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ABSTRACT

Pure perovskite phase, (001)-oriented, epitaxial thin films of (Pb(Mg1/3Nb2/3)O3)0.67-(PbTiO3)0.33 (PMN-PT) were fabricated on single
crystal, (001)-oriented SrTiO3 substrates using a hard (Fe-doped) and soft doped (Nb-doped) PZT(52/48) interfacial layer. The effect of dif-
ferent interface layers on the structural and ferroelectric properties of the PMN-PT films was investigated in detail. A significant self-bias
voltage in the PMN-PT films can be introduced by using an appropriate interfacial layer. There are significant differences in polarization for
different types of doped and undoped interface layers and a doubling of the relative dielectric constant was observed for the Nb-doped inter-
facial layer. Device properties remain stable up to at least 108 cycles.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0004479

I. INTRODUCTION

(Pb(Mg1/3Nb2/3)O3)0.67-(PbTiO3)0.33 [PMN-PT(67/33) or
short PMN-PT] is a material of great interest for the fabrication of
hyperactive piezo-MEMS for the purpose of sensing and actuation.1

The superior piezo-response (d33≈ 2500 pm/V, e31 =−27 C/m2)
demonstrated by this PMN-PT compared to the well-known and
much investigated material PbZr0.52Ti0.48O3 (PZT) has propelled it
to the forefront of research and development.1,2 The longitudinal
piezoelectric coefficient (d33) observed for a PMN-PT single crystal
is an order of magnitude higher than that for PZT.2 Likewise, the
transverse piezoelectric coefficient (e31) of epitaxial PMN-PT thin
films in a freestanding cantilever configuration was found to be sig-
nificantly higher than that of epitaxial PZT thin films.1 In addition,
the superior coupling coefficient (k33 > 0.9) along with low dielec-
tric losses (<1%) could make this material an auspicious candidate
for the fabrication of next generation piezo-MEMS sensors and
actuators.1,3 Piezo-MEMS devices fabricated from this material
with its superior properties may generate large strains for a small
applied field or vice versa be sensitive to very small strain.

Doping elements used for bulk and thin film PZT ceramics
are typically categorized into hard doping and soft doping, which

refer to increasing or decreasing the coercive field of the polariza-
tion hysteresis loop of these materials. Hard doping usually arises
from acceptor doping, whereas soft doping is generally due to
donor doping.4 PZT is a perovskite material which crystal structure
is described with the formula ABO3. It consists of two types of pos-
itively charged ions, i.e., A2+ and B4+ (cations) and O2− anions.
Hard doping (or acceptor doping) refers to the situation in which
some of the A-site atoms (A2+) are replaced by monovalent dopant
elements (X1+) or some B-site atoms (B4+) are replaced by trivalent
dopant elements (X3+). These situations are known as A-site and
B-site acceptor doping, respectively. Similarly, soft doping refers to
the situation in which some A-site atoms (A2+) are replaced with
trivalent dopant elements (X3+) or the B-site atom (B4+) is replaced
with a penta-valent dopant element (X5+). This situation is com-
monly identified as A-site and B-site donor doping, respectively.5

In this study, Pb(Zr0.52Ti0.48)O3 doped (1.0 mol.%) with iron
(Fe3+) and niobium (Nb5+) at the B-site, acting as acceptor and
donor dopants, respectively, were selected as the interfacial layer
between the SrRuO3 base electrode and the PMN-PT thin film, in
order to investigate the effect of doping on the properties of the
PMN-PT film.
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Haccart and co-workers performed a study on the effect of Nb
concentration on the properties of PZT films deposited by sputter-
ing on platinized silicon. They observed a relatively high self-bias
for low Nb doping level (2 at. %) compared to high doping level
(7 at. %).7 Subsequent work performed by different groups shows
the effect of Nb doping on the electrical properties (specifically of
the self-bias) of textured PZT films, reporting an enhancement
of ferroelectric and piezoelectric properties of the Nb-doped
PZT films.6,8,9

The effect of the B-site acceptor dopant (Fe) concentration
was studied by Majumder and co-workers who showed a decrease
in remnant polarization with increasing acceptor dopant concentra-
tion.10 Bai et al.11 investigated the effect of Fe concentration on the
properties of PZT thin films deposited by the sol-gel method. They
observed a Fe concentration dependent shift of the ferroelectric
loop, which was ascribed to a change in the oxygen vacancy
density. Dawber and Scott reported that the mobile charged defects
formed by oxygen vacancies can easily accumulate near the film/
electrode interfaces due to the higher mobility of the oxygen vacan-
cies than those of lead. This results in the formation of interfacial
layers under an external field. These can result in a shift of the hys-
teresis loops.12,13

It is noticed here that most of the work reported on doped
PZT films is on polycrystalline thin films and that the physical
mechanisms behind the origin of different characteristics in
acceptor and donor doped PZT films are not fully understood
yet. Furthermore, the ferroelectric and piezoelectric properties of
(doped) epitaxial thin films and the physical mechanisms arising
from doping may be different from those in polycrystalline
thin films.

A PZT interfacial layer is found to be very beneficial for the
growth of perovskite pure phase PMN-PT thin films.14 Such an
interface layer was also found to broaden the process window for
the growth of polycrystalline PMN-PT films.15

In this study, we have investigated the effect of hard (Fe) and
soft (Nb) doped epitaxial Pb(Zr0.52Ti0.48)O3 interfacial layers on
the properties of epitaxial PMN-PT (67/33) films on SrTiO3 sub-
strates. Doping concentrations of 1.0 mol.% Nb5+ as donor and
1.0 mol.% Fe3+ as acceptor on the B-site (Zr4+/Ti4+ site) of PZT
were selected based on the literature.6,7,11 The results are compared
with epitaxial PMN-PT (67/33) films, prepared without respectively
with an un-doped PZT interfacial layer.

II. EXPERIMENTAL PROCEDURE

The PMN-PT/(un-)doped PZT (200 nm/25 nm) bilayer stack
was sandwiched between 100 nm SrRuO3 electrodes. The (doped)
PZT layer is between the bottom electrode and the PMN-PT film.
The complete hetero-structure was deposited on a 0.5 mm thick,
(001) oriented SrTiO3 substrate. The SrTiO3 substrates were pre-
treated prior to deposition to achieve TiO2 single termination using
the method developed by Koster et al.16 All films have been depos-
ited by Pulsed Laser Deposition (PLD) using a KrF excimer laser
operating at 248 nm. The PMN-PT films were deposited at a sub-
strate temperature of 585 °C while keeping the oxygen pressure at
0.27 mbar at a laser fluency of 2.0 J/cm2 and at 4 Hz repetition rate.
The PZT films (doped and un-doped) were fabricated at a substrate

temperature of 600 °C and an oxygen pressure of 0.10 mbar at a
laser fluency of 3.5 J/cm2 and at 2 Hz repetition rate. The substrate
was placed at a distance of 6 cm from the target during PMN-PT
and PZT depositions. The complete hetero-structure was deposited
without breaking the vacuum to avoid unwanted contaminations.
The layer stack was cooled down to room temperature immediately
after deposition in a 1 bar oxygen ambient with a cooling rate of
10 °C/min. The specific growth conditions for SrRuO3 are reported
elsewhere.17 The results for these films are compared with those of
a 200 nm thick PMN-PT thin film capacitor deposited on an
undoped PZT layer, respectively, directly on the SRO buffered STO
substrate, deposited with nearly the same deposition conditions.
The latter device structure (device S0) was discussed in a different
context in Ref. 14.

Structural properties and the epitaxial relationships were
investigated by HR-XRD (PANalytical X1pert PRO MRD) and
HR-SEM. The in-plane and out-of-plane lattice parameters were
derived from reciprocal space maps. Ferroelectric capacitor devices
(200 × 200 μm2) were patterned by a standard photolithography
process and structured by argon ion beam etching. Polarization–
electric field (P–E) hysteresis loops were measured using a modified
Sawyer Tower circuit (AixACCT TF Analyser 3000) at a frequency
of 1 kHz using a bipolar triangular pulse with 150 kV/cm
amplitude. Fatigue measurements were performed using a rectan-
gular pulse train at a frequency of 10 kHz and an amplitude of
150 kV/cm. The longitudinal piezoelectric coefficients (d33eff )
were obtained using a polytec MSA-400 micro scanning laser
doppler vibrometer. The capacitance vs electric field (C–E) mea-
surements have been performed using a Suss MicroTech PM300
probe station equipped with a Keithley 4200 semiconductor char-
acterization system at 10 kHz and an amplitude of 150 kV/cm.
The corresponding dielectric constants have been calculated from
these C–E curves.

III. RESULTS AND DISCUSSION

A. Crystalline structure

Figure 1(a) shows the θ–2θ diffraction patterns of the epitaxial
PMN-PT films deposited on an iron and niobium doped PZT
interfacial layer as well as on an un-doped PZT interfacial layer.
The reflections corresponding to the substrate, the electrode,
PMN-PT, SRO, and PZT layers are indicated [Fig. 1(b)]. The solid
green lines are drawn to specify the reflection positions of the cor-
responding bulk materials. The diffractograms show the peaks
corresponding to the (001) growth orientation of PMN-PT and
PZT films only. No diffraction peaks due to impurity phases
(pyrochlore phase) or other orientations were observed for both
(PMN-PT, PZT) ferroelectric materials within the detection limits
of our instrument.

Rocking curve measurements (log scale) are shown in the inset
of Fig. 1(a). Full width at half maximum (FWHM) values of 0.06° to
0.11° for (002) rocking curves are even better than values reported for
commercially available PMN-PT single crystals (FWHM= 0.14°),1

demonstrating the high degree of oriented growth and excellent crys-
talline quality of the deposited epitaxial PMN-PT films. On the other
hand, the FWHM of a PMN-PT film deposited directly on SRO/STO
is 0.52° (not shown). This demonstrates the beneficial effect of a PZT
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buffer layer for the growth of PMN-PT, providing a lattice match layer
between the STO/SRO (a = 3.905 Å) and PMN-PT (a = 4.022 Å).

The PZT interfacial layer θ–2θ reflections are shifted from the
expected angle for c-axis oriented unstrained PZT. The peak shift
toward a lower angle indicates a change in the out-of-plane lattice
constant. The reciprocal space map (RSM) of the (013) reflections
of the film stacks (not shown) indicates that the SRO-bottom elec-
trode is fully strained to the STO substrate, whereas the in-plane
lattice parameters of the (un-)doped PZT and the PMN-PT layers
are approximately equal but not strained to the substrate. This
holds for all samples, see Table I, implying that the epitaxial lattice
strain between the (doped) PZT and the strained SRO (with
in-plane lattice constant equal to that of the STO substrate is
3.905 Å) is largely relaxed in the (un-)doped PZT within a very
thin layer of at the most a few nanometers. The (doped) PZT (with
MPB composition) adopts the tetragonal phase with the long
crystal axis normal to the film plane. The unstrained shortest lattice
constant of the PZT(MPB) composition in bulk is 4.035 Å and the

long axis as 4.160 Å;18 thus, the PZT interfacial layers appear very
slightly tensile strained in the film plane.

From the measured lattice parameters, the unit cell volumes
and the percentual change with respect to the bulk value are calcu-
lated (see Table I). The unit cell volume of the PZT layers is slightly
reduced from the bulk value. Furthermore, the c/a ratio of the
undoped and doped films is slightly smaller than the bulk value.
We think that both features are due to a high density of incorpo-
rated defects to relax the substrate induced epitaxial strain in the
thin layer adjacent to the bottom SRO electrode. Note that the mea-
sured in-plane lattice parameters of the (doped) PZT layers are
equal within the error margins of the measurement (estimated as
±0.004 Å), indicating that doping does not influence the initial
growth of these layers.

The measured in-plane lattice parameters of the PMN-PT-
on-PZT layers are also equal (within ±0.004 Å) but slightly less
than that of the underlying (doped) PZT layers and approaching
the PMN-PT bulk lattice parameter. This indicates that also the

FIG. 1. (a) XRD pattern of epitaxial PMN-PT films deposited using Nb-doped, Fe-doped, and un-doped PZT interfacial layer on the STO substrate. The inset shows
PMN-PT rocking curves for (001) reflections. (b) Zoom-in of the (002) diffraction peaks indicating the peak shift (variation in out-of-plane lattice constants) based on the
nature of the interfacial layer material. Bulk peak positions are marked with solid green lines and peak shits are indicated by the dotted gray lines.

TABLE I. In-plane and out-of-plane lattice parameters of the PZT interfacial layers and the PMN-PT films deposited on SRO electroded STO substrates.

Sample

Interfacial layer (PZT) PMN-PT

a (Å)a c (Å)a ΔV/Vblk
b c/a a (Å) c (Å) ΔV/Vblk

b c/a

Bulk PMN-PT 4.035c 4.161c 1.031 4.022d 4.022d 1.000
No PZT seed layer 4.020 4.039 0.32% 1.005
Undoped PZT 4.042 4.130 −0.40% 1.022 4.028 4.007 −0.08% 0.995
Fe-PZT 4.042 4.124 −0.55% 1.020 4.028 4.008 −0.05% 0.995
Nb-PZT 4.037 4.123 −0.81% 1.021 4.025 4.013 −0.07% 0.997
Averagee 4.039 4.027

aError ±0.004 Å.
b±0.29% maximum error due to error in a, c.
cRossetti et al.18
dPseudocubic parameters.
eAverage of measured a-parameters of undoped, Fe- and Nb-doped PZT, and PMN-PT on these interfacial layers.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 055302 (2020); doi: 10.1063/5.0004479 128, 055302-3

© Author(s) 2020

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


PMN-PT layers relax rapidly most of the small tensile strain
imposed by the (doped) PZT layer. The in-plane lattice parameters
of the PMN-PT layer directly on the SRO/STO is smaller than that
of the layers on the (doped) PZT, reflecting that the significant
imposed compressive strain of the SRO/STO affects the average
strain in the PMN-PT. The PMN-PT unit cell volumes of the films
on (doped) PZT are equal to the bulk value (within the measure-
ment errors), as are the c/a ratios. The unit cell volume and c/a
ratio of the PMN-PT directly grown on SRO/STO are slightly
larger than of other films. We ascribe this difference to the different
initial strain induced by the STO/SRO respectively (doped) PZT
interfacial layer, causing a slightly different defect density.
[However, it may also partly be due to the slightly different deposi-
tion conditions used for this film (this is the S0 sample in Ref. 14,
knowing that the structural and electrical properties of PMN-PT
thin films are very sensitive to the deposition conditions.17]

Cross-sectional SEM analysis (not shown) of PMN-PT thin
films grown on, respectively, STO/SRO and STO/buffer layers, in
which the buffer layer has a pseudo-cubic lattice parameter similar
to that of PZT, shows that the PMN-PT film on SRO shows many
voids and a non-columnar crystalline structure. Nonetheless, the
growth orientation is (001) with an angular spread of only 0.52°
and shows in-plane registry of the lattice with the substrate. The
much smaller FWHM of the PMN-PT films grown on (doped)
PZT indicates that the crystalline quality of these films is much
better than those grown on SRO directly. The SEM analysis shows
very dense, columnar films that formally should be qualified as to
be of polycrystalline, textured nature. However, to distinguish the

relative high crystalline quality of these films from that of films
derived from chemical solution deposition, we use here the more
usually applied (although somewhat sloppy) qualification of epitax-
ial growth for these PMN-PT films.

We conclude that the PMN-PT layers on the different (doped)
PZT layers are in the same, largely relaxed, strain state so that, con-
sequently, any differences in ferroelectric, dielectric, or piezoelectric
properties must be ascribed to the differences in the doping of
the PZT layers, which couple to polarization in the PMN-PT layers
on top.

B. Ferroelectric and piezoelectric properties

The ferroelectric hysteresis (P–E) loops recorded for the differ-
ent samples are shown in Fig. 2(a). (The loop for the sample
without PZT interfacial layer was measured up to ±500 kV/cm and
saturates at about ±300 kV/cm.)

It is seen that the polarization hysteresis loops are notably
different. First, consider the zero field polarization value P(0),
obtained from the extrapolation of the tangent to the high field
part of the loop to zero field, which is considered to be a good esti-
mate for saturation polarization (Table II). The P(0) value of the
PMN-PT directly on STO/SRO and on Nb-doped PZT is approxi-
mately equal (about 19 μC/cm2) and significantly higher than of
the devices on undoped and Fe-doped PZT (about 12 μC/cm2), see
in Table II.

Second, the switching part of the P–E loops is similar for
the first group and steeper for the second group [characterized by

FIG. 2. (a) Polarization hysteresis loops; (b) relative dielectric constant; (c) loss tangent curves derived from the electric field vs capacitance measurements; and (d) the
effective out-of-plane piezoelectric coefficient of 200 nm thick PMN-PT films deposited, respectively, on 25 nm of undoped PZT, 25 nm of 1% Fe-doped, 1% Nb-doped PZT,
and directly on a 100 nm SRO bottom electrode on a single crystal, (001)-oriented STO substrate. All loops are measured before aging of the samples.

TABLE II. Ferroelectric properties of the epitaxial PMN-PT films deposited using no PZT interfacial layer and undoped, respectively, 1% Fe-doped and 1% Nb-doped 25 nm
thick PZT interface layers.

Sample P(0) (μC/cm2) Ec,av (kV/cm) Esb (kV/cm) εr,max (tan δ)max
1
ε0

dP
dE

� �
max d33eff,max (pm/V)

Bulk PMN-PT 4323 820024 280024

No-PZT 19.2 26.0 23.6 1862 0.12 5200 52 (−66)
Un-doped 11.5 11.3 −4.9 1970 0.063 3100 65
Fe-PZT 11.9 10.0 −12.0 2800 0.070 4100 73
Nb-PZT 18.8 12.8 −15.3 3455 0.12 7100 67
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the parameter (dP/dE)/ε0]. The observation that the loops of the
undoped and Fe-doped PZT interfacial layer devices are very
similar suggests that doping on the A-site hardly affects the polari-
zation of the unit cell. In PMN-PT, the polarization easily rotates
under influence of strain and an electric field. The strain states of
PMN-PT in these samples are the same, as are seen from the XRD
data and lattice parameters; thus, one expects similar polarization
behavior, i.e., the same out-of-plane component of the polarization
vector (measured P(0) ¼ PS cos θ(S, E ¼ 0) with θ being the angle
of the polarization vector, with length PS with the out-of-plane
direction and S being the strain). The much higher polarization of
the Nb-doped device, with similar strain as the undoped and
Fe-doped devices, hence approximately the same polarization
angle, then suggests that the B-site doping enhances the length of
the polarization vector PS. The polarization of that device is similar
to that of the no-PZT (S0) device, seems then coincidental, since
for that device it is the compressive in-plane strain by the STO/
PMN-PT mismatch that increases θ(S, E), thus P(0).

Another significant difference is the variation in self-bias
fields for different devices. The self-bias of the PMN-PT on SRO/
STO (sample S0 in Ref. 14) is in the opposite direction as for the
devices with a (doped) PZT interfacial layer. In Ref. 14, the self-bias
of PMN-PT on SRO/STO was explained by a 16 nm thick strain
gradient layer, arising from the compressive strain induced by the
SRO/STO that induces an effective field through the flexoelectric
effect. The PMN-PT on (doped) PZT is slightly tensile strained,
suggesting an opposite flexoelectric effect, hence a (small) negative
self-bias, as is observed. {Note that, following the argument in
Ref. 14, we think that the (doped) PZT layers are so defective that
no strain gradient is present in these PZT layers [since no strong
low angle shoulder in the (doped) PZT reflections in the θ–2θ
scans is observed].} The difference in self-bias between the devices
with undoped and doped PZT must be ascribed to the dopants.
The difference in self-bias due to the different valence state of the
dopants is small. However, the presence of dopants—irrespective of
their valence—seems to enhance the self-bias effect. We speculate
that electric dipoles formed by the dopants in the PZT are aligned,
causing a small net fixed, upward oriented polarization, creating an
additional negative self-bias field. This warrants further experimen-
tal study.

The presence of a self-bias field is of great importance,
because it affects the performance of devices made from these
films. The self-bias field increases the remnant polarization (Pr) in
a certain direction (positive or negative remnant polarization) due
to the shift of the polarization hysteresis loop.19

Similar to the polarization hysteresis loops, the dielectric cons-
tant vs field curves are shifted by approximately the same amount
as the self-bias field determined from the P–E loops [Fig. 2(b)].
The maximum value of the dielectric constant (Table II) is strongly
dependent on the type of interfacial layer, reaching nearly double
the maximum value for the Nb-PZT interfacial layer, as compared
to the un-doped PZT interfacial layer. At high fields, the dielectric
constants become approximately equal, reflecting the nearly parallel
slopes of the P–E loops at high fields. Furthermore, the peak split-
ting of the C–E loops (about 5–10 kV/cm) is much smaller than
that of the P–E loop of the same device. In Ref. 20, this was
explained by the different responses of domain switching/

polarization rotation to the different measurement modes: a fast,
constant field change (dE/dt) in the case of the DC-scan for the P–
E loop and the low amplitude oscillatory field change in the case of
the C–E measurements. This argument was also used to explain the
large difference between the maximum relative dielectric constant
calculated from the P–E loop (here 3100, 4100, and 7100 for the
devices with undoped, Fe-doped, and Nb-doped PZT interface
layers, respectively) and the maximum values from the C–E mea-
surements (1970, 2800, and 3455, respectively). There is a large dif-
ference in AC domain switching between the PMN-PT on Fe- or
Nb-doped PZT and on undoped PZT and without seed layer. The
maximum relative dielectric constant determined from C–E mea-
surements of the latter device is only 1862, whereas the maximum
slope of the P–E loop of the device without PZT corresponds to a
value of 5200, which is of the order of the maximum P–E slope of
the PMN-PT/Nb-doped PZT device. This indicates that in the
device without a PZT layer, the AC-driven domain wall motion
and polarization rotation are much more hampered than for the
PMN-PT layers on the doped PZT. The case of PMN-PT on
undoped PZT poses an intermediate situation.

Figure 2(c) depicts the loss tangent curves (tan δ � E) of the
four devices. At high fields, the loss is approximately the same for
all devices.20 The large zero-field dielectric constant of the Nb-PZT
device is accompanied by a large low field loss of 0.12, whereas the
maximum loss of the Fe-PZT device is only 0.07, while the dielec-
tric constant is only 20% less. A similar large difference in loss is
found for the device without a PZT interfacial layer and the one
with undoped PZT. However, for these films, the dielectric con-
stants are comparable and much lower than for the devices with
doped PZT layers. At the moment, we have no explanation for
these differences, but the fact that the loss can be manipulated by
doping is of interest for applications in which the dielectric loss
is important.

Figure 2(d) shows the effective piezoelectric hysteresis
(d33eff � E) loops of the different devices. The high-field values are
approximately equal and in the range of 50–60 pm/V, increasing
slightly for lower fields, but overall, the loops are very comparable.
These values are strongly reduced compared to the bulk values,21

due to the clamping of the film to the substrate. The self-bias values
observed in the P–E loops are found here again, but the coercive
field values of the d33eff � E loops are significantly larger than that of
the P–E loops, which is ascribed again to the different measurement
modes (AC vs DC) used. The overall similarity of the d33eff � E
loops is a reflection of the similar static strain state of the different
films, which is not altered by the presence of a thin interfacial layer
and is largely determined by the thermal expansion difference
between the PMN-PT and the substrate. Since the films are in
(nearly) the same strain state, the observed piezoelectric effect of the
PMN-PT is also very much the same.

The ferroelectric and dielectric measurements indicate signifi-
cant differences in the properties between the films with or without
(un)doped PZT layers. It was already concluded that structurally
there is hardly any difference between these films; thus, the differ-
ence in properties must be ascribed to the (non)presence of the
additional (doped) PZT interfacial layer.

The first difference is that the coercive field of the device
without a PZT layer is more than twice that of the devices with an
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(un)doped PZT interfacial layer. However, there is no clear differ-
ence between the coercive fields of the devices with undoped and
doped PZT interfacial layers, irrespective of the valence of the
dopant. In the model of Gerra et al.,22 a change in interfacial
energy between the electrode and the ferroelectric can change the
energy barrier for reverse domain nucleation and thus the observed
coercive field. Thus, we can conclude that (within this model) the
interfacial energy of the SRO/PMN-PT interface is different from
that of the SRO/(doped) PZT interface (where we have assumed
that the PZT layers are also switchable). Second, it is concluded
from the observation that the coercive fields of the devices with
(doped) PZT interfacial layers are nearly the same, that the interfacial
energy and with that the value of the coercive field do not depend
on the valency and lattice position of the dopant but on the type of
interface. To our knowledge, there is no literature on the factors that
determine this interfacial energy; therefore, we cannot explain more
fundamentally what causes the observed differences.

Next to reverse domain nucleation, domain walls must also be
able to move to expand the reverse domain size. We observe a sig-
nificant difference in the maximum steepness of the P–E loop of
the devices (Table II). Since we concluded that the PMN-PT layers
in all devices are the same, the difference in slopes hint toward dif-
ferences in domain wall pinning properties of the interfacial layers.
We do not observe a clear relation between the value of
(dP/dE)max/ε0 and the presence or type of interfacial layer.

The relative dielectric constant εr is measured under small
signal AC conditions and basically measures the effect of the oscil-
lation of the polarization vector around the equilibrium position in
the field bias point. It is seen that for high fields (>100 kV/cm), the
dielectric constant is approximately the same for all different
devices, which can be explained as follows: at such high fields, the
devices are completely poled and the response is solely due to
polarization rotation. Since the difference in strain is only small for
these devices, one expects that the energy potential around the
equilibrium position in the field bias point is approximately the
same and, therefore, also the dielectric constant.

εr,max is the value found for field values near the switching
point of the polarization hysteresis loop. Next to polarization rota-
tion, polarization switching is also important, which implies that
the nucleation and growth of domains with a reverse out-of-plane
polarization component (and the opposite processes) also contrib-
utes and enhances the dielectric response significantly. We observe
a significant difference between εr,max of devices with doped
(εr,max ¼ 2800 and 3455) and undoped, respectively, no PZT layers
(εr,max ¼ 1970 and 1862). As the coercive fields, hence the reverse
domain nucleation, are the same for the (un-)doped PZT devices,
this leaves a difference in domain wall motion between the doped
and undoped PZT devices. Thus, the presence of a charge doped
defect layer appears to enhance the domain wall mobility, i.e.,
easier depinning of the walls. As the effect arises from the doping
of the PZT interfacial layer, we think that the pinning sites that
cause these differences are inside (for example, dipoles or isolated
charged dopants) or near the doped PZT/PMN-PT interface. As
there is no significant difference in εr,max between the devices with
no and an undoped PZT layer, this suggests that the relevant
pinning sites are at the SRO/PMN-PT and SRO/PZT interfaces for
these devices. The higher εr,max values for the doped PZT layer

devices indicate a flatter energy landscape for domain wall pinning
due to doping. A 1% doping implies that in a given direction, there
is an arbitrarily oriented dipole defect in every cube with a side of
4–5 unit cells (this is generally less than the thickness of a non-180°
domain wall). We conjecture that the original energy landscape has
energetically deeper pinning sites, which are more widely spaced
from each other (we expect that the grain boundaries constitute the

FIG. 3. (a) Remanent polarization, (b) average coercive field, and (c) and self-
bias field vs the number of cycles.
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pinning sites, causing locally enhanced strain). The defects intro-
duced by the dopants may relax the local strain and thus reduce
the depth of the pinning potential, thus increasing AC susceptibility.

C. Ferroelectric response stability behavior

The stability of the ferroelectric response (aging behavior) of
the epitaxial PMN-PT films on doped and undoped PZT interfacial
layers was tested by subjecting the devices to a high number (108)
of switching cycles. Aging behavior in terms of remnant polariza-
tion, positive and negative coercive fields [Ecþ and Ec�], a self-
bias field [Esb ¼ (Ecþ þ Ec�)/2], and an average coercive field
[Ec, av ¼ (Ecþ � Ec�)/2] vs number of cycles is shown in Fig. 3.
The PMN-PT film on the doped or undoped PZT interfacial layer
shows very good ferroelectric response stability against the
number of switching cycles. Hardly any changes in the remanent
polarization, the coercive field, and the self-bias field are observed
for these films up to 108 cycles. This reflects the stability of the
ferroelectric loop under cycling. The PMN-PT film directly on
the SRO/STO shows a slight decrease of remanent polarization
and decrease of the width of the hysteresis loop (decreasing Ec,av),
whereas the self-bias is constant.

IV. CONCLUSIONS

Perovskite phase and (001) orientation pure epitaxial
PMN-PT films have been prepared on an STO substrate with SRO
electrodes. Hard and soft doped PZT interfacial layers as well as
undoped PZT interfacial layers were used in between bottom SRO
and PMN-PT layers.

Significant differences in ferroelectric and dielectric properties
are observed, whereas the piezoelectric properties are very similar.
The steepness of the P–E loop is reduced by an undoped or a
Fe-doped PZT layer, compared to a device with an Nb-doped PZT
interfacial layer or without a PZT interface layer. The dielectric
constant was nearly doubled by the use of an Nb-doped PZT layer,
as compared to an undoped (or no) PZT interface layer. The use of
a PZT layer (doped or undoped) slightly enhances the low field
effective piezoelectric coefficient. All devices are remarkably stable
under up to 108 bipolar cycles.
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