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ARTICLE INFO ABSTRACT

Keywords: Pulsed-laser deposition was used to prepare Pb(Mg;,3Nb,,3)03-PbTiO3 (PMN-PT) thin films on (LaNiO3)/SrTiO3

PLD substrates. We found that the bottom electrode has an immense influence on the properties of the overgrown

PMN-PT thin film active layer. Specifically, we found that the use of LaNiO3 (LNO) as the electrode material strongly stabilizes the

Pyrochlore perovskite phase and significantly expands the process window for the preparation of phase-pure PMN-PT as

Bo,tto,m electrt')qe compared to a direct deposition on SrTiOz (STO) substrates. Based on our experiments, the stabilization is

Sticking coefficient . . . . . . s 1. .
achieved primarily due to the increased interface roughness, which enhances the sticking of Pb-based species,
thereby suppressing the formation of undesired Pb-deficient pyrochlore inclusions. The roughness of the in-
terface does not have adverse effects on the quality of the films. In fact, the film prepared on the LNO/STO
template from the Pb-rich target exhibited superior electrical properties as compared to the film prepared di-
rectly on STO. By understanding the mechanism, we were able to exploit it and prepare an STO/Nb:STO tem-
plate with a rough surface, which strongly enhanced the stability of the perovskite phase. This approach can be
used to design templates for different device configurations.

1. Introduction

Exceptional electromechanical coupling and high relative permit-
tivities with weak temperature dependences make Pb-based relaxor-
ferroelectrics attractive for a plethora of applications. A large amount of
research has been focused on finding the origin of giant piezoelectricity
in these solid solutions with compositions around the morphotropic
phase boundary [1-6]. Understanding the origin of the enhanced
properties as well as identifying the growth mechanisms can offer va-
luable guidance for designing new piezoelectrics, including lead-free
alternatives. The ultrahigh piezoelectricity can be utilized in devices
such as sensors, actuators or energy harvesters, as it has been shown
with epitaxial thin films of Pb(Mg;,3Nb,,3)03-PbTiO3 (PMN-PT) [7].
Additionally, PMN-PT thin films exhibit excellent properties for pyro-
electric/electrocaloric energy scavenging and cooling [8-10] and en-
ergy storage [11]. In order to exploit the material’s full potential,
however, it is imperative to prepare it in phase-pure form.

As with other Pb-based materials that are processed at elevated

temperatures, one of the key issues related to the preparation of crys-
talline PMN-PT is the loss of Pb, owing to its high vapor pressure. This
issue is well known in the literature. Different regulation mechanisms
have been proposed, the main goal mostly being the elimination of the
undesired Pb-deficient pyrochlore phases, which degrade the piezo-
electric properties. The most common approach in thin-film synthesis
by means of pulsed-laser deposition (PLD) involves adjusting the pro-
cess parameters in such a way that the evaporation of Pb from the
heated substrate surface is minimized. This includes lowering the de-
position temperature, increasing the deposition rate by increasing the
energy density and/or pulse frequency of the laser, etc. [12-18]. The
second approach involves using substrates with a higher miscut, where
the higher step density provides more binding sites for Pb, thereby
retaining it in the thin-film structure [7,19,20]. The third approach is
based on the compensation of the evaporated Pb by employing Pb-en-
riched targets [12,14,21]. There are also additional less commonly used
approaches, such as dual-laser ablation [22], for example. All of the
abovementioned approaches can be (and often are) used in conjunction.
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The optimization process is usually based on analyzing the phase
composition of the films by X-ray diffraction (XRD). Rarely, other
techniques are employed to determine the stoichiometry of the ablated
target [23], transfer of material in the plume [17,23] and the final
chemical composition of the films [7,12].

For the purpose of electrical characterization, the films are almost
always grown on substrates that are already covered with a bottom
electrode. Capacitors with metallic electrodes, such as Pt, exhibit poor
retention and relatively high fatigue. Oxide electrodes can drastically
improve fatigue behavior [24,25]. Different mechanism have been
proposed to explain this improvement, such as oxide electrodes acting
as an oxygen vacancy sink [26] or enhanced relaxation of the charge
injected by the electrodes [27,28]. Furthermore, it is well known that
the phase purity and epitaxial arrangement of Pb-based films improves
when the films are grown on oxide electrodes [15,24,29,30]. Contra-
rily, the influence of the individual oxide electrodes has not been stu-
died in much detail. While there are some reports on the influence of
different oxide electrodes, they are mostly focused on the domain
structures [31-33], strain [34,35] and ferroelectric properties [36]. The
influence of the bottom electrode on the growth mode has been studied
in BiFeO3 (BFO) thin films. BFO films grown directly on SrTiO3 (STO)
substrates reportedly exhibited island growth, whereas the ones grown
on an SrRuOj; (SRO) electrode layer remained atomically flat [31].
Although these studies have considered many different aspects, an
important one has been overlooked, namely the influence of the bottom
electrode on the phase composition of the films. As described, this is an
especially important aspect in the growth of Pb-based films, such as
PMN-PT, where the thermodynamic stability of the perovskite phase is
often low at the temperatures required for obtaining films with a high
crystalline quality. Changing the interface type can affect the sticking
probability of the Pb-based species and thereby the phase composition
of the films.

In this study we used PLD to grow PMN-PT thin films on different
templates. PLD enables the growth of a large selection of materials in a
broad range of experimental conditions. It is a versatile tool, which at
the same time offers atomic-scale precision. Furthermore, in the past
years, large-area deposition tools have been made commercially
available. These tools enable wafer-scale high-quality thin-film growth
[37-39]. Combined with relatively low-cost materials such as LaNiO3
(LNO) and STO, which can be integrated with large Si wafers through
existing processes [39], this study is focused on industrially-relevant
materials and techniques. We compared the growth of PMN-PT thin
films directly on STO substrates and on STO substrates with a LNO
bottom electrode. The former can be used in piezoelectric energy har-
vesting (EH) devices operating in the longitudinal (d33) mode, while the
latter are appropriate for the transverse (dz;) mode. Theoretically, the
power output of the EH is enhanced by implementing the d;; mode
[40]. However, the growth of PMN-PT directly on STO is very chal-
lenging [14], requiring a high amount of PbO excess to eliminate sec-
ondary phases. This differs from literature reports where single-phase
PMN-PT has been grown from stoichiometric targets on STO substrates
covered by different bottom electrodes [13,41,42]. Therefore, we grew
PMN-PT on both STO and LNO/STO templates under similar conditions
using the same PLD system, which enabled a direct comparison of the
two heterostructures. The observed strong stabilization of the per-
ovskite phase on LNO/STO sparked further interest in the influence of
the bottom electrode on the growth. In order to unravel the mechanism
behind the enhanced stabilization, we deposited PMN-PT on other
templates and analyzed the differences between the templates in detail.
Furthermore, we analyzed the chemical composition and electrical
characteristics of the films with the stabilized perovskite phase.
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2. Materials and methods
2.1. Target and sample preparation

The STO (Plasmaterials) target was single-crystalline. The PMN-
33PT (SolMateS) and SrRuOs; (SRO) (Beijing Goodwill Metal
Technology) targets were polycrystalline. The purity of all targets
was > 99.9%. The PMN-33PT target with 20 mol. % PbO excess was
prepared in-house. The detailed preparation procedure is described
elsewhere [14]. A buffered hydrofluoric acid etch followed by an-
nealing in oxygen at 950 °C was used to ensure TiO, termination of
(0 0 1)-oriented STO substrates [43]. Some of the low miscut (< 0.5%)
substrates were doped with 0.5 wt% Nb (CysTec), whereas all of the
high miscut (4°) substrates undoped (SurfaceNet). The PMN-PT thin
films were grown using a PLD system from Twente Solid State Tech-
nology. A KrF excimer laser (Coherent COMPex 205) with a 20 ns pulse
and a wavelength of 248 nm was used for the ablation. Resistive
heating was employed to reach the deposition temperature of 570 °C,
which was measured by a K-type thermocouple. The base pressure for
all depositions was kept under 1 x 10”7 mbar, while the oxygen
pressure during the depositions was 0.27 mbar. A spot size of 2.3 mm?,
laser energy density of 2.25 J cm ~ 2, laser-pulse frequency of 8 Hz and
target-to-substrate distance of 55 mm were selected for all of the ex-
periments, and the samples were cooled to room temperature im-
mediately after the depositions at a rate of 10 °C min~* in 700 mbar O,.
In samples with LNO bottom electrodes the electrode layer was de-
posited first using the same parameters as for PMN-33PT except for the
process pressure, frequency and laser energy density, which were
0.13 mbar, 5 Hz and 2.5 J cm ™2, respectively. The thickness of the
standard LNO electrode layers was 100 nm, while the ultra-thin LNO
layer was approximately 1.5 nm thick. The thickness of the PMN-33PT
films was approximately 700 nm. The 100-nm-thick SRO layer was
grown at 600 °C and 0.13 mbar O, at a target-to substrate distance of
55 mm. The spot size of the laser was 3 mm?, the laser energy density
was 2.5 J cm ~ 2 and the pulse repetition rate was 8 Hz. The parameters
for the growth of the 100-nm-thick STO layer were taken from the lit-
erature [44].

2.2. Structural characterization

An X-ray diffractometer (Empyrean, Malvern PANalytical) with
CuKa, radiation (. = 1.5406 A) was used to collect the 6-20 patterns,
rocking curves (RCs) and reciprocal-space maps (RSMs). A double-
bounce Ge (2 2 0) hybrid monochromator was used on the incident-
beam side. The PIXcel3D detector in 1D mode was used to capture and
analyze the diffracted beam in 6-20 scans and RSMs. The results of the
RSMs are presented with contour plots of intensity versus Q in the re-
ciprocal lattice unit (r.Lw.), where Q = A/2d. RCs were collected with
the detector in 0D mode and 111/256 channels open, in order to avoid
overlapping with STO, while still collecting the full width of the PMN-
PT.

The surface structure of the templates and the films was examined
by an in-situ reflection high-energy electron diffraction (RHEED) system
(STAIB Instruments) with an accelerating voltage of 30 kV. The patterns
were analyzed using kSA 400 software (k-Space Associates). Atomic
force microscopy (AFM, Veeco Dimension 3100 SPM) and scanning
electron microscopy (SEM, field-emission gun microscope JEOL JSM-
7600F) were employed to examine the morphology of the samples. The
AFM images were processed using WSxM 4.0 software [21], which was
also used to calculate the ironed surface area of the different templates.
SEM was also used to extract the layer thicknesses from sample cross-
sections.

The chemical composition (i.e. the stoichiometry) of the PMN-PT
thin films was examined using quantitative electron-probe micro-
analysis by wavelength-dispersive X-ray spectroscopy (WDXS) that was
performed using the analytical system Oxford Instruments INCA WAVE
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attached to the SEM. The exact, optimized WDXS procedure for the
measurements and analyses is described elsewhere [14,45].

2.3. Electrical characterization

The samples were measured in parallel plate capacitor geometry,
where LNO or Nb-doped STO were used as bottom electrodes, while the
top electrodes consisted of Au, sputtered using shadow masks with
holes 475 pm and 600 pm in diameter. Electrodes with 475 pm dia-
meter were used for dielectric and ferroelectric measurements, while
electrodes with 600 um diameter were used to determine the piezo-
electric properties of the films. Dielectric measurements were con-
ducted at a frequency of 1 kHz and an AC amplitude of 100 mV using an
LCR meter (Agilent 4284) with Cascade DCP-HTR probes. The ferro-
electric properties were determined using a ferroelectric test system
(Radiant Precision LC materials analyzer), operating in virtual ground
mode. A series of double triangular bipolar waveforms was applied at a
frequency of 10 Hz and an amplitude between 1 V and 10 V.

The piezoelectric characteristics of the capacitors were determined
using a double-beam laser interferometer (aixDBLI, aixACCT). The
longitudinal effective piezoelectric coefficient (ds3¢) was measured at
different DC fields by superimposing a small AC signal with amplitude
of 0.5 V and frequency of 1 kHz on a stepwise DC signal with maximal
amplitude corresponding to = 150 kV cm™'. The electrode size was
selected in accordance to the substrate thickness and its Poisson’s ratio
to avoid the additional contribution to the measured strain due to the
substrate deformation.

3. Results and discussion
3.1. Stabilization of the perovskite phase on LNO/STO templates

As we have shown in our previous work [14], thin films grown di-
rectly on TiO,-terminated STO substrates from a stoichiometric PMN-
33PT target contain a large amount of pyrochlore impurities, while
single-phase films can be grown using a target with 20 mol. % PbO
excess. The results of this study show that by adding an intermediate
LNO electrode layer it is possible to grow phase-pure PMN-33PT thin
films even by using a stoichiometric target. A comparison of XRD pat-
terns of PMN-33PT thin films grown directly on STO (samples SOPb and
S20Pb) and via LNO (samples LOPb and L20Pb) is shown in Fig. 1.
Samples S20Pb and L20Pb were grown using a target with 20 mol. %
PbO excess, while samples SOPb and LOPb were prepared from the
stoichiometric target, i.e. target with 0 mol. % PbO excess. The ratio of
the integrals for (4 0 0) pyrochlore and (0 0 2) PMN-33PT was
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Fig. 1. XRD patterns of PMN-33PT samples prepared directly on STO and on
LNO/STO.
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Fig. 2. RSM around the (I 0 3),, reflections in sample LOPb. The pink dashed
line indicates that the LNO electrode is fully strained to the STO substrate,
whereas the PMN-PT layer is relaxed. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

2 x 1072 in sample SOPb, whereas the signal for (4 0 0) Py in sample
LOPb was on the level of the noise, i.e. no pyrochlore phase was de-
tected. The phase composition of samples S20Pb and L20Pb is highly
comparable, but it should be noted that the process window for the
preparation of high-quality PMN-33PT expands vastly upon the use of
LNO as the bottom electrode. Specifically, in addition to higher flex-
ibility regarding the PbO excess in the target, the temperature window
for depositing phase-pure PMN-33PT broadened by at least 20 °C.

In order to find the mechanism behind this phase stabilization, we
performed a series of analyses and further experiments where we tried
to separate the individual factors. Starting with the influence of the
difference in the lall'lit cell parameters of bulk LNO (a,. = 3.84 10\) and
STO (a = 3.91 A), which would lead to different mismatches with
PMN-33PT, we analyzed the thin-film lattice parameters of the LNO
electrodes by RSM. As it is shown in the RSM in Fig. 2, the peak posi-
tions of STO and LNO are found at the same Q, value, which means that
the LNO layer is fully strained to the STO, i.e. that their in-plane lattice
parameters match. This result implies that the difference in the in-plane
lattice mismatches is not involved in the stabilization mechanism. In
principle, the difference in the out-of-plane lattice parameters of the
STO and LNO could also influence the growth of PMN-PT, as the sur-
faces of the templates are not ideally flat. Due to the presence of steps
and other surface features, a superior out-of-plane lattice match could
facilitate phase-pure PMN-PT growth. The measured out-of-plane lat-
tice parameter of the LNO layer was 3.83 A. As this value leads to a
larger PMN-PT/LNO mismatch, as compared to PMN-PT/STO, the dif-
ferent out-of-plane parameter of the LNO template could not account
for the stabilization of the perovskite phase. Furthermore, since the
LNO layer is strained, the difference between the thermal expansion
coefficients of LNO and STO does not play a role in the phase stabili-
zation of PMN-PT either.

Having excluded the difference in the lattice parameters as the main
reason for the change in the stability of the perovskite phase, we con-
sidered other possibilities. In order to find out, whether the change of
the interface chemistry is responsible for the enhanced sticking of Pb-
based species and thus a suppression of the pyrochlore phase formation,
we used a different bottom electrode, namely SRO. The assumption that
a change in the surface chemistry would lead to a change in the growth
of the PMN-PT was based on the observations made on the growth of
BFO [46] and SRO [47], which also contain volatile constituents. In
these systems, it has been reported that the change in STO termination
leads to a change in the growth mode, due to a change in the surface
diffusivity. A large influence of the different terminations on the nu-
cleation and growth processes has been observed in other systems, such
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as YBa,Cuz0,.5 (YBCO) [48] as well. The aforementioned studies on
BFO, SRO and YBCO were focused on the growth modes, rather than the
phase composition of the films. Furthermore, they mostly involved the
growth of ultra-thin films.

Owing to the high volatility of RuO, species, PLD-derived epitaxial
SRO has been shown to be SrO-terminated at deposition conditions,
similar to the ones used in this study [31,32,47]. Therefore, SRO/STO
templates, such as the ones used in this study, provide an interface si-
milar to that of SrO-terminated STO. Because of its close lattice-
matching with STO, SRO is often used as a bottom electrode for the
preparation of high-quality perovskite thin films. Based on literature
reports SRO/STO templates have been used to prepare pyrochlore-free
PMN-33PT thin films with PLD from stoichiometric targets [13,41,42].
It is important to note that the thickness of the PMN-33PT films in these
reports was 300 nm. When we prepared 300-nm-thick PMN-33PT on
SRO/STO using the stoichiometric target, the films also appeared to be
pyrochlore-free, according to XRD analysis (Fig. S1), which was an
improvement with respect to the 300 nm PMN-33PT/STO, where a
small amount of pyrochlore was identified. However, when we pre-
pared thicker films, comparable to the ones shown in Fig. 1, a large
amount of pyrochlore was formed in PMN-33PT on SRO/STO, when
using the target without PbO excess (sample SROOOPb). No pyrochlore
was detected when we used the target with 20 mol. % PbO excess (Fig.
S1). The large difference between the thinner and the thicker films is
related to inverted conical shape of the pyrochlore inclusions. As the
film growth progresses their volume largely increases. Therefore,
thinner films contain a smaller volume of pyrochlore, which could be
below the detection limit of laboratory diffractometers. At higher
thicknesses, using the same deposition parameters, the amount of
pyrochlore exceeds the detection limit. Additionally, by increasing the
thickness of the films they are exposed to elevated temperatures for a
larger amount of time, which could lead to changes in the structure of
the films, due to the presence of volatile PbO, and RuOy species. Note
that, like LNO, the SRO was also fully strained to the STO substrate, as
shown by the RSM in Fig. S2.

To summarize, the use of an intermediate SRO layer did not sig-
nificantly enhance the stability of the perovskite phase, as compared to
growth on bare STO. For thicknesses above 500 nm, PbO excess was
required to prepare phase-pure PMN/PT films on both STO and SRO/
STO, whereas the LNO/STO template enabled phase-pure growth from
the stoichiometric target.

In order to find the differences between the STO, LNO/STO and
SRO/STO templates, we examined their surfaces by AFM.
Representative images together with the corresponding RHEED pat-
terns are shown in Fig. 3. The STO (panel a)) exhibited smooth steps
with unit-cell-size step height. The latter was also the case in SRO/STO

a) TiO,-terminated STO b)

200nm
=TTzl

RMS = 0.1 nm

100 nm SRO/STO
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(panel b)), which exhibited wider steps. Despite the presence of small
holes the SRO/STO template had a relatively low root-mean-square
roughness (RMS). The surface of the 100-nm-thick LNO layer (panel c)),
on the other hand, consisted of small granular structures. The STO steps
were no longer visible, as the growth of LNO transformed from 2D to 3D
after a few nanometers. This 3D nature of the surface was already in-
dicated by the transmission pattern that was obtained using in-situ
RHEED after the deposition of the LNO layer, as shown in the inset. The
roughness is therefore significantly larger as compared to the STO and
SRO/STO templates. Based on these results, the difference in mor-
phology has the most pronounced effect on the phase composition of
the PMN-PT thin films. As thick LNO has a rougher surface it enhances
the sticking probability of Pb-based species and consequently stabilizes
the perovskite structure through a mechanism similar to that observed
in the growth of PMN-PT on miscut substrates [7,19,20], whereby in
our case the stabilization was even stronger on LNO. The XRD patterns
of PMN-33PT thin films grown on vicinal substrates (Fig. S3) revealed
only a slight improvement of the stability of the perovskite phase, de-
creasing the amount of PbO excess required for phase-pure growth by
5 mol. %.

In order to verify this mechanism, we first prepared an LNO/STO
template with a relatively smooth surface. Owing to the aforemen-
tioned 3D growth mode that sets in at an early stage in the growth, we
deposited an ultrathin (~1.5 nm) layer of LNO. The number of pulses
required to obtain the ultrathin film was derived from the number of
pulses required to grow the 100-nm-thick film, as determined by cross-
sectional view SEM analysis. The surface of this template was relatively
flat, attested by the relatively low RMS value and streaky RHEED pat-
tern shown in Fig. 4(a). Furthermore, the outlines of the underlying
STO steps are still visible in the AFM image. We used this template to
grow a PMN-33PT thin film, using the stoichiometric target. This
sample was named LUTOPb. The resulting XRD pattern (Fig. S4) shows
that there was no improvement in the phase composition of the film, as
compared to sample SOPb. Therefore, comparable morphology of the
STO and LNO/STO templates yielded comparable results. For addi-
tional confirmation of this interface-roughness-driven stabilization
mechanism, we prepared an STO buffer layer. This way the material
would match the STO substrate, however, we could vary the surface
morphology. In this way a morphology similar to that of 100-nm-thick
LNO was obtained. We used the parameters from Diaz-Fernandez et al.
[44] to deposit STO with a comparable roughness (RMS = 1 nm). The
AFM image and RHEED pattern of the STO/Nb:STO template are shown
in Fig. 4 b). The substrate and layer peak positions in the XRD pattern
matched, indicating that there was no off-stoichiometry in the STO
layer. The results shown in Fig. S5 confirm that the roughening of the
surface brings about a significant change in the phase composition of

6.0 nm

Fig. 3. AFM images and RHEED patterns of different templates for the PMN-PT thin films: (a) a treated STO substrate (the inset shows a line profile across the steps),

(b) SRO/STO and c) LNO/STO.
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a) ~1.5nm LNO/STO

b) 100 nm STO/Nb:STO

Fig. 4. AFM images and RHEED patterns of (a) ultra-thin LNO/STO and (b)
STO/Nb:STO templates.

the PMN-PT. A comparison of the two samples prepared from the
stoichiometric PMN-33PT target: (i) sample SOPb, prepared directly on
STO and (ii) sample SHOPD, prepared on an STO buffer layer, reveals
that inserting the homoepitaxial STO layer resulted in lowering the
concentration of pyrochlore by a factor of 40.

A comparison of the ironed surface area of all of the templates and
the ratio between the integrated area of the (4 0 0) reflection of the
pyrochlore phase and the (0 0 2) reflection of the perovskite phase in
the corresponding thin films, is shown in Fig. 5. All of the films were
prepared using the PMN-33PT target without PbO excess. Samples
SROOPb and 4degOPb were prepared on SRO/STO and vicinal STO, re-
spectively. As the ironed surface area increases, the pyrochlore/per-
ovskite ratio decreases monotonously. A template with a larger surface
area provides more binding sites for the arriving species, increasing the
activation energy for desorption, which keeps a sufficient amount of Pb-
based species in the film.

3.2. Chemical composition of the films

We examined the chemical composition of the four samples with the
smallest amount of secondary phase by WDXS (Fig. 6). These were
samples S20Pb and L20Pb, prepared using the PMN-33PT target with
20 mol. % PbO excess and samples LOPb and SHOPb, prepared using the
stoichiometric PMN-33PT target. Despite the phase composition of
samples being comparable according to the XRD patterns, minor
quantities of secondary phases could remain undetected by XRD. Fur-
thermore, compositional differences between the PMN-PT layers
themselves can also exist, as a small amount of off-stoichiometry can be
accommodated by the perovskite structure.

The results of the WDXS analysis (Fig. 6) showed that films prepared
from the Pb-rich targets both exhibited a surplus of Pb. Of the 20 mol. %

4,12 0,451
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SROOPb SOPb  4degOPb LUTOPb SHOPb  LOPb

Fig. 5. Ironed surface area of the template and ratio between the (4 0 0) pyr-
ochlore and (0 0 2) PMN-33PT peaks from the 6-20 scans.
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excess added, approximately 5 mol. % of excess Pb remained in the
film. Taking into account experimental uncertainty i.e. the error bars,
the concentration of Pb in LOPb is completely stoichiometric. Sample
SHOPb is slightly Pb-deficient, which was expected, given that it was the
only one of the four samples, whose pyrochlore concentration was
above the limit of detection in XRD analysis. All of the films exhibit a
deficiency in Mg concentration. This deficiency is more pronounced in
films prepared from the target with PbO excess, which confirms the
compensation mechanism observed in our previous work [14]. Most of
the films were slightly Ti-deficient and Nb-rich. The calculated oxygen
concentrations were 59.8-60.2 at.%, which is highly consistent to
regular perovskite stoichiometry of 60 at.%.

3.3. Piezoelectric, dielectric and ferroelectric properties

We also compared the electrical properties of the four samples from
the previous subsection. The dielectric and ferroelectric properties are
shown in Fig. 7. All samples exhibited dielectric losses between 0.04
and 0.07. Frequency dependence measurements of the relative per-
mittivity and dielectric losses for all four samples are shown in Fig. S6.
Sample LOPb exhibited the highest relative permittivity (¢, = 2350),
however, the dielectric breakdown strength (10 kV cm ™Y of this film
was too low to obtain saturated P-E loops, as shown in the inset of the
graph in panel (b) of Fig. 7. This was also the case in sample SHOPb. The
dielectric breakdown strength of sample S20Pb was ~100 kV cm™*.
Sample L20Pb exhibited the highest dielectric breakdown strength
(1000 kV ecm™!), thereby yielding a maximum polarization value of
Prmax = 50 uC cm ™2 (not shown). All of the P-E loops were relatively
slim, due to the presence of the relaxor-type PMN component.

The low dielectric breakdown strength of sample SHOPb can be at-
tributed to the presence of the pyrochlore inclusions, the concentration
of which was the highest among the four tested samples. The origin of
the low dielectric breakdown strength of sample LOPb is less clear, as
XRD and WDXS analysis pointed to a near-perfect perovskite structure.
Compared to samples S20Pb and L20Pb, the stoichiometry of sample
LOPb is closer to the nominal one. This could account for the enhanced
relative permittivity value of this sample. Despite the apparently su-
perior intrinsic properties of sample LOPb, it is possible that a poorer
microstructure, larger defect concentrations or inhomogeneities lead to
poorer dielectric breakdown strength. Conductive paths could be cre-
ated under the relatively high electrical fields required to obtain (sa-
turated) hysteresis loops. Another possible explanation is related to the
types of extended defects formed in perovskites such as PMN-PT. As we
have previously shown [14], PMN-PT films grown using PbO-rich tar-
gets, form extended PbO-rich defects, such as out-of-phase boundaries.
It is possible that these types of defects are also formed under certain
deposition conditions in films which contain an overall stoichiometric
amount of Pb. This would result in a Pb-poor matrix. The correlation
between the stoichiometry, microstructure and the electrical properties
of PMN-PT thin films will be addressed in our future research.

We also measured the ds; ¢ of samples S20Pb and L20Pb (Fig. 8). The
internal bias field in these samples, indicated by the lateral shifts of the
P-E and ds3E hysteresis loops, could be related to the defects in-
troduced into the layers by the sputtering of the top electrodes [49]. On
the other hand, as the shift was not observed in samples SOPb and LOPb,
it could also be related to the excess Pb or other defects present in the
samples prepared from the Pb-rich targets. The maximum ds3 ¢ value of
L20Pb was 90 pm V1. The highest d33 ¢ value in S20Pb was 60 pm V™~ 1,
Therefore, L20Pb exhibited the best properties in all regards, leading to
the conclusion that the rough PMN-PT/LNO interface does not have a
negative effect on the functional properties. This corroborates the re-
sults of the chemical and structural analysis. The latter revealed that the
mosaicity of S20Pb and L20Pb was comparable, the full widths at half
maximums of the rocking curve measurements were 0.49° and 0.42°,
respectively.
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4. Conclusions

We found that LNO strongly stabilizes the perovskite phase, ex-
panding the process window for obtaining pyrochlore-free PMN-PT thin
films. Using LNO, we were able to prepare single-phase films with
thicknesses ~1 um even from targets without PbO excess. Our results
indicate that the main mechanism responsible for the enhanced stabi-
lity is related to the relatively rough surface of the LNO/STO template,
which offers more binding sites for Pb-based species. It is important to
note that the higher interface roughness of PMN-PT/LNO (as compared
to the PMN-PT/STO interface) does not lead to a higher defect density
in the PMN-PT film. In fact, the film grown on LNO/STO exhibits a

slightly lower mosaicity. Furthermore, the electrical properties are also
improved, when PMN-PT is grown on LNO/STO. By understanding the
mechanism, we were also able to significantly suppress the formation of
the pyrochlore phase in the PMN-PT film prepared on STO by first
depositing a homoepitaxial layer with a high surface roughness.

These results demonstrate a means of maintaining a larger quantity
of volatile elements the thin films, which has important implications for
the growth of high-quality Pb-based films, as well as in other Pb-free
systems such as Nag sBig sTiO3 or AgNb;_,Ta,O3.
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