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ABSTRACT: The microstructure of the PbZr0.52Ti0.48O3 (PZT) films is
known to influence the ferroelectric properties, but so far mainly the effect of
the deposition conditions of the PZT has been investigated. To our
knowledge, the influence of the underlying electrode layer and the
mechanisms leading to changes in the PZT microstructure have not been
explored. Using LaNiO3 (LNO) as the bottom electrode material, we
investigated the evolution of the PZT microstructure and ferroelectric
properties for changing LNO pulsed-laser deposition conditions. The
explored deposition conditions were the O2 pressure, total pressure, and
thickness of the electrode layer. Increasing both the O2 pressure and the
thickness of the electrode layer changes the growth of PZT from a smooth,
dense film to a rough, columnar film. We explain the origin of the change in
PZT microstructure as the increased roughness of the electrode layer in
relaxing the misfit strain. The strain relaxation mechanism is evidenced by the increase in the crystal phase with bulk LNO unit cell
dimensions in comparison to the crystal phase with substrate-clamped unit cell dimensions. We explain the change from a dense to a
columnar microstructure as a result of the change in the growth mode from Frank−van der Merwe to Stranski−Krastanov. The
ferroelectric properties of the columnar films are improved compared to those of the smooth, dense films. The ability to tune the
ferroelectric properties with the microstructure is primarily relevant for ferroelectric applications such as actuators and systems for
energy harvesting and storage.

■ INTRODUCTION

Ferroelectric thin films are of high interest for applications
such as ferroelectric memories and in microelectromechanical
systems as sensors and actuators.1−10 In particular,
PbTi1−xZrxO3 (PZT) is favored because of its outstanding
ferroelectric and piezoelectric properties. These functional
properties of PZT thin films are highly dependent on several
material properties, such as the stoichiometry, crystal
orientation, and microstructure. The most favorable properties
of PZT are found in the x = 0.48 morphotropic phase
boundary (MPB) composition.11−14 It has been shown
theoretically15,16 and experimentally17−19 that the PZT
grown in the (001) orientation, which is the out-of-plane
direction, exhibits a higher functional response than do other
orientations, hence the PZT films have been initially grown on
lattice-matched SrTiO3 substrates to promote such oriented
growth.20,21 To grow (001)-oriented PZT on low-cost
substrates such as Si, glass, and metals, several buffer layers
have been explored.22−25 In particular, it has been shown that
chemically synthesized unit-cell-thick oxide nanosheets can be
used to achieve the desired out-of-plane crystal orientation on
silicon and glass substrates.26−31 Given the right stoichiometry

and orientation, the ferroelectric response is further affected by
the microstructure of the film, which is affected by the grain
size and domain structure.3,32,33 The film microstructure also
influences the application-relevant piezoelectric properties by
influencing the elastic parameters of the film.34−40 Therefore, it
is important to explore the methods that allow the film
microstructure and consequent influences on the film’s
functional properties to be controlled.
The influence of the microstructure on the functional

properties of the deposited films has been studied using various
deposition techniques. Investigations of chemical-solution-
deposited PZT films show that dense films can be produced
by process optimization and multiple-step deposition.41,42 In
magnetron-sputtered PZT films, dense films have been
reported when matching template layers43−46 and a columnar
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microstructure has been reported for fast-cooled low-temper-
ature depositions.47 Pulsed laser deposition (PLD) is a proven
technique for high-crystal-quality growth with an important
additional parameter, i.e., the laser repetition frequency. It has
been shown that a low laser repetition frequency helps in
producing dense films and increasing the frequency can
convert the film microstructure from dense to columnar.38,40

To the best of our knowledge, the changes in microstructure
and ferroelectric properties have so far been explored only with
regard to the deposition conditions of the PZT, even though it
is well known that the template layer has an influence on the
microstructure and thus also on the ferroelectric properties of
the subsequent layers.
From an application point of view, it is known that the film

microstructure influences the ferroelectric and piezoelectric
properties. In energy storage devices, for example, a low
remnant and a high maximum polarization in combination
with minimal hysteresis are desired to increase the amount of
recoverable energy.48 Because these properties are, among
other things, dependent on the film microstructure, investigat-
ing the influence of the template layer on the ferroelectric film
in terms of microstructure and ferroelectric properties is of
interest. The influence of the template layer is also of interest
for energy-harvesting devices because the piezoelectric proper-
ties of the film are influenced by the microstructure. Any
improvement in the piezoelectric properties can directly lead
to an improvement in the figures of merit of the energy-
harvesting devices.49,50 Furthermore, the ability to control the
mode of operation between bending type (d31 mode) and
piston type (d33 mode) by tuning the microstructure is
attractive for modern microelectromechanical actuators.4,19,51

Here, we investigate the effect of the deposition conditions
of the template layer, LaNiO3 (LNO), on the microstructure
and ferroelectric properties of the subsequently deposited PZT
layer. The deposition conditions that were explored were the
gas pressure and the thickness of the template layer while the
subsequent PZT deposition conditions, including the laser
repetition frequency, were kept constant for all samples.

■ EXPERIMENTAL DETAILS
Film Deposition and Fabrication. All samples were

deposited by PLD with a KrF excimer Laser (Lambda Physik
COMPex Pro 205, wavelength 248 nm, pulse duration 20 ns,
maximum repetition frequency 50 Hz) on Si substrates that
were precoated with Ca2Nb3O10 (CNO) nanosheets using
Langmuir−Blodget deposition. The in-plane lattice parameters
of the CNO nanosheets (3.86 Å) and LNO (3.84 Å) are close

to each other, which promotes the (001) orientation of the
LNO and additional PZT layers.26,30,52 More information on
the nanosheets can be found in Nguyen et al.30 All depositions
were performed in a chamber with a base pressure of below 2.5
× 10−5 mbar. During the deposition of all films, the substrate
temperature was kept constant at 600 °C. For all samples, the
LNO was ablated from a stoichiometric target (Kurt J. Lesker)
with a laser spot size of 3 mm2, a fluence of 2.25 J cm−2, a
repetition frequency of 4 Hz, and a substrate-to-target distance
of 60 mm. Four sets of samples were fabricated by varying the
O2 pressure (set A), introducing a buffer gas (set B), and
increasing the thickness of the LNO in the LNO\PZT
heterostructure (set C) and in order to study the LNO
template layer in detail for sole LNO layers (set D), as
summarized in Table 1. The starting O2 pressure during the
LNO deposition was taken from the literature,38 and a
maximum pressure of 0.8 mbar was the limit of the
experimental setup. The starting thickness of LNO layers
was selected to be around 100 nm, a common thickness for
oxide electrodes for thick PZT films.33 The PZT was
subsequently deposited on top of the LNO film without
breaking the vacuum. The PZT layer was deposited from an
MPB PbZr0.52Ti0.48O3 ceramic target (homemade) at a
pressure of 0.1 mbar O2, a laser spot size of 3 mm2, fla
uence of 2.5 J cm−2, a repetition frequency of 50 Hz, and a
substrate-to-target distance of 55 mm as in the literature.38

After the deposition, the samples were cooled to room
temperature at a cooling rate of 8 °C min−1 at 1 mbar O2
pressure. In the set D samples, only the lowest and highest
ranges of the parameters were investigated. For ferroelectric
measurements of the LNO\PZT heterostructures (sets A−C),
a 100-nm-thick platinum (Pt) layer was deposited on top of
the PZT layer by sputtering. The deposited Pt layer was
patterned and structured into 200 × 200 μm2 top electrodes
using a standard photolithography lift-off process. The bottom
electrode was contacted by the use of silver glue on the side of
the sample.

Analysis and Characterization. The crystallographic
properties of sets A−C were analyzed using θ−2θ scans with
an X-ray diffractometer (XRD) system (PANalytical X’Pert).
The film surface was investigated by means of atomic force
microscopy (AFM, Bruker Dimension ICON), and the root-
mean-square (RMS) surface roughness was calculated. The
RMS roughness values for sets A−C correspond to the average
value taken from five 1 × 1 μm2 areas on the smooth
nanosheet-coated regions. The AFM images of set D covered
only nanosheet-coated 1.5 × 1.5 μm2 areas, and the RMS

Table 1. Sample List and Their Deposition Parameters, along with the Measured Thicknesses and the RMS Surface Roughness

LNO PZT

sample O2 pressure (mbar) Ar pressure (mbar) pulses thickness (nm) roughness RMS (nm) thickness (nm) roughness RMS (nm)

A1 0.10 3960 90 1000 7.2 ± 3.6
A2 0.25 3960 100 1000 11.1 ± 2.6
A3 0.50 3960 95 1100 20.3 ± 1.8
A4 0.80 3960 95 1300 23.4 ± 3.5
B1 0.10 0.70 3960 96 1100 13.9 ± 3.6
C1 0.10 10 560 250 1050 24.9 ± 1.8
C2 0.50 7800 240 1200 26.3 ± 1.2
D1 0.10 3960 85 0.5
D2 0.80 3960 120 2.3
D3 0.10 0.70 3960 83 0.8
D4 0.10 10 560 190 1.5
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values were calculated over the complete area. The cross-
sectional microstructure and film thicknesses were investigated
by high-resolution scanning electron microscopy (HR-SEM,
Zeiss Merlin 1550). The polarization hysteresis measurements
were performed with a ferroelectric analyzer (AixACCt TF-
3000) using a triangular AC electric field of ±200 kV cm−1

amplitude with a frequency of 1 kHz. The wake-up behavior,
which will be explained in the ferroelectric properties section,
was measured using a rectangular AC field of ±200 kV cm−1

amplitude with a frequency of 10 Hz to cycle the samples 104

times.

■ RESULTS AND DISCUSSION
Microstructure of PZT and LNO. The first investigated

parameter is the oxygen pressure (set A) during the LNO
deposition. The samples at various oxygen pressures were
investigated by means of AFM and SEM analysis. Figure 1a−d
shows the surface topography (top-row AFM) and micro-
structure change in the cross section of the PZT (bottom row
SEM) while increasing the O2 pressure from 0.1 to 0.8 mbar.
The AFM images show that relatively smooth, wide areas are
visible at low O2 pressures, and the roughness in these wide
areas increases with increasing O2 pressure. Boundaries that are
more than 200 nm high in between the wide areas correspond
to the gaps in between the individual nanosheet flakes where
the PZT exhibits (110)-oriented growth with a faster growth
rate than for the (001) orientation.30 In the following section,
we compare only the changes that occur on top of the CNO
nanosheet-coated areas covering over 95% of the sample,
neglecting the gap areas. The RMS roughness in the CNO
nanosheet-coated areas increases 3-fold (7.2 to 23.4 nm) with
increasing O2 pressure (Table 1). The cross-sectional SEMs
show that with increasing oxygen pressure, the PZT starts to
become more columnar and the columnar microstructure

becomes visible earlier in the growth direction of the PZT film.
For low O2 pressure, the columns are present only at the top
50 to 100 nm of the PZT film, whereas for the highest O2
pressure, the PZT film grows in columns after half of the
thickness is achieved and the top ∼500 nm is columnar.
Overall, the trend toward columnar microstructure with
increasing O2 pressures is evident. On the other hand, this
parameter scan does not give any idea if the total pressure, or
the O2 partial pressure (p.p.), is playing the dominant role in
the microstructural change. For clarification, in set B the total
pressure is kept at 0.8 mbar, the same as the highest oxygen
pressure in set A, while the oxygen and argon partial pressures
are set to 0.1 and 0.7 mbar, respectively. This set allows us to
distinguish the influences of the pressure of the O2, which can
chemically interact with the deposited film, and the inert Ar.
The results in Figure 1e show that the sample surface is a
factor of 2 less rough than for sample A4 deposited at 0.8 mbar
O2 pressure (Table 1). The cross-sectional SEM also shows
that the bulk of the PZT film is dense and that only the top
part shows a few columns similar to those of the low-O2-
pressure depositions.
The next parameter that was investigated was the thickness

of the LNO layer. The LNO layer thickness was increased by
∼2.5 times in set C for 0.1 and 0.5 mbar O2 pressures. We
compared samples A1 to C1 (Figure 1a−f) and samples A3 to
C2 (Figure 1c−g). At low O2 pressure (0.1 mbar), increasing
the thickness results in a 3 times rougher PZT film surface: the
RMS roughness increases from 7.2 to 24.9 nm. This increase in
roughness is due to the change in PZT microstructure from a
completely dense, smooth film to a film that grows in separated
columns in the top third part of its total thickness. The
comparison of the effect of thickness at an O2 pressure of 0.5
mbar shows the same trend but with a less drastic change. The
RMS roughness increases from only 20.3 to 26.3 nm. This can

Figure 1. (a−g) AFM surface scans and SEM cross sections for LNO\PZT samples. The deposition conditions are given at the top of each
subfigure with the following coding: O2 p.p./Ar p.p./LNO thickness (nm) sample ID. The scale bar in the AFM represents 3 μm (10 × 10 μm2

area), and that in the SEM corresponds to 300 nm.
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be expected if one considers that the PZT surface roughness
should reach saturation when the top of the film grows in fully
separated columns, and all of the columns have the same
diameter and tip shape. The last observation from Figure 1 and
Table 1 is the thickness difference between the deposited PZT
films, even though their deposition conditions are the same.
The more columnar the film, the greater the thickness. This
can be explained by considering the stacking of material in the
PZT films. The amount of deposited material is the same, but
because of the voids between the columns, more material is
preferentially stacked in the growth direction on top of the
columns.
Until now, we have analyzed the PZT layer to identify the

effect of deposition conditions of the template layer. To better
investigate the template layer itself, we deposited and analyzed
the template layer in set D without adding the PZT layer. To
minimize the number of needed samples, only the two
extremes of the O2 pressure (0.1 and 0.8 mbar) (D1 and D2),
the deposition at 0.7 mbar p.p. Ar plus 0.1 mbar p.p. O2
pressure (D3), and the deposition at 0.1 mbar O2 pressure
with a doubled LNO thickness (D4) were investigated. Low
O2 pressure deposition for sample D1, as shown in Figure 2a,
has a very smooth LNO surface with the lowest RMS
roughness, 0.5 nm. The area scanned with AFM in this set is
much smaller than the set A−C samples, spanning only a single
nanosheet flake, and hence gap regions are not visible. The
SEM cross section shows that the LNO grows mostly dense
with round grains visible only at the surface. The sample grown
at 0.8 mbar O2 pressure (D2) has an increased surface RMS
roughness of 2.3 nm. The SEM cross section (Figure 2b)
shows that the LNO grows less dense and is constituted of
columnar LNO grains. The sample grown with 0.1 mbar O2
p.p. and 0.8 mbar total pressure (D3, shown in Figure 2d) has
a surface roughness of 0.8 nm, which is slightly increased in
comparison to the surface roughness of the 0.1 mbar sample
(D1 in Figure 2a). These two samples show no clear difference
in microstructure as seen in the SEM images. Increasing the
LNO thickness to 190 nm at 0.1 mbar O2 pressure (D4)
increases the surface roughness by a factor 3 (cf. Figure 2a,d).
The cross-sectional SEMs show that the grain size of the LNO
is increased for the thicker LNO.

We explain the increasing trend in the columnar PZT
microstructure in Figure 1 by the increase in roughness of the
template LNO layer due to an increase in either the deposition
pressure or the thickness of the LNO layer. This roughness
increase leads to a reduced diffusion distance of the deposited
PZT and results in columnar growth. According to the
literature, the diffusion time for the PZT is low at a high
deposition frequency of 50 Hz, and hence columnar growth is
promoted.38 However, in contrast to the literature, we also
obtained noncolumnar, dense, smooth films under the
literature’s deposition conditions, including the 50 Hz
deposition frequency of PZT.38 Our results show that in
addition to the high laser repetition frequency, the roughness
of the template also plays a crucial role. In the literature, there
is also disagreement between experimental findings38 and
theoretical predictions38,53 regarding the influence of the
deposition frequency in PLD. Experiments show very clearly
that the PZT grows more columnar at higher repetition
frequencies.38 The theoretical study, which assumes the
independence of the growth mode from the deposited material,
predicts that the material should grow in a smooth film at high
deposition frequencies because of the reduced size of the
nucleating islands and the enhanced diffusion of adatoms from
the top of the growing islands to the substrate.53 Our
observation of a dense film at the high deposition frequency
can help to solve the disagreement in these findings. If the
growth template is smooth, then the grown film is smooth as
theoretically predicted,53 whereas in the case of a rough
template, the diffusion of adatoms does not take place and the
material starts to grow in separated columns, especially at
higher frequencies.
Another finding based on set B was that not the total

pressure but the oxygen partial pressure is the deciding factor
in determining the roughness and microstructure of the LNO
layer. The microstructure of B1, with the 0.1 mbar O2 p.p. and
0.8 mbar total pressure, is more comparable to that of a sample
grown at 0.25 mbar O2 pressure but not to the sample grown
at 0.8 mbar O2 pressure. This observation points out that the
dominant parameter is not the kinetic energy of the ablated
material but the interaction of the ablated species with the
reactive O2 gas. For higher oxygen pressure, the ablated
material seems to interact more with the oxygen and form

Figure 2. (a−d) AFM surface scans and SEM cross sections for LNO samples. The deposition conditions are given at the top of each panel with
the coding sample ID: O2 p.p./Ar p.p./LNO thickness (nm). The scale bar in the SEM corresponds to 100 nm, and that in the AFM, to 500 nm
(1.5 × 1.5 μm2 area).
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clusters of multiple unit cells in the plasma plume.54 If these
clusters are deposited on the substrate, we do not have the
unit-cell by unit-cell buildup known from epitaxial films but a
cluster-by-cluster growth. These clusters have a lower mobility
and form rough islands as seeds for further columnar growth.
Crystal Structure. The out-of-plane crystal orientations of

the PZT samples, sets A−C, were characterized by XRD θ−2θ
scans as shown in Figure 3a. Both PZT and LNO grow mainly
with (001) orientation with small (110) and (111) peaks.
According to the literature, the (110) and (111) peaks can be
attributed to the growth in the gap regions between the
nanosheets, directly on the Si substrate.38,39,55 The Pt(111)
peak in sample C1 is due to the measurement of the sample
only after the top Pt electrode structuring. The changes in the
deposition conditions of the LNO template do not seem to
visibly influence the crystallinity of the atop-grown PZT. The
LNO(002) peaks show some changes with the deposition
conditions, as more clearly visible in Figure 3b. One observes
that the LNO(002) peak has a broad, double-peak structure
and is shifted to higher angles for increasing oxygen pressure
and higher LNO film thickness. The 2θ angles of the individual
peaks in this double-peak structure are around the in-plane
lattice parameters of CNO (47.088°)26,27 and the bulk
pseudocubic lattice parameter of LNO (47.348°).37,56

Describing our LNO film with a pseudocubic lattice of equal
in-plane and out-of-plane lattice parameters, these double
peaks point to two crystal structures with two different in- and
out-of-plane lattice parameters. It is conceivable that the

bottom part of the LNO grows in an epitaxially strained
manner to the CNO nanosheet, resulting in the first XRD peak
matching the CNO lattice parameter at a lower 2θ angle. The
top part of the LNO, however, is relaxed to the bulk lattice
parameter of LNO, resulting in the second observed peak at a
higher 2θ angle. Therefore, with increasing O2 pressure and
thickness, the LNO is less strained with respect to the CNO
nanosheet and relaxes to the bulk LNO lattice parameters.
The observed relaxation with increasing film thickness was

reported for an LNO layer that was sputtered directly onto the
Si substrate and was attributed to the relaxation of the thermal
strain.56 In another report on the LNO films deposited on
LaAlO3 substrates, decreasing O2 pressure produces less-
strained films because of the incorporation of the oxygen
vacancies.57 However, neither of these reports presents a
double-peak structure for the LNO but only a shift of the LNO
peak. To explain the observed double-peak structures, the
relaxation of thermal strain is not sufficient because the thermal
strain would be same for the whole LNO film and would not
lead to a splitting of the peak. We attribute our observations to
epitaxial strain relaxation. For low O2 pressure and a thickness
of about 100 nm, the LNO grows in an epitaxially strained
manner to the CNO nanosheet, and further increases in O2

pressure or thickness lead to a roughening of the film, as
observed in sample set D, to release the strain.
To quantify the strained and relaxed fractions of the LNO

films, we fitted the (002) peaks of all samples in the 46 to 48.5°
range with two Voight functions after subtracting a linear

Figure 3. (a) XRD survey spectra of the LNO\PZT samples. (b) Detailed view of the LNO(002) peaks. (c) Fitting of the LNO(002) peaks of
sample A4 with two Voight functions.

Table 2. Peak Position, Width (fwhm), Area, and Area Ratio of the Fitted Voight Functions for all LNO\PZT Samples

peak 1 peak 2

sample position fwhm area position fwhm area area(peak 2)/area(peak 1)

A1 46.95 0.31 750 47.14 0 0 0.0 ± 0
A2 47.06 0.31 468 47.22 0.25 184 0.39 ± 0.03
A3 47.06 0.26 457 47.31 0.30 371 0.81 ± 0.21
A4 47.04 0.39 270 47.34 0.32 426 1.6 ± 0.15
B1 47.05 0.29 469 47.20 0.23 157 0.33 ± 0.02
C1 47.09 0.33 699 47.32 0.30 1008 1.4 ± 0.27
C2 47.00 0.36 459 47.38 0.33 1238 2.7 ± 0.20
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background. The fitting for sample A4 is shown in Figure 3c as
an example. Table 2 gives the central positions, widths (fwhm),
areas, and area ratios of the fitted peaks. For all of the samples,
the positions of the first and second peaks match the expected
47.088 and 47.348°, respectively, when the 0.15° systematic
error bars are taken into account. The large systematic error
bars in the peak positions are due to difficulty in the alignment.
The samples were aligned with respect to the Si(004) peak.
However, the LNO\PZT grows on the nanosheets that are not
coupled to the crystal orientation of Si, leading to peak shifts of
±0.15°. In addition to this, the samples with low O2 pressure
(A1, A2, and B1) exhibit larger peak shifts from the bulk
values. We attribute these shifts to the numerical inaccuracy of
the fits due to the very small size of the second peaks.
Discussion of the Growth Mode. It is clear from the

SEM pictures in Figures 1 and 2 and the extracted roughness
values in Table 1 that the roughness of the PZT layer is a good
indicator of the level of columnarity of the film. Besides the
roughness of the PZT, it is instructive to search for quantified
indicators in the LNO template layer to better understand and
connect the growth mechanism to the template layer.
Considering that the epitaxial strain is relaxed by increasing
the roughness, we hypothesize that the area ratio of the relaxed
to strained part of the LNO layer, area(peak 2)/area(peak 1),
can be such an indicator. It is possible then to check the
correlation of the PZT surface roughness and the LNO peak-
area ratio as plotted in Figure 4. One observes that there is a

high correlation between the peak-area ratio and the PZT
surface roughness. For small peak ratios, the RMS roughness is
small, showing that the PZT growth is dense. All samples with
a peak-area ratio above 0.8 shows a high RMS roughness above
20 nm, where the PZT growth is columnar, as verified by the
SEM images.
We propose that for the growth of the samples with a peak-

area ratio of below 0.8, the PZT molecules arriving from the
target prefer to assemble epitaxially on the LNO via Frank−
van der Merwe growth, which is a layer-by-layer growth.58 For
this growth mode, the specific surface free energy of the
LNO−vacuum interface has to be larger than that of LNO−
PZT and PZT−vacuum interfaces. For the samples with a
peak-area ratio above 0.8, the growth of PZT is initially layer-

by-layer growth. However, at a critical thickness, because of the
increased roughness originating from the LNO template, the
formation of coherent 3D islands is preferred. The 3D island
growth significantly reduces the surface energy due to elastic
relaxation of the strain field in islands via Volmer−Weber
growth.59 The combination of the starting layer by layer
growth with the formation of 3D islands after a certain
thickness is referred to as the Stranski−Krastanov growth
model.60 Further arriving PZT molecules preferentially grow
on the 3D islands because of energy reduction, leading to well-
oriented columnar growth at the top of the film that we
observe. The resulting roughness is much higher than layer-by-
layer growth and also reaches saturation. The saturation in
roughness can be understood by considering that the PZT
surface roughness will not increase further if the film growth at
the top is completely columnar, and all of the columns have
the same diameter and tip shape. The level of saturation occurs
above 25 nm for the investigated PZT films, but it may vary for
different materials.

Ferroelectric Properties. In the following section, the
influence of the deposition conditions of the LNO template
layer on the ferroelectric properties of the PZT film is
investigated. The literature shows that the electrical properties
of LNO films in the range of our deposition pressures and
thicknesses do not change significantly.56,57 Therefore, the
observed changes in the ferroelectric properties can be
attributed to either the electrode−PZT interfaces or the PZT
layer itself. We observed changing ferroelectric properties,
especially remnant polarization Pr, with the number of
measurement cycles as shown in Figure 5a. The coercive
field Ec shows no clear trend, so it is not plotted. Before
comparing samples, first we explain the evolution of the
remnant polarization. In all samples, the remnant polarization
Pr increases first, reaches a maximum of between 102 and 103

cycles, and then decreases. Only sample C1 exhibits different
behavior with a sharp decrease after 158 cycles because of the
electrical breakdown of the sample. The sample breakdown is
due to the longer storage of the sample in air (3 months)
compared to that of the other samples that were measured
shortly after the fabrication. It is known that air humidity
causes the degradation of the Pt top electrodes on PZT films,
leading to an earlier electrical breakdown.61 Nevertheless, until
the breakdown the sample behavior is similar to that of
samples A3 and A4, as expected from Figure 4.
To investigate the changes in the ferroelectric properties

with cycling in more detail, the sample that shows the most
apparent evolution, sample A1, is used as an example. The P−
E and I−E loops are shown in Figure 5b,c for three different
cycling states. The initial loop before cycling is applied, along
with the loop at the highest remnant polarization which occurs
after 1.58 × 102 cycles and the loop after the maximum
number of 104 cycles. The P−E loops show squarelike
behavior, indicating good ferroelectric quality. We observe
that all loops are slightly slanted and asymmetric around the
horizontal axis. The slantedness of the loop decreases as the
number of cycles increases from 1 to 1.58 × 102, and thus the
remnant polarization Pr is increasing and reaches a maximum
at 1.58 × 102 cycles. Afterward, Pr decreases continuously with
an increasing number of cycles. The asymmetry of the P−E
loop is attributed to the difference in the work function of the
electrodes that are from two different materials, namely, LNO
and Pt.21,62 The changes due to cycling are even more clearly
visible in the I−E loops. With an increasing number of cycles,

Figure 4. RMS roughness of the PZT against the peak-area ratio of
the LNO for all LNO\PZT samples.
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the broad initial peak narrows on both sides and a sharp peak
develops. After 1.58 × 102 cycles, the peak value starts to
decrease but the shape is mostly preserved, with slight
slimming. The negative switching peaks exhibit similar
behavior with an increasing number of cycles.
The increase in Pr with cycling is known as a wake-up effect

and is reported for some PZT films63 and more commonly for
HfO2-based ferroelectrics.

64−68 The wake up for PZT is mostly
observed for sol−gel films and is attributed to the pinning of
domains in the films, which leads to internal bias fields and
double peaks in the I−E loops.65 With increased cycling of the
electric field, the domains that are pinned because of defects
such as point defects, oxygen and/or lead vacancies, and grain
boundaries reorient themselves.65,69−73 The thus-formed new
domain structure is more stable and has a higher remnant
polarization. The absence of two clearly visible switching peaks
in our films can be explained by the higher film quality due to
PLD growth compared to sol−gels. Because of the better film
quality, we have fewer defects and thus the domains are only

slightly pinned and do not form the clear double-peak
structure. Comparing the amount of wake up between our
samples, the differences can be correlated with the micro-
structure. For the columnar PZT samples, the grain size is
smaller and the domains are less clamped and as a result are
easier to switch and reach a stable domain configuration. The
decrease in Pr with further increases in the number of cycles,
i.e. fatigue, is well known for samples with Pt electrodes.74 It is
explained mainly by two models. The first model explains the
polarization decrease with the migration and accumulation of
oxygen vacancies at the film−electrode interface, causing
domain pinning and charge screening.75−80 The second model
considers the interfacial layer injecting electrons into the
ferroelectric layer, leading to decomposition of the ferroelectric
layer.81−84 The existence of such an interfacial layer in the PLD
PZT films has recently been proven using TEM measure-
ments.85

To make a fair comparison of the influence of the template
layer on the ferroelectric properties, we compare the P−E and

Figure 5. (a) Effect of electric-field cycling on the remnant polarization Pr for all samples with LNO\PZT. Sample C1 shows a sharp decrease after
158 cycles due to an electrical breakdown; see the main text. (b) P−E loop and (c) I−E loop for sample A1 with an increasing number of electrical
field cycles.

Figure 6. (a) P−E and (b) I−E loops in the awake state where the maximum Pr is observed for sample sets A−C. For better visibility, only the data
between ±100 kV/cm is shown for the I−E loops. The difference between the samples outside this range was negligibly small.
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I−E loops of all samples after wake-up, so where Pr is
maximized in Figure 6. Because sample C1 broke before
reaching the maximum, it is excluded from Figure 6. In the P−
E loops, the differences in the Pr and maximum polarization
Pmax are visible, but changes in the coercive fields are less
visible. For the samples with an RMS roughness of >20 nm and
an LNO peak/area ratio of >0.8 (A3, A4, and C2), the
slantedness of the P−E loops decreases, which results in
increases in Pr and Pmax. The Pmax values measured for these
samples are similar to the values reported on PZT films of the
same thickness deposited on 100-nm-thick SrRuO3 electrodes
on Si\CNO substrates30 and PZT films of 750 nm thickness
grown on 200-nm-thick LNO on glass\CNO substrates27 but
smaller than values reported for films grown epitaxially on
STO.30 The samples with an RMS roughness of <20 nm and
an LNO peak/area ratio of <0.8 (A1, A2, and B1) have a lower
Pmax and Pr that are comparable with the structures deposited
on Si\Pt\CNO substrates.30 The samples with high roughness
(>20 nm) have on average 1.2 times higher remnant
polarizations than the samples with low roughness, underlining
the influence of the microstructure on the ferroelectric
properties. In the I−E loops, the positive switching peaks are
broader than the negative switching peaks for all samples as a
result of the difference in the top and bottom electrode
materials. The literature attributes wider switching peaks to
larger variations in the grain size.86 This literature finding
suggests that the grain size variation is largest for the densest
PZT films. Our films are consistent with this literature
suggestion, considering that the grains in our dense PZT
films can grow laterally as large as the few-micrometer-sized
CNO nanosheets with a wide size distribution.55 On the other
hand, for the columnar films the column diameters are similar
(between 100 and 150 nm) and about a factor of 10 smaller
than a micrometer. The grain size distribution is no longer
dependent on the size of the nanosheet. Correspondingly,
these samples have sharper switching peaks.
Within this study, we observe a clear correlation between the

film microstructure and remnant polarization Pr. The
maximum polarization, however, does not clearly corollate
with the film microstructure because its value is not increasing
continuously with increasing roughness. Thus, for energy
storage devices, it is important to take the effect of the
microstructure on the ferroelectric properties into account
when aiming to improve the energy storage capacities. The
increases in the ferroelectric properties with increased
roughness can be a clear indication of an increase in the
piezoelectric properties through electrostriction.87 The longi-
tudinal piezoelectric coefficient d33,f is proportional to P2, so
d33,f is expected to be higher for the rougher films with
columnar microstructure. This effect has been shown by the
work of Nguyen et al., who have investigated the effect of the
deposition conditions of the PZT on the film proper-
ties.30,38−40 These works clearly show that the growth of
columnar PZT leads to a reduction of the clamping effect, thus
reducing the d31 coefficient and increasing the d33,f coefficient
for columnar films. The ability to control the film micro-
structure using the template layer, from a dense, smooth PZT
film to a rough, columnar PZT film, is interesting for actuators
because this allows control of the preferred actuation mode
between the d31 mode with dense films or the d33,f mode with
columnar films.

■ CONCLUSIONS
We demonstrated the influence of the deposition pressure and
the thickness of the LNO template layer on the microstructure
and the ferroelectric properties of the subsequently grown PZT
film. A higher oxygen pressure and a greater thickness of the
LNO template were found to lead to a higher roughness and
the columnar growth of the PZT film. We attribute the change
in the growth from 2D layer-by-layer growth to 3D island
growth to the increased roughness of the LNO layer in order
to relax the epitaxial strain. The ferroelectric properties of the
PZT films are improved for the films with columnar
microstructure. This increase is explained by the reduced
lateral grain size of the columnar PZT films. The average
lateral grain size is much smaller and is determined by the
column width in columnar films, in contrast to the grain sizes
that can reach the lateral size of a micrometer-sized nanosheet
in dense films. The columnar microstructure leads to a smaller
and more even grain size distribution and thus to changed
ferroelectric properties.
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(69) Fengler, F. P. G.; Pesǐc,́ M.; Starschich, S.; Schneller, T.;
Böttger, U.; Schenk, T.; Park, M. H.; Mikolajick, T.; Schroeder, U.
Comparison of hafnia and PZT based ferroelectrics for future non-
volatile FRAM applications. 2016 46th European Solid-State Device
Research Conference (ESSDERC), Sept 12−15, 2016; pp 369−372.
(70) Kohli, M.; Muralt, P.; Setter, N. Removal of 90° domain
pinning in (100) Pb(Zr0.15Ti0.85)O3 thin films by pulsed operation.
Appl. Phys. Lett. 1998, 72 (24), 3217−3219.
(71) Tan, C.; Ouyang, J.; Zhong, X.; Wang, J.; Liao, M.; Gong, L.;
Ren, C.; Zhong, G.; Zheng, S.; Guo, H.; et al. Crystallographically

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00815
ACS Omega 2022, 7, 22210−22220

22219

https://doi.org/10.1063/1.125485
https://doi.org/10.1063/1.125485
https://doi.org/10.1063/1.1475369
https://doi.org/10.1063/1.1475369
https://doi.org/10.1063/1.1475369
https://doi.org/10.1063/1.1695641
https://doi.org/10.1063/1.1695641
https://doi.org/10.1038/s41598-017-00333-2
https://doi.org/10.1038/s41598-017-00333-2
https://doi.org/10.1021/acsami.7b07428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b07428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b07428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-017-13425-w
https://doi.org/10.1038/s41598-017-13425-w
https://doi.org/10.1038/s41598-017-13425-w
https://doi.org/10.1038/s41598-017-13425-w
https://doi.org/10.1021/acsami.6b16470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b16470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1557/PROC-493-409
https://doi.org/10.1557/PROC-493-409
https://doi.org/10.1557/PROC-493-409
https://doi.org/10.1016/S0257-8972(02)00520-0
https://doi.org/10.1016/S0257-8972(02)00520-0
https://doi.org/10.1016/S0257-8972(02)00520-0
https://doi.org/10.1080/00150190108015973
https://doi.org/10.1080/00150190108015973
https://doi.org/10.1080/00150190108015973
https://doi.org/10.1063/1.1558951
https://doi.org/10.1063/1.1558951
https://doi.org/10.1063/1.1558951
https://doi.org/10.1007/s10832-010-9615-6
https://doi.org/10.1007/s10832-010-9615-6
https://doi.org/10.1016/j.tsf.2010.04.023
https://doi.org/10.1016/j.tsf.2010.04.023
https://doi.org/10.1109/TUFFC.2014.3069
https://doi.org/10.1109/TUFFC.2014.3069
https://doi.org/10.1002/adfm.201803665
https://doi.org/10.1002/adfm.201803665
https://doi.org/10.1063/1.5074184
https://doi.org/10.1063/1.5074184
https://doi.org/10.1063/1.5074184
https://doi.org/10.1016/j.sna.2019.111634
https://doi.org/10.1016/j.sna.2019.111634
https://doi.org/10.1016/j.sna.2019.111634
https://doi.org/10.1557/mrs2009.177
https://doi.org/10.1557/mrs2009.177
https://doi.org/10.1021/am501380d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am501380d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nimb.2007.10.011
https://doi.org/10.1016/j.nimb.2007.10.011
https://doi.org/10.1021/nn300370m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300370m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300370m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b09456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b09456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b09456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0022-3727/41/19/195407
https://doi.org/10.1088/0022-3727/41/19/195407
https://doi.org/10.1002/pssa.201431695
https://doi.org/10.1002/pssa.201431695
https://doi.org/10.1002/pssa.201431695
https://doi.org/10.1016/0040-6090(95)06591-1
https://doi.org/10.1016/0040-6090(95)06591-1
https://doi.org/10.1016/0040-6090(95)06591-1
https://doi.org/10.1109/IIRW.2016.7904903
https://doi.org/10.1109/IIRW.2016.7904903
https://doi.org/10.1063/1.121610
https://doi.org/10.1063/1.121610
https://doi.org/10.1063/1.121610
https://doi.org/10.1063/1.2822472
https://doi.org/10.1063/1.2822472
https://doi.org/10.1021/acsami.5b05773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b05773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aelm.201600505
https://doi.org/10.1002/aelm.201600505
https://doi.org/10.1039/C5NR05339K
https://doi.org/10.1039/C5NR05339K
https://doi.org/10.1016/j.ceramint.2016.09.085
https://doi.org/10.1016/j.ceramint.2016.09.085
https://doi.org/10.1063/1.4829064
https://doi.org/10.1063/1.4829064
https://doi.org/10.1109/ESSDERC.2016.7599663
https://doi.org/10.1109/ESSDERC.2016.7599663
https://doi.org/10.1063/1.121554
https://doi.org/10.1063/1.121554
https://doi.org/10.1016/j.actamat.2019.04.029
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


engineered hierarchical polydomain nanostructures in perovskite
ferroelectric films. Acta Mater. 2019, 171, 282−290.
(72) Zhu, K.; Song, B.; Ge, G.; Lin, J.; Yan, F.; Xu, L.; Yan, H.; Shen,
B.; Zhai, J.; Chou, X. Construction of multi-domain coexistence
enhanced piezoelectric properties of Bi0.5Na0.5TiO3-based thin
films. Journal of the European Ceramic Society 2021, 41 (13), 6456−
6464.
(73) Zhu, K.; Ge, G.; Yan, F.; Lin, J.; Bai, H.; Li, G.; Jiang, H.; Shen,
B.; Zhai, J.; Chou, X. Morphotropic Relaxor Boundary Construction
Highly Boosts the Piezoelectric Properties of Bi-Based Lead-Free
Thin Films. ACS Appl. Mater. Interfaces 2022, 14 (6), 8115−8125.
(74) Tagantsev, A. K.; Stolichnov, I.; Colla, E. L.; Setter, N.
Polarization fatigue in ferroelectric films: Basic experimental findings,
phenomenological scenarios, and microscopic features. J. Appl. Phys.
2001, 90 (3), 1387−1402.
(75) Lo, V. C. Modeling the role of oxygen vacancy on ferroelectric
properties in thin films. J. Appl. Phys. 2002, 92 (11), 6778−6786.
(76) Jin, H. Z.; Zhu, J. Size effect and fatigue mechanism in
ferroelectric thin films. J. Appl. Phys. 2002, 92 (8), 4594−4598.
(77) Yang, S. M.; Kim, T. H.; Yoon, J.-G.; Noh, T. W. Nanoscale
Observation of Time-Dependent Domain Wall Pinning as the Origin
of Polarization Fatigue. Adv. Funct. Mater. 2012, 22 (11), 2310−2317.
(78) Scott, J. F.; Dawber, M. Oxygen-vacancy ordering as a fatigue
mechanism in perovskite ferroelectrics. Appl. Phys. Lett. 2000, 76
(25), 3801−3803.
(79) Dawber, M.; Scott, J. F. A model for fatigue in ferroelectric
perovskite thin films. Appl. Phys. Lett. 2000, 76 (8), 1060−1062.
(80) Chopra, A.; Bayraktar, M.; Nijland, M.; Elshof, J. E. t.; Bijkerk,
F.; Rijnders, G. Polarization recovery in lead zirconate titanate thin
films deposited on nanosheets-buffered Si (001). AIP Adv. 2016, 6
(12), 125209.
(81) Lou, X. J.; Zhang, M.; Redfern, S. A. T.; Scott, J. F. Fatigue as a
local phase decomposition: A switching-induced charge-injection
model. Phys. Rev. B: Condens. Matter Mater. Phys. 2007, 75 (22),
224104.
(82) Wu, M.; Li, W.; Li, J.; Wang, S.; Li, Y.; Peng, B.; Huang, H.;
Lou, X. Fatigue mechanism verified using photovoltaic properties of
Pb(Zr0.52Ti0.48)O3 thin films. Appl. Phys. Lett. 2017, 110 (13),
133903.
(83) Lou, X. J. Why do antiferroelectrics show higher fatigue
resistance than ferroelectrics under bipolar electrical cycling? Appl.
Phys. Lett. 2009, 94 (7), 072901.
(84) Lou, X. J.; Zhang, M.; Redfern, S. A. T.; Scott, J. F. Local Phase
Decomposition as a Cause of Polarization Fatigue in Ferroelectric
Thin Films. Phys. Rev. Lett. 2006, 97 (17), 177601.
(85) Do, M. T.; Gauquelin, N.; Nguyen, M. D.; Wang, J.; Verbeeck,
J.; Blom, F.; Koster, G.; Houwman, E. P.; Rijnders, G. Interfacial
dielectric layer as an origin of polarization fatigue in ferroelectric
capacitors. Sci. Rep. 2020, 10 (1), 7310.
(86) Schenk, T.; Yurchuk, E.; Mueller, S.; Schroeder, U.; Starschich,
S.; Böttger, U.; Mikolajick, T. About the deformation of ferroelectric
hystereses. Appl. Phys. Rev. 2014, 1 (4), 041103.
(87) Li, F.; Jin, L.; Xu, Z.; Zhang, S. Electrostrictive effect in
ferroelectrics: An alternative approach to improve piezoelectricity.
Appl. Phys. Rev. 2014, 1 (1), 011103.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00815
ACS Omega 2022, 7, 22210−22220

22220

https://doi.org/10.1016/j.actamat.2019.04.029
https://doi.org/10.1016/j.actamat.2019.04.029
https://doi.org/10.1016/j.jeurceramsoc.2021.05.050
https://doi.org/10.1016/j.jeurceramsoc.2021.05.050
https://doi.org/10.1016/j.jeurceramsoc.2021.05.050
https://doi.org/10.1021/acsami.1c18936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c18936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c18936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1381542
https://doi.org/10.1063/1.1381542
https://doi.org/10.1063/1.1520718
https://doi.org/10.1063/1.1520718
https://doi.org/10.1063/1.1506193
https://doi.org/10.1063/1.1506193
https://doi.org/10.1002/adfm.201102685
https://doi.org/10.1002/adfm.201102685
https://doi.org/10.1002/adfm.201102685
https://doi.org/10.1063/1.126786
https://doi.org/10.1063/1.126786
https://doi.org/10.1063/1.125938
https://doi.org/10.1063/1.125938
https://doi.org/10.1063/1.4971373
https://doi.org/10.1063/1.4971373
https://doi.org/10.1103/PhysRevB.75.224104
https://doi.org/10.1103/PhysRevB.75.224104
https://doi.org/10.1103/PhysRevB.75.224104
https://doi.org/10.1063/1.4979525
https://doi.org/10.1063/1.4979525
https://doi.org/10.1063/1.3082375
https://doi.org/10.1063/1.3082375
https://doi.org/10.1103/PhysRevLett.97.177601
https://doi.org/10.1103/PhysRevLett.97.177601
https://doi.org/10.1103/PhysRevLett.97.177601
https://doi.org/10.1038/s41598-020-64451-0
https://doi.org/10.1038/s41598-020-64451-0
https://doi.org/10.1038/s41598-020-64451-0
https://doi.org/10.1063/1.4902396
https://doi.org/10.1063/1.4902396
https://doi.org/10.1063/1.4861260
https://doi.org/10.1063/1.4861260
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

