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Enhanced polarization is reported in ferroelectric (Pb,_,La,)(Zrys5,Tip45)O3 (PLZT) thin films at low La
doping concentrations. Epitaxial PLZT thin films with varying La concentrations were grown in both (001)
and (111) crystallographic orientations using the conducting perovskite oxide Lag;Sro3MnOs as the top and
bottom electrodes on SrTiO; substrates by pulsed laser deposition. Dilute doping of La (0.1-0.5 at. %) was found
to enhance the remanent polarizations in the PLZT films irrespective of their orientations. An increase in the
remanent polarization by a factor of two is observed in the 0.5 at. % La doped PLZT thin film as compared to the
undoped (Pb)(Zry 5, Tig.45)O3 (PZT) film. The increase in polarization in the PLZT thin films was associated with
the tetragonal distortion of the PLZT lattice due to the substitutional doping of La at the Pb sites, as evidenced
from x-ray and microstructural analyses. Using the structural and polarization data, a linear correlation between
the square of the remanent polarization and crystal-lattice distortion is obtained in the PLZT system, which
corroborates with the Landau-Ginsburg-Devonshire thermodynamic model of lattice distortion-induced change
in spontaneous polarization. This paper provides a novel route to enhance polarization in PLZT films, which is

crucial for the coherent design of high-performance PZT-based ferroelectric and piezoelectric devices.
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I. INTRODUCTION

Pb(Zry.5,Tip 43)03 (PZT) is the state-of-the-art material for
applications in high-power transducers, microelectromechan-
ical devices, and nonvolatile memories, owing to its high
ferroelectric (FE) polarization and piezoelectric coefficients
[1-5]. Regardless of the recent environmental concerns on the
toxicity of lead, PZT has remained the industry standard piezo-
and FE ceramic, since few of the currently available Pb-free FE
materials have shown properties comparable to PZT [5-7]. The
PZT has high mechanical and chemical stability, allowing its
safe encapsulation for device fabrication, and the Pb in PZT is
stable in the oxide form. The PZT thin films and nanostructures
are used in sensors, actuators, field emitters, high-frequency
electrical components, and tuneable microwave circuits [§—14]
and have also been proposed for use in magnetoelectric (ME)
memories and in electrocaloric solid-state coolers [15-20].
Realization of novel device applications and improvement
of the existing technologies have thus created a constant
demand for high-quality PZT thin films exhibiting enhanced
polarization properties.

In this regard, property modification of PZT for specific
applications by doping the A (Pb) or B (Zr/Ti) sites of
the ABO;-type PZT unit cell with rare earth elements has
been intensely investigated [21-24]. Donor-type dopants such
as La’t, Nb>*+, Ce3*, and Ta’* can enhance the electronic
properties of PZT by enhancing domain wall mobility [22-24].
In particular, La-doped PZT (PLZT) has been a widely studied
FE ceramic for its high optical transparency and desirable
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electro-optic properties, making it well suited for applications
in light shutters, coherent modulators, color filters, and image
storage devices [25,26]. Aliovalent doping of La in PZT
influences its microstructure to enhance the dielectric and
the piezoelectric properties, both in bulk and thin film forms
[27-31].

In PLZT ceramics, the substitution of La3* for Pb*t
ions necessarily leads to vacancies on the A sites, causing
displacement of the ions in the PLZT unit cell and therefore
lattice distortion [32]. In general, when a La** ion replaces
a Pb>* ion in the perovskite PZT unit cell, it induces lead
vacancies (Vpp!) in order to maintain its electrical neutrality
[25,26,30]. The density of such defects is governed by the La
doping concentration [30]. The presence of the Lap,® defect
in the vicinity of Vpp!l leads to immobile (Lapy® — Vpb”)—type
defect dipoles within the PLZT unit cell. These defect dipoles
generate random fields that may destabilize the local domain
structure. The lowered stability of the domain structure against
external fields then could potentially facilitate the domain
wall motion in PLZT and influence its piezoelectric and FE
properties [26-31]. However, the underlying mechanism for
this effect is still not completely understood and is the subject
of continuing research [33].

The effects of La doping on the FE properties of PLZT
bulk ceramics have been well studied [34-39]. Increased
squareness of the FE hysteresis loop and decreased coercive
fields have been reported in bulk PLZT ceramics at low La
doping [34-37]. Rossetti et al. have reported that substitution
of as little as 0.2 at. % La in bulk PZT ceramics can create
significant tetragonal distortion of the crystals and change
their spontaneous polarization (Py) [36]. Although the origins
of such spatial variations of the Py in PLZT ceramics were
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unclear, Rossetti et al. evidenced changes in the microdomain
structure of PZT as a result of low La substitution [38,39].

While the investigation of the microstructure-property
relationships in PLZT thin films is necessary for device
applications, a detailed literature survey shows that the role
of La in the FE property modification of PLZT thin films
has not been unequivocally established. This is primarily due
to the scarcity of high-quality single crystalline PLZT thin
films and contradictory experimental results [40-44]. While
some groups have reported about the enhanced polarization in
PLZT films with increasing La doping concentrations [43],
others have implied that La doping lowered the remanent
polarization due to the reduction in tetragonality of the PLZT
unit cell [44]. Polycrystalline PLZT thin films have been grown
using numerous chemical synthesis routes such as sol-gel
method [40,45,46], chemical solution deposition [28,29,47],
and metal-organic chemical vapor deposition [48]. However,
proper control has remained a major issue for microstruc-
ture, grain size, porosity, and crystallinity [28,29,40,45-48].
Physical deposition techniques such as pulsed laser deposition
(PLD) are also challenging for the growth of PZT thin films
due to the high volatility of Pb in PZT that leads to its
nonstoichiometric ablation and results in Pb-deficient PZT
films exhibiting poor FE properties [49-51]. Among the few
reports regarding the PLD grown PLZT thin films, almost
all of them discuss polycrystalline PLZT thin film properties
[41,52-54]. Here, we perform an in-depth study on the
growth of epitaxial PLZT thin films with systematic control of
crystallinity, stoichiometry, grain size, surface roughness, and
doping concentrations.

Stoichiometric epitaxial PLZT thin films with low La-
doping concentrations varying as 0.1 atomic (at.) %, 0.5 at. %,
and 1.0 at. % were grown by PLD. Symmetric PLZT thin film
capacitors were fabricated in situ using the half-metallic oxide
Lag 7S19p3MnO3; (LSMO) as the top and bottom electrodes on
single-crystal SrTiO3 (STO) (100) and STO (111) substrates
[55]. We report highly enhanced remanent polarization (P, ~
91 uC/cm?) in 0.5 at. % PLZT (001) thin film as compared
to that in undoped PZT (001) thin film (P, ~ 49 uC/cm?)
measured under similar conditions. To our knowledge, such
high polarization values in PLZT thin films have been reported
for the first time. A strong correlation between the enhanced
remanent polarization and the crystal lattice distortion of the
PLZT unit cell at varying La concentrations is established.
This paper provides fundamental understanding of the origins
of large polarization in PLZT thin films and predicts property
design for novel FE devices for potential data storage,
electro-optic, and electrocaloric applications.

II. EXPERIMENT

A. Preparation of PLZT ceramic targets

The PLZT ceramic targets with at. % of La varying as 0%,
0.1%, 0.5%, and 1% were fabricated using standard solid state
processing technique. All chemicals (Alfa Aesar) were used
as received with a minimum assay of 99.99%. Stoichiometric
amounts of zirconium dioxide (ZrO,) and titanium dioxide
(TiO,) powders were mixed in a mortar and pestle, and then
the powder mixture was ball milled in ethanol for 24 h using 5
mm ZrO; grinding media. The slurry was dried in an oven at
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120°C, and the powder mixture was reground in mortar and
pestle and sieved through 200 um mesh. The sieved powder
was placed in an alumina (Al,O3) crucible and calcined in
the furnace at 1300°C for 4 h. The calcined powder was
divided into four parts to prepare PLZT targets with different
compositions. At this stage, 30 at. % excess PbO was added to
each mixture, and the powder mixtures were again ball milled,
dried, and sieved. The excess PbO was added to compensate
for the Pb loss during laser ablation. One part of the mixture
was used to prepare the undoped PZT target. The other three
parts were mixed with required stoichiometric amounts of
lanthanum dioxide (La,O3;) to prepare PLZT targets with
varying at. % of La. The prepared powder mixtures were again
ground in mortar and pestle and ball-milled in ethanol for 24 h.
After that, slurries were dried in the oven at 120 °C, ground,
placed in Al,O3 crucibles, and calcined at 950 °C for 2 h. The
ball milling, drying, and grinding procedure was repeated to
ensure the homogeneous distribution of the La in the prepared
targets. The resulting powder mixtures were then cold-pressed
into cylindrical pellets (dimensions of 1” diameter and 0.5”
thickness) using a stainless steel die-punch assembly. Finally,
the pellets were sintered at 800 °C for 30 min to fabricate the
PLZT targets.

B. Insitu fabrication of PLZT thin film capacitors using PLD

PLZT thin films capacitors using LSMO top/bottom elec-
trodes were fabricated on single-crystal STO (100) and STO
(111) substrates using PLD. The details of the deposition
parameters for the optimized growth of PZT/LSMO thin films
have been reported earlier [49]. Briefly, a high purity (99.9%
pure) ceramic target of stoichiometric Lag 7Srp3MnO;3 (Kurt
J. Lesker Company) and an as-prepared PLZT target were
ablated in sequence using a KrF excimer laser (A = 248 nm,
frequency 10 hz) with fluences of 2 and 3 J/cm? at the target
surface, respectively. The deposition chamber was equipped
with a multitarget carousel that allowed for the in sifu
deposition of multilayers with clean interfaces. A distance
of 6 cm was maintained between the substrate and the targets
during the depositions. In the optimized synthesis process,
initially a 100 nm thick epitaxial thin film of LSMO was
deposited on each of 0.5 x 1cm? STO (100) and STO (111)
substrates kept under the same conditions at 750 °C under an
ambient oxygen pressure (pO,) of 10 mTorr. This initial LSMO
layer acted as the bottom electrode during the polarization of
the PLZT thin films. The subsequent PLZT layer was deposited
at 550 °Cunder a pO, of 500 mTorr with a thickness of 300 nm.
A shadow mask was used during the PLZT layer deposition
to preserve an open access to the LSMO bottom electrode.
After the PLZT layer deposition, top LSMO electrodes of
100 pm in diameter and 50 nm thickness were deposited using
a shadow mask at 550°C under a pO, of 10 mTorr. After
deposition, the PLD chamber was flooded with pure oxygen
(500 mTorr), and the samples were gradually cooled down
to room temperature (approximately 2 h). For comparison,
undoped Pb(Zr 5, Tip 43)O3 thin films were also grown under
the same conditions.

C. Characterizations

The phase purity, crystalline quality, and degree of texturing
in the PLZT thin films were characterized by x-ray diffraction
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(XRD) with a Bruker AXS D8 diffractometer equipped with
high-resolution Lynx Eye position-sensitive detector using
Cu Ko radiation (A = 1.5418 A). The in-plane epitaxy was
determined from XRD azimuthal (¢) scans using a Philips
X’pert diffractometer equipped with a three-dimensional (3D)
goniometer. High-resolution reciprocal space maps (RSMs)
were acquired with a Panalytical PW3050/65 X’Pert PRO HR
diffractometer using a four-bounce primary monochromator
on the incident beam (leaving only Cu-Ka1, A = 1.54098 A)
and a three-bounce analyzer crystal before the proportional
point detector. The surface morphologies were observed using
an atomic force microscope (AFM) (Digital Instruments III).
The interfacial microstructure in the PLZT/LSMO thin films
was analyzed using high-resolution transmission electron
microscopy (HRTEM; FEI Tecnai F 20 S-Twin TEM). The
sample for cross-sectional TEM analysis was prepared by
milling a 5 um x 10 um rectangular strip that was 100 nm
in thickness from the film surface using a focused ion beam
(FIB) (JOEL 4500 FIB/SEM) and Pt-welding it to a Cu TEM
grid. Energy dispersive spectroscopy (EDS) attached to the
TEM was used for compositional analysis.

D. The FE polarization measurements

The polarization measurements of the fabricated PLZT
thin film (using LSMO top/bottom electrodes) capacitors
were performed at different temperature using a commercial
Precision LC Ferroelectric tester (from Radiant Technologies,
Inc.) equipped with a microprobe station. During the hysteresis
measurements, a constant standard bipolar input profile was
used at 100 ms period but varying the driving voltages from 1 V
to 9 V. The leakage current densities (Ji) in the PLZT thin film
capacitors were also measured by applying a stress voltage of
9 V for a period of 1 s (soak time). The polarization-electric
field (P-E) loops were collected independently from several
(>20) top LSMO electrodes that were found to be consistent.
Repeatability of the polarization values were confirmed using
a second series of PLZT thin films grown under the same
conditions from the original targets (after polishing and
cleaning their surfaces to get rid of any postablation surface
irregularities). The FE hysteresis loops reported here have been
corrected for contributions from leakage currents.

III. RESULTS AND DISCUSSION

Henceforth in the text, PLZT thin films with at. % of La
varying as 0%, 0.1%, 0.5%, and 1% will be denoted as undoped
PZT, 0.1 at. % PLZT, 0.5 at. % PLZT, and 1.0 at. % PLZT,
respectively.

A. Crystallinity and orientation

The single crystalline natures of the PLZT thin films
grown on STO (100) and STO (111) substrates are evidenced
from the XRD 6-26 patterns shown in Figs. 1(a) and 1(b),
respectively. In all cases, only strong (00/) (! = 1,2, and
3) and (Ill) diffraction peaks of the tetragonal PZT phase
(Joint Committee on Powder Diffraction Standards [JCPDS]
01-070-4060) are observed along with the ({00) (I =1, 2,
and 3) and (/ll) peaks of the pseudocubic perovskite LSMO
phase (JCPDS 01-089-4461) and the single-crystal STO (100)
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and (111) substrates [in Figs. 1(a) and 1(b), respectively],
indicating the high-quality epitaxial growth of the films in
both (001) and (111) orientations [49]. No secondary phase
formations are observable within the resolution limits of
the instrument. The small lattice mismatch between LSMO
(pseudocubic perovskite, a = 3.87 A) and the STO (cubic
perovskite, a = 3.905 A) substrate allowed for their epitaxial
growth and the close proximity of their XRD peaks, as shown
in the insets to Figs. 1(a) and 1(b) [56-59].

Azimuthal (¢) scans were performed about the PZT (101)
crystallographic planes to confirm the in-plane epitaxial rela-
tionships of the PLZT (001) and PLZT (111) films. Figure 1(c)
shows a representative ¢ scan pattern; the occurrence of
peaks at regular intervals of 90° is a consequence of the
fourfold cubic symmetry of the PLZT layer in the PLZT (001)
films. Rocking curves (@ scans) performed about the PZT
(002) crystallographic planes for undoped PZT and 1.0 at. %
PLZT films shown in Fig. 1(d) yield peaks with a narrow
full-width at half-maxima (FWHM) (0.7° < Aw < 0.8°)
values, confirming the excellent out-of-plane orientation of
the PLZT (001) layers.

Figure 1(e) shows the characteristic Raman spectra of the
(001) (or c¢ axis) oriented epitaxial PLZT (001) films. As
typically observed in epitaxial thin films and nanostructures
of the tetragonal PZT phase, a distinct splitting between the
E(transverse optical [TO]) and A;(longitudinal optical [LO])
Raman modes, and broadening of the peaks is noticeable in
all the PLZT films [60-62]. In all cases, isolated broad peaks
corresponding to A1(1TO), E(3TO + 2L0O), i.e., E(silent) +
B, E(4TO), and A;(3LO) Raman modes, are observed that
match with those reported for epitaxial PbZry s, Tip 4503 (001)
thin films in their FE phase [63,64]. The observed features
indicate that our PLZT films are virtually single phase. From
Fig. 1(e), a slight shift of the E(4TO) peaks to lower frequency
is observed (indicated by a red dotted arrow) as the La doping
increased from O to 0.5 at. % in the PLZT films, while the
E(3TO + 2LO) peak positions remain unchanged (indicated
by a blue dotted line). This could possibly indicate a lattice
distortion of the PZT unit cell induced by La incorporation
in the PLZT films. This can be speculated since similar peak
shifts in the Raman spectra have been previously attributed to
the tetragonal lattice distortion of PZT in the Nd-doped PZT
thin film [65].

B. Lattice distortion of a PLZT unit cell

Figures 2(a) and 2(b) show the XRD symmetric 6-26 scans
near the PZT (002) and PZT (111) planes in PLZT (001) and
PLZT (111) thin films, respectively. A distinct shift of the
XRD peaks to lower 26 values [dotted arrows in Figs. 2(a)
and 2(b)] is observed in both PLZT (001) and (111) films
as the La doping increases from 0 at. % to 0.5 at. % with
respect to the unchanging substrate peaks position for STO
(100) and STO (111). In both (001) and (111) orientations, no
peak shift is observed for 1.0 at. % PLZT with respect to the
undoped PZT sample. It is also noted that there is a distinct
peak broadening as the doping concentration increases, which
could be associated with formation of smaller crystalline sizes
in the PLZT films as compared to the undoped PZT films. From
Fig. 2 it can be inferred that an increase in the out-of-plane
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FIG. 1. Crystallinity and orientation in (Pb;_,La,)(Zrg s, Tip45)O3 (PLZT) thin films with varying La concentrations of 0 at. %, 0.1 at. %,
0.5 at. % and 1.0 at. %, denoted as undoped PZT, 0.1 at. % PLZT, 0.5 at. % PLZT and 1.0 at. % PLZT, respectively. The XRD 60-20 patterns
for PLZT thin films grown on (a) STO (100) and (b) STO (111) substrates, respectively. (c) The XRD ¢ scans performed about the PZT (101)
plane and (d) XRD w scans performed about the PZT (002) plane for PLZT thin films grown on STO (100) substrates, respectively. (¢) Room
temperature Raman spectra for PLZT thin films grown on STO (100) substrates. Insets to (a) and (b) show the details of the STO and LSMO

peaks at small 20 ranges.

lattice parameters occur in both PLZT (001) and (111) films as
the La concentration increases from 0 to 0.5 at. %. On the other
hand, asymmetric 20-w scans about the PZT (111) planes in
PLZT (001) films, as shown in Fig. 2(c), exhibit a large shift
in XRD peaks to higher 26 values as the La doping increases
from 0 to 0.5 at. %, and again no peak shift for 1 at. % PLZT
film. Similar peak shifts to higher 26 values were observed in
the PLZT (111) films as the La doping increased from 0 to
0.5 at. % (see the Supplemental Material, Fig. S1) [66]. These
results were confirmed from the symmetric scans about PZT
(001) and (003) planes and asymmetric scans about PZT (101),
(110), and (211) planes, respectively (not shown here). Note
that the PZT planes for the asymmetric scans were carefully
chosen such that there were no contributions to the XRD peaks
from the underlying LSMO or STO layers.

The lattice parameters (a and c) of the tetragonal PLZT
unit cell were calculated for both PLZT (001) and PLZT
(111) films from the detailed XRD symmetric and asym-
metric scans, respectively. Table I summarizes the lattice
parameters and tetragonality for PLZT films in (001) and

(111) orientations. We mention here that the lattice parameters
for the pseudocubic LSMO layers (¢ = 3.887 & 0.003 A and
a = 3.897 £ 0.003 A) in all the samples were found to be very
close to that of the underlying single-crystal STO substrates [as
seen in the unchanging peak positions of LSMO (111) peaks
in Fig. 2(b)] [56,57]. The in-plane strain (¢)) and out-of-plane
strain (g, ) for the undoped PZT film were calculated using
the formula & = (a—a,)/a,, where a is the in-plane (q))
and out-of-plane (a ) lattice parameters of the film (Table I)
and a, is the in-plane (a or a, = 4.055 A) and out-of-plane
(¢ or a,, =4.110A) lattice parameters of undoped PZT
bulk single crystals (JCPDS 01-070-4060), respectively. The
undoped PZT layer experienced a minute in-plane compressive
(ey = —0.44%) and an extremely small out-of-plane tensile
(1 = 0.12%) strain, respectively. Due to this, the undoped
PZT unit cell experienced a slightly higher tetragonality of
c/a = 1.019 (Table I) as compared to that of the undoped
PZT bulk crystals of c¢/a = 1.013. However, as can be seen
in Table I, in the 0.1 at.% and 0.5 at.% PLZT thin films,
the tetragonality was even higher than that of the undoped
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FIG. 2. Lattice parameters and tetragonality in (Pb,_,La,)(Zr(5,Tip45)O3 (PLZT) thin films with varying La concentrations of 0 at. %, 0.1
at. %, 0.5 at. %, and 1.0 at. %, denoted as undoped PZT, 0.1 at. % PLZT, 0.5 at. % PLZT, and 1.0 at. % PLZT, respectively. The XRD symmetric
0-20 scans performed about the PZT (002) and PZT (111) planes for PLZT thin films grown on (a) STO (100) and (b) STO (111) substrates,
respectively. (c) The XRD asymmetric 26-w scans performed about the PZT (111) plane for PLZT thin films grown on STO (100) substrates.
(d) Lattice parameters (a and c) and tetragonality (c/a) in PLZT (001), and PLZT (111) thin films. (e) Reciprocal space map performed about
STO (103) for 0.5 at. % PLZT thin film grown on LSMO/STO (100) substrate. The LSMO (103), STO (103), and PLZT (103) peaks are
labeled. The position of the bulk is indicated with a white dot. Intensities from low to high: blue, green, yellow, red, and brown.

PZT film due to the substitution of La ion for Pb ion in the
PLZT unit cell. In Fig. 2(d), we plot the ¢, a, and tetragonality
(c/a) values for PLZT (001) and PLZT (111) unit cells as
a function of La concentration. From Fig. 2(d) it is clearly
observed that the ¢ values monotonically increase, while the a
values correspondingly decrease as La concentration increases
from O to 0.5 at. % (see Table I). This causes a large increase
in the tetragonality (c/a) of the PLZT unit cell with respect
to the undoped PZT unit cell. For 0.5 at. % PLZT (001),
the tetragonality (c/a = 1.03) is almost 2% higher than that

of undoped PZT, as can be seen in Fig. 2(d). A systematic
decrease in the unit cell volume is observed in 0.1 to 0.5 at.
% PLZT as compared to the undoped PZT in both (001) and
(111) crystallographic directions. This is consistent with the
earlier report where the cell parameters of the undoped PZT
thin film decreased with the addition of La dopant due to the
substitution of the A site in A BO3-type PZT unit cell, with the
La** ion having smaller radii than the Pb>* ion [40]. However,
as shown in Fig. 2(d) when the La concentration is increased
to 1.0 at. %, drastic reduction in the tetragonality occurs in
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TABLE L. Structural and ferroelectric properties of (Pb,_,La, )(Zry 5, Tip.45)O3(PLZT) thin films grown in both [001] and [111] orientations
with varying La concentrations as detailed in the text: lattice parameters (c and a), tetragonality (c/a), maximum polarization ( Py, ), remanent

polarization (P,), and coercivity (E.).

Lattice parameters Tetragonality Polarization
Sample Orientation c(A) a(A) c/a Ppax (WC/cm?) P, (uC/cm?)  E. (kV/cm)
Undoped PZT [001] 4115 + 0.001  4.037 + 0.002 1.019 53 + 3 49 + 2 39 + 3
0.1 at. % PLZT [001] 4120 + 0.002  4.020 & 0.003 1.025 70 + 2 60 + 3 38 + 2
0.5 at. % PLZT [001] 4128 + 0002 3.991 + 0.004 1.034 103 + 4 9l + 4 36 + 2
1.0 at. % PLZT [001] 4,110 £ 0.003 4.057 £+ 0.003 1.013 42 + 4 36 &+ 3 29 + 1
Undoped PZT [111] 4089 4+ 0.001  4.081 + 0.002 1.002 34+ 2 25 + 3 35+ 2
0.1 at. % PLZT [111] 4094 4+ 0.002  4.075 + 0.003 1.005 40 + 2 28 + 2 28 + 3
0.5 at. % PLZT [111] 4102 + 0.001  4.051 + 0.005 1.013 54 + 4 46 + 4 2+ 2
1.0 at. % PLZT [111] 4.087 £ 0.003 4.082 £ 0.004 1.001 27 £ 3 20 + 4 19 + 4

both PLZT(001) and PLZT (111) films (see Table I). This
probably indicates that with increased dopant concentration,
not all the dopants can occupy substitutional sites, but some are
restricted to the interstitial sites and grain boundaries, which
could mitigate the tetragonality.

Further confirmation of unit cell parameters for PLZT
(001) thin films grown on LSMO/STO (100) substrates was
obtained from high-resolution XRD RSMs using asymmetrical
reflections. Figure 2(e) shows a representative RSM performed
about the STO (103) peak for the 0.5 at. % PLZT thin film.
Single peaks corresponding to LSMO (103) and PLZT (103)
reflections are observed near the STO substrate peak, certifying
the epitaxial growth of both layers. While the LSMO film
peak is very close to STO—as expected given their structural
similarity—the position of the PLZT peak indicates a clear
structural relaxation due to the larger lattice parameters of
PLZT. Similar RSMs were obtained for PLZT (001) thin films
at varying La concentrations (see the Supplemental Material,
fig. S2) [66]. The out-of-plane (c¢) and in-plane (a) lattice
parameters and the tetragonality (c/a) in the PLZT (001) films,
as calculated from the RSMs (see the Supplemental Material,
Fig. S2 [66]), show the same trend as those obtained from
XRD symmetric and asymmetric scans shown in Fig. 2(d).

In summary, from the above extensive XRD analyses, it is
confirmed that substitutional doping of La in Pb sites increases
the tetragonality in the PLZT unit cell irrespective of the crystal
orientation, as evident in both PLZT (001) and PLZT (111) thin
films. The enhanced tetragonality with increasing La doping
concentration is evident in the undoped PZT, 0.1 at. % PLZT,
and 0.5 at. % PLZT thin films. However, further increase in La
doping concentration reduces the tetragonality in PLZT films
as seen in the 1 at. % PLZT thin films, which possibly could
arise when not all of the La ions substitute Pb ions but several
occupy interstitial sites or precipitates at grain boundaries.
Nonetheless, since the specific composition of PZT in this
case is near its morphotropic phase boundary (MPB), even
such small changes (1-2%) in the tetragonality of the PZT
unit cell due to La doping could have a profound effect on its
FE properties (see the Supplemental Material [66]) [67].

C. Interfaces

Cross-sectional microstructure of the PLZT thin films
revealed sharp and flat interfaces with uniform thicknesses of

the individual layers, as illustrated in the representative TEM
image for the 0.5 at. % PLZT (001) thin film in Fig. 3(a). From
the figure, indications of an out-of-plane columnar structure
can be observed in the PLZT (001) layer, which is consistent
with the ¢ axis growth of PLZT (as seen in the XRD analysis
in Fig. 1). The HRTEM image of the PLZT-LSMO interface
in Fig. 3(b) [as captured from a region marked with a red
dotted box in Fig. 3(a)] shows atomically sharp and flat phase
boundaries with continuous lattice fringes from the bottom
LSMO layer to the top PLZT layer. This clearly demonstrates
the single crystalline nature and the cube-on-cube epitaxial
growth morphology of the PLZT film. Similar HRTEM images
captured at different locations along the PLZT-LSMO interface
showed no evidence of any structural defects such as lattice
misfits or twin planes. The measured dy; spacing values for
PLZT (d = 0.391 nm) and LSMO (d = 0.389 nm) in Fig. 3(b)
are consistent with those obtained from the XRD analysis.
The HRTEM images of the bottom LSMO-STO interface also
showed single-crystalline growth with no structural defects,
as depicted in our earlier report [68]. The HRTEM image
in Fig. 3(c) exhibits the single-crystalline defect-free growth
of the PLZT layer as captured from a region marked with
blue dotted box in Fig. 3(a) and away from the PLZT-LSMO
interface. The measured dyg; spacing value for PLZT is the
same as that obtained near the interface. The (001) and (100)
crystallographic directions in the PLZT film have been marked
with white arrows. The EDS spectrum captured near this
region of the PLZT layer (during TEM analysis) exhibited
distinct peaks from the dopant La and the constituent elements
(viz. Pb, Zr, Ti, and O) of PZT, confirming the presence
of La in the PLZT layer (see the Supplemental Material,
Fig. S3 [66]). The microcrystallinity in the samples was
determined from selected area electron diffraction (SAED)
patterns captured at different regions along the interfaces
and the individual layers. Figures 3(d) and 3(e) show the
SAED patterns captured near the PZT-LSMO interfaces for
the 0.5 at. % PLZT (001) film and the undoped PZT film,
respectively. The linear dotted single-crystalline SAED pattern
in Fig. 3(d) shows the tetragonal symmetry (marked by the
white box and arrow pointing towards the ¢ axis) and the
close in-plane lattice parameters of the PLZT and LSMO
layers in the 0.5 at. % PLZT film. In comparison, the SAED
pattern obtained near the undoped PZT-LSMO interface shows
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FIG. 3. (a) Cross-sectional TEM image of the 0.5 at. % (Pb,_,La, )(Zr( 5, Tig43)O3 (PLZT) thin film grown on LSMO bottom electrode on
SrTiO;3 (STO) (100) substrate. The HRTEM images of (b) PLZT-LSMO interface and (c) PLZT layer captured from the regions marked with
red and blue boxes in (a) of the 0.5 at. % PLZT film. The images in (b) and (c) have been captured with the electron beam parallel to the [011]
direction of the PLZT lattice. The crystal planes in both PLZT and LSMO have been marked with arrows. (d), (e) The SAED patterns captured
near the PLZT-LSMO interface of the (d) 0.5 at. % PLZT film and (e) the undoped PZT film, respectively. The direction of the ¢ axis and the
tetragonal symmetry of the PZT unit cell has been indicated by the white box and arrow. Comparing the white boxes in (c) and (d), a larger
tetragonality of the PLZT unit cell can be observed as compared to undoped PZT unit cell. The arrows in (e) indicate the slightly mismatched
lattice parameter of PZT and LSMO. (f) Typical AFM image of the PLZT (001) layer exhibiting the smooth particulate-free surface with low
roughness (R,,s ~ 4 nm) and uniform grains of sizes ~170 £ 10 nm captured from the 0.5 at. % PLZT (001) film.

the presence of slightly displaced in-plane lattice planes, as
shown by red and yellow arrows in Fig. 3(e), indicating a
lattice mismatch between the undoped PZT and LSMO layers.
Further, from the marked white boxes in Figs. 3(d) and 3(e), the
enhanced tetragonality in the PLZT film can be observed, as
compared to the undoped PZT film. From the SAED patterns
in Figs. 3(d) and 3(e), the tetragonality ratio for the 0.5 at. %
PLZT layer was calculated to be c/a =~ 1.04 and that for the
undoped PZT layer was c/a ~ 1.02, consistent with those
obtained from the XRD analyses. From the TEM analysis, it
is concluded that the PLZT layer and the LSMO layer have
almost identical lattice parameters near the interface in the 0.5
at. % PLZT sample. On the other hand, undoped PZT and
LSMO have slightly mismatched lattice parameters, with the
strain-relaxed undoped PZT unit cell having a larger lattice
parameter than the underlying LSMO layer. Figure 3(f) shows
a typical AFM image of the PLZT layer exhibiting smooth
particulate-free surface with low roughness (Rps ~ 4 nm) and
uniform grains of sizes ~170 £ 10nm (consistent with the
high-quality growth of the PLZT layer). The distinct grain
growth on the PLZT surfaces suggests a relaxation of the
epitaxial strain in the 300 nm thick PLZT layer, which was also
evident in the XRD RSM in Fig. 2(e). Typically, such thin film
growth takes place via the nucleation, growth, and coalescence
of epitaxially oriented islands and results in neighboring grains
having similar crystallographic orientations. These results are
thus consistent with those obtained from the XRD analysis.

Thus, from the XRD, AFM, and HRTEM analyses, it can be
inferred that the PLZT films are relaxed so that the observed
differences in lattice parameters in the PLZT thin films are
solely due to the doping of La onto the Pb sites in the PLZT
unit cell. This leads to the conclusion that La doping rather
than strain leads to enhanced tetragonality in these epitaxial
PLZT thin films.

D. The FE properties

The P-E curves measured at varying driving voltages from
1 Vito9 V for PLZT (001) films showed well-saturated,
square, and highly symmetric hysteresis loops above a nominal
switching voltage of 3 V (see the Supplemental Material,
Fig. S4 [66]). While both the saturation polarization (Py)
and remanent polarization (P,) consistently increase with
increasing driving voltages, the coercive fields (E.) show
almost constant values, indicating negligible effects from
charged defects or space charges in these samples, which are
typically observed in PZT thin films [69—72]. Leakage current
density vs voltage (J-V) characteristics for the PLZT films
exhibited almost two orders of magnitude lower values of
leakage currents through the PLZT capacitors as compared
to those reported earlier (see the Supplemental Material,
Fig. S5 [66] and Ref. [73]). Such excellent FE properties
in PLZT thin films can be attributed to the high-quality
single-crystalline nature of the samples and the defect-free
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FIG. 4. (a), (b) The P-E curves for undoped PZT, 0.1 at. % PLZT
(Pb;_,La,Zr5,Tig4303),0.5 at. % PLZT, and 1 at. % PLZT thin films
grown along (001) and (111) orientations, respectively, measured at
driving voltage of 9 V. Insets to (a) and (b) show the schematic
diagrams of the capacitor geometries with LSMO as top and bottom
electrodes.

nature of their interfaces, as observed earlier in their XRD and
TEM analysis (Figs. 1 and 3), respectively. The P-E curves
for the 0.1 at. % and 0.5 at. % PLZT (001) thin films (see
the Supplemental Material, Fig. S4 [66]) show higher Py
and P, values than the undoped PZT thin film at all driving
voltages.

To clearly demonstrate the enhanced FE properties of PLZT
thin films at lower La doping concentrations, the P-E curves
for all the PLZT and undoped PZT thin films for both (001)
and (111) directions (measured at the 9 V) are shown in
Figs. 4(a) and 4(b), respectively. The schematic diagrams in
the insets to Figs. 4(a) and 4(b) depict the top-bottom electrode
and thin film symmetric capacitor geometries used in the
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polarization measurements. It is noted from the schemes that
the polarization direction for PLZT (001) and PLZT (111) are
along the [001] and [111] directions of the PLZT unit cell since
the electric field is applied in the out-of-plane direction. Table I
summarizes the polarization values for PLZT thin films in both
(001) and (111) orientations. The P, value for the undoped
PZT (001) film of 49(£2) uC/cm? at E, of 39(+3)kV/cm
matches well with earlier reports on epitaxial PZT (001) films
(with the same composition of PZT as here) [67,74]. Reported
P, values in PZT vary from 15 to 36 uC/ cm?(at E, range of 40
to 194 kV/cm) for polycrystalline PZT films and with higher P,
values of 45 to 54 to uC/cm? (at E, range of 3540 kV/cm)
recorded for epitaxial PZT thin films [6,31,45,49,54]. From
Fig. 4(a), it is observed that compared to the undoped PZT
(001) film, the P, values in the PLZT films progressively
increase from 60 £C/cm? for 0.1 at. % PLZT to as high as
91 ,uC/cm2 for 0.5 at. % PLZT (i.e., almost two times that
of the undoped PZT film). However, at higher La doping
of 1.0 at. % PLZT, the P, value is actually lower than that
in the undoped PZT film (see Table I). A similar trend in
polarization characteristics is observed in PLZT (111) films as
in Fig. 4(b), with increasing P, values with La concentration
for 0.1 and 0.5 at. % PLZT films as compared to the undoped
PZT film. We observe that the P, values in PLZT (111) films
are much lower than those in PLZT (001) films at all doping
concentrations, since in the tetragonal PZT unit cell the [111]
direction is the hard axis of polarization [74]. Itis noted that the
observed trend in polarization values in PLZT thin films with
increasing La concentrations is comparable to that reported
in a parallel system of donor-type Nb-doped PZT thin films
(see the Supplemental Material, fig. S6 [66] and Ref. [75]).
From the plot of E. values for PLZT (001) and (111) films
as a function of La concentrations (see the Supplemental
Material, Fig. S6 [66]), it is clear that the E, values decrease
monotonically with La concentration, as reported in bulk PLZT
ceramics [27,29,34-37] (see also the Supplemental Material
[66]). We infer that with increasing La doping concentrations,
the densities of (Lap,® — Vpb”)-type defect dipoles increase
within the PLZT unit cell. The different local environments
created as a result of these spatially dispersed defect dipoles
may affect the domain wall motion in PLZT. The interaction
of these randomly oriented defect dipoles with each other and
the polarization vector of the PLZT unit cell could possibly
assist domain switching at lower fields, consequently, leading
to lower E, values.

E. Correlation of polarization with crystal lattice distortion

In order to understand the enhanced FE properties observed
in the PLZT thin films, we looked into the correlation between
the remanent polarization and the crystal lattice distortion in
the epitaxial PLZT thin films. From Table I it is observed
that under varying La concentrations, PLZT thin films have
different tetragonality (c/a) and associated P, values. The
difference in the lattice parameters ¢ and a values is the
measure of the lattice distortion (c/a — 1) in the tetragonal
PLZT unit cell. Using the Landau-Ginsburg-Devonshire type
thermodynamic model, it is known that the spontaneous
polarization (Ps) induced by the lattice distortion of a FE unit

174304-8



ENHANCED FERROELECTRIC POLARIZATIONIN ...

cell is related by [76]
QP =cla—1, (0

where Q is the electrostrictive coefficient (in standard nota-
tion). In our case, Eq. (1) can be modified to the following:

QP?’=c/a—1, 2)

since P, is the macroscopic measurement of P; for a defect-
free tetragonal PLZT film. Using the structural and FE data
from Table I, we plotted the square of the P, vs the lattice
distortion (c/a — 1) for the different La doping concentra-
tions, as shown in Fig. 5(a) for PLZT (001) and PLZT (111)
films. A quasilinear relationship is observed; from the slopes
of the linear fits of the data, the Qo value was calculated to
be 0.072 (& 0.005)m*/C?, and the Q;1; value was calculated
to be 0.069 (£ 0.004) m*/C2. The Qqy; and Q,;; values are
close to each other since the compositions of PLZT films are
the same in both orientations. However, the electrostrictive
coefficient in PLZT films are higher than that reported by
Morioka et al. (Q = 0.049 m*/C?) for ¢ axis oriented undoped
PZT (001) thin films [77]. The calculated Q value in our
case is indeed very close to that of the reported theoretical
value, Q;; = 0.089m*/C? in single-crystal PbTiO; [78].
The excellent agreement of the experimental data with the
theoretical values and the higher Q values observed in the
PLZT films demonstrate the enhanced polarization behavior
in PLZT as a result of lattice distortion with incorporation of
Lain PZT. The estimated P, value in the 0.5 at. % PLZT (001)
film (P; ~ 91 uC/cm?) is higher than the theoretical value
(P, = 70 uC/cm?) calculated for undoped PZT single crystals
[79]. It has been reported that higher tetragonality (as high as
1.06) can lead to an even higher P, value (P, = 110 .C/cm?),
which was reported by Vrejoiu et al. for epitaxial PZT thin
films with different compositions (PbZry,TipgO3) than in
our case [80]. Since the Py value in PZT decreases as the
composition reaches the MPB [69], it is expected that our
values are lower than those reported by Vrejoiu ef al. [80]
since our PZT composition is near the MPB. Morioka et al.
[77] also showed the relationship between P; and (c/a — 1)
for tetragonal PZT over a wide range of PZT compositions.
From the corresponding curve (as shown in Fig. 5 of their
paper) [77], a tetragonality of 1.034, as in our 0.5 at. % PLZT
film (see Table I), would result in a theoretical maximum P,
of ~ 97 uC/cm?, which is very close to our reported value
(P; ~ 91 uC/cm?) for the specific PZT composition in this
paper.

From the foregoing arguments, it can be summarized that
low La substitution in tetragonal PZT thin films results in
lattice distortion and enhanced tetragonality of the PLZT unit
cell. This consequently creates a larger displacement of the
Pb”* ions with respect to the body center of the perovskite
PLZT unit cell as compared to the undoped PZT cell, as shown
schematically in Fig. 5(b), consequently, enhancing its spon-
taneous polarization. The enhanced spontaneous polarization
under the application of an external applied electric field (E)
(shown by a thick red arrow) manifests itself macroscopically
as enhanced remanent polarization, as recorded in these
epitaxial PLZT thin films. Since the solubility of La in bulk
PZT for a composition near its MPB (as in this case) is
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FIG. 5. Correlation between lattice distortion and polarization in
PLZT thin films. (a) Plots of squares of remanent polarization (P,)
and lattice distortion (c/a — 1) in the PLZT thin films grown along
(001) and (111) orientations, denoted as PLZT (001) and PLZT (111),
respectively. The linear fits of the data are also shown by red and
blue lines. (b) Schematic illustration depicting the enhancement in
tetragonality in the undoped PZT unit cell as a result of substitutional
doping of La3* in the Pb?* sites in the PLZT unit cell (shown by
curved blue arrows) and the creation of defect dipoles between the
substituted La3* and Vp,>* dipoles within the PLZT unit cell (shown
by straight upright violet arrow). The direction of applied field is
shown by a red arrow.

as low as a few atomic percent (<2 at. %), slight excess
La doping could result in the precipitation of mixed phases
such as La,Zr,0; and La,Ti,O;, which could be detected
using XRD in bulk samples [1]. However, in these epitaxial
PLZT thin films microprecipitates resulting from any excess
La doping was undetected even in the 1 at. % PLZT sample
within the resolution limits of the XRD. On the contrary, the
cross-sectional HRTEM image captured near the PLZT-LSMO
interface for the 1 at. % PLZT film showed a possible
indication of nanosized precipitates of secondary impurity
phases (as shown in the Supplemental Material, Fig. S7 [66]),
which could be associated with excess La doping in the 1
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at. % PLZT thin film. The SAED pattern captured near the
PLZT-LSMO interface for the 1 at. % PLZT thin film (as
shown in the Supplemental Material, Fig. S7 [66]) clearly
shows single crystalline growth. The red and yellow thick
arrows in Fig. S7b of the Supplemental Material [66] indicate
the mismatched lattice parameters of 1 at. % PLZT and LSMO
layers. Comparing the SAED patterns for the undoped PZT
[Fig. 3(e)] and the 1 at. % PLZT (Fig. S7 of the Supplemental
Material [66]), thin films reveal their similar tetragonality, as
also evidenced in the XRD analyses.

IV. CONCLUSIONS

We report on the enhanced polarization observed in tetrago-
nal PLZT thin films as aresult of low La doping. Both (001) and
(111) oriented epitaxial PLZT thin film capacitors were fabri-
cated using the conducting oxide LSMO as the top and bottom
electrodes on lattice-matched STO substrates under optimized
growth conditions in PLD technique. Detailed investigation
on the structural and FE properties reveal enhanced tetragonal
distortion and dramatic improvement in FE polarization in
the PLZT films as compared to undoped PZT irrespective
of their orientations. Since the films are relaxed at 300 nm
thicknesses, the enhanced properties are solely due to the
La doping in PLZT rather than strain. Symmetric hysteresis
loops with record high remanent polarizations of 91 uC/cm?
at 9 V applied voltage were achieved in 0.5 at. % PLZT
(001) thin film, which exceed all previously published values
in PLZT thin films. The experimental data match well with
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the theoretical model for lattice-distortion induced change in
spontaneous polarization in the PLZT unit cell. With the results
presented here, we have empirically shown that the remanent
polarization can be increased drastically at reduced coercive
fields in PZT via low La doping. The understanding of such
property enhancements via doping induced crystal distortion
could be used in the design of new PZT-based FE devices
with superior property coefficients and functionalities. Such
high remanent polarization, as observed in our PLZT thin
films, could be of potential advantage for data storage and
electrocaloric applications.
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