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Abstract

Lead zirconate titanate (PZT) thin film nanostructures with a high degree of biaxial texturing
and good ferroelectric properties have been prepared by facile chemical solution deposition on
(001)—oriented STO:Nb and LSMO/STO:Nb substrates using a poly(ethylene—co—butylene)—
block—poly(ethylene oxide) diblock copolymer as structure—directing agent. The samples were
thoroughly characterized by electron microscopy, synchrotron—based grazing incidence small—
angle X-ray scattering, X—ray diffraction (including 6-26, w, and ¢ scans), X—ray photoelectron
spectroscopy, time—of—flight secondary ion mass spectrometry, and by ferroelectric polarization
switching and fatigue measurements. We show that (1) the cubic mesostructured films with 16
nm diameter pores can be crystallized to produce single phase perovskite PZT with retention of
nanoscale order, (2) the sol-gel derived material has an in—plane texture of ~1.9° and an out—of—
plane texture of ~1.5°, and (3) the top surface is Zr—rich (the composition in the interior of the
films is closer to the targeted composition of PbZr s, Ti94303). The coercive field and remanent
polarization of approx. 100 nm—thick films derived from dynamic P—E experiments are ~250 kV
cm ' and ~25 pC em ™ (~7 pC cm  after subtracting the non—switching components). Despite
the use of Au top electrodes, the nanocrystalline samples show reasonable fatigue performance.
All these features render the mesoporous PZT thin films attractive, e.g., for producing strain—

coupled composite multiferroics.
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Introduction

Despite the efforts to move towards lead—free electronics over the past years," lead zirconate
titanate (PbZr,_, T1,03, PZT) still plays a major role in the electroceramics industry today. Ferro—
or piezoelectric materials in thin film format are widely used in non—volatile random—access
memory (NVRAM), dynamic random-access memory (DRAM), micro—electro—mechanical
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systems (MEMS), and other devices.”' For example, applications of high performance

piezoelectric MEMS include transducers, actuators, micro—pumps, and inkjet printheads, to
mention only a few.* 2

PZT materials, in particular, have been shown to outperform many other piezoelectrics, which
is due in part to the large room-temperature electromechanical coupling factors.'>'* The
maximum values of the latter coupling factors, the piezoelectric coefficients, and the dielectric
permittivity occur in the immediate vicinity of the so—called morphotropic phase boundary (Zr/Ti
= 52/48).">'® This boundary results from the metastable coexistence of the tetragonal and
rhombohedral phases with six and eight equivalent polarization directions, respectively.'’

Research over the past several decades has demonstrated that the ferroelectric behavior of PZT
thin films can be strongly affected by the choice of the top and bottom electrodes, the Zr/Ti ratio,
and by the deposition method used.'®"” However, the microstructure, texture, film thickness, and
other parameters also have significant effects on the electrical polarization properties.®
Among other things, it has been shown that the use of La;_,Sr,MnO3/SrTiO3:Nb heterostructure
substrates — referred to as LSMO/STO:Nb in the following — instead of bare STO:Nb single
crystal substrates as back electrodes is beneficial for preventing polarization loss due to
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leakage. The reason for this can be found in the conduction mechanisms of the electrode

materials with LSMO and STO:Nb being p—type and n—type conductors, respectively, and the



fact that PZT can be regarded as a wide bandgap p—type semiconductor. Thus, the electrode—
ferroelectric interface junctions are much more favorable for the PZT/LSMO than
PZT/STO:Nb.*>*

In the present work, we describe for the first time the fabrication of ordered mesoporous thin
film ferroelectrics of single phase perovskite PZT on (001)-oriented STO:Nb and
LSMO/STO:ND substrates via facile solution—phase co—assembly of ordinary sol—gel precursors
with a poly(ethylene—co—butylene)-block—poly(ethylene oxide) diblock copolymer.”’ In this

829 the organic polymer, which is also

evaporation—induced self—assembly (EISA) synthesis,
referred to as KLE,*" acts as structure—directing agent. In recent years, we have shown that KLE
has superior templating properties and produces nanostructured materials with large ordering

3132 The latter is a major advantage as such materials can be more easily crystallized

lengths.
while retaining the porosity and periodicity. Both the requirements on polymer structure—
directing agents in general and the fundamental principles of self-assembly and soft-templating
have been described in excellent reviews elsewhere and, therefore, are not discussed here.?**
Apart from the synthesis, we show that the KLE—templated PZT thin films exhibit good
ferroelectric properties and further have a high degree of biaxial texturing, that is, they possess
both in—plane and out—of—plane preferred orientations. Biaxial alignment is common in sol—gel
derived (bulk) materials deposited on single crystal substrates, but is unique for polymer—
templated ordered mesoporous metal oxide films. This property alone makes the samples
employed in this work interesting for fundamental studies. Here, we use the mesoporous
nanocrystalline PZT as a model system to examine the influence of the morphology and

microstructure on the polarization switching and fatigue behavior relative to bulk thin films.

Overall, we believe that the integration of mesoporosity with texture—specific properties paves



the way to broaden the scope of application of this and other related materials (e.g., due to the

wealth of novel opportunities for device design).

Experimental Section

Materials: Pb(OAc),x3H,0 (99.99%), Ti('OPr)4 (99.99%), Zr(OBu),; (80 wt.—% in butanol),
glacial acetic acid (99.99%), absolute ethanol, and 2—methoxyethanol were purchased from
Sigma—Aldrich and ABCR, respectively. Polished 0.5 wt.—% Nb—doped SrTiO; (STO:Nb) single
crystal substrates with (001) orientation and a total area of 0.5x1.0 cm® were purchased from
SurfaceNet GmbH, Germany. Lagg3;Sry17MnO3/STO:Nb (LSMO/STO:Nb) heterostructure
substrates were prepared by large—distance radio frequency (rf) magnetron sputtering.* In brief,
optimal conditions include both a substrate temperature of ~780 °C and an oxygen—to—argon
ratio of 40% (O,/Ar+0,), with a working pressure of 1.8 Pa. After LSMO deposition, the
heterostructure  substrates were cooled to room—temperature in pure oxygen.
H[(CH,CH3)y 67(CH,CHCH,CH3) 33]39(OCH,CH;)70H (KLE) was used as polymer structure—

directing agent in this work.***

This polymer was synthesized by anionic polymerization of
ethylene oxide using a “Kraton Liquid”—type w—hydroxypoly(ethylene—co—butylene) precursor
polymer as macroinitiator.**

Thin Film Synthesis: A solution made from 50 mg of KLE, 1.5 mL of ethanol, 0.15 mL of
glacial acetic acid, and 0.6 mL of 2-methoxyethanol is combined with 137 mg of
Pb(OACc),*3H,0 (10% excess to compensate for lead loss during thermal annealing at elevated
temperatures), 44 mg of Ti('OPr),, and 82 mg of Zr(OBu), in butanol. After stirring the slightly

opaque solution for 30 min — micellar aggregates are already present because of the low cmc of

the large diblock copolymer KLE — thin films can be deposited via dip coating on (001)—oriented



STO:Nb and LSMO/STO:ND substrates. Optimal conditions include room—temperature relative
humidities of 18-22% and constant withdrawal rates of 5~10 mm s . For best results, the as—
made films are directly transferred to an oven at 140 °C for 15 min and then heated to 300 °C
using a 90 min ramp followed by aging for 12 h. Finally, the films are heated to 650 °C at a rate
of 10 °C min "' followed by aging for 5 min and subsequent quenching to room—temperature.
Characterization Methods: Bright—field transmission electron microscopy (TEM) and field—
emission scanning electron microscopy (FESEM) images were taken with a CM30-ST from
Philips at 300 kV and a MERLIN from Carl Zeiss at 5 kV, respectively. X—ray reflectivity
(XRR) and high-resolution X-ray diffraction (HRXRD) measurements were carried out on a
Bruker D8 Discover diffractometer equipped with a Ge(022)x4 asymmetric monochromator (4 =
0.15418 nm, sample—to—detector distance = 26 cm) and a PathFinder scintillation point detector.
Grazing incidence small-angle X-ray scattering (GISAXS) patterns were collected at the
German synchrotron radiation facility HASYLAB at DESY on beamline BW4 (1 = 0.1381 nm,
beam size = 23 pum (vertical) x 30 um (horizontal), incident angle = 0.2°, sample—to—detector
distance = 1779 mm,) using a MarCCD area detector (pixel size = 79 pm, resolution = 2.03x10~
nm ' px ', counting time = 2x150 s). DPDAK 0.3.0 software was used for data analysis. X-ray
photoelectron spectroscopy (XPS) spectra were acquired on a VersaProbe PHI 5000 Scanning
ESCA Microprobe from Physical Electronics with monochromatic Al-Ka X-ray source and a
hemispherical electron energy analyzer at an electron takeoff angle of 45°. The C s signal from
adventitious hydrocarbon at 284.8 eV was used as energy reference to correct for charging. The
films were also analyzed by time—of—flight secondary ion mass spectrometry (ToF-SIMS) using
a ToF-SIMS 5-100 from ION-TOF GmbH. A primary beam of Bi" ions (E = 25 keV, I, = 1.84

A, spot size = 100x100 um?, dose density = 2.69x10" c¢m™) was used to generate secondary
pA, Sp H



ions. Sputter etching was carried out using a beam of O, ions (E = 1 keV, Iy = 297.1 nA, spot
size = 200%200 um?, dose density = 1.12x10" cm™?). The ferroelectric properties were analyzed
using a TF Analyzer 1000 from aixACCT Systems GmbH. The film thickness was determined
with an Alpha Step IQ Surface Profiler from KLA Tencor. Crystal Impact Diamond 3.2i

software was used for crystal structure visualization.

Results and Discussion

In brief, in a typical synthesis, the inorganic sol-gel precursors are dissolved together with the
diblock copolymer KLE in a mixed solvent of ethanol and 2-methoxyethanol. In addition,
glacial acidic acid is added to the colorless solution to slow down the hydrolysis/condensation
reactions or, in other words, to prevent phase separation. Thereafter, films with thicknesses in the
submicrometer range can be produced via room—temperature spin or dip coating at relative
humidities of 18-22%. In the present work, we used electrically conductive (001)—oriented
STO:Nb and LSMO/STO:Nb both as single crystal substrates and as back electrodes. The
LSMO/STO:Nb heterostructure substrates with an 11.7 nm-thick, fully strained LSMO(00/)
buffer layer (see also X-ray reflectivity data in Figure S1 in the Supporting Information [SI])
were prepared by rf magnetron sputtering. The experimental details are described elsewhere.*
We note that the LSMO buffer layer has no notable effect on the self-assembly process and the
microstructure of the PZT thin films. The best results in terms of pore ordering and structural
homogeneity are achieved when the as—made films are directly transferred to an oven at 140 °C.
This means that no elaborate treatment steps are needed prior to annealing, which helps reducing
the synthesis time significantly. Lastly, the films are submitted to a straightforward multistep

calcination process to stabilize the mesostructured inorganic/organic composite framework,



make the material porous, and crystallize the amorphous wall structure to obtain single phase
perovskite PZT.

The nanoscale structure before (300-600 °C) and after crystallization (600—-650 °C) was
analyzed by a combination of field—emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), and grazing incidence small-angle X-ray scattering
(GISAXS). Panels (a) and (b) of Figure 1 show top view FESEM images of a KLE—templated
PZT thin film heated at 650 °C for 5 and 10 min, respectively. It can be clearly seen that the pore
structure is retained to a large extent throughout crystallization (and probably partial grain
growth). However, as is evident from the data, the pore—solid architecture is much less affected
after 5 min of calcination, which is the reason for choosing this thermal treatment for all films.*
In addition, it can be seen that the top surface is crack—free on the micrometer level (see also
low—magnification top view and cross—sectional FESEM images in Figure S2 in the SI) and the
pore cavities are rather uniform in size and shape with an average in—plane diameter of 16 nm.
The cross—sectional FESEM image in panel (c) establishes that the network of pores persists
throughout the bulk. This result is also confirmed by bright—field TEM studies. The imaging data
in panel (d) show the so—gel derived material is, in fact, mesostructured with cubic pore
symmetry and wall thicknesses in the range of 812 nm (see also TEM images at different
magnifications in Figure S2 in the SI). Overall, the microscopy results lead us to conclude that
the self-assembled PZT thin films are thermally quite stable: they are well-defined at the
nanometer length scale and seem free of major structural defects, making them interesting as a
model system to study the ferroelectric properties of a solution—processed material that could

enable novel functional device design that cannot be achieved with dense layers.



Figure 1. Morphology of KLE—templated PZT thin films heated at 650 °C for 5 min (a, ¢, d) and
10 min (b), respectively: (a, b) top view FESEM images at different magnifications; (c) cross—
sectional FESEM image showing the pore network to persists throughout the bulk; (d) bright—

field TEM images at different magnifications.

As mentioned above, the changes in nanoscale structure during thermal treatment were also
followed ex situ by synchrotron—based GISAXS. Figure 2 shows GISAXS patterns obtained on
a KLE—-templated PZT thin film heated at different annealing temperatures of 300, 500, 600, and
650 °C. In order to ensure that the GISAXS results provide reliable information about the film
structure, the intensity distribution in the scattering plane from a vertical line cut (“detector
scan”)*® was compared to that of conventional SAXS experiments conducted in 626 geometry

using a laboratory diffractometer. As can be seen in Figure S3 in the SI, the corresponding



patterns are in good agreement showing a distinct peak at g300 °C) = 1.30 nm'; therefore, the
GISAXS data are reliable and representative. From Figure 2, it is apparent that amorphous
material produces patterns with in— and out—of—plane scattering maxima. These maxima are
characteristic of a cubic mesostructure, but a clear assignment is not possible. Nevertheless, it
should be noted that the top surface with primary hexagonal symmetry (see Figure 1) argues
against a body—centered cubic structure with (110) orientation relative to the plane of the
substrate. Instead, it seems more likely that the scattering maxima can be associated with the
formation of a distorted (111)-oriented face—centered cubic mesophase.*” ™ Both of these
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structures are common in KLE-templated inorganics. The degree of order is not as high as in

2,34,42,53,54 .. .
3234423338 the vast majority are binary

other polymer—templated non-silicate thin films
transition metal oxides — but the material studied in this work is rather complex from a chemical
point of view in that three different sol—gel precursors were used in the synthesis. Furthermore, it
can be seen that the material undergoes large unidirectional lattice contraction, namely,
perpendicular to the substrate plane. This change in volume is triggered by
hydrolysis/condensation and combustion reactions on heating. The very same reactions also lead
to more intense in—plane signals due to a steady increase in scattering contrast (Ap). Lastly, the
GISAXS data show that calcination at $ > 600 °C is accompanied by scattering intensity loss in
the g,—direction, that is, in the scattering plane. However, the lack of strong scattering after
crystallization is not surprising and can be explained by structural changes in the pore network.
Such changes have a more significant effect on the pore ordering in the direction perpendicular

to the substrate due to the morphological anisotropy of the films with far fewer repeat units in the

q-—direction.
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In addition to the GISAXS patterns, line cuts along the highest intensity in the g,—direction
(intensity distribution parallel to the substrate plane) are shown in Figure 2. These horizontal
cuts provide more insight into the lateral film structure and further confirm that the in—plane
lattice contraction is, in fact, negligible since there is no notable shift in the position of the first
order peak at ¢, = 0.26 nm ' with increasing annealing temperature. The shoulder at the higher
scattering vector side of the fundamental peak is presumably due to random stacking faults or, in
other words, due to the presence of domains with both hexagonal and square arrays of pores, as
already indicated by the micrographs in Figure 1.*” Because the footprint area of the incident X—
ray beam was rather large, such local inhomogeneities can be easily seen in the data. More
importantly, however, the line cuts demonstrate that the lateral film ordering is affected only to a
limited extent by the crystallization — even higher order maxima can still be observed very
clearly. Thus, the GISAXS results corroborate the electron microscopy data, and collectively
they provide ample evidence that the distorted cubic pore network is largely preserved after

heating the films at 650 °C for 5 min.
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Figure 2. Synchrotron—based GISAXS patterns, with logarithmic intensity scaling, at an incident
angle of 0.2° obtained after heating a KLE—templated PZT thin film at 300 °C for 12 h (a), and
500 (b), 600 (c), and 650 °C (d) for 5 min, respectively. The intensity color map is shown above.
Horizontal line cuts, with 8 pixel line width, made along the highest intensity (indicated by the

red arrow in panel (a)) are given below each pattern.

High—resolution X-ray diffraction (HRXRD) studies in 6-26 geometry demonstrate the
crystallinity of the KLE—templated PZT thin films. Panel (a) of Figure 3 shows a HRXRD
pattern of a film deposited on LSMO/STO:NbD heterostructure substrate. In the range of 26 from

18° to 52°, only two peaks — namely, the (001) and (002) reflections — corresponding to the
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perovskite PZT phase can be observed.”® In addition, HRXRD indicates the epitaxial growth of
single-phase, fully strained LSMO(00/) with lattice parameter ¢ = 3.85 A on (001)—oriented
STO:Nb; more details are given elsewhere.”” To better characterize the crystallinity of the
mesoporous PZT with regard to texture and uniformity, both a ¢ scan, by tilting y to 44.56°, on
the (110) reflection and an @ scan (rocking curve measurement) on the (001) reflection at 26 =
21.84° were conducted. The ¢ scan in panel (b) shows four—fold symmetry — one distinct peak
every 90°.°° The line width of the peaks as full-width at half-maximum (FWHM) was
determined to be 1.9°, thereby indicating pronounced in—plane alignment. The out—of—plane
alignment (degree of preferred orientation to the substrate) was estimated from the rocking curve
in panel (c). These data suggest inhomogeneities throughout the bulk of the films. More
specifically, curve—fitting yields two components with FWHM values of 0.05° and 1.5°. At this
point, we presume that the PZT domains grow epitaxially only in the vicinity of the
substrate/film interface, that is, in a limited range of film thicknesses.’’ Nevertheless, the degree
of preferred orientation in [00/] is high, particularly, for such kind of sol-gel derived material.
Taken together, the XRD results demonstrate biaxial texturing of the KLE—templated PZT
heated at 650 °C for 5 min.”® Furthermore, we find that the films are single phase with lattice
parameters a = b = 4.05 A — derived from a #-26 scan on the (110) plane — and ¢ = 4.07 A, thus
indicating a small tetragonal distortion (y = c/a — 1 = 0.005). A schematic representation of the
LSMO and PZT lattices viewed along the crystallographic c—axis is shown in the inset of Figure
3a.

In summary, the data in Figures 1-3 establish that PZT thin films can be templated using the

large diblock copolymer KLE and further crystallized to produce single phase material with both
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a distorted cubic pore—solid architecture and strong in—plane and out—of-plane preferred

orientations.
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Figure 3. Crystalline structure and texture of KLE—templated PZT thin films on LSMO/STO:Nb
heterostructure substrate heated at 650 °C for 5 min: (a) HRXRD pattern showing peaks for
(001)—oriented STO:Nb, LSMO, and PZT in green, blue, and brown, respectively; (inset in a)
schematic representation of the LSMO (a =b =3.90 A) and PZT (a = b = 4.05 A) lattices viewed
along the crystallographic c—axis with oxygen in red, lead in green, zirconium/titanium in black,
and lanthanum/strontium in yellow (note that the topmost face—centered oxygen atom is not
shown for clarity); (b) 200° ¢ scan at y = 44.56° showing the four—fold symmetry of the (110)
plane; (c) @ scan on the (001) reflection — solid lines in black are pseudo—Voigt fits to the data

and the red curve corresponds to the sum of the peak fits.
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To obtain information about the elemental composition and chemical state of the KLE-
templated PZT thin films, a series of X—ray photoelectron spectroscopy (XPS) and time—of—
flight secondary ion mass spectrometry (ToF-SIMS) measurements was carried out. The wide—
scan XPS survey spectrum in panel (a) of Figure 4 shows solely titanium, zirconium, lead,
oxygen, and carbon. The presence of the latter (see C ls peak) is likely due to adventitious
hydrocarbon adsorbed from the atmosphere. Figure 4 further shows detail spectra of the O 1s, Ti
2p, Zr 3d, and Pb 4f core level regions. The O 1s spectrum in panel (b) indicates two oxygen
bonding states. The main peak centered at (529.66 = 0.05) eV can be associated with lattice
oxygen and the minor one at (531.06 £+ 0.05) eV with hydroxyl groups/adsorbed water at the top
surface.”” This result is not surprising considering that the sol-gel derived films are mesoporous
and were stored under ambient conditions. The Ti 2p spectrum in panel (c) contains a doublet
due to spin—orbit splitting. As expected, we find a relative area ratio of 1:2 for the 2p;, and 2p;.,
photoelectron peaks at binding energies of (463.64 + 0.05) eV and (457.94 + 0.05) eV,
respectively. Both the peak position and separation (5.70 eV) are characteristic of Ti*" (in related
perovskite materials).®*®" The fact that the FWHM values are notably different for both
component peaks (namely, 1.40 eV and 2.06 eV) can be explained by Coster-Kronig
broadening.®® In contrast, the Zr 3d spectrum in panel (d) was fitted using spin—orbit splitting
parameters with equal FWHM and a relative area ratio of 2:3 for the 3ds,; and 3ds); lines. In this
case, the photoelectron peaks are centered at (184.28 = 0.05) eV and (181.85 £ 0.05) eV,
respectively, which is in agreement with the binding energy values reported in the literature for
bulk PZT.% The Pb 4f core level region was also analyzed in detail to find out if the formation of

Pb*" and impurity phases, such as lead zirconate, pyrochlore, lead oxide, and others, in the
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synthesis can be ruled out. The presence of second phases has been shown to have a strong and
negative effect on the ferroelectric properties of PZT materials. The spectrum in panel (e) shows
a single doublet with symmetric 4fs; and 4f7, peaks at (142.97 + 0.05) eV and (138.11 £ 0.05)
eV, respectively. The relative area ratio is 3:4. On the basis of these data, we conclude that the
KLE-templated PZT thin films heated at 650 °C for 5 min in air are free of both Pb*" and
impurity phases — within the detection limit of the method.®* The surface composition was
calculated from the peak areas by using the respective atomic sensitivity factors for each core
level.®® From this analysis, we find an atomic composition, Pb/Zr/Ti = 0.88/0.66/0.46, which
indicates that the top surface is Zr-rich and slightly Pb— and Ti—deficient. This result is also
confirmed by ToF-SIMS. A representative ToF—-SIMS profile showing the distribution of C",
Zr', Ti", and Pb" as a function of depth from the top surface is given in Figure S4 in the SI. It
demonstrates that, after a sputtering depth of 15-20 nm, the ions are homogeneously distributed
throughout the films, that is, the stoichiometry does not change anymore as a function of
thickness, and the diblock copolymer used as structure—directing agent in this work is fully
removed after calcination. Only minor amounts of hydrocarbons can be detected at the top
surface, in agreement with the XPS results. Overall, TOF-SIMS suggests that the bulk chemical
composition is close to the targeted atomic composition, Pb/Zr/Ti = 1/0.52/0.48. The reason why
zirconium is enriched at the top surface is not yet fully understood.”® However, given that the
PZT material employed here is solution—processed via dip coating as well as nanocrystalline and

mesoporous, it seems also rather well-defined at the atomic level.
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Figure 4. Elemental composition and chemical state of KLE—templated PZT thin films heated at
650 °C for 5 min in air: (a) XPS survey spectrum with the Ti 3s, Zr 4s, Zr 4p, O 2s, and Pb 5d
levels in the binding energy (BE) range from 58 eV to 19 eV indicated by an asterisk; (b—d) XPS

detail spectra of the O s, Ti 2p, Zr 3d, and Pb 4f regions, respectively — solid lines in black are
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fits to the data and the red curves correspond to the sum of the peak fits (the Shirley method was

applied to subtract backgrounds).

The room—temperature ferroelectric behavior of approx. 100 nm—thick KLE—templated PZT
films on LSMO/STO:Nb heterostructure substrate with 50 nm-thick Au top electrodes was
analyzed by polarization switching and fatigue experiments. As mentioned previously, the reason
for the use of a thin LSMO(00/) buffer layer is that it helps to prevent polarization loss due to
leakage (see Figure S5 in the SI for ferroelectric polarization data obtained on films on (001)—
oriented STO:Nb substrate).'”*'*> The impact of the total film thickness on the ferroelectric
properties was not investigated due to issues related to short—circuiting the capacitor structure
during sputter deposition of the Au top electrodes (for thinner films) and voltage limitations (+12
V) of the ferroelectric testing system (for thicker films). Panel (a) of Figure 5 shows a typical
polarization—electric field (P—E) hysteresis loop at 400 Hz switching frequency; the measured
polarization switching currents are also shown, for clarity. The maximum applied voltage across
the top and bottom electrodes was 7 V, corresponding to a maximum field of 700 kV ¢m . From
these dynamic P—E data, we obtain a saturation polarization P, =~ 34 uC cm ~ (also often denoted
as spontaneous polarization) and a remanent polarization P; ~ 25 uC cm °. Both values are in the
range reported for sol—gel derived (bulk) PZT films with similar composition, despite the fact
that our material is nanostructured — the density of the mesoporous PZT should be significantly
less compared to non—templated samples (note that the dielectric constant is strongly affected by

6799 The coercive field (E. = 250 kV cm™') needed to reverse the

introducing porosity).
polarization was also deduced from the hysteresis loop. A comparison with literature values is

difficult, however, because E. is known to depend on the film thickness, texture, and the strain in
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the material.”””" Nevertheless, at first glance, the value of E, seems slightly larger than usually
observed for sol—gel derived PZT."

Because both the non-remanent (volatile) polarization and leakage currents are always
incorporated in P—E data measured in dynamic mode, thus causing an overestimation of both P;
and P;, so—called remanent P—F hysteresis experiments were carried out to better characterize the
remanent (switching) polarization properties. This measurement principle constitutes a small
variation of the well—established PUND (Positive-Up Negative-Down) method. Here, triangular
instead of rectangular pulses are applied to the sample, thereby allowing for time-resolved
subtraction of the non—switching components.” Analysis of the data in panel (b) provides values
of Py = 8 nC cmfz, P.=7nC cm’z, and E. = 245 kV cm . The factor of ~4 difference in P, and
P; between the dynamic and remanent P-E data indicates that the KLE—templated PZT films
suffer from comparably large parasitic capacitances and leakage currents. This, however, is not
very surprising considering the microstructure and morphology. Unfortunately, it is not possible
to compare our results with other data due to the lack of reports on remanent hysteresis
measurements on sol-gel derived PZT thin films — typically only the values derived from
dynamic P-E experiments are given and regarded as sufficient to describe the polarization
behavior of ferroelectrics.

Panel (c) shows the j—F characteristics measured both under ambient conditions and in an
argon—filled glove box. The fact that different top and bottom electrodes were used in this work
provides an explanation for the slight asymmetry of the two branches (see also polarization
switching currents in Figure 5).”2* It is well known that the electronic properties of the
electrode—ferroelectric interface junctions have a profound effect on the electrical properties of

the ferroelectric material. For the KLE—templated films, the Au/PZT and PZT/LSMO junctions
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226 Because the leakage

are likely to form Schottky—like and p—p—like contacts, respectively.
current behavior might be affected to some extent by adsorbed water at the solid—air interface
(formation of percolating conduction pathways),”* measurements were also conducted in an
argon—filled glove box on samples vacuum dried at 120 °C for 24 h. As is evident from the data,
the leakage current at high field is, in fact, reduced by more than one order of magnitude. This
result demonstrates that the impact of adsorbed water from the atmosphere on the electrical
properties is non—negligible and must be taken into account when dealing with porous
ferroelectrics. However, to ensure comparability with data reported in the past and those of
future polymer—templated nano—ferroelectrics, all polarization switching and fatigue experiments
were carried out under ambient conditions.

Lastly, the fatigue behavior (remanent polarization loss during bipolar cycling) was examined
to obtain insight into the endurance characteristics. Panel (d) depicts the fatigue properties of the
KLE-templated PZT thin films at 400 Hz switching frequency. The respective P—E hysteresis
loops after 4x 102, 4x10*, and 4x10° cycles are shown as well. As can be seen from the data, the
films with Au top electrodes lost ~20% of the initial remanent polarization after 4x10° cycles,
thereby indicating reasonable electrical endurance. Degradation phenomena are often associated
with the formation and accumulation of defects — oxygen vacancies (space charge) — at the metal
electrode—PZT interface (and at grain boundaries).””””’ These otherwise “mobile” defects are
pinned to the interface region and have been shown to prevent domain reversal.”” However, this
can be overcome to a large extent by using oxide top and bottom electrodes, e.g., LSMO.*! #2678
In so doing, the oxygen vacancies can diffuse into the electrodes, which ultimately results in

better fatigue resistance.”*’”> However, in our particular case, the use of LSMO as top electrodes

was not possible because of the sputtering temperature of ~780 °C needed to obtain crystalline
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material. Such a high temperature would lead to ill-defined PZT thin films due to severe

restructuring of the pore network above 650 °C.
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Figure 5. Ferroelectric polarization switching and fatigue behavior of KLE-templated PZT thin
films on LSMO/STO:Nb heterostructure substrate heated at 650 °C for 5 min: (a) dynamic and
remanent (b) P—E hysteresis loops and switching currents at 400 Hz switching frequency; (¢) j—F
characteristics measured under ambient conditions (orange squares) and in an argon—filled glove
box (black circles); (d) fatigue properties at 400 Hz switching frequency with the respective

dynamic P—F hysteresis loops after 4x 10% (black), 4x10* (red), and 4x10° (blue) cycles.
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Conclusion

Ordered mesoporous thin film ferroelectrics of PZT have been successfully prepared for the
first time by evaporation—induced self-assembly. Submicrometer—thick, mesostructured films
with cubic pore symmetry can be readily achieved via dip coating on (001)—oriented STO:Nb
and LSMO/STO:Nb substrates when using the large diblock copolymer KLE as structure—
directing agent. Microstructure studies demonstrate that the sol-gel derived material is single
phase perovskite and free of impurity phases after calcination at 650 °C. They also indicate a
high degree of biaxial texturing, which is unique for polymer—templated ordered mesoporous
metal oxide films. The high quality of the nanocrystalline PZT samples is further confirmed by
ferroelectric polarization switching experiments. Dynamic and remanent P—E measurements
conducted on approx. 100 nm—thick films on LSMO/STO:Nb heterostructure substrate provide
remanent polarization values of ~25 uC cm > and ~7 pC cm 2, respectively, and a coercive field
of ~250 kV c¢cm . The factor of ~4 difference — due to non—switching polarization and leakage
current — is comparably large, but was somewhat expected. Furthermore, the films exhibit
reasonable fatigue resistance, with ~80% loss of the initial remanent polarization within 4x10°
cycles, despite the use of Au top electrodes.

In summary, this work describes a facile soft-templating route to fabricate ordered
mesoporous PZT thin films with in—plane and out—of-plane preferred orientations and good
electrical polarization properties. Future research will be directed towards both reducing the
amount of non—switching components to further improve the overall ferroelectric performance

and novel functional device design that cannot be achieved with bulk versions of this material.
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