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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(Mg1/3 Nb2/3 )O3 –0.1PbTiO3 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 15μm-thick ﬁlms. The as-deposited ﬁlms can withstand electric ﬁelds of 900 kVcm−1 and exhibit promising room-temperature energy-storage properties: the recoverable energy density reaches 7.0 Jcm−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 Jcm−3 at 900 kVcm−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 energystorage-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.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Ceramic dielectric capacitors can absorb and release large voltage or current pulses in a short timeframe (i.e., between μs and
ms), making them promising for energy-storage devices in pulsedpower and power-conditioning electronic applications. These can
be found in medical equipment, transportation, avionics, energy
systems such as photovoltaics and other commercial systems [1–3].
Ceramic dielectric capacitors, however, possess energy-density values some orders of magnitude lower than supercapacitors or batteries. Increasing the energy density of ceramic dielectric capacitors might thus open up possibilities for new applications in which
they could – at least partly – replace long-term, energy-storage de-
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vices. Dense materials in the form of ﬁlms with thicknesses around
or above 1 μm show the most promising energy-storage properties
so far [4].
The materials used for capacitors in energy-storage applications
need to operate under demanding conditions such as high electric
ﬁelds, a broad temperature range and they need to endure repetitive electric-ﬁeld cycling. Ceramic thick ﬁlms based on relaxorferroelectrics (1−x)Pb(Mg1/3 Nb2/3 )O3 –xPbTiO3 (PMN–100xPT) cope
well with all these requirements. Among them, PMN–10PT is interesting for such applications as it exhibits small hysteresis losses,
which is evident from the slim electric polarization (P) vs. electric ﬁeld (E) hysteresis loops [5]. The requirements for a large
dielectric-breakdown strength of ceramics can be achieved by increasing the material’s density and reducing the thickness of the
capacitor. As such, dense PMN–10PT thick ﬁlms have excellent possibilities to achieve a high energy-storage performance in layered
ceramic dielectric capacitors.
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Conventional thick-ﬁlm deposition methods, such as screenprinting, tape-casting or electrophoretic deposition, are followed
by a high-temperature annealing (often above 10 0 0 °C) to densify the deposited ﬁlms [6]. However, annealing at such high temperatures imposes many drawbacks. High annealing temperatures
increase the production costs and promote the evaporation of
volatile components, which can signiﬁcantly deteriorate the chemical composition of functional layers. Furthermore, annealing at
high temperatures restricts the use of substrate materials with a
low oxidation resistance and a low melting point, such as metals.
This limits the integration possibilities of ceramic layers on metal
substrates, which is especially important when designing new applications [6]. In order to overcome these shortcomings, aerosol
deposition (AD) can be used. AD is a spray-coating method for
preparing dense, several-μm-thick ﬁlms at room temperature. The
deposition mechanism is based on the collision of high-speed particles with the substrate’s surface and the densiﬁcation occurs as a
consequence of the high kinetic energies involved [7,8].
Stainless steel is an iron-based alloy containing chromium,
which makes it durable and resistant to corrosion and wear. It
is a low-cost material that is used in various applications, e.g.,
in buildings and monuments, manufacturing, medicine, power stations, vehicles, spacecraft and many other appliances and consumer products [9–11]. The integration of functional layers directly
onto stainless-steel surfaces is a very important scientiﬁc and
technological challenge with enormous potential for applications.
The processing and characterization of piezoelectric Pb(Zr,Ti)O3 based [12–16] and lead-free [17–19] thick ﬁlms on stainless
steel have been widely reported; however, no reports of energystorage-eﬃcient PMN-based thick ﬁlms on stainless steel are
available.
In this work, PMN–10PT thick ﬁlms were directly deposited by
AD on stainless-steel substrates without any additional intermediate layers (electrodes or barrier layers). For the successful deposition of ﬁlms by AD, the powder properties need to be optimized.
According to the literature [8], powders with a particle size ranging between 0.2 μm and 2 μm can be successfully deposited by
AD. However, the deposition is not just particle-size dependent;
it also depends on the particles’ shape, state of agglomeration,
hardness, average crystallite size, etc. [8,20,21]. Milling and thermal pre-treatment of the powder are thus crucial for an eﬃcient
ﬁlm deposition. This work investigates the inﬂuence of PMN–10PT
powder properties on the deposition rate. Four different PMN–10PT
powders were prepared and deposited on the stainless-steel substrates. The optimum powder resulted in dense ﬁlms that were a
few μm thick.
According to reports in the literature, the impact of ceramic
particles during the AD process creates internal stresses in the deposited material [19,22,23]. The post-deposition annealing of prepared ﬁlms will induce an increase in the size of the crystallites
[24] and the relaxation of internal stresses [19,25], which can lead
to improved functional properties. Therefore, in the second part of
this work, the inﬂuence of thermal annealing on the structural,
microstructural and energy-storage properties of PMN–10PT thick
ﬁlms on stainless-steel substrates is discussed.

mation and shorten the high-energy milling time [26]. PT and
PMN powder mixtures were homogenized with a stoichiometry of 0.9Pb(Mg1/3 Nb2/3 )O3 –0.1PbTiO3 . This mixture was reacted
by mechanochemical-activation-assisted synthesis, also known as
high-energy milling, after which the synthesized powder was
milled. All homogenization and milling processes were carried out
in a planetary ball mill (PM 400, Retsch, Germany) at 200 min−1
for 2 h, in isopropanol, using yttria-stabilized zirconia (YSZ) milling
balls with diameters of 3 mm. The high-energy milling involved
the same planetary ball mill, but for 36 h at 300 min−1 in a
tungsten-carbide milling vial with a volume of 250 cm3 , ﬁlled
with 10 tungsten-carbide milling balls having diameters of 20
mm. In addition to the thick ﬁlms, the PMN–10PT bulk ceramic
pellets with an average grain size of 4.4 μm were prepared
via mechanochemical-activation-assisted synthesis and sintering at
1200°C for 2 h, as previously reported in ref. [27].
The as-synthesized PMN–10PT powder was further processed to
obtain four powder modiﬁcations, which were used in the AD process. The ﬁrst powder, here referred to as the non-treated powder
(NT), did not receive any post-synthesis treatment. The remaining
three powders were thermally treated at 900°C for 1 h. The second powder (H) was subjected only to the heat treatment, while
the third (HM30) and fourth (HM60) powders were subjected to
an additional ball milling for 30 min and 60 min, respectively. The
milling conditions were similar to those used in the previous steps,
i.e., milling at 200 min−1 in isopropanol using YSZ milling balls
with diameters of 3 mm. Prior to the AD, the powders were sieved
through a 200-μm mesh and vacuum dried for 12 h at 100°C and
at 10 mbar.
The AD equipment was provided by InVerTec, Germany.
Commercial stainless steel (SS, no. 304, American Iron and
Steel Institute) with a bright, polished surface (A480: No. 8,
American Society for Testing and Materials) and dimensions
15 mm × 15 mm × 0.8 mm was used as the substrate. The process parameters during the AD, reported elsewhere [28], were kept
the same for the deposition of all four powders. After the AD, the
samples were cleaned with ethanol and annealed at 500°C for 1 h
using 2 Kmin−1 heating and cooling rates in order to release the
internal stresses developed in the material during deposition.
The X-ray diffraction (XRD) analysis was performed with a
high-resolution diffractometer (X’Pert PRO, PANalytical, Netherlands) using Cu–Kα 1 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 0.017° and an
integration time of 100 s per step. The Topas R package (version
2.1, Bruker AXS GmbH, Germany) was employed for the Rietveld
reﬁnement and the Fundamental Parameters Approach (FPA) was
used for the line-proﬁle ﬁtting of all the samples [29]. 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 linebroadening contributions to the peak proﬁle, which are dominated
by the microstrain and broadening due to decrease in the crystallite size [30]. The microstructure effects were modeled using the
Double-Voigt approach [31]. The volume-weighted mean crystallite size was calculated based on the integral breath method incorporated in the Topas software. The residual stress analyses of
the ﬁlms in the Bragg–Brentano geometry were performed with
a high-resolution XRD diffractometer (Bruker D8 Advance, Bruker
AXS GmbH, Germany) using Cu–Kα 1 radiation equipped with a Eulerian cradle.
Particle size analyses were performed using a light-scattering
laser granulometer (S3500, Microtrac, USA) with isopropanol (IPA)
as a medium. Prior to the measurement the powder in the liquid
medium was placed in an ultrasonic bath (PRO 50, ASonic, China)
for a few minutes in order to break the agglomerates.

2. Experimental procedure
For the synthesis of the PMN–10PT ceramic powder, PbO (99.9%,
Aldrich), MgO (99.95%, Alfa Aesar), TiO2 (99.8%, Alfa Aesar) and
Nb2 O5 (99.9%, Aldrich) were employed. Two sets of oxide mixtures corresponding to the stoichiometry of Pb(Mg1/3 Nb2/3 )O3 and
PbTiO3 were homogenized separately. The PT powder mixture was
calcined at 750°C for 2 h and additionally milled in order to
obtain crystalline PT seeds. It was reported that such PT seeds
facilitate faster kinetics of the PMN–10PT perovskite-phase for2
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Scanning electron microscopy (SEM) analyses were performed
with a ﬁeld-emission scanning electron microscope (FE-SEM, JSM7600F, JEOL, Japan) equipped with an energy-dispersive X-ray spectrometer (EDXS, Inca Oxford 350 EDS SSD, Oxford Instruments,
UK). For the SEM analyses, the powders were deposited on carbon tape. In the case of the thick ﬁlms, plain surfaces and polished cross-sections were analysed. 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, all the samples were coated with a 3-nm-thick carbon
layer using a Precision Etching and Coating System (PECS 682,
Gatan, USA).
The porosity of thick ﬁlms was estimated from SEM crosssectional images using the Image Tool software (UTHSCSA Image
Tool Version 3.0 0. 20 02, [32]). Also the size analyses of the powder particles were based on SEM images with the Image Tool software and measuring more than 150 particles. The data are presented as a number particle size distribution and the particle size
is expressed as Feret’s diameter [33].
The transmission electron microscopy (TEM), including
selected-area electron diffraction (SAED), of the powders dispersed
on a grid and the thick ﬁlms in cross-section were performed
using JEM 2100 and JEM 2010F (JEOL, Japan) microscopes, respectively. Prior to the analyses, the thick-ﬁlm samples were cut,
ground, dimpled and ﬁnally Ar-ion milled (PIPS 691, Gatan, USA).
The SAED patterns were indexed according to the cubic perovskite
structure (JCPDS 81-0861, Pm3̄m space group).
Raman measurements of the thick ﬁlms were performed with
a single spectrograph apparatus (LabRAM 300, Horiba Jobin Yvon,
France), using an excitation wavelength of 532 nm. The spectra
were collected in the backscattered geometry with an edge ﬁlter
(cut-off: 80 cm−1 ), 1800 grmm−1 grating, slit size of 100 μm and
a charge-coupled-device camera. The laser beam spot had a diameter of ∼1 μm on the specimen’s surface.
The ﬁlm thickness was evaluated from the step height of the
line proﬁles measured with a contact proﬁlometer (DektakXT,
Bruker, USA). A quadratic polynomial was used for the curvature
removal on the line proﬁles. For each powder, the deposition rate
(DR) was calculated from the ﬁlm thickness (h), ﬁlm width (w),
sweep speed (v) and number of scans (N), according to the following Eq. (1):

DR =

h·w·v
N

tigated using laser granulometry, SEM and TEM. The laser granulometric analyses are shown in Supplementary material S1. The
measurements made in isopropanol (IPA) revealed multimodal size
distributions and a broad particle size range in all the powders,
i.e., between 100 nm and a few tens of micrometers, indicating the
formation of agglomerates, presumably partially related to the IPA
liquid medium used during the measurements. Note also that the
sub-100-nm particles were not detected by laser granulometry, due
to the detection limit of the device [34]. On the other hand, the
particle size analyses by SEM (Fig. 1) revealed non-agglomerated
particles with sizes below 500 nm.
According to data from the SEM analyses (Fig. 1d, h, l, p), the
non-treated (NT) powder consists of the smallest particles. These
particles are, according to the SEM and TEM, irregularly shaped
and their size range is between 20 nm and 120 nm, with a median
particle size (d50 ) of 50 nm (Fig. 1d). Such small particles tend to
reduce their surface energy by assembling into agglomerates larger
than 200 nm, as observed in Fig. 1b and c.
The thermal treatment completely modiﬁes the powder properties, since the early stages of interparticle sintering occur due to
suﬃcient thermal energy being available. The H powder consists
mainly of large, round-like particles with smooth surfaces. According to the particle size distribution determined from the SEM micrographs (Fig. 1h), the size of these particles ranges between 150
nm and 450 nm, with a d50 of 250 nm.
Milling inﬂuences both the particle size and shape. In comparison to the H powder, the milled HM30 powder contains smaller
particles with sizes between 100 nm and 400 nm, and a d50 of 220
nm (Fig. 1l). Due to milling, the particles are also more irregularly
shaped in comparison to the round-like particles of the H powder.
Further milling leads to the formation of more irregularly
shaped particles with fresh surfaces and higher speciﬁc surface
energies [35]. These particles tend to reduce their surface energy
by assembling into large agglomerates, some of them exceeding
20 0 0 nm (Fig. 1m). According to the particle size distribution determined from the SEM micrographs (Fig. 1p), the size of the HM60
powder particles typically ranges between 50 nm and 400 nm,
with a d50 of 200 nm. Despite progressive milling, these fewhundred-nm-sized particles (Fig. 1o) can be identiﬁed as single
crystalline particles according to the SAED analysis (Supplementary
material S2). Furthermore, in all three heat-treated powders, a few
examples of particles with sizes around or below 100 nm were observed with the TEM (Fig. 1g, k and o).
X-ray diffraction analyses (XRD) were performed on all four
PMN–10PT powders (Fig. 2). All the powders were indexed to the
perovskite structure with the Pm3̄m space group (JCPDS 81-0861).
No secondary phases were detected. The XRD patterns reveal a
substantial peak broadening of the NT powder compared to other
samples. Such broadening is evidence of a reduced crystallite size
and/or microstrain. These XRD patterns were examined in detail
using Rietveld reﬁnements and the results are shown in Fig. 2c.
The smallest average crystallite size of 21 nm ± 1 nm and the
largest microstrain of 15.410−4 ± 0.810−4 was found in the NT
powder that was high-energy milled, but not thermally treated afterwards. In the other three powders that were exposed to a thermal treatment, the average crystallite size increased to ∼190 nm
and the microstrain decreased below 2.010−4 . Note that the crystallite size of the heat-treated powders is comparable to the particle size determined by the SEM analysis (Fig. 1), where d50 is
slightly above 200 nm. These particles are mainly single crystalline,
which was conﬁrmed by the SAED analyses (Supplementary material S2).
Finally, all four powders were deposited on stainless-steel (SS)
substrates under similar conditions. Fig. 3a shows photographs of
the deposited thick ﬁlms and their surface line scans, while the
SEM images of the ﬁlms in cross-section are shown in Fig. 3b. The

(1)

For the electrical measurements, the bulk ceramic pellets were
cut to a thickness of ∼200 μm and polished, while in the case
of the thick ﬁlms no additional preparation was needed. In both
cases, the surfaces were coated with Au electrodes using a RFmagnetron sputtering machine (5 Pascal, Italy). The diameters of
the electrodes sputtered on the thick-ﬁlm and ceramic surfaces
were 1.5 mm and 5 mm, respectively. The unipolar polarization–
electric ﬁeld (P–E) hysteresis loops of the ﬁlms and ceramics were
measured using an aixACCT TF analyzer 20 0 0 (aixACCT Systems
GmbH, Germany) by applying a single sinusoidal waveform with a
frequency of 100 Hz. For the P–E loops that were measured at temperatures ranging from 0°C to 200°C and during room-temperature
repetitive electric-ﬁeld cycling an electric ﬁeld of 500 kVcm−1
was applied.
3. Results and discussion
3.1. Inﬂuence of the powder properties on the AD rate
Initially, the inﬂuence of the powder properties on the aerosoldeposition rate was studied. The morphology, state of agglomeration and particle size of all four PMN–10PT powders were inves3
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Fig. 1. SEM micrographs (1st and 2nd columns), bright-ﬁeld TEM micrographs (3rd column) and particle size distribution from SEM micrographs (4th column) of the NT
powder (1st row), H powder (2nd row), HM30 powder (3rd row) and HM60 powder (4th 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 d50 . (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

deposition of the NT powder was not successful. There was only
a build-up of a pile of loose powder, which was easily wiped off.
Importantly, the NT powder was found to contain relatively small
particles in the range of tens of nm. According to the literature,
such small particles (< 100 nm) are either deﬂected during the AD
process by bow shocks before reaching the substrate or they elastically bounce off the substrate. Consequently, these particles do not
plastically deform or fracture and, therefore, a room-temperature
impact consolidation mechanism is not reached [8].
Both the H and HM30 powders resulted in consolidated ﬁlms
with homogeneous thicknesses over the whole deposition area
(Fig. 3a). The ﬁlms’ surface proﬁles indicate that the edge of each
ﬁlm is slightly thicker. A reason for that could be the higher deposition rate that might occur locally due to the mask used for
the ﬁlm edges [36]. The calculated deposition rates of the H and
HM30 powders, presented in Fig. 3c, reach 0.15 mm3 min−1 and
0.27 mm3 min−1 , respectively. Such high deposition rates are typically achieved with the AD method [37,38]. The additional heating
of the powder provided suﬃciently large particles with a d50 of
250 nm, which enabled their successful deposition. Further milling
slightly reduced the d50 to 220 nm, which correlates with the increasing deposition rate of the HM30 powder. This is in agreement
with other reports [39,40], where it was explained that smaller

particles can be more easily dispersed in a turbulent gas ﬂow
than larger particles. Thus, milling of the powder increases the
aerosol concentration in the aerosol-generation process, leading to
a higher deposition rate.
With a longer milling time, the HM60 powder resulted in an
unsuccessful and uncontrolled ﬁlm deposition (Fig. 3). After the
AD, piles of loose powder were easily wiped off and only a partially covered deposition area remained. The result indicates a
dual nature of the HM60 powder. Besides the particles that have
a potential to form very dense ﬁlms, a fraction of the powder
is depositing without consolidation. This powder fraction is most
likely represented by the large agglomerates that are identiﬁed in
Fig. 1m. It is known that the presence of agglomerates can disturb
successful ﬁlm formation due to the different impact behaviour of
agglomerates in comparison to single-grain particles [8]. During
the AD, agglomerates are most likely to accumulate on the surface of the nozzle and pipes until a critical amount is reached and
the agglomerates are released in the aerosol ﬂow. Because of the
repetitive process, the concentration of agglomerates in the aerosol
varies over time, resulting in an inhomogeneous ﬁlm thickness.
In the ﬁrst part of our study, it was shown how crucial the
powder preparation is for a successful aerosol deposition. A combination of heating and subsequent milling proved to be impor4
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Fig. 2. (a) Zoom-in XRD patterns in the 2θ 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.)

tant for obtaining a PMN–10PT powder with an optimized particle
size, which enables the formation of dense and homogeneous thick
ﬁlms at increased deposition rates. The most successful deposition
was achieved with the HM30 powder. Therefore, all the thick ﬁlms
used in subsequent analyses were prepared from this powder. In
the next part of this study, the inﬂuence of thermal annealing at
500°C on the structural, microstructural and functional properties
of the thick ﬁlms prepared from the HM30 powder on low-cost
stainless steel is discussed.

phases were detected and no peak shift could be observed. In
comparison with the HM30 powder, the as-deposited ﬁlms exhibited a remarkable peak broadening that originates from a reduced
crystallite size and/or microstrain. The reduction in the crystallite
size and the increased microstrain could be caused by the collision of particles with the substrate during the AD process [8,41].
These XRD patterns were examined in detail using Rietveld reﬁnements and the results are shown in Fig. 4b. As already mentioned, the starting HM30 powder shows intense and sharp reﬂections with a reﬁned crystallite size of 181 nm ± 2 nm and a microstrain of 1.510−4 ± 0.110−4 . The as-deposited ﬁlm has a reduced crystallite size of 33 nm ± 1 nm and an increased microstrain of 25.910−4 ± 0.310−4 , which developed in the ﬁlms during
the aerosol-deposition process. With further annealing at 500°C,
the crystallite size does not change signiﬁcantly and continues at
around 38 nm ± 2 nm. On the other hand, annealing seems to reduce the microstrain by 47% (Fig. 4b).
To further investigate the residual stresses developed during the
AD, a tilt-angle-dependent XRD analysis, i.e., the sin2  method

3.2. Inﬂuence of annealing on the structural, microstructural, and
energy-storage properties of AD ﬁlms
Next, the inﬂuence of annealing on the structural, microstructural, and energy-storage properties of AD thick ﬁlms is studied.
The ﬁlms are denoted as “as-deposited” or “annealed”. The XRD
patterns of the as-deposited and annealed thick ﬁlms are shown in
Fig. 4a. The XRD pattern of the starting HM30 powder is added for
comparison. All the samples were indexed to the perovskite structure with the Pm3̄m space group (JCPDS 81-0861). No secondary
5
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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.)

(Fig. 5a). There is no apparent damaged layer at the ﬁlm-substrate
interface. The as-deposited ﬁlm contains nm-sized pores that can
be clearly distinguished at higher magniﬁcation, as shown in Supplementary material S3. In addition, the microstructure also reveals
larger pores, a few tens of nm in size (Fig. 5a). Like the crosssectional view (Fig. 5a), the surface-view (Fig. 5c) also reveals a
very dense ﬁlm. Excellent adhesion and high density were maintained after the annealing (Fig. 5b, d). Furthermore, no notable microstructural differences were observed between the as-deposited
and the annealed ﬁlms. In addition, the porosity of as-deposited
and annealed ﬁlms, which was estimated from SEM cross-sectional
images, reached 1.6% and 1.5%, respectively. TEM images of the asdeposited ﬁlms are shown in Fig. 5e, f. The SAED analyses of the
ﬁlm reveal its polycrystalline nature (inset of Fig. 5e). A clearly visible ﬁlm-substrate interface in Fig. 5e conﬁrms the excellent adhesion. The as-deposited ﬁlm contains grains from 10 nm (Fig. 5f) to
200 nm in size (Fig. 5a, c, e).
Unipolar P–E hysteresis loops of the as-deposited and annealed ﬁlms are shown in Fig. 6a. The as-deposited ﬁlms exhibit
a dielectric-like behavior at 300 kVcm−1 . By increasing the electric ﬁeld up to 900 kVcm−1 , the P–E loop of the as-deposited ﬁlm

[42], was performed on the as-deposited and annealed ﬁlms. The
(211) reﬂection was measured at different sample-tilting angles  .
The results shown in Fig. 4c reveal compressive in-plane residual
stresses in the as-deposited ﬁlms. The decrease in the slope indicates that the residual stresses partially relax when annealing the
ﬁlms, a result that is consistent with previous reports on AD thick
ﬁlms [19,43].
Additional stress analyses were performed using Raman spectroscopy. The Raman spectra of the as-deposited and annealed
ﬁlms are shown in Fig. 4d. The as-deposited ﬁlm displays a slight
peak shift towards higher wavenumbers. This is evident from the
270 cm−1 band, which is related to the mixed B-O-B-bending and
O-B-O-stretching modes [44]. This mode is the only one inﬂuenced by temperature variations, and is expected to be sensitive to
stress as well [45]. A shift towards higher wavenumbers in the asdeposited ﬁlms can be associated with a higher compressive stress;
recovery of this shift after annealing is thus compatible with a
residual stress relaxation during annealing.
SEM images of as-deposited and annealed ﬁlms are shown in
Fig. 5a–d. The cross-sectional view of the as-deposited sample reveals a very dense ﬁlm with excellent adhesion to the SS substrate

6
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Fig. 4. (a) Zoom-in XRD patterns in the 2θ 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 sin2  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.)

opens slightly. By annealing the ﬁlms at 500°C and thus partially
releasing the stresses, the P–E loops develop a relaxor-ferroelectric
character, reaching a maximum polarization (Pmax ) of 39 μCcm−2
at 900 kVcm−1 . Relaxor-like behavior is typical for PMN-rich compositions as well as for other PMN-PT compositions with the grain
size in the range of hundreds of nm [46]. Such high polarization
and low hysteresis losses make aerosol-deposited PMN–10PT ﬁlms
especially interesting for energy-storage applications.
In non-linear dielectrics, the recoverable energy density (Urec )
is calculated by integrating the area between the discharge curve
and the polarization axis. An example of Urec is shown by the

orange patterned area in Fig. 6a. The charging-discharging of a
ferroelectric-like capacitor is, in practice, associated with hysteresis, which represents the polarization losses. The energy-loss density (Uloss ) is calculated by integrating the area between the charge
and discharge curves. An example of Uloss is represented with the
black patterned area in Fig. 6a. In addition to Urec , the energystorage eﬃciency (η) is an important parameter for evaluating the
performance of materials used in energy-storage capacitors. η is
deﬁned as the ratio between the recovered and stored energy:
η = Urec /(Urec +Uloss ) [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.)

The electric-ﬁeld dependence of the energy-storage properties
of the as-deposited and annealed ﬁlms is shown in Fig. 6b. At low
electric ﬁelds of 100 kVcm−1 , the as-deposited and annealed ﬁlms
reach Urec of 0.1 Jcm−3 and 0.4 Jcm−3 , respectively. These values
are comparable with the Urec values of PMN–10PT bulk ceramics
that were prepared in our laboratory via mechanochemically assisted synthesis, followed by sintering (blue stars in Fig. 6b), as
well as with the results of other reported aerosol-deposited thick
ﬁlms [47–49]. Furthermore, as-deposited and annealed ﬁlms exhibit a similar η of ∼85%, which is much higher than for bulk ceramics (∼66%). The thickness of bulk ceramics is limited, typically
down to few hundred μm, because of the mechanical thinning process. On the other hand, a-few-μm-thick ﬁlms are ∼100 times thinner than bulk ceramics and thus they require ∼100-times-smaller

applied voltages to reach the same electric ﬁeld as the bulk ceramics.
Urec shows a linear increase with the electric ﬁeld, reaching a
value of 7.0 Jcm−3 at 900 kVcm−1 for the as-deposited ﬁlms.
This value is comparable to the aerosol-deposited PMN-based ﬁlms
[49] and magnetron sputtered PMN–10PT ﬁlms [50], both deposited on conventional and costly Si substrates. Furthermore,
the annealed ﬁlms exhibit even higher Urec values of 9.8 Jcm−3
at 900 kVcm−1 . These results are comparable to other energystorage-eﬃcient AD thick ﬁlms prepared on Si substrates [4749,51,52] (Supplementary material S4). In comparison to screenprinted thick ﬁlms [53] and bulk ceramics [54], the aerosoldeposited PMN–10PT thick ﬁlms exhibit a signiﬁcantly higher dielectric breakdown strength (DBS) and, consequently, a higher Urec .
Note 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 kVcm−1 and 900
kVcm−1 , respectively. The Urec and Uloss of the annealed ﬁlm are represented by the orange and black patterned areas, respectively. (b) The electric-ﬁeld dependence of
Urec 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 Urec and η for
as-deposited and annealed thick ﬁlms at 500 kVcm−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.)

occurs already at ∼100 kVcm−1 (Fig. 6b). According to Weibull
analysis, the DBS of as-deposited and annealed PMN-10PT thick
ﬁlms reaches 992 kVcm−1 and 1106 kVcm−1 , respectively (Supplementary material S5). The eﬃciency of energy-storage materials
tends to decrease with the electric ﬁeld [1]. In as-deposited ﬁlms,
η decreases from 87% at 100 kVcm−1 to 68% at 900 kVcm−1
(η = 19%). On the other hand, the eﬃciency remains constant
in annealed ﬁlms, where η decreases from 84% at 100 kVcm−1
to 79% at 900 kVcm−1 (η = 5%). The eﬃciency of our annealed
thick ﬁlms is similar to the most eﬃcient PMN-based thick ﬁlms
deposited on Si substrates [49]. Additionally, a comparison of their
stabilities, η, with an increasing electric ﬁeld reveals the superior
performance of our ﬁlms.
The energy-storage properties of the as-deposited and annealed
ﬁlms at different temperatures and increasing numbers of electricﬁeld cycles are shown in Fig. 6c and d, respectively. The Urec and
especially η of the as-deposited ﬁlms decrease with increasing
temperature. A reason for this decrease is related to the opening
of the P–E hysteresis loops (Supplementary material S6), which is
most probably associated with an increased electrical conductivity
at elevated temperatures. At room temperature, sharp P–E loops
are observed, while with increasing temperature, P–E loops become more rounded, indicating the presence of a leakage current.
The increase in the electrical conductivity of the as-deposited ﬁlms
at elevated temperatures is evident from the increase in the dielectric losses tan δ (Supplementary material S7) and the local electrical current (Supplementary material S8) with increasing temperature. On the other hand, the annealed ﬁlms exhibit sharp P–
E loops even at elevated temperatures. These ﬁlms also exhibit a
suﬃcient temperature stability up to 200°C. Both the as-deposited
and annealed ﬁlms exhibit suﬃcient electric-ﬁeld cycling stability
until the occurrence of dielectric breakdown after 1.6107 cycles
(Fig. 6d).

4. Summary and conclusions
The room-temperature deposition of PMN–10PT thick ﬁlms on
low-cost stainless-steel substrates was investigated for the ﬁrst
time. Prior to the aerosol deposition, the properties of the PMN–
10PT powder were optimized through heating and milling processes. A successful deposition of 15-μm-thick and very dense ﬁlms
on stainless-steel substrates was achieved with powder containing particles of a few hundreds of nanometres. The ﬁlms exhibited excellent energy-storage properties already in the as-deposited
forms, reaching 7.0 Jcm−3 of recoverable energy density and 68%
of energy-storage eﬃciency at 900 kVcm−1 .
The post-deposition thermal annealing of ﬁlms at 500°C resulted in a signiﬁcant stress relaxation of the deposited layers,
which improved the Urec and η, reaching 9.8 Jcm−3 and 79% at
900 kVcm−1 , respectively. Furthermore, the excellent temperature
stability of Urec and η up to 200°C and the electric-ﬁeld cycling
stability up to 1.6107 cycles make the ﬁlms promising for energystorage applications. To conclude, we successfully prepared energystorage-eﬃcient, 15-μm-thick ﬁlms integrated directly onto more
affordable stainless-steel substrates without any additional intermediate electrode layer, which opens up possibilities for new, integrated energy-storage applications. A low-cost AD method with
a fast deposition rate has the potential to be used in mass production processes, which could signiﬁcantly impact the availability
and affordability of future electronic devices. Further research in
the ﬁeld of energy storage capacitors could target eﬃcient leadfree materials [55] that are compatible with stainless-steel applications for everyday use, such as stainless-steel medical devices,
smart buildings, vehicles and other stainless steel consumer products. Very promising groups of materials are antiferroelectrics and
relaxor-antiferroelectrics, which combine relaxor and antiferroelectric properties [56–59].
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