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ABSTRACT

In this work, we report nearly single oriented {001}-textured ferroelectric PbZr 5, Tip.4sO3 thin films grown by pulsed laser deposition onto
AISI 304 stainless steel substrates. Pt, Al,O3, and LaNiO; buffer layers promote the PbZr, 5, Tip 4503 {001} texture and protect the substrate
against oxidation during deposition. The dominant {001} texture of the PbZr, s, Tiy430; layer was confirmed using x-ray and electron
backscatter diffraction. Before poling, the films exhibit a permittivity of about 350 at 1 kHz and a dielectric loss below 5%. The films display
a remanent polarization of about 16.5uCcm™2 and a high coercive field of up to E. = 135.9kVem™!. The properties of these
PbZr 5, Ti 4305 thin films on stainless steel are promising for various MEMS applications such as transducers or energy harvesters.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0019967

I. INTRODUCTION

Due to their large piezoelectric coefficient, bulk lead zirconate
titanate ceramics have long imposed themselves as the material of
choice for transducers, sensors, and actuators. As new challenges
emerge, piezoelectric microelectromechanical systems (PiezoMEMS)
move toward smaller sizes, increasing the necessity for efficient ferro-
electric thin films.'~

The deposition of lead zirconate titanate thin films on various
substrates such as Si, Pt-coated Si, glass, or single-crystal perovskite
substrates is well established."*~® However, Si and glass substrates
can be brittle and unsuitable for demanding mechanical applica-
tions such as actuators or energy harvesters and may induce
failure.” Therefore, deposition of efficient piezoelectric thin films
on metallic substrates is required for industrial applications.

In the literature, the majority of the few pertinent reports is
focused on sol-gel procedures on a variety of metallic substrates,”™"’
including the growth of {001}-oriented lead zirconate titanate thin
films on Ni foils.'"”~'* Several studies report lead zirconate titanate
films of various textures grown on stainless steel by the sol-gel
method,"” electrochemical reduction,'® electron beam evaporation
technique,'” or RF-magnetron sputtering.'*™*’ {001}-oriented lead
zirconate titanate thin films on steel, reported by Morimoto et al.,

were grown by RF-magnetron sputtering on Pt/MgO substrates
before being glued onto stainless steel with epoxy.”

To our best knowledge, however, there are no conclusive
reports showing tetragonal {001}-textured lead zirconate films
grown directly on stainless steel by physical vapor deposition, such
as sputtering or pulsed laser deposition. Yet, engineering of {001}
texture is required to improve the piezoelectric response of lead
zirconate titanate films."*

In this work, we report the growth of {001}-textured ferroelec-
tric PbZr 5, Ti.4sO3 (PZT) thin films using Pulsed Laser Deposition
(PLD) on stainless steel 304 substrates covered with Pt, Al,Os, and
LaNiO; (LNO) buffer layers with promising ferroelectric properties.

Il. EXPERIMENTAL PROCEDURE

Commercially available cold-rolled 0.2 mm thick AISI 304
stainless steel (SS304) was chosen as a substrate material. Pieces of
$S304 were diced into 5 x 5mm? substrates using a Microace 3
dicing saw by Loadpoint.

The average roughness of 189 nm and the standard deviation
of 236 nm of the as bought S5304 were measured by a Dektak XT
profilometer by Bruker. Decreasing the substrate surface roughness
promotes the texture of LNO and subsequently of PZT.'’
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Therefore, substrates were polished using a PM5 Precision Lapping
& Polishing Machine by Logitech with a slurry of amorphous SiO,
with a particle size of 32 nm. After polishing, the average roughness
and standard deviation were reduced to 3nm and 4nm,
respectively.

To prevent oxidation during the deposition of the subsequent
layers, 30 nm of Pt (Umicore, 99.99%) were sputtered onto the SS304
substrates. Sputtering was performed at room temperature using a
Q300T DC magnetron sputter coater by Quorum Technologies with
a current of 30 mA in Ar atmosphere at a pressure of 1 Pa.

In the next steps, Al,O; and LNO buffer layers were grown
onto the Pt buffer. The LNO layer provides a growth template for
PZT and acts as a bottom electrode of the parallel-plate capaci-
tors.'>”" The 5nm thick amorphous Al,O; layer is necessary to
enable the LNO growth as the surface of the underneath Pt layer is
unstable under the LNO deposition conditions described below.

The AL, Os; (Kurt J. Lesker, 99.5%) layer was deposited by
RF-magnetron sputtering at 40 W in Ar atmosphere at a pressure
of 0.64 Pa. The substrate temperature was maintained at 100°C as
measured on the sample holder by a thermocouple.

Thin films of LNO and PZT were grown onto the Al,O;/Pt/
88304 heterostructure by PLD using custom-made systems.

The LNO PLD target was produced from a stoichiometric
mixture of La,O; (Alfa Aesar, 99.99%) and NiO (Chempur,
99.995%). The individual powders were dried at 1000°C for 12h
and at 400°C for 1.5h, respectively, to remove absorbed moisture.
The powders were mixed in a stoichiometric ratio, and a slurry was
made with isopropyl alcohol (99.99%). The slurry was ball-milled
at 500 rpm for 30 min using ZrO, milling media. The powder was
dried in air before being calcinated at 1100°C for 20h. The
obtained powder was ball-milled in the same conditions as stated
previously and then pressed uniaxially at ~28 MPa and isostatically
at ~360 MPa. In the last step, the green body was sintered at
1300°C for 24 h to obtain an LNO target with a density of 96% of
the theoretical LNO density.”” The PbZrys;Tip4s03 target was
commercially bought (Testbourne, 99.9%).

The films were deposited using a KrF laser by Coherent with a
wavelength of 248 nm. For the growth of LNO and PZT films, the
substrate-target distance was fixed at 40 mm and 32 mm, and the rep-
etition rate of the laser was set to 2 Hz and 10 Hz, respectively. The
57 nm thick LNO buffer layer was grown with a fluence of 2] cm™2
under 1.3 Pa of O,. During the LNO deposition, the substrate tem-
perature of 500 °C was measured by a pyrometer focused on the back
side of the sample holder. The PZT layer was deposited with a
fluence of 1Jecm™? in oxygen atmosphere at 6.5 Pa. The substrate
temperature of 650 °C during the PZT deposition was measured by a
thermocouple on the substrate holder. The PZT films were grown
with a thickness of 200 nm or 400 nm. The 400 nm thick film was
grown to see the influence of possible leakage currents.

In order to fabricate top electrodes, a 30 nm thick platinum
layer was grown on the PZT/LNO/AL,O;/Pt/SS304 heterostruc-
ture, using DC magnetron sputtering, and then patterned, applying
a standard photoresist lift-off process. Contact to the LNO bottom
electrode was made at a corner of the sample, where the PZT layer
was removed using Ar ion milling with a custom-made RF ion
source by Meyer Burger. The resulting structure is schematically
represented in Fig. 1.
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FIG. 1. Schematic representation of the PZT/LNO/Al,O3/Pt/steel heterostructure
with Pt electrodes on top. The access to the LNO bottom electrode is indicated
by the striped pattern. Dimensions are not to scale.

X-ray diffraction (XRD) measurements were performed with
monochromatic Cu Koy, radiation, using a SmartLab diffractometer
by Rigaku equipped with a graphite monochromator and a 2 mm
wide horizontal primary slit.

Electron backscatter diffraction (EBSD) was performed using a
MIRA3-XMH high resolution scanning electron microscope (SEM)
by TESCAN, equipped with a DIGIVIEW 5 EBSD system by EDAX.
The system was operated at an acceleration voltage of 15keV and a
beam current of 500 pA to achieve a high spatial resolution. The step
size was set to 10 nm, which is below the physical resolution of
conventional EBSD, owing to the coarsening effect induced by
the NPAR™ (Neighbor Pattern Averaging and Reindexing) post-
processing routine that was used to improve the data quality without
further cleanup procedures. The crystallographic texture was calcu-
lated based on an EBSD dataset with more than 7000 indexed grains
via the harmonic series expansion method with a series rank of 24, a
Gaussian half width of 5°, and no enforced symmetry.

Permittivity measurements were performed using an E4980A
LCR meter by Agilent. Polarization vs electric field hysteresis (P-E)
loops were obtained using a TF Analyzer 2000 P-E loop tracer by
aixACCT equipped with a FE module. For both measurements, a
probe station equipped with S-725 micropositioners by Signatone,
mounted with tungsten tips of 25um in diameter, was used. The per-
mittivity and dielectric loss of the PZT films were measured at zero
DC bias with an AC driving signal of Vsc = 30mV at 1kHz. The
amplitude of the driving signal is lower than half of the coercive field
of the thin films. To measure the P-E loops, a single triangular wave-
form with a frequency of 100 Hz and a prepulse loop was applied.

DC leakage current measurements were performed using
a 4200-SCS Semiconductor Characterization System by Keithley
equipped with two 4200-SMU (Source Measure Unit) cards and a
4200-PA preamplifier. The sample was contacted, using a TTPX probe
station by Lake Shore, equipped with beryllium-copper tips of 25um
in diameter. The hold time of 75 s before measuring each data point
was used to minimize the contribution of current relaxation effects to
the measured value of the leakage current. The bottom electrode was
grounded, while the DC bias was applied to the top electrode.

lll. RESULTS AND DISCUSSION

In this work, it is observed that the SS304 substrates are flat
during the dicing and polishing steps of the experimental
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procedure. However, they bend in an U-shape concavely around
the PZT-deposited side during the deposition of buffer and PZT
layers. The curvature of the sample with a bending radius of a few
millimeters, appearing in the steel rolling direction, is sufficiently
pronounced to be observable by eye. This bending also occurs
when an uncoated substrate goes through thermal treatment equiv-
alent to the successive depositions of buffer and PZT layers. This
phenomenon can be attributed to the elongation of the cold-rolled
steel during the heating at deposition temperatures.

The industrial processing of stainless steel into thin sheets
incorporates cold rolling and coiling/uncoiling procedures that gen-
erate residual stresses in the material. The deposition of LNO at
500°C and PZT at 650 °C represents a stress relief annealing for
the SS304 substrate, which can result in warpage in the case of an
asymmetric residual stress distribution.

It should be noted that the curvature cannot be explained
by thermal strain. Indeed, stainless steel 304 exhibits a thermal
expansion coefficient of 16.5 x 107K~ at 20°C.” This is
larger than the thermal expansion coefficient of PZT, ranging from
8 x 107°K™! in the paraelectric phase to 2 x 107°*K™! in the
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FIG. 2. 6-20 XRD patterns of (a) an Al,O3/Pt/steel sample covered with (b)
LNO and (c) PZT layers. The reflections are denoted for the PZT*° (tetragonal
black hkl indexes), LNO?* (cubic turquoise hkl indexes), Pt*° (triangles) layers
of the heterostructure, as well as for Pb,Ti,0s”" (squares) and CrPt™® (circles)
additional é)hases. The notation “substrate peaks” (asterisks) corresponds to
$5304.°“° The Al,O3 layer is amorphous.
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ferroelectric phase with a discontinuity at Curie temperature.'*
Therefore, if thermal strain was the driving force of the samples’
curvature, samples should be convex on the PZT-deposited side,
which is not the case in this work.

The XRD pattern of a PZT thin film is shown in Fig. 2. It
should be noted that the LNO reflections and the ones from SS304
and Pt, labelled as “substrate peaks,” are observed before the depo-
sition of PZT.

The film shows a perovskite structure with reflections from
multiple orientations visible in the XRD pattern, e.g., {001}, {101},
{111}, {102}, and {112}. The orientation is predominantly {001} as
the calculated Lotgering factor,”” f, is fpzr = 0.91. It should be
noted that during the deposition of PZT, the chromium present in
the SS304 substrates forms an intermetallic compound, CrPt, as
can be seen in Fig. 2(c). Small Pb,Ti,O¢ pyrochlore reflections are
also visible. Despite the formation of these additional phases, fpzr
is larger than the Lotgering factor for the LNO layer acting as a
growth template, which is itself {100}-textured, with fixo = 0.68.
Note that a similar value of 0.70 of the Lotgering factor has been
reported in the literature’” for LNO films grown using a sol-gel
method on stainless steel substrates.

An SEM image of the PZT film surface is presented in Fig. 3.
The PZT grain size is ~45.3nm with a standard deviation of
4.8 nm as estimated by the intercept method averaged over 30 mea-
surements. It is mostly homogeneous over the SEM image. The
grain size obtained from the SEM image is larger than the
out-of-plane crystallite size of 30 + 5nm calculated from the XRD
001 reflections in Fig. 2, using Scherrer’s equation.’’ The difference
can be attributed to the film strain and the XRD instrumental
error. Generally, a surface pyrochlore phase is manifested by small
grains of few nanometers in size located at the grain boundaries."”
These grains are not visible in the SEM, indicating that the pyro-
chlore phase observed in the XRD pattern is located in the film
depth.

FIG. 3. SEM image of a PZT/LNO/AI,O5/Pt/steel sample. The image was taken
using a Secondary Electron (SE) mode.
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In order to unambiguously measure the texture of the PZT films
in spite of the substrate curvature, EBSD measurements were per-
formed. Indeed, the primary electron beam used for the EBSD mea-
surements has much smaller dimensions than the x-ray beam used to
record the XRD pattern in Fig. 2. The EBSD analysis of the PZT film
texture is performed on a small 3.8 um by 10 um area of the sample,
for which substrate bending is small and can be neglected.

The pole figure of the PZT film obtained from the EBSD mea-
surements is presented in Fig. 4. The measurement was performed
on a sample without Pt top electrodes and sputter-coated with a
thin layer of carbon to avoid charging. The highest reflection inten-
sity is indicated in red, while the lower intensities are denoted in
blue and green hues. A single reflection can be seen along the
{001}-axis, indicating a strong {001} texture of the PZT thin film,
which is consistent with the high fpzr = 0.91 calculated from the
XRD data. This crystallographic orientation in PZT has a large pie-
zoelectric response and is, therefore, preferable for applications.’*’

No other reflections can be observed along the {111}- and
{110}-axes, indicating no other orientations of the PZT thin films
within the resolution limit of the EBSD. For this reason, occurrence
of a limited number of grains with orientations other than {001}
cannot be excluded in the investigated samples.

The 200 nm and 400 nm thick PZT films show a permittivity
of 350 and 349 and a dielectric loss of 4.1% and 2.6% with an
instrumental error of 0.15%, respectively.

A1

001 111

8.2
8.0
5.7
4.0
2.8
2.0
1.4
1.0
0.7

Intensity (x random)
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The low permittivity values can be explained by the predomi-
nantly {001} texture of the PZT films, leading to the occurrence of
ferroelectric domains with an out-of-plane polarization, referred to
as c-domains. Indeed, it is established in the literature that
c-domains permittivity is lower than the one of a-domains.'”""
However, the dielectric permittivity values of the PZT films,
obtained at 1kHz before the P-E loop measurements, are lower
than those of ~600, ~780, and ~790 reported in the literature for
0.6um thick Nb-doped PZT films on Ni foils,'* 1um thick PZT
films on Ni foils,'* and 500 nm thick rhombohedral PZT films on
ferritic steel deposited by the sol-gel method,'” respectively. This
result is consistent with the fact that Nb-doping enhances domain
wall mobility in PZT and increases its permittivity."* The presence
of pyrochlore in the thin films deposited in this work, even in
limited quantities, would also contribute to their lower permittivity.

Nonetheless, the permittivity reported in this work for the
{001}-textured PZT thin films is higher than the value of 192
reported in the literature for non-textured films on austenitic stain-
less steel.”’ Moreover, the dielectric loss of 4.1% and 2.6% in our
PZT films is lower than that of 10.2% reported for those films.

Furthermore, the grain size obtained here is relatively small as
compared to the values of 63 nm-192 nm reported in the literature
for the PZT films grown by PLD on various substrates.”* Small
grain sizes increase the density of both grain boundaries and
domain walls and might lower the domain wall mobility, hence

FIG. 4. Pole figure of the PZT layer of a PZT/LNO/
Al,O5/Pt/steel sample by EBSD. A dataset with more
than 7000 indexed grains covering a 3.8um by 10um
area was used to calculate the crystallographic texture
using the harmonic series expansion method with a
series rank of 24, a Gaussian half width of 5°, and no
enforced symmetry. The color scale is logarithmic.

J. Appl. Phys. 128, 104103 (2020); doi: 10.1063/5.0019967
© Author(s) 2020

128, 104103-4


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

W
(=]
T
1

[\
o
T
1

—
o
T
1

200 nm 1

Polarization (uC-cm~2)
= o

Y
S
T

&
S

200 -150 -100 50 0 50 100 150 200
Electrical field (kV-cm™1)

FIG. 5. Polarization vs electrical field hysteresis loops at 100 Hz of 200 nm and
400 nm thick PZT layers of PZT/LNO/Al,O3/Pt/steel samples, respectively.

limiting ferroelectric properties.’”” The lower permittivity of the
produced PZT films might also be due to their reduced thickness”
as compared to that of about 14 m, which is usually reported in
the literature.'>"*

The P-E loops for both samples measured at 200kV cm™! are
presented in Fig. 5. The hysteresis of the 200 nm thick film is larger
and more rounded than the one of the 400 nm thick film for which
the polarization is nearly saturated. The difference is attributed
to larger leakage of the 200 nm thick film due to its reduced thickness.

The P-E loop of the 200 nm thick sample displays different
shapes on its positive and negative branches; there is higher con-
duction on the upper branch. This phenomenon is less pronounced
in the 400 nm thick PZT film due to the lower leakage.

The DC leakage current density of the 400 nm thick PZT
sample is plotted in Fig. 6 as a function of the positive and negative
applied electric field (J-E curve). The J-E curve is fitted with poly-
nomial functions of the electric field J oc E>!® and J oc E>!? for the
positive and negative polarities, respectively, which are attributed to
a space-charge limited current (SCLC) mechanism with trap filling,
described by””>** J oc EN with N > 2.

The leakage current density is similar for both polarities. The
presence of leakage is coherent with the rounded shape of the P-E
loops in Fig. 5, especially for the 200 nm thick film. While the con-
duction mechanism in these films is not predominantly interface-
driven, the interfaces between the PZT thin film and the electrodes,
influenced by the electrode materials, impact on leakage current,
particularly on the thinner 200 nm thick film.

Note that the SCLC fit of the J-E curve in Fig. 6 is not perfect,
indicating that other physical mechanisms might contribute in
the transfer of the leakage through the PZT film. See the
supplementary material for additional information.
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FIG. 6. Leakage current density of the 400 nm thick PZT layer of the PZT/LNO/
Al,03/Pt/steel sample (blue squares) fitted within the SCLC scenario with the
polynomial function J oc E3' for the positive polarity and with the polynomial
function J oc E312 for the negative polarity (red curves).

The precise values of the coercive fields, E., for the 200 nm
and 400 nm thick samples were determined from the switching
current vs field hysteresis loops as the fields corresponding to
the switching current peaks. See the supplementary material for
switching current vs field hysteresis loops. The datasets used were
the same as their respective P-E loops plotted in Fig. 5. For
the 200 nm thick sample, the positive coercive field at 100 Hz
is E.=1359kVcm™! and the internal bias field displayed is
21.0kVcm™!. For the 400 nm thick sample, the coercive field is
E. =93.9kV cm™! and the internal bias field is 12.0kV cm™!.

These coercive fields for PZT thin films are larger than those
of ~73kV cm™! reported in the literature for 1um thick PZT films
deposited on Ni foils.'” The internal bias field indicates a preferred
polarization direction. For this reason, an external field applied in
the opposite direction would result in significant changes in the
polarization.™

From the P-E loops in Fig. 5, after the applied electric field of
200kV cm~! was released, the 200 nm and 400 nm thick PZT films
exhibit a remanent polarization, Prem, Of Prem = 16.7uCcm ™2 and
Prem = 16.4C cm ™2, respectively.

Thus, both 200 nm and 400 nm thick films show similar rem-
anent polarization and permittivity values. The main difference in
behavior between these thin films is the higher leakage in the
thinner film, leading to the less saturated P-E loop.

IV. SUMMARY AND OUTLOOK

Predominantly {001} textured PbZr 5, Tip 45O thin films were
grown by PLD onto AISI 304 stainless steel substrates. The combi-
nation of Pt, AL,O;, and LaNiO; buffer layers prevents the
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oxidation of the steel substrates during the growth of the PZT layer
and provides a growth template for its {001} texture.

200 nm and 400 nm thick PZT films show a dielectric permit-
tivity of ~350, a dielectric loss below 5% at 1kHz, and a remanent
polarization of ~16.5uCcm™2. The saturation of the P-E loops
and coercive fields is dependent on the film thickness.

In order to understand the applicability of these films, their
properties after poling as well as their piezoelectric response still
need to be investigated. However, the low dielectric constant and
high coercive fields make them suitable for transducer applications.
This work, based on stainless steel substrates, is the first step
toward transducers with improved fracture toughness relative to Si
substrate-based transducers.

SUPPLEMENTARY MATERIAL

See the supplementary material for the SEM image of the
cross section of the PZT/LNO/AL, O3 /Pt/SS304 heterostructure as
well as for the switching current vs field hysteresis loops and the
fitting of the DC leakage current density.
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