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ABSTRACT: The microstructure of the PbZrys,Tig.s03 (PZT) films is
known to influence the ferroelectric properties, but so far mainly the e ect 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 LaNiO; (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
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explored deposition conditions were the O, pressure, total pressure, and
thickness of the electrode layer. Increasing both the O, pressure and the
. Total pressure
thickness of the electrode layer changes the growth of PZT from a smooth, ekaiment
T

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.

I INTRODUCTION

Ferroelectric thin films are of high interest for applications
such as ferroelectric memories and in microelectromechanical
systems as sensors and actuators."”*° In particular,
PbTi,_,Zr,05 (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.”*™** It has been shown
theoretically*>® and experimentally’’~*° 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 SrTiO; substrates to promote such oriented
growth.*>?* To grow (001)-oriented PZT on low-cost
substrates such as Si, glass, and metals, several bu er layers
have been explored.?”~%° 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.”®~** Given the right stoichiometry
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and orientation, the ferroelectric response is further a ected by
the microstructure of the film, which is a ected by the grain
size and domain structure.*>**** The film microstructure also
influences the application-relevant piezoelectric properties by
influencing the elastic parameters of the film.>*~*° 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.***? In
magnetron-sputtered PZT films, dense films have been
reported when matching template layers**~*° and a columnar

Received: February 9, 2022
Accepted: April 27, 2022
Published: June 17, 2022

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


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+Lucke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammadreza+Nematollahi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muharrem+Bayraktar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+E.+Yakshin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+E.+ten+Elshof"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+E.+ten+Elshof"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fred+Bijkerk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c00815&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00815?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00815?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00815?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00815?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
https://pubs.acs.org/toc/acsodf/7/26?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

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

LNO PZT
sample O, pressure (mbar)  Ar pressure (mbar) pulses thickness (nm)  roughness RMS (nm)  thickness (nm)  roughness RMS (nm)
Al 0.10 3960 90 1000 7236
A2 025 3960 100 1000 111+ 26
A3 050 3960 95 1100 203+ 18
A4 0.80 3960 95 1300 234 +35
B1 0.10 0.70 3960 96 1100 139 * 36
c1 0.10 10560 250 1050 249 18
c2 050 7800 240 1200 263+ 12
D1 0.10 3960 85 05
D2 0.80 3960 120 23
D3 0.10 0.70 3960 83 08
D4 0.10 10560 190 15
microstructure has been reported for fast-cooled low-temper- to each other, which promotes the (001) orientation of the
ature depositions.*” Pulsed laser deposition (PLD) is a proven LNO and additional PZT layers.?>*°>? More information on
technique for high-crystal-quality growth with an important the nanosheets can be found in Nguyen et al.*° All depositions
additional parameter, i.e., the laser repetition frequency. It has were performed in a chamber with a base pressure of below 2.5
been shown that a low laser repetition frequency helps in x 107° mbar. During the deposition of all films, the substrate
producing dense films and increasing the frequency can temperature was kept constant at 600 °C. For all samples, the
convert the film microstructure from dense to columnar.®“° LNO was ablated from a stoichiometric target (Kurt J. Lesker)
To the best of our knowledge, the changes in microstructure with a laser spot size of 3 mm? a fluence of 2.25 J cm™2 a
and ferroelectric properties have so far been explored only with repetition frequency of 4 Hz, and a substrate-to-target distance
regard to the deposition conditions of the PZT, even though it of 60 mm. Four sets of samples were fabricated by varying the
is well known that the template layer has an influence on the O, pressure (set A), introducing a bu er gas (set B), and
microstructure and thus also on the ferroelectric properties of increasing the thickness of the LNO in the LNO\PZT
the subsequent layers. heterostructure (set C) and in order to study the LNO
From an application point of view, it is known that the film template layer in detail for sole LNO layers (set D), as
microstructure influences the ferroelectric and piezoelectric summarized in Table 1. The starting O, pressure during the
properties. In energy storage devices, for example, a low LNO deposition was taken from the literature,*® and a
remnant and a high maximum polarization in combination maximum pressure of 0.8 mbar was the limit of the
with minimal hysteresis are desired to increase the amount of experimental setup. The starting thickness of LNO layers
recoverable energy.”® Because these properties are, among was selected to be around 100 nm, a common thickness for
other things, dependent on the film microstructure, investigat- oxide electrodes for thick PZT films.>®> The PZT was
ing the influence of the template layer on the ferroelectric film subsequently deposited on top of the LNO film without
in terms of microstructure and ferroelectric properties is of breaking the vacuum. The PZT layer was deposited from an
interest. The influence of the template layer is also of interest MPB PbZr,s,Tig4s0; ceramic target (homemade) at a
for energy-harvesting devices because the piezoelectric proper- pressure of 0.1 mbar O,, a laser spot size of 3 mm? fla
ties of the film are influenced by the microstructure. Any uence of 2.5 J cm™ a repetition frequency of 50 Hz, and a
improvement in the piezoelectric properties can directly lead substrate-to-target distance of 55 mm as in the literature.*®
to an improvement in the figures of merit of the energy- After the deposition, the samples were cooled to room
harvesting devices.***° Furthermore, the ability to control the temperature at a cooling rate of 8 °C min at 1 mbar O,
mode of operation between bending type (d;; mode) and pressure. In the set D samples, only the lowest and highest
piston type (ds3 mode) by tuning the microstructure is ranges of the parameters were investigated. For ferroelectric
attractive for modern microelectromechanical actuators.4’19‘51 measurements of the LNO\PZT heterostructures (sets A—C)’
Here, we investigate the e ect of the depositio_n conditions a 100-nm-thick platinum (Pt) layer was deposited on top of
of the template layer, LaNiO; (LNO), on the microstructure the PZT layer by sputtering. The deposited Pt layer was
and ferroelectric properties of the subsequently deposited PZT patterned and structured into 200 x 200 m? top electrodes
layer. The deposition conditions that were explored were the using a standard photolithography lift-0 process. The bottom
gas pressure and the thickness of the template layer while the  ejectrode was contacted by the use of silver glue on the side of
subsequent PZT deposition conditions, including the laser the sample.
repetition frequency, were kept constant for all samples. Analysis and Characterization. The crystallographic
l properties of sets A—C were analyzed using —2 scans with
EXPERIMENTAL DETAILS an X-ray di ractometer (XRD) system (PANalytical X'Pert).
Film Deposition and Fabrication. All samples were The film surface was investigated by means of atomic force
deposited by PLD with a KrF excimer Laser (Lambda Physik microscopy (AFM, Bruker Dimension ICON), and the root-
COMPex Pro 205, wavelength 248 nm, pulse duration 20 ns, mean-square (RMS) surface roughness was calculated. The
maximum repetition frequency 50 Hz) on Si substrates that RMS roughness values for sets A—C correspond to the average
were precoated with Ca,Nb;O;, (CNO) nanosheets using value taken from five 1 x 1 m? areas on the smooth
Langmuir—Blodget deposition. The in-plane lattice parameters nanosheet-coated regions. The AFM images of set D covered
of the CNO nanosheets (3.86 A) and LNO (3.84 A) are close only nanosheet-coated 1.5 x 15 m? areas, and the RMS
22211 https://doi.org/10.1021/acsomega.2c00815
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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 m (10 x 10 m?

area), and that in the SEM corresponds to 300 nm.

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™
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™
amplitude with a frequency of 10 Hz to cycle the samples 10*
times.

I 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 O, pressure from 0.1 to 0.8 mbar.
The AFM images show that relatively smooth, wide areas are
visible at low O, pressures, and the roughness in these wide
areas increases with increasing O, 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.> 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 O, 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 O, pressure, the columns are present only at the top
50 to 100 nm of the PZT film, whereas for the highest O,
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 O, pressures is evident. On the other hand, this
parameter scan does not give any idea if the total pressure, or
the O, 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 O,, which can
chemically interact with the deposited film, and the inert Ar.
The results in Figure 1le show that the sample surface is a
factor of 2 less rough than for sample A4 deposited at 0.8 mbar
O, 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-O,-
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 O, pressures. We
compared samples Al to C1 (Figure 1a—f) and samples A3 to
C2 (Figure 1c—g). At low O, 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 e ect of thickness at an O, 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
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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 1D: 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

(15 % 1.5 m? area).

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 di erence 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
e ect 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 O, 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. O,
pressure (D3), and the deposition at 0.1 mbar O, pressure
with a doubled LNO thickness (D4) were investigated. Low
O, 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 O, 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 O,
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 di erence
in microstructure as seen in the SEM images. Increasing the
LNO thickness to 190 nm at 0.1 mbar O, 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 di usion distance of the deposited
PZT and results in columnar growth. According to the
literature, the di usion time for the PZT is low at a high
deposition frequency of 50 Hz, and hence columnar growth is
promoted.*® However, in contrast to the literature, we also
obtained noncolumnar, dense, smooth films under the
literature’s deposition condltlons including the 50 Hz
deposition frequency of PZT.*® Our results show that in
addition to the high laser repetition frequency, the roughness
of the template also plays a crucial role. In the Ilterature there
is also disagreement between experimental findings*® and
theoretical predictions®®** regarding the influence of the
deposition frequency in PLD. Experiments show very clearly
that the PZT grows more columnar at higher repetition
frequencies.®® 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 di usion of adatoms from
the top of the growing islands to the substrate.®® 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,”® whereas in the case of a rough
template, the di usion 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 O, p.p. and
0.8 mbar total pressure, is more comparable to that of a sample
grown at 0.25 mbar O, pressure but not to the sample grown
at 0.8 mbar O, 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 O, gas. For higher oxygen pressure, the ablated
material seems to interact more with the oxygen and form
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