10.28 7.13 7.14 

Rp (%) 11.47 5.82 6.26 

G. O. F. 1.41 1.16 1.25 
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S3: Dielectric properties as a function of temperature 

The relative dielectric permittivity and dielectric losses (tan δ) were measured between 5 and 300 °C 

with a Precision LCR impedance meter (HP 4284A, Hewlett-Packard, USA) in the frequency range 1–

100 kHz. Figure S3 reveals a remarkable increase of dielectric permittivity after thermal annealing of 

thick films at 500 °C. During heating, the dielectric permittivity of the as-deposited films increases, 

while the annealed films exhibit a broad frequency-dependent dielectric permittivity maximum at 

~150°C. The tan δ of thick films stays below 0.1, except for the as-deposited thick films at elevated 

temperatures (above ~200 °C). Note that the electrical response of as-deposited films is dominated by 

the defects, which are generated after AD. The reason for increase of tan δ with increasing 

temperature can be attributed to the relaxation of space charges, that become mobile at higher 

temperatures. 

Figure S3: The relative dielectric permittivity (solid line) and tan δ (dashed line) vs. temperature of as-
deposited (black-grey) and annealed (red-orange) PMN–35PT films. 
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S4: Polarization vs. electric field loops at various frequencies 

The unipolar polarization–electric field (P–E) hysteresis loops as-deposited and annealed PMN–35PT 

thick films were measured at room temperature using an aixACCT TF analyzer 2000 (aixACCT Systems 

GmbH, Germany). The single sinusoidal waveform up to an amplitude of 500 kV⋅cm−1 and at 

frequencies from 1 to 100 Hz was applied on top Au electrodes with the diameter of 1.5 mm. 

Figure S4: Unipolar P–E hysteresis loops of as-deposited (grey to black lines) and annealed (orange to 
red lines) thick films. P–E loops were measured up to 500 kV⋅cm−1 and at frequencies from 1 to 100 

Hz. 
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S5: Dielectric breakdown measurements – Weibull analysis 

Dielectric breakdown measurements of as-deposited and annealed PMN–35PT thick films were 

performed using an aixACCT TF analyzer 2000 (aixACCT Systems GmbH, Germany) by applying a 

single sinusoidal unipolar waveform with a frequency of 100 Hz. To evaluate the dielectric 

breakdown fields (Ei), 10 Au top electrodes (1.5 mm diameter) of each sample were used. The 

evaluated Ei follow the two-parameter Weibull distribution described by [RS1, RS2]: 

𝑋𝑖 = ln(𝐸𝑖) (S5.1) 

𝑌𝑖 = ln(− ln(1 − 𝑝𝑖)) (S5.2) 

𝑝𝑖 =
𝑖 − 0.3

𝑁 + 0.4
(S5.3) 

Here i, N and pi represent the specimen sequential number, the sum of the tested specimens and the 

cumulative probability of dielectric breakdown, respectively. A high shape factor (β > 1), determined 

from the slope of the Weibull distribution, indicates low fluctuations of Ei in the as-deposited and 

annealed samples. The dielectric breakdown strength (DBS) is extracted from the intersection of the 

linear regression curve and the horizontal line ln(–ln(1–pi)) = 0. It represents the electric field at 

which the breakdown probability is 63.2%. 

Figure S5: Weibull distribution of the dielectric breakdown field of as-deposited (black) and annealed 
(red) PMN–35PT thick films. The dashed lines represent linear regression. 
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S6: Macroscopic displacement measurements with a single and double beam laser 

interferometer 

The macroscopic displacement measurements were performed on annealed PMN–35PT thick films. 

The bipolar strain–electric field hysteresis loops of the films were measured at room temperature using 

a single beam laser interferometer (SBLI, aixACCT TF analyzer 2000, aixACCT Systems GmbH, Germany) 

and a double beam laser interferometer (DBLI, AixACCT DBLI, aixACCT Systems GmbH, Germany). The 

applied electric field had a single sinusoidal waveform with a frequency of 100 Hz. The inverse effective 

piezoelectric coefficients 𝑑33 𝑒𝑓𝑓
∗,+  and 𝑑33 𝑒𝑓𝑓

∗,–  were determined using a linear regression of the positive 

and negative electric field (i.e., the right and left sides of the strain–electric field hysteresis loops), 

respectively. 

The 𝑑33 𝑒𝑓𝑓
∗  values measured with a SBLI and a DBLI are comparable despite the different measurement 

techniques. It is known that SBLI can overestimate the 𝑑33 𝑒𝑓𝑓
∗  value due to a contribution from 

substrate bending, which is not the case with DBLI measurements. However, similar values of 𝑑33 𝑒𝑓𝑓
∗  

indicate that there is no significant contribution from substrate bending in SBLI measurements. 

Figure S6: The 𝑑33 𝑒𝑓𝑓
∗  vs. E of annealed thick films measured with a SBLI (red and orange) and DBLI 

(dark and light blue) method. 
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Chapter 5 

5 Summary and Conclusions 

In the scope of this thesis we prepared and characterized new relaxor-ferroelectric thick-
film structures by depositing PMN–10PT and PMN–35PT on low-cost SS and flexible PI 
substrates. We applied an AD method that enables ceramic-metal and ceramic-polymer 
integration, which can significantly impact the availability and affordability of future 
electronic devices and energy systems, such as capacitive energy storage, energy harvesting, 
actuators and sensors. 
 
Based on the results, the following conclusions can be drawn: 
 The room-temperature AD of PMN–10PT and PMN–35PT thick films on low-cost 

substrates was investigated for the first time. The objective, i.e., to deposit functional 
ceramic thick films on substrates incompatible with high-temperature sintering process, 
was achieved. 

 After mechanochemically assisted synthesis, the PMN–10PT powder obtains 
nanocrystalline particles (size less than 100 nm), which are not acceptable for AD 
because too small particles do not undergo typical fragmentation and re-bonding in the 
deposition process. This fully confirms the hypotheses 1 and 2, that heating of such 
powders is needed to increase the crystallite size, which leads to a successful AD.  

 Controlling the material parameters is crucial to successful AD. The properties of 
PMN–10PT powder were modified by heating and milling treatments. Such treatments 
resulted in highly crystalline powders with an average crystallite size of ~180 nm, with 
particles of several hundred nm in size and without excessive agglomeration. This 
supports hypothesis 1, which predicts that only powders with particles in the range of 
several hundred nm are capable of forming consolidated PMN–10PT and PMN–35PT 
thick films. 

 We prepared PMN–10PT thick films on SS and PI substrates and PMN–35PT on SS 
substrates. The optimized PMN–10PT and PMN–35PT powders resulted in dense and 
few-µm-thick films with very low porosity (1.5–3.0%, see Table 5.1), good adhesion and 
a homogeneous film surface and thickness. Thus, the objective of depositing high-
density PMN–10PT and PMN–35PT thick films was achieved. 

 After the deposition at room temperature, the thick films were thermally annealed at 
400 °C (for PI substrates) and 500 °C (for SS substrates). The thermal annealing up 
to 500 °C does not change the microstructure of the ceramic thick films, i.e., the 
crystallite and grain growth are insignificant and the density remains same. The 
annealing temperatures are much lower than the temperatures of ceramic sintering. 
This conclusion supports hypothesis 3. 

 The thermal annealing causes stress relaxation in PMN–10PT and PMN–35PT thick 
films, which is evident from the peak shifting in the tilt-angle-dependent XRD and the 
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shift of the Raman modes. In addition, thermal annealing between 400 °C and 500 °C 
also causes microstrain reduction up to 50% (Table 5.1). The findings confirm 
hypothesis 4, which assumes significant stress relaxation after thermal annealing.  

 The DBS of PMN–10PT and PMN–35PT thick films reaches 900 kV·cm–1 or even 
more, which is one order of magnitude higher than that of bulk ceramic ferroelectrics. 
The contributing factors to a high DBS are high density/low porosity, small thickness 
of the order of µm and a small grain size. These results agree with hypothesis 5, which 
also predicts that the DBS does not change after post-deposition thermal annealing 
due to the preserved microstructure. 

 As-deposited PMN–10PT and PMN–35PT thick films fabricated completely at room 
temperature show promising energy-storage properties. The Urec and η reach values in 
the range 5.1–7.0 J·cm–3 and 38–69% at 900 kV·cm–1, respectively (Table 5.1). 
Moreover, the stress relaxation by thermal annealing improves the energy-storage 
properties. After thermal annealing, Urec and η reach values in the range 8.8–9.8 J·cm–

3 and 61–79% at 900 kV·cm–1, respectively. The highest Urec (9.8 J·cm–3) is achieved 
in the PMN–10PT thick films on SS, since they exhibit the largest polarization. In 
comparison to PMN–35PT, PMN–10PT thick films reach a higher η due to the lower 
hysteresis losses. These results confirm hypotheses 4 and 6, predicting that stress 
relaxation improves the energy-storage properties, which are higher than in their bulk 
ceramic counterparts. 

 Overall, the thermally annealed PMN–10PT and PMN–35PT thick films prepared in 
this work on low-cost substrates have energy-storage properties comparable to those of 
other AD thick films in the literature (Figure 5.1). However, the vast majority of the 
reported AD thick films were fabricated on much more expensive platinized silicon 
substrates.  

 The PMN–10PT and PMN–35PT thick films on SS endure a large number of cycles in 
the electrical fatigue test. The PMN–10PT and PMN–35PT thick films endure 16·106 
and 5·106 cycles, respectively (Table 5.1), which confirms hypothesis 7. The lower 
performance of the PMN–35PT thick film might be related to the increased hysteretic 
polarization losses. 

 The ceramic-polymer PMN–10PT on PI structures exhibits excellent flexibility without 
fatigue by a tensile bending radius of up to 3 mm and 105 bending cycles (Table 5.1). 
These results confirm hypothesis 8, which predicts that the thick films withstand 
bending without a degradation of energy-storage performance.  

 The direct and inverse electromechanical measurements reveal a piezoelectric activity 
of PMN–35PT thick film on SS. The as-deposited and annealed thick films reach a 
𝑑ੋੋ ஥஦஦

∗  of 25 and 41 pm·V–1, respectively (Table 5.1). This supports hypothesis 9, 
assuming that in piezoelectrically active as-deposited thick films the piezoelectric 
response increases after thermal annealing. However, the piezoelectric performance 
reported here and that of other PMN–100xPT thick and thin films [107], [121], are 
significantly lower than that of PMN–35PT ceramics (reaching 𝑑ੋੋ typically above 
525 pC·N–1 [79]). The reason for that can be found in a strong film-substrate clamping 
effect and a much smaller grain size in the films.  
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Table 5.1: Comparison of the properties of PMN–100xPT thick films. 

  
thick film 
structures 

PMN–10PT on SS PMN–10PT on PI PMN–35PT on SS 
  

post-deposition 
annealing 

as-
deposited 

500 °C 
as-

deposited 
400 °C 

as-
deposited 

500 °C 

SE
M

 

porosity (%) 1.6 ± 1.0 1.5 ± 1.0 2.0 ± 1.0 2.0 ± 1.0 3.0 ± 1.0 3.0 ± 1.0 

X
R

D
 

cry. size (nm) 
33  
± 1 

38  
± 2 

49 
 ± 13 

51 
 ± 6 

17.2 
± 0.3 

21.9 
± 0.3 

microstrain (10–4) 
25.9 

± 0.3 
13.7 

± 0.3 
34.4 

± 6.3 
24.1 

± 3.0 
22.7 

± 2.1 
13.4 

± 1.2 
reduction of 
microstrain after 
annealing (%) 

- 47 - 30 - 41 

en
er

gy
-s

to
ra

ge
 

Urec (J·cm–3) at 
900 kV·cm-1 

7.0 9.8 5.1 8.8 6.6 9.6 

η (%) at 
900 kV·cm-1 

68 79 69 73 38 61 

relative Urec (%)1 at 
500 kV·cm-1 (after 
electrical fatigue of 
N cycles) 

65% 
(16·106) 

90% 
(16·106) 

- - 
60% 

(5·106) 
82% 

(5·106) 

relative Urec (%)1 at 
500 kV·cm-1 (after 
N bending cycles 
with r = 3 mm) 

- - 
95% 
(105) 

100% 
(105) 

- - 

el
ec

tr
o-

 
m

ec
ha

ni
ca

l 

d*
33,eff. (pm·V–1) 

measured by SBLI 
- - - - 25 41 

 

  

                                                                                                                                                                                                         

1 relative 𝑈ல஥ண(%) =
𝑈ல஥ண before el. fatigue/bending

𝑈ல஥ண after el. fatigue/bending of 𝑁 cycles
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Figure 5.1: Comparison of the energy-storage properties of AD thick films. The plot shows 
the Urec (blue) and η (orange and red) of thick films at 900 kV·cm–1. The left- and right-
hand sides show data from our work and the literature, respectively. Our PMN–100xPT
thick films were deposited on SS and golden polyimide (Au/PI), while others also used 
platinized silicon (Pt/Ti/SiO2/Si) and aluminium-metallized polyimide (Al/PI) as 
substrates. The deposited thick films were 0.942(Na0.535K0.480)NbO3–0.058LiNbO3

(KNNLN), 0.95(Pb0.92La0.08)(Zr0.52Ti0.48)O3–0.05Bi(Zn0.66Nb0.33)O3 (PLZT–BZN5), 
(Pb0.89La0.11)(Zr0.70Ti0.30)O3 (PLZT 70/30), (Pb0.93La0.07)(Zr0.82Ti0.18)O3 (PLZT 82/18), 
BaTiO3 (BT), 0.6(Bi0.5Na0.5)TiO3–0.4(Sr0.7Bi0.2)TiO3 (BNT–SBT) [122]. Note that the data 
marked with * were measured at 1000 kV·cm–1. For PLZT** thick films the chemical 
composition was not reported [99]. 

We can conclude that the three different thick-film structures demonstrated and evaluated 
in this thesis have great potential for future capacitive energy-storage and electro-
mechanical applications: 
 PMN–10PT thick films on SS exhibit efficient energy-storage properties, reliable 

electrical fatigue endurance and high-temperature stability, making them particularly 
promising for reliable and cost-effective energy-storage applications. 

 The PMN–10PT thick films on PI presented here are one of the first ceramic-polymer 
layered structures to offer high energy-storage performance and flexural endurance for 
future flexible and mechanically robust energy-storage devices. 

 PMN–35PT thick films on SS exhibit a high recoverable energy-storage density and 
electro-mechanical properties, which make them attractive for multifunctional 
applications such as autonomous sensors for the Internet of Things or small portable 
microelectronic devices that have both energy-storage and energy-harvesting functions.  
 

Here, we summarize future work that may be of importance for developments in the field 
of AD thick films: 
 Considering the electro-mechanical potential of PMN–35PT thick films demonstrated 

on SS substrates, future research needs to focus on the deposition of PMN–35PT thick 
films on flexible PI for future electromechanical applications such as flexible energy 
harvesting. 

 The AD method can be used to deposit not only single-phase ceramic materials, but 
also mixed composites. The method, known as aerosol co-deposition, can incorporate 
ferroelectric polymers such as polyvinylidene fluoride (PVDF) into ceramic thick films. 
The PVDF, in a mixed ceramic-polymer composite (e.g., PMN–100xPT/PVDF), can 
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improve energy-storage properties by increasing DBS and maintaining maximum 
polarization. 

 Further work needs to be done to evaluate the relationship between the processing of 
the different ceramic powders and the final film-deposition behavior. This is important 
in order to deposit a wider variety of new ceramic materials in the form of thick films. 

 Due to its low-temperature operation and fast deposition rate, AD has been referred to 
as a cost-effective film-deposition method. However, to bring AD into mass production, 
which could have a significant impact on the availability and affordability of future 
electronic devices, the AD method requires further research and innovation in process 
engineering. 
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