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In this work, the effects of thermal annealing at 500 • C on aerosol-deposited 0.65 Pb(Mg 1/3 Nb 2/3 )O 3 -0.35 PbTiO 3 thick films on stainless-steel substrates are investigated using two complementary methods at high and low applied external electric fields. The first one is Positive Up Negative Down method, which allows us to obtain information about the switching and non-switching contributions to the polarization.

It shows that the as-deposited film is ferroelectric before annealing, since it has a switching contribution to the polarization. After annealing, both the switching and non-switching contributions to polarization increased by a factor of 1.6 and 2.33, respectively, indicating stronger ferroelectric behavior. The second method is based on impedance spectroscopy coupled with Rayleigh analysis. The results show that post-deposition thermal annealing increases the reversible domain wall contribution to the dielectric permittivity by a factor 11 while keeping the threshold field similar. This indicates, after annealing, domain wall density is larger while domain wall mobility remains similar. These two complementary characterization methods show that annealing increases the ferroelectric behavior of the thick film by increasing the domain wall density and its influence is visible both on polarization versus electric field loop and dielectric permittivity.

Thanks to their large relative dielectric permittivity and polarization, relaxor-ferroelectrics are promising materials for energy storage devices. Even though ferroelectric capacitors have lower energy density than batteries and supercapacitors, they can charge/discharge under large currents and can be integrated into compact pulsed-power and power-conditioning electronic devices using thin or thick films 1 . One of the most promising relaxor-ferroelectrics is 0.65 Pb(Mg 1/3 Nb 2/3 )O 3 -0.35 PbTiO 3 (PMN-35PT) ceramics with a morphotropic phase boundary composition that exhibits excellent dielectric, piezoelectric and ferroelectric properties. [2][3][4] A recent aerosol deposition method has opened new opportunities in device engineering of rapidly advancing thick film technologies. The advantage of aerosol deposition is the deposition of highly dense and crack-free thick films at room temperature. 5,6 Since no high temperature processing is required, material compatibility is superior and allows integration of ceramics with new substrates that are morphologically unstable at high temperatures, such as polymers and metals. [START_REF] Kosec | Multifunctional Polycrystalline Ferroelectric Materials[END_REF] In the aerosol deposition method, the powder containing micrometre-sized particles is accelerated to velocities between 150 m s -1 and 500 m s -1 , under vacuum conditions before hitting the substrate [START_REF] Akedo | [END_REF] . Therefore, film deposition and growth occur as a result of sufficiently high kinetic energy of the impacting particles, which is converted into fracture energy, consolidation and plastic deformation 9 . The aerosol deposition produces ceramic thick films with properties inherently different from conventional ceramics prepared by sintering. After aerosol deposition, the thick films have high density (over 95 % of the theoretical density) 10 , nano-sized pores 11,12 , and good adhesion to the substrate. The typical microstructure of aerosol-deposited ceramic films shows grains reaching only a few tens of nanometers in diameter 5,13 . The grain size of the ceramics is known to strongly influence the dielectric and piezoelectric properties of ferroelectric material [14][15][16] . Moreover, Damjanovic et al also show that the irreversible contribution of domain walls is smaller for small grains than for coarse grains 17 . In addition, the impacts generate internal compressive stresses that can be on the order of several hundred MPa to several GPa 18,19 . Both characteristics, reduced grain/crystallite size and internal stresses can be especially detrimental for as-deposited ferroelectric thick films and their functional properties (e.g. dielectric, piezoelectric and ferroelectric properties). To improve the functional properties, ferroelectric thick films are often subjected to a moderate thermal annealing. Already at temperatures of 500 • C, a significant stress-relaxation occurs, which is believed to be responsible for the enhancement of the ferroelectric response 18 .

Electrical characterization methods of ferroelectric materials can generally be divided into high (supercoercive) field and low (subcoercive) field measurements. High field range is considered when the applied electric field is three times the coercive field, and a low field range when the applied electric field is less than the half the coercive field 20 . The Positive Up Negative Down method (PUND) 21-23 measurement technique complements conventional polarization versus electric field (P (E)) loop measurements by deconvolving the switching.

It consists of applying successive voltage pulses (pre-polarization then P, U, N and D for positive, up, negative, and down, respectively) to a ferroelectric capacitor, and recording the current flow during these pulses. Positive and up voltage pulses have the same polarity, positive with respect to the bottom electrode which is grounded, whereas negative and down voltage pulses have both negative polarity. For P and N pulses, the current is the sum of the different contributions (i) leakage, (ii) capacitive and (iii) switching, since the previous pulse had the opposite polarity. For U and D pulses, the current is the sum of only two contributions (i) leakage and (ii) capacitive, since the previous pulse had the same polarity.

By subtracting the currents i P -i U and i N -i D , it is possible to extract only the switching contributions for both polarities. Then numerical integration over time is used to obtain the P (E) loop for the switching contribution only.

Most often, low-field measurements are based on impedance spectroscopy, which can be performed, for example, as a function of frequency and temperature to reveal relaxor phenomena 24,25 or DC bias field to determine the tunability of the material 26,27 . In ferroelectric materials, the irreversible domain wall process contributes significantly to the relative permittivity at sub-coercive driving fields 28,29 . Thus, measurement as a function of driving field enables characterization of domain wall motions that depend on the structure of the material 20,27,30,31 .

In this paper, the effect of the post-deposition by thermal annealing aerosol-deposited PMN-35PT thick films is investigated using methods at high and low fields. PUND analysis is used to characterize the magnitude of the ferroelectric switching component to the measured polarization before and after thermal treatment. The low field method is based on impedance spectroscopy as a function of driving field and as a function of frequency to find a dielectric relaxation. This is coupled with the Rayleigh analysis to further investigate domain wall mobility in the as-deposited and annealed films.
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PbO (99.9 %, Aldrich), MgO (99.95 %, Alfa Aesar), TiO 2 (99.8 %, Alfa Aesar) and Nb 2 O 5 (99.9 %, Aldrich) were used for the synthesis of 0.65 Pb(Mg 1/3 Nb 2/3 )O 3 -0.35 PbTiO 3 powder. First, two powder mixtures corresponding to PMN and PT were homogenized separately. Then, the powder mixture corresponding to PT was calcined at 750 • C for 2 h to facilitate faster reaction kinetics. 32 Both powder mixtures were homogenized together and reacted for 24 h in the mechanochemical-activation-assisted synthesis. The powder was then milled for 2 h, annealed at 900 • C for 1 h and finally milled for 0.5 h. The powder was deposited onto 15 mm × 15 mm × 0.8 mm stainless-steel substrates (no. 304, American Iron and Steel Institute) at room temperature using aerosol deposition method. Full details of powder processing and aerosol deposition conditions are described elsewhere 12 . A schematic of the aerosol deposition apparatus is represented in ref.

33. The as-deposited thick film samples were annealed at 500 • C for 1 h using 2 K min -1 heating and cooling rates under an air atmosphere. The as-deposited and annealed films are two distinct samples with film thickness of 3.6 µm and 4.1 µm, respectively. For electrical characterization, gold was sputtered through a shadow mask to form circular top electrodes with diameter of 0.5 mm. The stainless-steel substrate acted as a bottom electrode.

Polarization vs. electric field (P (E)) and PUND measurements were performed using the AixACCT TF2000 ferroelectric analyzer. The current is measured as a function of time while a triangular waveform is applied with a slew rate of 4 kV s -1 and the delay between pulses is 1 µs. The polarization is computed by the TF2000 analyzer software by numerical integration.

The impedance measurement was performed using an Agilent 4294A impedance analyzer.

The relative dielectric permittivity ε ′ r of the material inside a metal-insulator-metal topology was calculated using the measured capacitance C, based on the parallel plates formula:

ε ′ r = t Sε 0 C. ( 1 
)
with ε 0 = 8.85 × 10 -12 F m -1 the dielectric vacuum permittivity, S the area of the top electrode (0.284 mm 2 ) and t the thickness of the material (3.6 µm for the as-deposited sample and 4.1 µm for the annealed sample, respectively). The imaginary part of the permittivity is given by:

ε ′′ r = ε ′ r tan δ (2)
With tan δ the dielectric losses. All electrical characterizations were performed at room 5 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0087389 temperature, i.e. T = 25 • C. For the impedance measurement as function of frequency, the driving field is 3.4 kV cm -1 and for the Rayleigh analysis, the driving field goes from 0.034 kV cm -1 to 3.4 kV cm -1 .

The structural and microstructural analyses of the as-deposited and annealed PMN-35PT thick films were done with X-ray diffraction (XRD) and scanning electron microscopy (SEM) and are presented in the supplementary material. In summary, the results reveal no microstructural changes after annealing of the thick films. According to SEM the density and porosity remain the same. In addition, XRD analysis shows that annealing has a minor influence on crystallite size, but significantly (29 %) reduces the microstrain. Similar observations were made for other aerosol-deposited thick films. Annealing at moderate temperatures usually reduces the internal stresses, but the microstructure is preserved 12,34 Fig. 1a shows the P (E) loops for the annealed and the as-deposited samples. The maximum polarization is larger for the annealed sample (36 µC cm -2 vs. 17 µC cm -2 ). The polarization value at maximum electric field (480 kV cm -1 ) for as-deposited and annealed samples is similar to that reported by Park et al 35 . To determine the origin of this larger maximum polarization, a PUND measurement was performed and the results are shown in Figs. 1b and1c. For both samples, the difference in polarization between switching and non-switching polarization yields the switching contribution, which is represented by the PUND-corrected loops (dotted black curves). Such loops have a typical shape, they have straight horizontal lines when the field returns to zero 21 . The difference between maximum and minimum polarization, ∆P m , was calculated and the values are 15.6 µC cm -2 and 9.8 µC cm -2 for the annealed and as-deposited samples, respectively. The higher value for the annealed sample is consistent with the larger value of polarization related to stress relaxation of compressive in-plane stress 12 . Nevertheless, the as-deposited sample is also ferroelectric, even though higher stresses in the film decrease the maximum polarization and increase the coercive field. Similar observation of the decrease of coercive field after thermal annealing were reported also in other aerosol deposited PMN-35PT thick films on Si substrates, while the actual origin was not precisely determined 35 . value of relative permittivity when the stress is reduced is similar to what has been reported for PMN-30PT 36 or for PZT 37 thin films. This large difference between annealed and asdeposited films is also visible in the imaginary part of the relative permittivity, 31.9 vs. 2.57 at 100 kHz, corresponding to a dielectric losses of 0.057 and 0.012, respectively. The much larger permittivity and dielectric losses are consistent with a higher ferroelectric contribution in the annealed sample found in the PUND measurements in the previous part.

Another notable difference in relative permittivity concerns its frequency dependence.

The imaginary part of the relative permittivity of the annealed sample exhibits a clearly visible maximum at about 20 kHz, corresponding to dielectric relaxation 24,25 , while for the as-deposited sample the imaginary part decreases with frequency and has no local maximum.

For the real part, the decrease with frequency is more pronounced for the annealed sample, 7 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 652 to 502 from 100 Hz to 1 MHz than for the as-deposited sample, 233 to 216, which is also due to dielectric relaxation around 20 kHz.
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The measurement of relative permittivity as a function of the driving electric field, which allows to deconvolve the different contributions to permittivity 29,31,38 (lattice, reversible and irreversible domain wall contributions), was performed for a fixed frequency of 100 kHz and the results are shown in Fig. 3. The real and imaginary parts of the relative permittivity follow the generalized Rayleigh law, named hyperbolic law: 26,29,31,39 

ε r = ε r-l + ε 2 r-rev + (E AC α r ) 2 . ( 3 
)
Where ε r-l is the lattice contribution to the permittivity, ε r-rev and α r correspond to the reversible domain wall contribution, also called vibrations, and irreversible domain wall contribution, also called domain wall pinning/unpinning, respectively. E AC corresponds to the magnitude of the applied driving electric field. The Rayleigh parameter α r corresponds to 8 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0087389

the slope of the asymptote at a high electric field. The higher the value, the higher is the irreversible domain wall contribution. When the electric field increases from 0.034 kV cm -1 to 3.4 kV cm -1 , in the annealed sample, the real part increases from 538.2 to 541.6 and the imaginary part from 29.8 to 31.3, which is due to the irreversible domain wall contribution. This increase is almost not visible in the as-deposited sample indicating a very small irreversible domain wall contribution since the increases for real and imaginary parts are less than 0.2. The real and imaginary parts of the permittivity were fitted (using the Levenberg-Marquat method 40 ) to equation ( 3) to extract the coefficients, which are listed Table I.

The real and imaginary parts of the lattice contribution ε ′ r-l , ε ′′ r-l , which is the main contribution to the permittivity follow the same trend as the total permittivity given Fig. 2,i.e. larger values for the annealed sample. The irreversible domain wall contribution, represented by the Rayleigh parameter α r , is strongly affected by annealing. In the annealed film, the value of the real part is 10 times higher (2.38 ± 0.03 cm kV -1 vs. 0.245 ± 0.009 cm kV -1 ) and the value of the imaginary part is 18 times higher (0.86 ± 0.02 cm kV -1 vs. 0.048 ± 0.002 cm kV -1 ) than the values of the as-deposited thick film. This large difference corresponds to the slope difference observed in Fig. 3. The higher value of the irreversible domain wall contribution when the stress is reduced is similar to what has been reported for PMN-30PT 36 or for PZT 37 thin films.

The reversible domain wall contribution, which is proportional to the domain wall density 26,41,42 , is also affected by annealing. For the annealed sample, the real part of the reversible domain wall contribution ε ′ r-rev is 11 times higher than for the as-deposited sample indicating a much larger domain wall density for the annealed sample. Those findings are supported also by the PFM analysis (Supplementary material S3). There are no studies that would directly correlate between the stress relaxation and domain wall density.

However, the phase composition of the PMN-35PT solid solution at the morphotropic phase boundary (MPB) is very sensitive to the presence of the stress. This has been demonstrated in screen-printed PMN-35PT thick films 43,44 . By using Rietveld refinement analysis, it was shown that the ratio between the monoclinic (P m) and tetragonal (P 4mm) phase varies with the magnitude of in-plane stress in PMN-35PT thick films. Therefore, the change in the stress magnitude promotes polarization rotation and thus phase transformation in PMN-35PT thick films, which was also previously observed for bulk PMN-PT 45 and other 9 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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Table I. Numerical values of the extracted coefficients using the hyperbolic laws of the curves shown in Fig. 3. The associated uncertainties are determined during the fitting process and correspond to the confidence intervals. bulk materials at MPB 46 . In contrast, the aerosol-deposited thick films exhibit XRD peak broadening typical for this deposition method, which complicates the determination of the phase composition of the crystal phases. Nevertheless, we can assume that the stress relaxation in aerosol-deposited films also induces phase transformation in the MPB compositions, which leads to a change in domain structure affecting also the domain wall density.

Based on the reversible and irreversible domain wall contributions, it is possible to calculate the threshold field: 29,42

E th = ε ′ r-rev α ′ r ( 4 
)
The threshold field represents the degree of domain wall pinning in the material 20 . For the two samples, the values are very similar, 3.56 ± 0.07 kV cm -1 for the annealed sam- (E th = 2.7 kV cm -1 ) or well-oriented Ba 2/3 Sr 1/3 TiO 3 47 (E th = 1.9 kV cm -1 ), indicating low depth of the pinning centers and a high mobility of the domain walls.

Using the real and imaginary parts of the individual contribution, the associated dissipation factor can be calculated using:

m x = x ′′ x ′ (5) 
with x ′ and x ′′ are the real and imaginary parts respectively of ε r-l , ε r-rev and α r . For the lattice contribution, the m r-l value for the annealed sample is 5 times higher, which is in agreement with the observations on the whole permittivity and is due to the dielectric relaxation around 20 kHz. It can seen that the dissipation factor for the irreversible domain wall contribution m αr is one order of magnitude higher than for the lattice contribution.

After annealing, the dissipation factor is higher due to the higher density of the domain walls, as there are more interactions between the domain walls 26,42 . For the reversible domain wall contribution, the dissipation factor is 8 times higher for the annealed sample than for the as-deposited sample. This large difference is again attributed to the interaction between the domain walls which greatly affects the dissipative behavior of this contribution 26,42 , since before annealing the low domain wall density results in a small interaction and after annealing the large domain wall density results in much larger interactions.

To summarize, in this study, the effect of thermal annealing at 500 • C of PMN-35PT thick films was characterized using methods at high field (P (E) and PUND) and low field (impedance spectroscopy). The measurement of P (E) loops shows that annealing increases the maximum polarization from 17 µC cm -2 to 36 µC cm -2 . The PUND method was used to distinguish the switching and non-switching contributions to the polarization, and it

shows that both samples, as-deposited and annealed, have a switching contribution and that annealing increases this contribution to the polarization by a factor 1.6. Moreover, the PUND shows that the increase in polarization is also due to the higher non-switching contribution, i.e. capacitive contribution, resulting from a higher relative permittivity.

Using the measurement of dielectric properties as a function of frequency, we show that the dielectric relaxation around 20 kHz at 298 K occurs only when the sample has been annealed.

In addition, the annealed sample exhibits a larger relative permittivity and dielectric losses which is due to a higher ferroelectric behavior of the material and consistent with the PUND measurement.
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Figure 1 .

 1 Figure 1. Polarization versus electric field loops for annealed and as-deposited samples (a). PUND measurement for the annealed sample (b) and for the as-deposited sample (c). The black dotted curve in (b) and (c) indicates the switching contribution to the polarization.

Fig. 2

 2 Fig.2shows the real and imaginary parts of the relative permittivity as a function of frequency for a driving field of 3.4 kV cm -1 . The real part of the permittivity of the annealed sample is about three times higher than for the as-deposited sample (540 vs. 219 at 100 kHz), showing the strong effect of annealing on the dielectric properties. The higher 6

Figure 2 .

 2 Figure 2. Real (a) and imaginary (b) parts of the relative permittivity, for the as-deposited and the annealed samples, as a function of the frequency.

Figure 3 .

 3 Figure 3. Real and imaginary parts of the relative permittivity as a function of the driving field magnitude, for the annealed sample (a) and for the as-deposited sample (b).

ple and 3 . 2 ±

 32 0.2 kV cm -1 for the as-deposited sample. This means that annealing does not change the depth of the pinning center in the material and the difference in terms of the driving field sensitivity, represented by the Rayleigh parameter α r , is due to the different number of domain walls. The values obtained are of the same order of magni-10 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0087389 tude as in 0.5 Pb(Yb 1/2 Nb 1/2 )O 3 -0.5 PbTiO 3 20 (E th = 2.2 kV cm -1 ), Pb(Zr 0.57 Ti 0.43 )O 3 39
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Impedance spectroscopy as a function of the driving field magnitude, coupled with the Rayleigh analysis, allows us to determine the various contributions to the relative permittivity, lattice, reversible and irreversible domain wall contributions. For the as-deposited sample, the contribution of the domain wall motions to permittivity is very small, which is due to a low density of the domain walls. For the annealed sample, the domain wall motion contributions to the permittivity is much higher, which is due to a higher domain wall density. However, values of the threshold field suggest that the domain wall mobility of the samples remains similar after thermal annealing, therefore no additional defect acting as domain wall pinning centers are induced.
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