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Hierarchically Ordered Nano-Heterostructured PZT Thin
Films with Enhanced Ferroelectric Properties

Anuja Datta,* Devajyoti Mukherjee, Sarath Witanachchi, and Pritish Mukherjee

Realization of ferroelectric (FE) devices based on the polarization effects of
Pb(Zr,.5,Tip.45)O3 (PZT) has reinforced the investigation of this material in
multiple dimensions and length scales. Multi-level hierarchical nanostructure
engineering in PZT thin films offer dual advantages of variable length-scale
and dimensionality. Here, the growth of hierarchically ordered PZT nano-
heterostructures (Nhs) from PZT seed-layer deposited on SrTiO3:Nb (100)
substrates, using a physical/chemical combined methodology involving
pulsed laser deposition (PLD) and hydrothermal processes, is reported.
Systematic SEM, TEM, and Raman spectroscopy studies reveal mixed hetero-
and homo-epitaxial growth mechanism. In the final stage, 3D Nh units
cross-link and form a dense network-like Nh PZT thin-film. FE polarizations
are measured without using any polymer fill-layer which otherwise introduces
huge dielectric losses and lowers the polarization values for a FE device. In
benefit, well saturated and symmetric FE hysteresis loops are observed with
high degree of squareness and a high remnant polarization (54 pCcm=2at a
coercive field of 237 kV cm™). This work provides a pathway towards pre-
paring hierarchical PZT Nhs offering coherent design of high-performance FE

sensor and actuator applications as high-
frequency electrical components and tun-
able microwave circuits.'~

Among the classical perovskite oxide
materials, Pb(Zrys,Tiy4)O0; (PZT) has
been extensively studied for its highest
FE polarization and piezoelectric coef-
ficient.>8] PZT is also a technologically
important FE material due to its high
mechanical and chemical stability.8-17
Realization of devices based on FE prop-
erties of PZT has reinforced the inves-
tigation of this material in thin-film
form.3>68131 However, research in FE
thin films is limited due to intrinsic dif-
ficulties of structural engineering in thin
films particularly in the nano-scale. To
this end, nano-heterostructured (Nh) thin
films of FE materials, in general, exhibit
uniquely different properties from non-
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capacitors for data storage technologies in future.

1. Introduction

Since the discovery of ferroelectricity, various perovskite oxide
materials have been widely investigated due to their sponta-
neous charge polarization and piezoelectricity.}=3] Typically
ferroelectric (FE) perovskite oxide materials exhibit long range
alignment of electric dipoles resulting in a net polarization
under an applied electric field.?3l Due to this property and
other characteristics such as pyroelectricity and large dielectric
constants, FE materials have potentially become essential com-
ponents in a wide spectrum of applications such as nonvolatile
random access memory (NVRAM) and micro-electro-mechan-
ical (MEMs) devices.I’! They are also being explored for various
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textured homogenous thin films due
to the deliberate engineering of nano-
scale features into the structure of the
films.* 11 Furthermore, it is commonly
believed that high surface area achieved through multi-level 2D
and 3D nanostructure engineering in thin films plays a salient
role in achieving high structural and property efficiency com-
pared to regular 1D nanostructured films.?%-?2 Recent reports
have emphasized the control of arrangements of nano-sized
building blocks into hierarchical structures of pervoskite mate-
rials leading to oriented-attachment and self-assembly.23-20]
Efforts to synthesize and understand FE properties of PZT
1D nanostructured thin films have been boosted because of
the promise they show in the realization of nano- and micro-
scale devices.*1627-32] Tt was observed that the properties of
interest for PZT at the nano-scale range are governed by the
crystal structure and orientation of the crystallized surface
facets.'?7-321 FE polarization was measured from PZT 1D
nanotubes embedded in porous alumina membrane (PAM)
suggesting pronounced dimensionality effect in this material
in ordered nanostructured form.['”) Therefore, integration of FE
PZT nanostructured thin films with ordered 2D and 3D peri-
odic structures, controlled exposed facets, and crystal orienta-
tions of the nanostructures could be of immense significance,
although particularly challenging to synthesize.

In the present work, we report on the directed growth of PZT
hierarchical nano-heterostructures (HNh) promoted by PZT
seed-assisted nucleation and controlled orientation. An innova-
tive physical/chemical combined synthetic-strategy involving
pulsed laser deposition (PLD) technique and hydrothermal
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process was explored for the first time in
order to obtain structure and orientation-
selective synthesis of oriented PZT HNhs
over large area substrates. As an advanced
tool for growing high quality complex oxide
thin films, PLD has made a significant
impact in terms of growth of single- and
multi-layered heterostructures of multi-com-
ponent materials.c#1%13] In our approach,
PLD guaranteed uniform deposition of PZT
seed-layer thin films while chemical after-
treatment of the seed-layer ensured con-
trolled growth of the nanostructures thereby
bringing out the advantages of both the
processes.'] The key aspect of this unique
growth process results in hierarchical 3D
PZT nanostructured thin films in which the
Nhs self-orient to form a highly compact and
dense network-structure. This facilitates the
measurement of the FE properties of these
nanostructured thin films without using any
organic fill-layer or template, which has so
far been a common practice.l’’l As a posi-
tive effect of the increased compliance of the
HNhs, we observed well-saturated and sym-
metric FE hysteresis loops with high degree
of squareness and enhanced remanent polar-
ization, a major improvement over FE prop-
erties as reported from other PZT nanostruc-
tures.['”] Moreover, given the current absence
of a facile method for preparing hierarchical
PZT micro-/nanostructures, our approach
reported here represents an important
advancement with potential impact in many
technological applications requiring the use
of hierarchical structures of FE materials.

2. Results and Discussion
2.1. Structural Study of PZT Seed-Layer Deposited by PLD

The starting point for the growth of PZT hierarchical nano-
structures is initiated by the deposition of compact PZT seed-
layer on Nb-doped SrTiO; (STO:ND) (100) substrates by the PLD
process using optimized parameters.'>13] The SEM images of
the PZT seed-layer thin-film, from an area of least coverage on
the film surface indicates tooth-like geometry of the PZT seeds
(Figure 1a) with clearly-developed facets (inset to Figure 1a).
The average size of the PZT seeds varies from <5 nm at the
bottom to =50 nm at the top, with the typical thickness of the
seed-layer film of =50 nm. Compositional analysis by EDS
(Figure 1Db) revealed stoichiometric distribution of the con-
stituent atoms when recorded from individual PZT seed and
from different areas of the thin-film surface (Figure 1b). Cross-
sectional TEM image of the seed-layer film (Figure 1c) provides
insight into the distribution, morphology and crystallinity of
the PZT seeds on STO:ND substrate. Closely-spaced tooth-like
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Figure 1. a) SEM image of the PZT seed-layer (50 nm thickness) deposited on STO:Nb substrate
by pulsed laser deposition. The inset shows the tooth-like geometry of the PZT nano-seeds with
a lateral dimension and height of 50 nm each. b) Representative EDS spectrum of the stoi-
chiometric PZT seed-layer confirmed from different regions on the thin-film surface. c) Cross-
sectional high resolution TEM image of the PZT seed-layer on STO:Nb substrate showing the
growth of PZT tooth-like seeds with a preferred (00/) orientation that maintains a clean interface
with the STO:Nb (100) substrate. Locally other growth planes in tetragonal PZT structure were
noticed (shown by the dashed circle). Arrows indicate the misfit dislocation planes observed in
places in PZT seed-layer near the film-substrate interface. d) AFM image of the surface of the
PZT seed-layer that matches the average seed size as observed by SEM and TEM.

growth of PZT seeds were observed from the cross-sectional
TEM image. The formation of a predominating growth of (00l
(!=0,1,2) planes of PZT on the STO:Nb substrate was observed
from the HRTEM image in Figure 1c. The close matching of
lattice parameters of PZT (tetragonal, a = 4.055 A, ¢ = 4.11 A)
and STO:Nb (cubic, a = 3.905 A) allows for such textured
growth of PZT seed-layer.l'>!3 The TEM analysis of the sample
revealed a well-defined and atomically sharp interface of the
PZT seed-layer with STO:Nb substrate. However, as can be
observed from Figure 1c, some areas have misfit dislocations
(shown by arrows in Figure 1c), which might form due to relax-
ation of the lattice mismatch strain between the PZT nanocrys-
talline seeds and the substrate during the PLD process.>
Lattice planes from other orientations are also observed as
marked (circle) in Figure 1c and selected area electron diffrac-
tion pattern (SAED) from the PZT seed-layer shows preferen-
tially oriented lattice planes with signatures of polycrystallinity
(inset to Figure 1c). Figure 1d shows an AFM image of the
surface morphology of the PZT seed-layer captured at a region
where the seeds are sparsely distributed. As is clearly evident
from the figure the seed-layer is not continuous in this region.
However, uniform grains of about 42 £ 13 nm in diameter and
about 40 + 5 nm in height are distributed over the surface. The
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Figure 2. SEM images of the hierarchical PZT nano-heterostructure growth after the hydro-
thermal treatment of PZT nano-seeds at different time-periods. a) Nano-stub-like growth with
emerging branches of PZT with a 10 nm tip-diameter (inset) from the top-surface of the PZT
nano-seeds after 2h. Inset shows a dimensional scheme of the nano-stub structure. b) First-
order hierarchical growth from PZT nano-stubs showing the growth of branches of 10 nm in
size (tip diameter) after 4 h. c) Further hierarchical growth and formation of flower-like mor-
phology after 6 h. d) Dense growth of PZT nano-branches after 8 h of hydrothermal treatment.

root-mean-square roughness (R,,s) value for the seed-layer was
8 £ 2 nm. It is noted that the tips of the seeds here appear to be
rounded and pointed (as opposed to flat tips in the SEM image
in Figure 1a). This is due to the fact that the AFM tip was used
in the “non-contact tapping mode” during the scans in order to
avoid the crashing of the tip against the surface features of the
PZT seed-layer.

2.2. Time-Dependent Structural Evolution of PZT HNh

After the hydrothermal treatment of the seed-layer thin-film,
PZT Nhs started to grow from the PZT seeds, which were opti-
mized after several synthesis stages as determined by reaction
times. Samples at 2 h reaction-time intervals were collected and
characterized by SEM and Raman. Initially, the sample obtained
after 2 h of hydrothermal reaction showed the dense formation
of PZT stubs with a tetragonal base (Figure 2a and the inset).
The stub-like growth was uniform and had homogenous sur-
face coverage with negligible variations in the morphology. The
average size of these stub-like structures (scheme in the inset of
Figure 2a) was =50 nm (diagonal dimension of the square base
of the stub), commensurate with the top dimension of the PZT
seeds (inset to Figure 2a). The initiation of the hierarchy from
these structures was observed in the sample obtained after
4 h (Figure 2b). Nanorod branches grew out of the nano-stub
bases to form first-order hierarchical structures (Figure 2b) and
after 6 h of reaction, these structures grew further into second
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order HNhs visually giving rise to a flower-
like morphology (Figure 2c). Significantly,
as the nano-stubs outgrew into primary and
secondary nanorod branches from the tetrag-
onal base, a network of PZT Nhs gradually
covered the substrate surface. As shown in
Figure 2d, these Nh networks were extremely
dense locally and only the hierarchical
branches were visible without exposing the
bases after 8 h of hydrothermal reaction.

On increasing the hydrothermal reaction
time to 10 h, further development in the hier-
archy order was noticed in the PZT Nhs as
shown in the SEM images in Figure 3a,b. In
order to indicate the detailed microstructure
of the higher order HNhs we have shown
the SEM images (Figure 3a,b) taken from the
sparsely populated peripheral regions of the
films. Most of the film surface was covered
by densely populated structures as shown
in Figure 2d. From Figure 3b it is clearly
observed that the hierarchical nanorod
branches are embraced and truncated by
sharp faces with rectangular cross-sections
(Figure 3Db). The highest order branches were
<5 nm in cross-sectional dimension. Orienta-
tions of the hierarchies gave rise to an overall
tetragonal morphology in the individual Nh
(Figure 3b) and conformed to the tetragonal
crystal structure of PZT. Furthermore, these
tetragonal PZT HNh units demonstrate
oriented-attachment in some areas of the sample as shown in
Figure 3c, where four units attach together to form a larger
tetragonal shaped Nh network. Higher order of interlocking
attachment of the PZT hierarchical branches (Figure 3d) made
the network more stable and denser after 12 h of hydrothermal
reaction. As shown in Figure 3e, the interlocking branches of
the hierarchical PZT Nhs along with the increasing growth
period increased the filling rate within the spaces of neigh-
boring Nhs providing a densely packed nanostructured film
surface with enhanced surface area (Figure 3e and see Sup-
porting Information Figure S1).

The 6-26 XRD pattern of the dense and compact PZT HNh
film (Figure 3f) prepared after 12 h of hydrothermal treatment
of the PZT seed-layer thin-film on STO:ND indicated the forma-
tion of single-phase tetragonal PZT with P4mm (99) space group
that co-exists with the STO (I00) (I = 1,2,3) peaks. The standard
XRD patterns of tetragonal PZT (JCPDS Card # 01-070—4060)
and of STO (JCPDS Card # 00-035-0734) are also shown in the
figure for comparison. In contrast to the XRD pattern of the
PZT seed-layer thin-film deposited by PLD (also included in
Figure 3f) which invariably showed preferential c-axis orienta-
tion with dominating (00]) PZT peaks, the XRD pattern of the
final PZT HNh thin-film mostly showed polycrystalline nature.
This could be attributed to the different spatial orientation of
the branches in the sample.

To elucidate the growth mechanism of these hierarchical
PZT Nhs on STO:ND substrates and to understand their den-
sity distribution on the substrate, systematic TEM study was

Adv. Funct. Mater. 2014, 24, 2638-2647
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Figure 3. SEM images of the hierarchical growth of PZT nano-heterostructures (Nhs) after a,b,c) 10h and d,e) 12 h of hydrothermal treatment,
respectively. The highest order hierarchical branch shown in (a,b) is < 5 nm (the tip size). The rectangular cross-section of the hierarchical branches
confirm the crystal structure of PZT. The Nh units grow maintaining symmetrical tetragonal geometries. Inset to b) shows the 3D nature of the Nh
unit. The tetragonally shaped Nh units form larger hierarchical tetragonal ensemble through oriented-attachment process. Cross-linking of the larger
PZT tetragonal Nh ensembles forming a larger network increases the density of the thin-film creating a nearly non-porous surface after 12 h. f) XRD
spectra of the PZT seed-layer showing a preferred (00/) growth and polycrystalline HNh thin-film obtained after 12 h. Standard database of PZT (blue

bar) and that of the STO (green bar) are also shown for comparison.

performed on the nanostructured films deposited at different
hydrothermal reaction periods. Figure 4a shows the cross-
sectional TEM image of the PZT nano-stub structures formed
from the PZT tooth-like seeds after 2 h of hydrothermal treat-
ment. The image indicates the initiation of the hierarchical
growth from the PZT seeds as small branches of almost uni-
form dimension of around 10-15 nm protruding from the
top surface of the PZT seed. These protruding branches
started to furcate at their tips into smaller branches of size
around 5 nm in the product synthesized after 6 h of hydro-
thermal treatment as shown in Figure 4b. The SAED patterns

Adv. Funct. Mater. 2014, 24, 2638-2647
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collected from different zones of these protruding branches
indicated the single crystalline nature of the structure (inset
to Figure 4b). On further growth after 8 h and 10 h, each of
these branches outgrew in size and continued to develop into
higher orders of hierarchy (Figure 4c,d) giving rise to a HNh
ensemble (Figure 4e) with highest order hierarchical structures
of <5 nm in size. HRTEM images from these Nhs near their
higher hierarchical branches (area marked in Figure 4d) indi-
cate homo-epitaxial growth following (I00) epitaxy as shown
in Figure 4f. Closer to the base and near their initiation from
the PZT seed (area marked in Figure 4c), hierarchical branches
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Figure 4. Systematic TEM images of PZT Nhs obtained at different time periods after the
hydrothermal treatment of PZT nano-seed layers. a) Growth of PZT nano-stubs from the top
surface of the seed after 2 h. b) Closer look at the nano-stub tip indicates multi-furcation with
each branch about 5 nm at their base obtained after 6 h. A single crystal SAED pattern shown
in the inset reveals similar crystal orientation for the nano-stubs and their branches. (c,d) show
multi-level hierarchical growth of PZT nano-branches after 8 h and 10 h. Also showing a fully
grown 3D Nh unit after 10 h in (e). f) High resolution TEM image obtained from the marked
region in (d) shows the common interfaces of the different order of hierarchical branches and
reveals the homoepitaxial nature of the growth mechanism during the final stage of the hier-
archy. Here all the hierarchical branches are (100) oriented. g) Heteroepitaxial nature of the
crystal planes were (001//100) observed in the initial stage of the HNh (shown by a rectangle
in (c)) growth process. Hence a complex hetero-homo epitaxial growth process was presumed
to be present.
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therefore greatly decrease the porosity of the
nanostructured film. Furthermore due to the
cross-linked nature of the PZT HNh units,
the final nanostructured film obtained after
12 h of hydrothermal reaction treatment is
dense with larger surface area and abundant
exposed hierarchical branches (see schematic
diagram in Figure 5c¢).

2.4. Growth Mechanism of PZT HNhs

The progressive growth of PZT HNhs from
the bottom to the top region indicates that the
PZT precursor vapors react from the bottom
to the top, which is typically observed in
seed-assisted growth of nanostructures.'8:2!]
High-temperature crystallization during the
PLD process promoted the formation of epi-
taxial nano-seeds of nearly regular shapes
(height of almost equal to 50 nm with bottom
size of less than 5 nm and top size of about
50 nm). However, as a result of these ani-
sometric dimensions of the PZT seeds
(Figure 1a,b), they may possess anisotropic
surface energy and the presence of misfit
dislocations in the PZT seeds (Figure 1c).
Initially a heteroepitaxial growth may have
triggered in the PZT Nhs, followed by a more
kinetically-controlled homoepitaxial growth
of PZT hierarchical branches under a high
precursor concentration during hydrothermal
reaction.['21:323] Hierarchical growth in per-
ovskite oxides such as in PbTiO;3% and
KNbO;B%35-38] nanostructures are also often
observed to be controlled by the defects or
dislocations present in the crystals. The
growth mechanism of the PZT hierarchical
Nhs from PZT seeds is schematically shown
in Figure 6.

2.5. Raman Spectroscopy of PZT Seed-Layer
and HNhs

Figure 7 shows the characteristic Raman
spectra of the PZT seed-layer film and the
nanostructured thin films at different stages of

show hetero-epitaxial growth with planes (I00) and (00])
occuring at the base of the furcating PZT branches near the top
of PZT seeds (Figure 4g). Continuous lattice fringes indicated
absence of structural defects in the Nh ensemble.

The microscopic structure of the PZT hierarchical Nh net-
work obtained on the STO:Nb substrate after 12 h of hydro-
thermal reaction (Figure 3c—e) was studied by cross-sectional
TEM (Figure 5a). As the image shows, branches of PZT HNhs
spontaneously cross-link over a large surface area making
them virtually non-penetrable to the electron beam. The inter-
connecting hierarchical branches (Figure 5b) of adjacent Nhs

wileyonlinelibrary.com
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the hydrothermal growth. Typically at room temperature, the FE
tetragonal PZT phase with its spontaneous polarization increases
the splitting between the E(TO) and A;(LO) modes,’3%*% which
was also observed from the PZT seed-layer and nanostructured
thin films. Since Raman modes of nanostructured thin films
may characteristically appear to be broad it is difficult to pre-
cisely obtain band maxima wavenumber values. In order to be
able to unambiguously indentify the wavenumber values of PZT,
the spectra were fitted with harmonic Gaussian functions. Six
peaks between 100 cm™ and 750 cm™ were identified from the
PZT seed-layer (Figure 7a) corresponding to A;(1TO), E(2TO),

Adv. Funct. Mater. 2014, 24, 2638-2647
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Cross-linking of PZT hierarchical nano-heterostructure units

Figure 5. Cross-sectional TEM images of the hierarchical PZT Nh thin-film prepared by milling
a 100 nm thick 5 pm x 10 pm rectangular strip from the film surface using a FIB and Pt welding
it to a Cu TEM grid. a) Image shows the interlocking phenomenon noticed in closely spaced
PZT Nh branches. b) Image showing the dense disposition of the PZT Nh network on STO:Nb
substrate. Compact and highly non-porous thin-film allows to measure FE polarization proper-
ties without using polymer fill-layer. c) Step-by-step growth of hierarchical PZT Nh network on

the substrate by cross-linking and oriented-attachment process.

E(3TO+2LO) i.e., E(silent) + B, E(4TO), A,(3TO), and A,(3LO)
Raman modes, which match with the typical Raman peaks
of tetragonal PZT.3%* In cases of PZT Nh thin films (at both
initial and final stages of growth at 2 h and 12 h, respectively),
two additional identifiable frequency peaks (E(1TO) and E(3LO)/
A;(2LO)) and a weakly developed shoulder at about 570 cm™
were observed (Figure 7b,c). Moreover, the Raman spectra shape
appear to be anomalous and broadened beyond 700 cm™ in the
all nanostructured thin films. While broadness in the Raman
spectrum above 700 cm™! was related to the oblique modes
between E(3LO) and A;(3LO),3**! the irregular line shape at
higher frequencies was correlated with the anharmonic nature
of the lattice by Foster et al.*l The origin of A;(1TO) peak at
about 150 cm™ in tetragonal PZT has also remained a matter
of debate. Burns and Scott assigned the 150 cm™ mode as a
second-order Raman line, but later the same line was attributed
to A;(1TO) vibration based on polarization considerations and
angular dependence of the phonon frequencies.*#*l The broad
570 cm™! shoulder observed in Nh thin films was related to the
continuous distribution of oblique modes between E(3TO) and
A;(3TO). Conclusively, though the Raman peak distribution
remains almost analogous, distinct differences in the relative
peak intensities were observed as the PZT Nhs were grown from
the PZT seeds (Figure 7a—c), which is due to the improvement of
crystallinity and increasing development of hierarchy in the PZT
Nhs. The observed features also indicate that the PZT seed-layer
and Nh films are of virtually single phase with negligibly small
strain.

Adv. Funct. Mater. 2014, 24, 2638-2647
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2.6. Ferroelectric Property of PZT HNh Film

Several innovative techniques have been
used in recent times to measure the FE prop-
erties of PZT nanostructures.’” The most
prevalent technique has been the use of a
piezo-force-microscope (PFM) to pole PZT
nanostructures and measure their piezore-
sponse as a function of applied voltage.[*+*]
However, since the PFM measures the piezo-
current it cannot provide direct polarization
values as typically recorded for PZT thin
films. Bharadwaja et al. used a charge-based
technique to assess the dielectric and fer-
roelectric properties of individual mechan-
ically-unconstrained PZT microtubes with
interdigitated electrodes.*®! In this regard,
another technique that has gained popularity
is the embedding of PZT nanostructures
in some polymer matrix-host to fabricate
their thin-film-type metal/embedded-PZT/
metal capacitors for polarization measure-
ments.'*1®] While on one hand the insu-
lating polymer matrix prevents the shorting
of the device by filling the pores in the
structure, on the other, it introduces huge
dielectric losses during the polarization
measurements which significantly lowers the
polarization values.l'®l In our case, however,
the significantly reduced porosity and the
increased conformity of the dense PZT HNhs formed on the
substrate allowed the successful deposition of the Pt-top elec-
trodes without shorting the structures. This enabled the fabri-
cation of Pt/PZT-HNh/STO:Nb thin-film capacitor (where the
conducting STO:ND substrate served as the bottom electrode)
as shown schematically in Figure 8a, and allowed the suc-
cessful polarization measurements of the nanostructured PZT
films without the need of any polymeric host. The polarization
measurements recorded from approximately 20 different Pt-top
electrodes while keeping the same bottom electrode showed
that almost 80% of the electrodes on the film surface were “not-
short” and contributed to consistent P-E curves. Further the
P-E curves measured at different locations on the film surface
were found to be consistent with each other (see Supporting
Information Figure S2) confirming to the uniform and homo-
geneous distribution of the PZT Nhs over the entire substrate
(Figure 3e and Supporting Information Figure S1).

In Figure 8D, typical room temperature polarization versus
electric field (P-E) curves have been shown for the Nh PZT
thin-film obtained after 12 h of hydrothermal treatment, meas-
ured by varying driving voltages from 1V to 9 V. In order to cal-
culate the electric field (E) (kV cm™), an average film thickness
of 200 nm was used as obtained from the cross-sectional TEM
imaging (Figure 5b) of the sample. From the figure it is clearly
observed that for driving voltages of 1 V to 3 V the P-E curves
do not show FE hysteresis or saturation polarization (Pg,) indi-
cating a typical dielectric-type behavior. At driving voltage of
4V the curve registers a remnant polarization (P,) although it
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Although the P, values for such nanostruc-
tured PZT thin films cannot be directly
compared with those of bulk or thin films
because of the differences in surface mor-
phology and grain-size induced effects,*54’]
to our surprise, the recorded P, values are
much higher than chemically grown PZT
thin films,”® and actually as high as those
reported for epitaxial PZT thin films grown
using PLD.['213] Typically, reported P, values
for polycrystalline and oriented tetragonal
PZT thin films grown using various tech-
niques such as chemical solution deposition,
PLD and sputter deposition vary from 15 to
36 pC cm™2.I% Our approach to the growth
of PZT-HNh thin films produced much
higher P, values as compared to existing
reports on PZT nanostructures. Previously
Kim et al. had reported a measured P, value

Laser beam

Step I ?

P : a‘,P ZT target
Ablated plume

Shadow Mask

STO:Nb substrate

Figure 6. Scheme showing step-by-step growth of hierarchical PZT Nh thin-film starting from

the seed-layer growth by PLD process.

is not well-saturated at negative and positive voltages. Similar
P-E curves with increasing P, values were also observed for
driving voltages of 5 V and 6 V (not shown here). However,
for driving voltages of 7 V, 8 V, and 9 V, the P-E curves show
well-saturated square hysteresis loops with slightly increasing
P, and coercive field (E) values with the driving voltages, con-
firming the FE nature of the sample. The leakage current den-
sities (J;) measured at varying driving voltages from 1 to 9 V
for a stress period of 1 s were consistent with the polarization
data. At low voltages of 2 V (Jy = 6.04 X 10°® A cm™?) and 4 V
(Ju=1.06 x 10° A cm™?) when the P-E loops were not saturated,
the J; values were higher than those observed at higher voltages
of 6V (Jy=9.59 %107 A cm?), 8V (Jy =9.42 x 107 A cm™?),
and 9V (Jp = 9.18 x 107 A cm™) when the P-E loops showed
well-saturated behavior (Supporting Information Figure S3).
However, due to the nanostructuring in the PZT-HNh sample,
the J; values were higher than those observed for epitaxial
PZT thin films grown by PLD where typical J; values were
0.43-0.98x10™° Acm™2at9Vdrivingvoltage.*Thehighest P,valueof
54 nC cm2 at E, of 237 kV cm™! was recorded at the maximum
applied driving voltage of 9 V (Figure 8b). To our knowledge,
such high P, values have been observed for the first time at
much lower applied voltages in nanostructured PZT thin
films. Earlier Nagarajan et al. had reported a high P, value of
~80 1C cm™ at 25 V from island-patterned PZT thin-films.*’]
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of 1.5 pC cm2 at E, of 86 kV cm™ for PZT
nanotubes embedded in a polymeric host
during P-E measurements.’®! On the other
hand, the E. value of 237 kV cm™ recorded
at the driving voltage of 9 V for PZT-HNh
is much higher than those reported for tra-
ditional PZT thin films. Reported E, values
for tetragonal PZT thin films vary from
32 kV ecm™ for polycrystalline to 50 kV/cm
for epitaxial PZT thin films,/® with one of
the highest E. values of 86 kV/cm obtained
for PZT nanostructures.'® The high E. value
recorded for PZT-HNh could be attributed
to the development of a space-charge layer
at the interface of the Pt-top electrode and
the PZT nanostructures.P2l The surface of PZT Nhs accu-
mulate space-charges which probably got entrapped with the
top metal layer deposition creating the space-charge layer.
The use of the all-oxide bottom STO:Nb electrode in this case,
however, minimized the formation of the space-charge layer at
the bottom electrode and PZT interface.’'3] High squareness
(i-e., P;/Pguo) values of 82 to 85% were recorded for the PZT-
HNh thin-film at driving voltages of 7 V to 9 V (see Figure 8).
Such high squareness values indicate the nearly-perfect stoi-
chiometric growth of nanostructured PZT-HNh thin-film with
tetragonal composition.”* Also, the P-E loops for nanostruc-
tured PZT thin films in Figure 8 are highly symmetric (i.e.,
+P, = =P, and +E. = —E_) as compared to the typical aysym-
metic loops observed in chemical solution deposited PZT thin
films.! Since it has been shown that asymmetric P-E loops
give imprint failures in FE devices as a consequence of high
built-in fields, the PZT-HNh thin films grown using this facile
synthesis route are better suited for device application.

3. Conclusion

To summarize, hierarchical PZT Nh thin films on STO:Nb sub-
strates were fabricated by a novel and facile physical/chemical
combined synthetic-strategy for the first time employing PLD

Adv. Funct. Mater. 2014, 24, 2638-2647
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Figure 7. Raman spectra of a) PZT seed-layer thin-film deposited on
STO:Nb substrate by PLD, b) PZT nano-stub-like growth after initiation of
hierarchy after 2 h of hydrothermal treatment of the seed-layer thin-film,
and c) dense PZT Nh thin-film obtained after 12 h of hydrothermal treat-
ment. Rest of the samples showed similar Raman characteristics in agree-
ment to these spectra. Distinct differences in the relative peak intensities
were observed with increased development of hierarchy in the PZT Nhs.
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Figure 8. a) Schematic diagram of the PZT nano-structured thin-film
capacitor fabricated using Pt-top and the STO:Nb substrate as the
bottom electrode for the polarization measurements. b) Polarization
versus electric field (P-E) hysteresis loops for the nanostructured PZT
thin-film measured at varying driving voltages from 1 to 9 V.

and hydrothermal processes. The Nhs started to develop heter-
oepitaxially from PZT seed-layer by controlled nucleation and
crystallographically ordered growth, which was carefully moni-
tored by XRD, AFM, SEM, TEM and Raman spectroscopy. As
an increased level of hierarchical structure ordering, these 3D
nano-hetreostructures cross-link through oriented-attachment
and create a dense, nearly non-porous covering over a large
surface area on the substrate. Due to this improved nanostruc-
turing density, FE properties could be measured from the Nh
PZT capacitor without using polymer fill-layer.'”] As an out-
standing improvement, well-saturated FE hysteresis loop with
high degree of squareness and P, value (54 pC cm™ at coer-
cive field of 237 kV cm™) is realized. This work offers rational
synthetic approach towards structurally-ordered PZT and other
perovskite materials and opens up new possibilities for the
applications of PZT Nhs in various memory storage devices.
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4. Experimental Section

Deposition of PZT Seed-Layer by PLD: Initially, a seed-layer of PZT
was deposited on highly conducting single-crystal Nb doped SrTiOs
(STO:Nb) (100) substrate using PLD. We used the same growth
parameters for the PZT seed-layer as those that led to the growth of high
quality epitaxial PZT thin films on STO (100) substrates as in our earlier
reports.'213] Briefly, a KrF excimer laser (Lambda Physik, wavelength
248 nm, pulse width 30 ns) operating at 10 Hz and providing an
energy density of 3 ] cm™ at the target surface was used to ablate a
non-stoichiometric PZT (PbZrgs,Tig4303; + 30 at% PbO, Kurt ). Lesker)
target. The excess PbO in the target was required to overcome the
preferential evaporation of Pb during the laser ablation of PZT that
lead to Pb-deficient thin films with poor FE properties.’3l A distance of
4 cm was maitained between the target and the substrate during the
depositions. Prior to each deposition, the chamber was pumped to a
base pressure of 107 Torr and the target was pre-ablated for 2 min to
remove any surface contaminants. During deposition, the substrate
was kept at a constant temperature of 550 °C under an ambient oxygen
pressure of 500 mTorr. Further a shadow mask was used to preserve an
open access to the bottom STO:Nb substrate. After 500 laser pulses
(5s), the deposition was stopped and the PLD chamber was flooded with
pure oxygen (500 mTorr), while the samples were slowly cooled down to
room temperature (approx. 2 h). The thickness of the PZT seed-layer as
measured using a profilometer was found to be 400 + 10 A.

Synthesis of PZT HNh by Hydrothermal Process:®¥l All chemicals (Alfa
Aesar) were used as-it-is with a minimum assay of 99.99%. Growth
of PZT Nhs were conducted on the pre-deposited and untreated PZT
seed-layer on STO:Nb using the hydrothermal process reported earlier.
Typically, the reaction solution was prepared by mixing 2 mmol of Ti-n-
butoxide (Ti(OCH,CH,CH,CHjs),) dissolved in 25 mL ethanol, and
stoichiometric amount of hydrated zirconium chloride (ZrOCl,-8H,0)
dissolved in 25 mL de-ionized water, separately. The Ti ion containing
ethanol solution was then added slowly into the Zr ion containing
aqueous solution under vigorous stirring. In the next step, 200 mL
of NH4OH solution containing 28-30% of NH; was added to this
mixture that resulted in a precipitation of intermediate hydroxide phase
(Zro52Tio.430(OH),). The precipitate was washed and centrifuged several
times with water and ethanol in order to remove unreacted chemicals
and ionic by-products. After thorough cleaning, the hydroxide precipitate
was re-dispersed in 36 mL of de-ionized water. To this solution
stoichiometric quantity of hydrated lead nitrate Pb(NO3),.8H,0, 0.02 g
PVA (poly(vinyl alcohol)) and 0.4 g PAA (poly(acrylic acid)) were added
successively. Required quantity of KOH pellets was added to this mixture
to maintain an alkaline pH of = 12. The final growth solution was put
into a teflon lined hydrothermal vessel. The substrates were suspended
freely midway inside the teflon chamber using a custom designed holder
to avoid unwanted material precipitation during the growth process.
The chamber with the reactants and the substrate were then sealed and
heated at 220 °C for time varying between 4-12 h. After the elapsed time
of the reaction, each time the chamber was air cooled and the substrates
were cleaned with de-ionized water and ethanol. Uniform, white layers
of PZT were obtained every time on the substrates which were air-dried
and were used for further characterizations.

Characterizations: The phase purity and crystalline quality of
the PZT seed layers and the nanostructured thin films on STO:Nb
were characterized by X-ray diffraction (XRD) with a Bruker AXS D8
diffractometer equipped with Lynx Eye position-sensitive detector using
Cu Kot radiation (A = 1.5418A). Peak shifts due to sample misalignment
was adjusted while performing the XRD scans. Structural analyses of
the PZT seed-layer were performed by Digital Instruments’ Atomic
Force Microscopy (AFM) and scanning electron microscopy (SEM, JEOL
JSM 6390 LV). The SEM, transmission electron microscopy and high-
resolution transmission electron microscopy (TEM-HRTEM, FEI Tecnai
F20 S-Twin TEM) were used to characterize the morphology, size and the
intrinsic structure of PZT nanostructured thin films. Energy-dispersive
X-ray spectroscopy equipped with the SEM (EDS, Oxford Instruments
INCAX sight) was used for the composition analysis of the seed-layer
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and the nanostructured thin films. The interfacial microstructure in
the nanostructured thin films was analyzed by cross-sectional TEM for
which the sample was prepared by milling a 100 nm thick 5 pm x 10 pm
rectangular strip from the film surface using a focused ion beam (FIB)
(JOEL 4500 FIB/SEM) and Pt welding it to a Cu TEM grid. In order to
study the structure of the PZT Nhs individually, the material was carefully
scrapped out and then dispersed in isopropyl alcohol. Few drops of this
solution were then deposited on a carbon coated copper grid and air
dried. Raman spectra were measured from the PZT seed-layer and the
nanostructured thin films using a Horiba Jobin Yvon T64000 Advanced
Research Raman System with a Synapse charge-coupled device (CCD)
detection system, and a confocal LabRAM Raman microprobe. The
514.532 nm line of an Ar* laser was used for the measurements, which
were performed at two different installations. The micro-Raman utility
was used by measuring room-temperature spectra under a microscope.

Ferroelectric Polarization Measurement: During the PZT seed-layer
growth using PLD a shadow mask was used to cover a part of the
bottom STO:Nb substrate and later during the chemical synthesis of
PZT nanostructured thin films the masked region was wrapped with
Teflon tape so as to preserve an open access to the bottom STO:Nb
substrate which served as the bottom electrode during the polarization
measurements (Figure 8a). Top Pt electrodes were deposited on the PZT
nanostructured thin films using a CRC-100 sputtering system (Plasma
Sciences Inc.) and through a shadow mask that produced 100 pm
diameter dots for a thickness of 100 nm. The polarization measurements
of the fabricated nanostructured PZT thin-ilm (using Pt-top and Nb
doped STO-bottom electrodes) capacitors were performed at room
temperature using a commercial Precision LC Ferroelectric tester (from
Radiant Technologies, Inc) equipped with a micro-probe station. The
polarization data were collected independently from several (more
than 20) top electrodes keeping the same bottom electrode and were
found to be consistent. During the hysteresis measurements, a constant
standard bipolar input profile was used at 100 ms period but varying the
driving voltages from 1V to 9 V. The leakage current densities (J,) in the
thin-film capacitor was measured by applying a stress voltage of 9 V for
a period of 1 s (soak time).
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Supporting Information is available from the Wiley Online Library or
from the author.
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