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Abstract

In this work, we successfully deposited highly dense BaTiOs thick films at room temperature
on kovar® substrates using aerosol deposition method (AD). As-deposited films exhibited non-
ferroelectric behavior due to grain size effect. Post-annealing below 800 °C released residual
stress without promoting grain growth for both air and argon annealing atmospheres. Hence,
it enhanced relative permittivity, electrical resistivity (10'? Q.cm) and reduced leakage currents
(<1 pA.cm?). Annealing at 800 and 900 °C induced significant grain growth, favoring the
recovery of ferroelectric properties. Grain growth was further enhanced for argon-annealed BT
films. For annealing temperatures = 800 °C, both air and argon annealing induced a
piezoelectric behavior, clearly evidenced by the strain — field (S-E) cycles. The 900 °C argon-
annealed film exhibited the highest properties, with a P of ~6.6 uC.cm? and a maximum strain
of 0.04% under 10 kV.mm-2,
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1. Introduction

The research on piezoelectric materials has experienced significant growth in recent decades
due to their remarkable ability to convert mechanical stress or pressure into electrical energy
and vice versa. These materials offer a wide range of applications, including energy
harvesters [1], pressure sensors [2], micro-actuators [3], and more.

Since the discovery of piezoelectricity in these compounds by Jaffe in 1954 [4], PbZr1-xTixOs
(PZT) and PZT-based compositions have dominated the piezoelectric materials market.
Indeed, PZT-based materials exhibit high piezoelectric performances, are easy to synthetize
and sinter, and their properties are easily modulated by doping or chemical substitution.
However, the presence of lead in compounds and its environmental toxicity raised concerns.
In response, the European RoHS and WEEE directives were implemented to restrict the use
of hazardous substances, including lead, in electrical and electronic devices, and to promote
electronic waste recycling [5,6].

Under these directives, a concerted effort is underway to explore lead-free alternatives to PZT
for piezoelectric devices. Many lead-free ceramics investigated belong to the perovskite family,
of general formula ABOs. These materials have shown promising properties that may, under
specific conditions, be comparable to those of PZT-based ceramics [7—9]. Among the various
perovskite compositions, the most studied include BaTiOs; (BT) and its derivatives such as
(Ba, Ca)(Ti, Zr)Os (BCTZ), (K, Na)NbOs (KNN), as well as alkaline-bismuth titanates like
NaosBiosTiOs (NBT) and KosBiosTiOsz (KBT), along with solid solutions based on these



compounds. In terms of performance, NBT, KNN, and BT emerge as the most promising lead-
free ceramics for the replacement of PZT-based piezoceramics.

These piezoelectric materials are commonly used in bulk by ceramic forming techniques.
Nevertheless, their use as thin or thick films is becoming increasingly interesting. Physical
Vapor Deposition (PVD), Chemical Vapor Deposition (CVD), and screen-printing techniques
have been employed to grow piezoelectric films. However, these techniques have several
drawbacks: (i) they are relatively complex and need suitable chemicals (e.g. screen-printing
inks), (ii) they involve high thermal energy input during deposition, and (iii) post-deposition
thermal crystallization processes are required, which limits the choice of substrate materials.
In addition, their film growth rate is relatively low. Among these conventional techniques,
screen-printing is the most suitable for the elaboration of micrometer-thick films. However, it
requires thermal treatments to crystallize and consolidate the formed layers and exhibits poor
thickness control, especially below 40 pm.

An emerging deposition technique called Aerosol Deposition (AD) method offers a solution
enabling at room temperature the deposition of ceramic thick film over a wide thickness range,
from 1 to several hundred micrometers. This technique was developed in the late 1990s by
Jun Akedo in Japan [10-12]. Over the years, AD method has gained popularity and has been
adopted by a few research teams worldwide, with numerous research efforts dedicated to
exploring and optimizing it.

AD device includes an Aerosol Generator (AG) connected to a Deposition Chamber (DC)
which is connected to a vacuum system inducing low pressure in the DC. This method basically
consists in forming a dry particle aerosol by a carrier gas injected (such as N, Oz, Ar, He, Air)
and a vibratory effect produced in the AG. Once the aerosol is formed, the pressure difference
between DC and AG results in high velocity (100-600 m.s) spraying of the particles onto a
substrate by a specially designed nozzle. The high kinetic energy at impact promotes crack
propagation and fragmentation phenomena in the deposited powder, that give rise to new
highly reactive surfaces, leading to coating consolidation/sintering. These hypothetical and
more accepted mechanisms are regrouped in what Jun Akedo introduced as Room
Temperature Impact Consolidation (RTIC) [13]. The successive particle impact, which forms
the coating layers, further enhances densification due to a hammering effect. Particle size,
grain size, agglomeration state and mechanical properties of the pulverized powders have a
significant influence on these phenomena. To achieve the desired thickness and profile of ADM
films, the starting powders must therefore be controlled by pretreatments (milling and/or
thermal treatment), adjusted according to the characteristics/conditions of the ADM process
(carrier gas flow, pressure in DC, and nozzle geometry).

This AD method, unique in room temperature processing, allows the formation of highly
dense (>95%) nanostructured ceramic coatings in a wide thicknesses range, as well as strong
adhesion to the substrate and high dielectric strength. These advantages have promoted its
successfully use for depositing various materials, including oxides (PZT [14], Al.O3 [15], NBT-
BT [16], YSZ[17]), nitrides (AIN[18]), carbides (SiC[19]), borides (MgB: [20]),
MAX phases (TisSiC2 [21,22]), and composites (LSM-YSZ [23], ALOs-PTFE [24], TiO,-
Cu [25], SiC-MoSi; [26]). Thick BaTiOs (BT) films have also been successfully deposited by
AD method on copper [27], glass slide [28], alumina (Al.Os) [29], stainless steel (SUS) [30],
yttria-stabilized zirconia (YSZ) [31], and SrTiOs [32] substrates. Although the AD method is
advantageous, the impact fragmentation of the particles causes a significant grain size
reduction in the films, which alters the piezoelectric functional properties [13,16,33].
Consequently, ceramic substrates have been widely privileged due to their compatibility with
BaTiOs, in terms of coefficient of thermal expansion (CTE) , which facilitates the thermal
treatment of the deposited films. Some metallic substrates such as SUS substrates, although



having a higher CTE than BT, have also been studied as they offer good high-temperature
oxidation resistance.

Most of these studies have mainly focused on the dielectric properties of BaTiOs films, aiming
to integrate them as passive components in printed wiring boards or for multilayer ceramic
capacitors (MLCC) [34,35]. However, ferroelectric and piezoelectric properties have been
scarcely discussed and few papers report the ferroelectric properties of BT films deposited by
AD [36-39]. Generally, lower properties are reported when metallic substrates are used, which
can be attributed not only to the microstructure of BT films but also to compressive stress
induced by CTE mismatch between the BT films and metallic substrates. In contrast, the weak
tensile residual stress generated by using YSZ ceramic substrates shows a positive effect on
electrical properties of BT films [31,37].

Nevertheless, the effect of annealing conditions has not been extensively studied. Indeed,
most reported post-deposition annealing treatments were performed in air atmosphere using
relatively low (<500 °C) or high temperatures (= 1000 °C), but without comprehensive
comparative studies under different annealing conditions. Likewise, compared to the use of
YSZ substrates, the induction of higher tensile residual stress in the BT films by using rather
low CTE metallic substrates like kovar® remains unexplored. Additionally, brittle ceramic
substrates should be ruled out when considering energy harvesting applications using AD-
deposited BT films. Indeed, for such applications, it becomes imperative to use flexible and
thin substrates to adjust the desired piezoelectric functionality. While polymer substrates offer
high flexibility, they are not compatible with thermal post-annealing, restricting their use to lift-
off transferred ferroelectric films only [40]. Existing research on AD-ferroelectric films focuses
on thick metallic substrates (e.g., 1 mm-thick 304SUS stainless steel substrates [33,39,41]).
Hence, thin and flexible metal substrates emerge as a promising option, combining the needed
flexibility with the ability to withstand thermal post-annealing of AD films.

Therefore, the aims of the present study are: (i) to deposit BaTiOs3 thick films on flexible and
relatively thin kovar® (Fe54/Ni29/Co17) substrates, (ii) to evaluate the microstructural evolution
and electrical properties of the annealed BT films under two atmospheres (air and argon), and
(iii) to gain further insights into the influence of tensile residual stress on the electrical
properties of BaTiOs thick films using kovar® substrates.

2. Experimental procedure
2.1. Aerosol Deposition process

Commercial BaTiOz powder (Alfa Aesar, 99%) was used to deposit BaTiOs3 thick films by
Aerosol Deposition (AD) method. BaTiOs films were deposited on 1 mm-thick glass slides and
125 pum-thick kovar® sheets (Goodfellow, glass sealing alloy, Fe54/Ni29/Co17) using either
helium (He) or nitrogen (N2) as carrier gases. Glass slides substrates were initially used in
preliminary tests to adjust (by vibration intensity and carrier gas flow) the particle aerosol
generation before deposition on kovar® sheets. The required thickness of the ADM films in this
study ranged from 10 to 100 um, as is typical for piezoelectric devices.

The AD apparatus scheme used in this work is depicted in Figure 1. The aerosol
generator (AG) is fitted with a vibration plate to induce the dry BT particle aerosol with support
of the carrier gas flow. Gas flow rates of 5-20 L.min! for He and 5-15 L.min for N, were
injected into the aerosol generator (AG). The resulting dry aerosol flow was sprayed into the
deposition chamber (DC) through a nozzle positioned at 5 mm from the substrate. Vacuum



pressure in the AG was maintained between 10-80 kPa, while the pressure in the DC ranged
from 0.05-1 kPa. BaTiOs thick films of 5 mm x 10 mm were deposited by scanning speed of
1.5 mm.s? using motorized plates. The films formed were then subjected to thermal post-
annealing in an electric furnace at various temperatures for 3 h either in air or argon flow.
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Figure 1. Scheme of the AD apparatus (one-column, color online)

2.2. Characterization techniques

The thickness profile of BaTiOs; thick films was determined using a stylus profilometer (Veeco
Dektak-8). The crystal structure analysis of the films was performed by X-Ray Diffraction (XRD)
(Bruker D8 Advance X-Ray diffractometer) in Bragg-Brentano geometry. The XRD patterns
were obtained for 2© angles ranging from 20° to 80° (step size of 0.02° and 0.2 s per step)
using Cu Ka wavelength (A1 = 1.5406 A). Based on the Full Width at Half Maximum of the
XRD peaks (FWHM), we calculated the crystallite size and microstrain within BT films by using
the Williamson-Hall method. Raman spectroscopy was used to examine the local structure of
the BT films and verify changes in crystalline symmetry and internal stress. Raman spectra
were recorded in the spectral range of 200-900 cm™? using T64000 HORIBA Jobin-Yvon
spectrometer operating in the triple subtractive configuration with a wavelength of 514.5 nm.
For the comparative study on annealed BT films, the obtained Raman spectra were subjected
to normalization (total area normalization) and baseline correction (linear correction)
procedures. Elemental analysis and cross-section observations were performed using a
scanning electron microscope (SEM, Zeiss Crossbeam 550) coupled with Focused lon Beam
(FIB) and Energy-Dispersive X-ray Spectroscopy (EDS). ImageJ software was used to process
the SEM-FIB images of the BT films in order to determine their densification rate [42]. High-
resolution Transmission Electron Microscope (TEM) observations were carried out (JEOL JEM
2100F) to validate the microstructural findings obtained from XRD data and to visualize the
microstructural changes due to the annealing treatment.

Electrical measurements on the BaTiOs films were performed using a ferroelectric analyzer
(TF 2000, aixACCT Systems GmbH). Silver electrodes were deposited on the top surface of
the films using colloidal silver. Prior to electrical measurements, the BT films were poled at
5 kV.mm? for 30 min at room temperature. The Polarization-Electric field (P-E) and Strain-
Electric field (S-E) loops were measured using a triangular wave with an electric field amplitude
of 10 kvV.mm™ and a frequency of 10 Hz. To evaluate the reliability of the annealed BT films,
fatigue measurements were performed by measuring the P-E loops for 10° cumulative cycles
using the same conditions as P-E loops. Before each measurement of a P-E cycle, a bipolar
switching pulse with a frequency of 100 Hz and an electric field corresponding to 2.5 times the
coercive field (Ec) of the examined film is applied. Additionally, leakage current density
measurements were performed using a maximum DC voltage of 1 kV applied to the 100 pm-



thick films, which is equivalent to a field of 10 kvV/mm. The voltage increment was set at 50 V
with a dwell time of 2 seconds at each step.

3. Results and discussion
3.1. As-deposited films

3.1.1. Thickness measurement

Figure 2 presents an example of a homogeneous BaTiOs; thick film profile obtained after
optimizing particle aerosol generation. BT films exhibit a pyramidal shape, particularly when
helium is used as the carrier gas. This pyramidal form is a consequence of the divergence of
the aerosol jet, which can be minimized by reducing the distance between nozzle and
substrate, or using a deposition mask. If the homogeneity of the profiles varies as a function
of nozzle, carrier gas, and powder characteristics, uniform thicknesses are generally
associated with stable and homogeneous aerosol flow. Therefore, the quality of the dry particle
aerosol can be qualitatively assessed based on the thickness profile.
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Figure 2. Surface of BaTiOs thick film (captured by numerical optical microscopy) and corresponding
thickness profile measured by stylus profilometer (one-column, color online)

The evolution of film thickness with respect to the flow rate of the two carrier gases was
evaluated (Fig. 3). The thickness of BaTiOs thick films increases with increasing flow rate of
helium carrier gas injected into the aerosol generator. A similar trend is observed for the lowest
nitrogen flow rates, while the film thickness tends to decrease for higher flow rates. This
behavior is attributed to particle aerosol stability during AD coating formation. While a particle-
rich aerosol is favored by increasing the vibration effect and the carrier gas flow, an excessive
concentration of BT particle aerosol and gas molecules (particularly large, e.g., N2) in the spray
nozzle induces an overpressure in the AG. This causes settling and agglomeration of the
BaTiO3; powder, resulting in a significant particle aerosol depletion. However, particle and gas
molecule saturation at the spray nozzle occurs more gradually when using helium carrier gas.
The smaller size of the helium molecule facilitates its flow between particles favoring both
powder deagglomeration and efficient particle flow, even in more particle-rich aerosols as the
helium volumetric flow rate increases.
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Figure 3. BaTiOs film thickness evolution for different helium and nitrogen flow rates (one-column,
color online)

These BT thick films were formed in all cases in less than 5 min, reaching a maximum
deposition rate of ~ 50 pm.min? (equivalent to 1 um.mm2.min). This is a considerably high
value compared to conventional methods (CVD, PVD), where the coating rate typically ranges
from 0.01 to 0.05 um.min* [43].

3.1.2. Cross-sectional FIB-SEM observations

The high density of aerosol-deposited films is one of their distinguishing characteristics. The
densification of the BT films was assessed in this study through cross-section images obtained
by FIB-SEM (Fig. 4). The results clearly confirm the occurrence of room temperature
densification, resulting in the formation of highly dense BT thick films. The relative density of
all the BT films examined using ImageJ software is over 98,5 Area %. However, some stacking
defects are observed in the cross-section images. Differential densification along the thickness
direction is also apparent, confirming the phenomenon known as "hammering effect" reported
in the literature for AD films [13]. Indeed, the initial deposited layers (those closest to the
substrate) experience further densification due to the impact of subsequent particles. As a
result, the film density is higher at the film-substrate interface and gradually decreases towards
the film surface, which generally has more structural defects.

Figure 4. Cross-section FIB-SEM images of the as-deposited BaTiO3 thick film (two-column, color
online)



Additionally, the surface morphology of the BT films displays surface cratering. These surface
craters observed on AD films are the result of particle impact during the deposition process, in
agreement with the surface morphology reported in the deposition of various materials using
AD [44].

3.1.3. X-ray diffraction

Two typical XRD patterns of BT films formed with nitrogen (N2) and helium (He) as carrier
gases are shown in Figure 5. Both XRD patterns demonstrate that the as-deposited BT films
have a crystallized perovskite structure and no significant influence of the carrier gas on the
XRD patterns is observed. Furthermore, the occurrence of an amorphous phase in the film
cannot be excluded. The observed peak positions closely match those reported for tetragonal
BaTiO3; (JCPDS #05-0626), with a slight shift towards lower angles. In addition, as commonly
observed for AD films, a broadening of the XRD peaks is evidenced. This broadening can be
attributed to both reduced crystallite size due to particle fragmentation, and significant
microstrain introduced during high-speed particles impact, as it has already been reported [13].
Because of this peak broadening, the symmetry of the perovskite phase (cubic or tetragonal)
could not be determined from the XRD patterns. Indeed, the (200) cubic peak splitting into
(002) and (200) peaks, characteristic of tetragonal symmetry, could not be resolved, giving the
XRD patterns a pseudo-cubic appearance (Fig. 5.b).
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Figure 5. (a) XRD patterns of as-deposited BT films using helium and nitrogen carrier gases and (b)
zoom on the (200) peak (the peak indexing in the upper part of the figure corresponds to pseudo-cubic
symmetry, JCPDS card is for BaTiO3 tetragonal symmetry) (one-column, color online)

3.1.4. Raman spectroscopy

As reported hereabove, the XRD analysis did not provide a definitive assessment of the
symmetry of the deposited BaTiOsz (BT) phase. In contrast, Raman spectroscopy allows
differentiation between cubic and tetragonal BaTiOs symmetries, even for nano-sized grains.
Therefore, Raman spectroscopy acquisitions were performed on the raw powder and for
deposited BaTiOs films (Figure 6).

The Raman spectra of the as-deposited films show four main bands around 270 cm, 305 cm-
1, 515 cm?, and 720 cm™. While the cubic BaTiOs phase is theoretically Raman inactive
(centrosymmetry), the observed broad Raman bands centered at 270 cm™* and 520 cm™* have
been previously observed above the tetragonal-to-cubic phase transition temperature in
BaTiO3[45]. The persistence of these bands has been attributed to the disorder of Ti atoms in
the cubic phase [46]. Therefore, these Raman bands could be present in both tetragonal and
cubic phases. On the contrary, the broad Raman bands centered at 305 cm™ and 720 cm?
can be unambiguously assigned to the tetragonal phase. Consequently, the 270 cm™ (A((TO))
and 515 cm™ (E(TO), A1(TO)) bands cannot be considered for symmetry identification, while



the tetragonal symmetry of BaTiOs is typically identified based on the occurrence of the
characteristic 305 cm? (E(LO + TO), B:) and 720 cm? (E(LO), Ai(LO)) bands [47,48].
Therefore, these results clearly confirm the conservation of the tetragonal (ferroelectric)
BaTiO3; symmetry in the aerosol-deposited BaTiOs films.

* Tetragonal BaTiO3 —— as-deposited film
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Figure 6. Raman spectra for deposited BaTiOs films and raw powder (one-column, color online)

A comparison between the two spectra reveals some differences attributed to the influence of
crystallite size and residual stress within the BT films. Notably, the Raman band originally
located at 515 cm™ undergoes a shift towards higher wavenumbers. This shift has previously
been explained by Sakashita et al. [49] as a consequence of internal stress in BaTiOs, with a
shift reported at 519 cm for an applied stress of 60 MPa [49]. Here, the Raman band shifts to
526 cm?, indicating high internal stresses in the as-deposited BT films. This result aligns well
with the general tendency reported in structural studies of aerosol-deposited films, in which
highly distorted crystal lattices have been found [50]. In addition, the Raman band at 305 cm™*
in the as-deposited film exhibits broadening while the intensity of the 270 cm™ band decreases
significantly. These differences can be attributed to the influence of the grain structure, as they
match with similar observations reported by Hoshina et al. [51] for BaTiOz nanopatrticles with
sizes below 30 nm [51]. This finding confirms that the aerosol deposition (AD) process leads
to a reduction in grain size, resulting in grain sizes smaller than 30 nm.

3.1.5. Electrical properties :

The P-E loops of an as-deposited BT film before and after poling were measured to estimate
the impact of the AD process on the electrical properties of the films (Fig. 7a). The polarization
curve does not reach saturation at high electric fields and no evidence of polarization switching
is observed. The P-E loops obtained display a linear (lossy) dielectric-like behavior, indicating
the absence of ferroelectricity in the as-deposited AD films. The absence of ferroelectric
hysteresis can be attributed to the size effect. Indeed, a critical grain size has been described
in BaTiOs below which the long-range correlation between ferroelectric domains is lost,
resulting in the loss of ferroelectric ordering at the macroscopic scale [52]. The disappearance
of the tetragonal crystal structure has also been reported for low grain sizes, with the crystal
structure of BaTiO3 particles becoming cubic (paraelectric) [51]. In our case, Raman spectra
confirmed the presence of tetragonal BaTiO3, indicating that the lack of ferroelectricity is likely
not due to the local symmetry of the as-deposited BaTiOs films, but more coming from the
absence of ferroelectric ordering between nano-sized domains. These results are consistent
with previous findings on as-deposited films, where macroscopic ferroelectricity properties was
rarely demonstrated, mainly limited to Pb-based piezoelectric materials [53].
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Figure 7. (a) Polarization-Electric field loops and (b) leakage current measurements for as-deposited
BaTiOs film (two-column, color online)

In addition, the poling operation of the BaTiOs3 films changed the P-E curve slope (i.e. relative
permittivity), which becomes higher after poling. Consequently, the calculated relative
permittivity derived from the P-E loops is approximately 51 for the unpoled sample and 113 for
the poled sample. This behavior evidences the existence of ferroelectric nanodomains in the
as-deposited BT films, which can realign by a poling process. This domain realignment
contributes to increase the overall polarization of the film, thus enhancing its relative
permittivity.

Figure 7b depicts the leakage current density measured for the same sample before and after
the poling treatment. No dielectric breakdown occurred under an electric field of 10 kV.mm.
The leakage current density value is 5 pA.cm™ for the unpoled sample and is reduced to 1
bwA.cm2 after poling. Furthermore, the electrical resistivity of the as-deposited BT films,
measured under a DC field, ranges from 10° to 10 Q.cm, increasing from 2.4x10° to
6.5x10° Q.cm respectively for the unpoled and the poled sample. The leakage observed in the
BT films can be predominantly attributed to oxygen vacancies formed during the patrticle
fragmentation phenomenon involved in the AD process. The leakage reduction in poled films
can be linked to the enhanced domain alignment. Domain alignment results in reduced internal
electric fields and fewer opportunities for leakage paths, which may offset the oxygen vacancy
impact.

3.1.6 Summary concerning as-deposited films

To sum up, the characterizations performed on as-deposited BT films confirm the deposition
of high density BT thick films, while conserving their tetragonal perovskite symmetry. Grain
size reduction and high internal stresses within BT films are evidenced. Due to low grain size
of the as-deposited films, they demonstrate dielectric linear-like behavior justifying the
necessity of post-annealing treatment developed in the next sections. Interestingly, the relative
permittivity of the films and the leakage currents can respectively be increased and reduced
by poling, which aligns well with the observed ferroelectric tetragonal symmetry and suggests
the possible presence of polar nanodomains in the as-deposited BT films. The electrical
resistivity of the BT films is promising, falling within the range of 10°-10° Q.cm. As for dielectric
strength, BT films can withstand a DC field of 10 kV.mm™ while maintaining a relatively low
leakage current density.

3.2. Annealing in air atmosphere
To investigate the possibility of recovery of ferroelectric properties through thermal treatment,
annealing tests were performed in an electric furnace to examine the influence of annealing



temperature and atmosphere on the microstructural features and electrical properties. The
post-deposition treatment of AD films aims to: (i) crystallize any amorphous phases formed
during particle impact, (ii) release the compressive residual stress caused by the deposition
mechanism and (iii) promote grain growth in order to restore the long-range correlation
between ferroelectric domains.

3.2.1. Annealing parameters

While the precise temperature for volume diffusion activation in BaTiOs requires further
investigation, previous studies have reported volume diffusion at 650 °C and significant cross
grain boundary diffusion around 750 °C [54]. With these considerations in mind, we chose two
ranges of annealing temperatures as following:

- Relatively low temperatures (500 and 700 °C): Initially, low temperatures were tested,
as higher grain surface area was suspected to reduce the energy required for sintering
of AD films and promote grain growth within this temperature range. Moreover,
annealing at low temperatures was expected to relieve residual stress and potentially
enhance film properties, while preserving the mechanical integrity of the films
(minimization of thermal stress).

- Higher temperatures (800 and 900 °C): In this temperature range, grain growth is more
likely to occur, which can potentially result in recovery of the ferroelectric and
piezoelectric properties.

Significantly, even a slight coefficient of thermal expansion (CTE) mismatch between the
metallic kovar® substrate and the BaTiO3; ceramic film can induce high interfacial stress during
thermal treatment. In order to reduce the risk of film delamination and cracking, relatively low
heating and cooling rates were used.

Using these carefully chosen parameters, our qualitative observations revealed the
preservation of substrate-film cohesion throughout the annealing process. Notably, films did
not delaminate, even in the presence of oxidized substrates. Furthermore, the annealed films
presented no observable cracks. Moreover, the as-deposited BT films exhibited a bending
direction indicative of compressive stress, which was significantly reduced after annealing.
This resulted in relatively flat films, particularly for 900 °C annealing.

3.2.2. Elemental interdiffusion analysis

Energy-dispersive X-ray spectroscopy (EDS) was employed to analyze, on the cross-section
prepared by FIB, the elemental interdiffusion between the substrate and the BaTiOs layer
annealed specifically at 800 °C. Two EDS analysis were performed, one within the BT
film (Fig. 8.a) and another within the Kovar® substrate section (Fig.8.b). Low atomic
percentages of Ba and Ti in the substrate section are notably detected, while Fe, Ni, and Co
elements are identified in the film section. The proportion of metallic elements detected in the
substrate section analyzed is quite different from the nominal composition of kovar®
(Fe54/Ni29/Co17). Hence, it is important to note that interpretation of these EDS data are for
comparative purpose only, since obtaining precise quantitative measurements would require
more advanced analytical techniques.
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Figure 8. EDS elemental analysis results inside (a) film section and (b) substrate section for annealing
at 800 °C in air (one-column, color online)

A 13 um deep EDS profile line within the BT film section towards the substrate was selected
to analyze Fe, Ba and Ti elemental evolution (Fig. 9). The results reveal a higher iron
percentage close to the substrate-film interface (point B), which gradually decreases with
increasing distance from the substrate-film interface (point A).
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Figure 9. Chemical element profile line measured by EDS for air-annealed BT films at 800 °C (point B
is close to the substate film interface and point A close to the top surface of the film) (one-column,
color online)

EDS analyses of kovar substrate and BT film (Fig. 8 and Fig. 9) confirm chemical species
interdiffusion, especially for Fe, across the film-substrate interface during the thermal treatment
under air atmosphere. This explains the presence of these chemical elements even at the top
surface of the BT film, which can have a significant impact on the electrical properties.

3.2.3. Structural and microstructural analysis
TEM analysis was performed to visualize the microstructural changes induced by the thermal
treatments. Figure 10 shows TEM images comparing the as-deposited film and the film



annealed at 900 °C. The as-deposited film exhibits spherical crystallites with nanometric sizes
ranging from 5 to 25 nm. No discernible correlation in crystallographic orientation is observed
between neighboring crystallites, and the grain boundaries are not distinguishable.

In contrast, the annealed film reveals faceted grains with sizes ranging from 30 to 100 nm,
indicating heat treatment effect on grain growth. Notably, well-defined grain boundaries are
visible, which are absent in the as-deposited film.

s

Figure 10. TEM images comparing the microstructure of the BT film (a) as-deposited and (b) annealed
at 900 °C in air (two-column, color online)

The structural changes in the annealed BaTiOs; (BT) films were further investigated by
XRD (Fig. 11.a). Some XRD peaks of Fe, Ni and Co oxides are formed during the thermal
annealing in air, confirming the oxidation of the kovar® substrate. The increase in annealing
temperature induces an increase in the intensity of these metallic oxides. As for BT films, an
evident effect on the crystallinity of BaTiO3s phase (Fig. 11.b: intensity increase and reduction
of FWHM), without decomposition into secondary phases.

T ——900 °C_air
i 110 o
=i ® M9 800 °c_air
500 °Coair ——700 °C_air
—as-dep::slted ——500 °C_air
—— as-deposited

(a) 5 “Ag (electrode) * kovar *a-Fe,0," Coq NiysFe,0,

(221) (300)
o
(310)
*
(311)

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

T T T
20 30 40 50 60 70 80 31 32 33
Diffraction angle (°) Diffraction angle (°)

Figure 11. (a) XRD patterns of air-annealed BT films (b) zoom on (110) peak (two-column, color
online)

Therefore, the Williamson-Hall method was employed to estimate the crystallite size and
microstrain of the different BT films (Table 1). The calculated values indicate that annealing at
500 and 700 °C mainly affects the microstrain values, while the crystallite size remains
unchanged. Compared to the as-deposited film, a 51 and 71% reduction in microstrain occurs
in films annealed at 500 and 700 °C respectively. By increasing the annealing temperature to
800 and 900 °C, microstrain is further reduced to 96% (almost to no microstrain) and grain
growth is promoted. For the highest annealing temperature (900 °C), the achieved maximal



crystallite size is approximately 36 nm. This value matches well with the grain sizes observed
by TEM (Fig. 10). The limited grain growth can be attributed to the relatively low annealing
temperatures of this study (chosen to limit substrate oxidation and risk of delamination)
compared to those typically used (>1000 °C) for BaTiO3z ceramics [55].

Table 1. Crystallite size and microstrain analysis of BT films annealed in air atmosphere

Annealing Crystallite size Microstrain Microstrain
temperature (nm) (%) svolution (%)
As-deposited 26.2+2.5 0.55+0.11 0

500 °C 257+1.9 0.26 + 0.06 -51
700 °C 26.2+15 0.15+ 0.03 -7l
800 °C 34.0+1.0 0.04 + 0.01 - 93
900 °C 36.0+ 1.0 0.02 + 0.01 - 96

In addition to the XRD results, Raman spectroscopy was also performed. Figure 12 displays
the results obtained for the raw powder, as-deposited film, and air-annealed BT films. The
Raman spectra of the air-annealed BT films shows the same Raman bands of the as-deposited
film, confirming the conservation of tetragonal BaTiO3 structure. However, the Raman band at
515 cm* exhibits a noticeable shift towards lower wavenumbers as the annealing temperature
increases. Furthermore, the annealing temperature promotes sharper bands at ~ 305 cm™.

Previous studies have reported a correlation between internal stresses in BaTiOz and the
515 cm™ Raman band shift [49]. The shift towards higher wavenumbers is associated with an
increase in internal stress. Therefore, the 515 cm™ Raman band shift toward lower Raman
wavenumbers indicates stress release in the air-annealed BT films, converging to the position
of raw BaTiOs; powder after annealing at 900 °C (Fig. 12b). This finding is consistent with the
Williamson-Hall analysis, which demonstrate a microstrain decrease with increasing annealing
temperature (Table 1). Meanwhile, the sharpening of the 305 cm* Raman band in the air-
annealing BT films is associated with grain growth, as deduced from Raman studies of BaTiO3
with decreasing grain sizes [51].
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Figure 12. (a) Raman spectra of air-annealed BT films and (b) 515 cm* Raman mode shift (two-
column, color online)



3.2.4. Electrical properties

The air annealing treatment of BT film, aiming the recovery of the ferroelectric properties,
showed an effective influence on the P-E loop response (Fig. 13). Similarly to the as-deposited
one, the BT film air-annealed at 700 °C exhibits a linear behavior without polarization switching.
In contrast, films annealed in air at 800 and 900 °C present P-E loops clearly associated to
ferroelectric behavior, since the electric field reversal induces a polarization switching.
Furthermore, the maximum polarization (Pmax) increases significantly, reaching maximum
values close to 12.5 uC.cm? for both temperatures. However, the film annealed at 800 °C
demonstrates higher remnant polarization (P;) with a value of ~5.7 pC.cm?, compared to
~2.6 uC.cm? of those annealed at 900 °C.
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Figure 13. Polarization-Electric field loops for air-annealed BT films (one-column, color online)

These results demonstrate that stress release by annealing at 700 °C, as observed by XRD
and Raman analysis, enhance the electrical properties of the BT films. However, the absence
of grain growth hinders ferroelectricity even if 8 times higher Pmax is achieved. In contrast, grain
growth induced at 800 and 900 °C annealing results in ferroelectricity recovery. The combined
effect of grain growth and microstrain reduction is logically associated to increased P..
However, the high field behavior in BT film annealed at 800 °C (P tending to decrease with
increasing E) demonstrate the presence of structural defects (mainly oxygen vacancies) due
to deposition mechanism. Increasing the annealing temperature promotes oxygen re-
incorporation within BT films, which explains the reduction of losses at 900 °C compared to
800 °C.

The strain-electric field S-E cycle measurements (Fig. 14) show a low amplitude and
irregularity for BT films air-annealed at 700 °C. In contrast, the S-E loops for 800 and 900 °C
annealing show a piezoelectric displacement response to the applied electric field, with
increased strain values. These results correspond well with the findings by ferroelectric
measurements, as the ferroelectric and piezoelectric behavior of BT films can be recovered
only by air-annealing at 800 and 900 °C. However, the vertical displacement represents the
film/substrate pair strain which does not allow to perfectly match the butterfly form observed in
piezoelectric ceramics for the thickness mode (dss). Furthermore, as the BT layer is
constrained in the transverse direction by the substrate, the vertical displacement is also
influenced by the layer bending due to the transversal bending mode (ds:1). Therefore, the S-E
loops and the corresponding d35 values have been considered only for comparative analysis
of different air-annealing conditions.
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Figure 14. Strain-Electric field butterfly loops measured for air-annealed BT films (one-column, color
online)

The reliability of the BT films after air-annealing at 900 °C was evaluated by electrical fatigue
measurements (Fig. 15). The P-E loops show slight changes in shape and polarization values
even after 106 fatigue cycles (Figure 15a). The P; evolution (Fig 15.b) shows a slight decrease
in P, between 10% and 10° cycles. The minimum value observed after 10° cycles corresponds
to approximately 88% of its initial value. These findings suggest that the BT film air-annealed
at 900 °C demonstrates good electrical fatigue resistance, as evidenced by the stable P-E
loops.

In ferroelectric films, electrical fatigue during bipolar switching cycles is commonly attributed to
oxygen vacancies at the ferroelectric/electrode interface. Oxygen vacancies mobility under an
electric field leads to their redistribution and ordering into defect planes, causing a hindrance
to domain wall motion. This phenomenon, known as "domain pinning," has been extensively
studied [56-58]. The number of pinned domain walls rises with the increasing electrical fatigue
cycles and is also affected by spontaneous polarization of the ferroelectric material. Therefore,
the good fatigue resistance (Figure 15a) confirms the significant effect of air annealing at 900
°C on the oxygen vacancies reduction. Despite this reduction, the slight decrease in remnant
polarization indicates the presence of electrical fatigue. Several factors may contribute to this
behavior, including residual oxygen vacancies remaining after air-annealing and potential
mechanical damage such as microcracking caused by switching cycles and/or thermal
treatment. Furthermore, metallic element diffusion from the substrate may contribute to oxygen
vacancy formation and consequently promote electrical fatigue.
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Figure 15. (a) Polarization-Electric field loops and (b) remnant polarization evolution for BT film
annealed at 900 °C in air under 10° cumulative fatigue cycles (two-column, color online)

Figure 16 presents the leakage current density as a function of electric field (j-E) for the air-
annealed BT films. Compared to the as-deposited film, the j-E curve for the film air-annealed
at 700 °C exhibits a substantial reduction in leakage currents, with values not exceeding
0.1 pA.cm?, and electrical resistivity of the order of 102 Q.cm. Conversely, higher air-
annealing temperatures (800 and 900 °C) lead to lower resistivity and higher leakage currents:
the films air-annealed at 800 and 900 °C display higher leakage currents up to 3 pA.cm and
electrical resistivity up to 10° Q.cm only.
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Figure 16. Leakage current density as function of electric field for as-deposited and air-annealed BT
films (one-column, color online)

3.2.5. Summary of the results for air-annealed films:

To sum up, the obtained results for air annealing confirm the change in grain size and residual
stress in BT film. The oxidization of the substrate as well as Fe, Co and Ni diffusion into BT
annealed layers cannot be prevented. Thermal treatment at medium temperature (700 °C) is
proved to be insufficient to restore the ferroelectricity of BT films, although it does improve their
dielectric properties by releasing residual stress caused by the deposition mechanism. Grain
growth occurs at higher temperatures (800 and 900 °C) and is hecessary to obtain ferroelectric
and piezoelectric properties. Thermal treatment in air results also in good fatigue resistance,
as oxygen is incorporated within the material during annealing. To gain further insights into the
behavior of AD films after thermal annealing, a comparison with films annealed under a low
oxygen atmosphere content will be presented in the next section.

3.3. Annealing under argon flow:

3.3.1. Annealing parameters

The effect of argon-flow annealing on the substrate oxidation and the BT film characteristics
was evaluated. By minimizing oxidation, we aimed also to protect the substrate, especially
considering its relatively low thickness of 125 um, which could be prone to deterioration at high
annealing temperatures and dwell times. The studied temperatures for argon-annealing cycles
were the same as those used for air-annealing.

As already observed for air-annealed films, Ar-annealed BT films conserved their cohesion
with the kovar® substrates and showed no visible cracks. Film bending, typical of the AD
process on thin substrates, is considerably reduced after annealing, resulting in relatively flat
films. Interestingly, the 900 °C Ar-annealed BT film bends in the opposite direction compared
to air-annealing, indicating tensile stress in the film.



3.3.2. Elemental interdiffusion analysis

EDS elemental analysis was performed to evaluate Fe, Ni, and Co diffusion within the BT films
Ar-annealed at 800 °C (Fig. 17). It is important to note that interpretation of these EDS data
are for comparative purpose only, since obtaining precise quantitative measurements would
require more advanced analytical techniques. Although variable percentages of the three
elements are detected, Fe is logically the predominant one in the film (~15 at.%), since iron
presents the highest content in the kovar® substrate ). This suggest diffusion of the elements
of the metallic substrate (Fe/Ni/Co), even though the use of argon flow limits kovar® substrate
oxidation during annealing.
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Figure 17. EDS elemental analysis results of a selected zone within the BT film argon-flow annealed at
800 °C (one-column, color online)

The evolution of iron content was evaluated in argon annealed BT films (Fig. 18), using the
same conditions as for air annealing. A clear increase in Fe percentage is observed as we
move away from the top surface of the film (from point A to point B). This confirms that Fe is
more present at the film-substrate interface. Some differences can be noticed compared to BT
film annealed in air. Indeed, the quasi-linear increase of Fe percentage is less regular for BT
film annealed under argon flux, as some slight fluctuations can be observed at distances larger
than 8 um from top surface.
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Figure 18. Chemical element profile line measured by EDS for argon-flow BT films at 800 °C (point B
is close to the substate film interface and point A close to the top surface of the film) (one-column,
color online)

3.3.3. Structural and microstructural analysis
Figure 19 presents the XRD patterns of the argon annealed films. Although metal oxide phase
formation is significantly lower, the reduction in oxygen partial pressure by argon flow does not



totally prevent substrate oxidation. As for air-annealing, the XRD patterns show a crystallinity
enhancement, evidenced by the reduction of the FWHM of XRD peaks and a significant
increase in peak intensity.
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Figure 19. XRD patterns of argon-flow annealed BT films (one-column, color online)

Analysis of the XRD data for argon-annealed films by the Williamson-Hall method, similar to
that performed on air-annealed films, are presented in Table 2. The results reveal an effect on
grain size at 700 °C similar to the one observed for air annealing: the crystallite size is
increased by annealing. However, the grain size is slightly larger here for 800 °C and increases
significantly at 900 °C under argon compared to air annealing. This higher grain growth is
associated with a better chemical diffusion due to the oxygen vacancies. Indeed, contrary to
air-annealing, the lower oxygen content (Ar annealing) does not allow the suppression of the
oxygen vacancies generated by fragmentation during the AD process.

On the other hand, as for air annealing, the microstrain is reduced compared to the as
deposited film. The microstrain at 700 °C is slightly lower under argon compared to air
atmosphere. However, the microstrain decreases only slightly at 800 °C compared to the
significant decrease obtained for air-annealing (see Table 1). Furthermore, microstrain
increases again at 900 °C, leading to a value (0.13) similar to the one obtained at 700 °C and
larger than for air annealing. These results suggest that annealing under argon atmosphere at
temperatures higher than 700 °C does not allow the same reduction of microstrain as for air
annealing because it favors tensile stresses increasing with temperature.

Table 2. Crystallite size and microstrain analysis of BT films annealed under argon flow

Annealing Crystallite size Microstrain Microstrain
temperature (nm) (%) evolution (%)
As-deposited 26.2+25 0.55+0.11 0

700 °C 24.2+2.0 0.12+0.04 -78
800 °C 36.3+0.9 0.10 £ 0.02 -82
900 °C 68.0+ 0.7 0.13+0.01 -76

These microstrain changes were also analyzed using the shift of the Raman spectral
bands (Fig. 20a). The results evidence that, after Ar-annealing, the Raman spectra of the films
are closer to those of powder compared to air annealing. Indeed, a better definition is observed
in the 270 cm™ band, and the 305 cm™ band become sharper at 800 and 900 °C. This Raman



band sharpening confirms the grain growth estimated by the Wiliamson-Hall method (WH).
The WH estimations of the microstrain (Table 2) are also confirmed by the shift of the 515 cm-
! band, which initially decreases progressively from 700 °C to 800 °C but increases again at
900 °C (Fig. 20b). This stress increase is attributed to both low CTE of the substrate and the
grain growth effect. Although grain growth is commonly associated with stress release in thin
films under compressive stress, Chaudhari [59] has reported a dual effect of stress generation
and stress release. This statement explains the anomalous increase in tensile stress in BT
films argon-flow annealed at 900 °C.
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Figure 20. (a) Raman spectra of argon-flow annealed BT films and (b) 515 cm* Raman mode shift
(two-column, color online)

3.3.4. Electrical properties

Figure 21 presents the P-E loops measured for Ar-annealed films. For 700 °C, the film displays
a linear dielectric-type behavior with a higher slope (higher permittivity) than for the as-
deposited BT films. No clear indication of polarization switching or P-E curve saturation is
observed. On the other hand, 800 °C Ar-annealed BT film clearly exhibits a ferroelectric
behavior, with remnant polarization of 5.6 uC.cm2, similar to those obtained for air-annealing
(5.7 uC.cm). An increase in annealing temperature from 800 to 900 °C leads to a slightly
more opened P-E curve, which also shows a ferroelectric behavior. However, saturation
polarization Ps decreases from 17.2 uC.cm2 to 14.8 uC.cm2, while the remnant polarization P,
increases slightly to 6.6 pC.cm=,

Since no grain growth activation is evidenced at 700 °C, the slight improvement in polarization
for the 700 °C Ar-annealed film is attributed to stress release, as demonstrated hereabove by
XRD and Raman analysis. The increase in remnant polarization at 800 and 900 °C can be
explained by a combination of the enhanced grain growth and the residual tensile stress.
Indeed, the previous results from literature on BaTiOs thick films demonstrated that
compressive stress generally lead to lowered dielectric properties [37]. In contrast, slight
tensile stress generated for BT films on YSZ substrates resulted in better properties [31].
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Figure 21. Polarization-Electric field loops of argon-flow annealed BT films (one-column, color online)

Figure 22 displays the Strain-Electric field (S-E) butterfly loops measured for the Ar-annealed
films. The film annealed at 700 °C exhibits an irregular S-E curve with low strain. Increasing
the annealing temperature results in an increase in strain. The films annealed at 800 and 900
°C achieve maximal strains of 0.025% and 0.04%, respectively. At 800 °C, the S-E curve
shows a more pronounced butterfly-like shape compared to the one obtained at 900 °C. These
measurements confirm the recovery of piezoelectricity for 800 and 900 °C annealed BT film.
The higher strain values observed for the 900 °C annealed film can be attributed to the
enhanced grain growth and tensile stress demonstrated hereabove by XRD and Raman
spectroscopy.
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Figure 22. Strain-Electric field butterfly loops of argon-flow annealed BT films (one-column, color
online)

Fatigue measurements performed on the 900 °C Ar-annealed BT film are summarized in
Figure 23 (same parameters as for those air-annealed). The results show that the P-E loops
remain stable during 10° fatigue cycles. However, both maximum polarization (Pmax) and
remnant polarization (P;) gradually decrease with increasing cumulative pulse cycles.
Compared to the 800 °C air-annealed sample, the polarization decrease is more pronounced,
with the lowest polarization after 10° cycles representing 75% of the initial value. The increased
fatigue of Ar-annealed films is attributed to the higher content of oxygen vacancies. Indeed,
annealing under a low oxygen content favors the formation of oxygen vacancies. During the
fatigue process, the repeated application of electric fields can induce the movement of these
vacancies, altering the kinetics of polarization switching [56—58]. The high density of oxygen
defects acting as trapping sites for electric charges hinders the motion of domain walls, leading



to increased fatigue. Hence, the effect of annealing in a low oxygen content on the formation
of new oxygen vacancies is confirmed. Mechanical stress, as evidenced by XRD and Raman
analysis, can on the other hand contribute to increased fatigue through the potential formation
of microcracks or other structural defects, which facilitate the pinning of domain walls and
intensify fatigue phenomenon [60,61].
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Figure 23. (a) Polarization-Electric field loops and (b) remnant polarization evolution for 900°C argon-
annealed BT film (two-column, color online)

Figure 24 displays the j-E curves measured for argon annealed films. The leakage current
density in the 700 °C Ar-annealed film is of the order of 1 pA.cm? for an electric field of 10
kV.mm. However, the leakage current density value increases to 4 and 10 pA.cm? with
increasing annealing temperature to 800 and 900 °C, respectively. As a consequence, the
electrical resistivity of film annealed at 700 °C is ~10%° Q.cm, while it decreases to ~10° Q.cm
for those annealed at 800 and 900 °C. These results indicate a modest effect on leakage
current and electrical resistivity for the 700 °C annealed film, while they are deteriorated
magnitude for films annealed at 800 and 900 °C.

These observations align with the findings from measurements on films annealed in air
atmosphere, wherein annealing at 700 °C yields more favorable results compared to 800 and
900 °C. The most probable explanation for this results is the higher level of diffusion of metallic
elements at higher temperatures (800 and 900 °C) compared to 700 °C as well as higher
oxygen vacancies concentration. However, it is important to note that, in contrast to films
annealed in air, the improvement observed in electrical resistivity is not observed when
annealing under argon. This suggests that annealing under argon atmosphere may not be the
optimal approach for enhancing the dielectric characteristics of the films.

12

—v— 900 °C_Ar
10 —*—800 °C_Ar
—e— 700 °C_Ar
—=— as-deposited

@
1

Leakage current density (uA.cm?)

0 2 4 6 8 10 12
Electric field (kV.mm™")



Figure 24. Leakage current density as function of electric field for argon-annealed BT films (one-
column, color online)

4. Comparative discussion of annealing conditions

Figure 25 summarizes the evolution of crystallite size and microstrain with temperature for both
air and argon annealed BT films. Comparative analysis of the results reveals distinct effects
on the microstructural evolution and hence on properties of annealed BT films. In both cases,
stress release is evidenced, especially at low annealing temperatures, leading mainly to an
increased polarization. The stress release observed for the low temperature part (T < 700°C)
aligns well with previous studies performed on freestanding films, which evidenced relaxation
of stress for temperatures lower than 500 °C, mainly attributed to a change in the defect
structure (mainly oxygen vacancies) [38,62].

Grain growth and piezo/ferroelectric behavior recovery are possible only at higher
temperatures (= 800 °C) regardless of the annealing atmosphere. However, the higher grain
growth in Ar-annealed films above 700 °C promotes a concurrent increase in residual tensile
stress, especially at 900 °C. Differences emerge also for fatigue resistance, with argon-
annealed films displaying increased fatigue, possibly due to the creation of oxygen vacancies
under low-oxygen conditions. Conversely, air-annealed films exhibit good fatigue resistance,
suggesting a reduction in oxygen vacancies.
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Figure 25. Evolution of crystallite size and microstrain of air and argon-flow annealed BT films (one-
column, color online)

Leakage currents and electrical resistivity present another distinguishing feature (Table 3). Air-
annealing at 700 °C demonstrates a significant leakage current reduction correlated to a
notable increase in electrical resistivity. Conversely, argon-annealing does not exhibit the
same level of improvement in electrical resistivity. This divergence suggests that the low
oxygen content during argon annealing may not be as effective in reducing the density of
oxygen defect and thus does not improve the resistivity values. Remarkably, the leakage
current density for 700 °C air-annealed BT films (0.07 pA.cm?= 0.7x107 A.cm’) meets the
general criteria required for ceramic capacitors (<107 A.cm) [34,63]. This result is consistent
with those reported by Imanaka et al. for a 1 um-thick BaTiOs film deposited on copper, which
exhibited a current density below 10" A.cm under 10 V [34]. Nonetheless, given that dielectric
breakdown is not reached at 10 kV.mm?, complementary experiments at higher electric fields
are needed to precisely determine the dielectric strength of this interesting BT film.

Table 3. Summary of electrical resistivity and leakage current density for annealed BT films



Annealing

Temp(;g;ature Atmosphere Rez(s)iitrir\]/)ity Jmax(HA.cm2)
As-deposited - 6.5x10° 1.12
700 1.2x10"? 0.07
800 Air 2.3x10%° 2.40
900 3.3x10% 2.92
700 4.2x10%° 1.84
800 Argon-flow 2.1x10° 3.66
900 7.4x10° 10.14

Table 4 provides a summary of the P, values reported in this paper with respect to those of
previous studies for several different substrates. The remnant polarization (P;) values obtained
in this study are significantly higher than those reported in BaTiOs3 thick films deposited by
Aerosol Deposition (AD) method on other substrates. Typically, the best ferroelectric properties
have been reported in BT films deposited on ceramic substrates, which is essentially attributed
to their Coefficient of Thermal Expansion (CTE) comparable to that of BaTiOs material. With a
low CTE mismatch, residual compressive stress is minimized, and in some cases, weak tensile
stress is induced after thermal annealing. For instance, a P: value of 4 uC.cm was obtained
using a YSZ substrate [31], which has a slightly lower CTE (10.0x10® K [64]) than BaTiO3
(14.7x10° K1 [64]). This leads to a weak tensile stress after thermal treatment, thereby
enhancing the ferroelectric/piezoelectric properties of BT films.

Conversely, when the CTE of the substrate exceeds that of BaTiOs, as in the case of metallic
substrates, compressive stress is observed, leading to lower properties. Prior studies focusing
on low-temperature annealing have highlighted the negative effect of compressive stress in
as-deposited BT films on their dielectric and ferroelectric properties. Using synchrotron X-Ray
microdiffraction, Khansur et al. have measured a biaxial compressive stress of -672 MPa in
as-deposited BT films. This stress was reduced to -271 MPa through annealing at 500 °C,
resulting in enhanced dielectric and ferroelectric responses [33,65]. Another study by Bentzen
et al. confirmed stress release in low-temperature annealed BT films, mainly observed in the
400-550 °C range. However, higher temperatures led to an apparent re-introduction of stress,
resulting in a reduction in polarization values compared to 550 °C annealed film, which
exhibited the highest polarization values, even though annealing at > 650 °C resulted in an
enhanced hysteresis [39]. On the other side, a study conducted by Maruyama et al. on BT
films with varying thicknesses reported a difference in thermal compressive stress depending
on film thickness. Thicker BT films (30 pum) exhibited lower stress and facilitated polarization
switching compared to thinner ones (10-20 um). This difference was explained by thermal
compressive stress affecting the mobility of the domains in the grains and influencing the
values of coercive field E¢ [66]. This tendency does not match with the result observed for PZT
thick films, where enhanced properties were observed with compressive residual stress [67].
This discrepancy in behavior between BaTiO3z and PZT could be attributed to the difference in
material characteristics and stress response.

Kovar®, as a low CTE metallic substrate, was chosen in this study to improve the
ferro/piezoelectric properties of annealed BT films by controlling residual stress between BT
films and kovar® substrates. For instance, the high remnant polarization of 6.63 pC.cm
obtained for 900 °C Ar-annealed BT film surpasses those reported in the literature for BT films



deposited on both metallic and ceramic substrates. Remarkably, it even exceeds that observed
for a stress-free, free-standing BT film annealed at a higher temperature of 1000 °C (> 900
°C) [36]. As already specified in our introduction, weak tensile stress has been shown to result
in better ferro/piezoelectric properties [31,37]. The achieved ferro/piezoelectric responses in
our study, notably the high P: value, confirm that relatively higher tensile stress can further
improve the ferro/piezoelectric properties compared to weak tensile stress created with
ceramic substrates such as YSZ. Hence, it is demonstrated that, in addition to high
temperature induced grain growth, the control of residual tensile stress is a promising way to
enhance the ferroelectric/piezoelectric properties of AD-fabricated BT films and hence it is
demonstrated as a promising way to improve the ferroelectric/piezoelectric properties of AD-
fabricated BT films.

Table 4. Comparison of Pr values from this study with those reported in the literature for BaTiOs thick
films deposited by AD on different substrates

Annealing Applied Remanent
Substrate temperature electric field polarization Reference
(°C) (kV.mm?) (uC.cm?)
® 900 .
kovar (Ar-flow) 10 6.6 This study
® 900 .
kovar (Ain 10 2.6 This study
304SUS 750 50 ~2.5 [39]
SuUS 1200 10 ~2.4 [37]
SuUS 1100 5 ~2.2 [66]
YSZ 1100 10 4 [31]
Free-
standing 1000 6.5 5 [36]

4. Conclusions

BaTiOs; thick films were successfully deposited on kovar® substrates by Aerosol
Deposition (AD) method. The tetragonal perovskite symmetry of BaTiO3z was conserved in the
deposited films, as confirmed by Raman spectroscopy analysis. Initially, the as-deposited
BaTiOs; films did not exhibit any ferroelectric behavior, owing to the particle fragmentation into
5-25 nm sized crystallites (size effect) during deposition. Post-annealing at temperatures
below 800 °C primarily affected the residual stress within the BaTiOs films rather than
promoting grain growth. Increasing the annealing temperature to 800 °C and especially to 900
°C led to significant grain growth in the BaTiOs films, which favored the recovery of their
ferroelectric and piezoelectric properties. The 900 °C argon-flow annealed BaTiOs film
exhibited the highest ferroelectric/piezoelectric response, with a remnant polarization of
~6.6 uC.cm?and a maximum strain of 0.04 %. However, the increase in oxygen vacancies
during annealing in a low oxygen partial pressure (argon annealing) induced a lower fatigue
resistance compared to the 900 °C air-annealed BT film. Moreover, the measurement of
leakage currents showed a decrease at relatively low temperatures (700 °C) for air-annealed
films. Conversely, an increase in leakage currents associated with a decrease in electrical
resistivity was observed at higher temperatures independently on the annealing atmosphere
(800 and 900 °C).

Findings in this paper suggest that low-temperature annealing is optimal for AD-produced
BaTiOs; films intended for dielectric applications, as it effectively improves relative permittivity,



electrical resistivity and reduces leakage currents. However, for ferroelectric and piezoelectric
applications, higher annealing temperatures are required. The choice of annealing atmosphere
should be tailored to specific performance requirements; air-annealing offering better fatigue
resistance, while argon-flow annealing leads to better ferroelectric/piezoelectric responses.
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