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Preferentially (001) and (110)-oriented PbZr0.52Ti0.48O3 (PZT) films with a LaNiO3 (LNO) bottom electrode were
deposited on buffered Si (001) substrates using pulsed laser deposition. This high degree of control on growth
orientation of these LNO and PZT thin films was achieved by using Ca2Nb3O10 (CNO) and Ti0.87O2 nanosheets
as buffer layers deposited on the Si by the Langmuir–Blodgett technique. The measured remnant polarization
(Pr) and piezoelectric response of the (001)-oriented PZT films on CNO-nanosheets are 16 μC/cm2 and
120 pm/V, respectively. These values are comparable to the values reported for the epitaxial PZT films grown
on CeO2/yttria-stabilized zirconia (YSZ) buffered Si substrates while the maximum deposition temperature is
lowered from 800 °C to 600 °C which are the typical deposition temperatures of YSZ and PZT respectively. This
lower maximum deposition temperature shows that the integration of PZT films by the nanosheet buffer layers
is not limited to Si, but can be extended to substrates with low processing temperatures like glass for various de-
vice applications in the future.

© 2015 Published by Elsevier B.V.
1. Introduction

In recent years lead zirconate titanate, Pb(ZrxTi1 − x)O3 (PZT), films
have drawn much attention because of their potential use in
microelectromechanical systems [1] and nonvolatile ferroelectric ran-
dom access memories [2]. The properties of PZT films strongly depend
on the composition (Zr/Ti ratio) therefore PZT (52/48) composition
near the morphotropic phase boundary is commonly preferred due to
its high piezoelectric response [3]. Moreover in order to utilize the opti-
mal functional properties of PZT, high crystalline quality filmswith con-
trol on crystal-orientation is required [4]. Therefore, high quality
epitaxial PZT films are usually prepared on single crystal oxide sub-
strates such as SrTiO3, MgO and LaAlO3 using various physical and
chemical vapor deposition techniques [5–8]. However, these substrates
are expensive and therefore rarely used in practical applications. In the
semiconductor industry, silicon (Si) substrates are commonly used, ne-
cessitating high quality growth of PZT on Si or Si-containing substrates.
Integration of PZT on Si substrates and circuitry could pave the way to
more efficient fabrication of devices. However, growth of oxide films, in-
cluding PZT, directly on Si causes oxidation of the Si surface forming
amorphous silicon oxide at the film–substrate interface, which is detri-
mental for growth of high quality crystalline films. As a result consider-
able efforts have been invested to find buffer layers that prevent such
oxidation at the Si surface, allowing control of the crystal orientation
ganic Materials Science Group,
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of the subsequent layers. One way of growing oxides on Si is depositing
yttria-stabilized zirconia (YSZ) and then CeO2 as buffer layers [9–12].
There are also efforts to integrate preferentially oriented PZT on plati-
nized Si substrates at lower temperatures, but issues like control of
the growth orientation and fatigue are still to be overcome for a stable
and reproducible response of PZT [13,14]. Ferroelectric and piezoelectric
properties are highly anisotropic, thus integration of PZT on Siwith con-
trol of the growth orientation is highly desired [4]. Orientation-control
on growth direction is usually achieved by using SrRuO3 or LaNiO3

(LNO) electrodes on YSZ and/or CeO2 buffer layers. However, growth
of YSZ and CeO2 on Si is usually achieved at very high temperatures
(750–800 °C) [9–12] which would create problems for any circuitry
on the same substrate. In addition, such a high temperature growth pro-
cess is not very suitable for the integration of PZT on substrates like
glass. The attempts on growing at lower temperatures have practically
resulted in poor crystalline quality, i.e. secondary pyrochlore phase or
polycrystalline, PZT films [15–17]. Hence in order to integrate PZT on
cost effective substrates such as Si and glass, development of integration
processes with lower processing temperature is required.

Recently two-dimensional materials such as oxide nanosheets have
attracted attention due to their physical properties and potential use in
a wide range of applications such as dielectrics and semiconductors
[18–21]. The advantage of the nanosheets is that they can be transferred
in crystalline form to the substrates such as Si and glass at room temper-
ature. Contrary to the major attention from the dielectric and semicon-
ductor applications, little attention has been paid on the potential use of
the nanosheets as a buffer/seed layer to promote piezoelectric film
growth [22,23]. On the other hand, these works [22,23] use chemical
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Fig. 1. AFM images recorded in 20 × 20 μm2 area for (a) Ca2Nb3O10 and (b) Ti0.87O2-nanosheets revealing high area coverage.
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solution deposition for growth of Ti rich compositions of PZT and the
produced films suffer from mixed growth and high coercive fields. In
addition, no data is reported regarding the piezoelectric properties of
the PZT films, which is indeed crucial for the device applications.
There is no detailed investigation in the literature on control of growth
direction of PZT (52/48) films using Ca2Nb3O10 (CNO) and Ti0.87O2 (TO)
nanosheets as buffer layers on Si substrates. In this article, we report the
controlled growth of the (001) and (110)-oriented PZT/LaNiO3 (LNO)
films using CNO and TO nanosheets as buffer layers, respectively on Si
substrates. Comparable ferroelectric and piezoelectric properties were
measured for both (001) and (110)-oriented PZT films.We used pulsed
laser deposition (PLD)which is known to give better control on the stoi-
chiometry and crystal orientation. The entire growth process was
achieved at temperatures lower than 600 °C, which allows the integra-
tion of PZT also on glass.

2. Experimental procedure

CNO and TO-nanosheet films were transferred from a single layer
CNO and TO colloidal solution using the Langmuir–Blodgett (LB) tech-
nique at room temperature. The solutions of CNO and TO-nanosheets
were prepared by exfoliation of layered HCa2Nb3O10·1.5 H2O and
H1.7Ti1.73O4·H2O respectively, by using tetrabutylammoniumhydroxide
[21–24]. The nanosheet films with layer number of N3 are not stable at
temperatures higher than 650 °C [25], thus only 1 layer of CNO and 2
layers of TO-nanosheets were deposited on Si substrates. Prior to the
deposition of the PZT/LNO stack, the nanosheet buffered Si (001) sub-
strates were annealed at 600 °C for 60 min in a 0.140 mbar oxygen
Fig. 2. XRD θ–2θ scan of PZT films revealing (a) (001) on Ca2Nb3O10/Si. (b) (110)-orientation
visible in the XRD measurements. A schematic demonstration of (c–d) the ideal fitting of th
match of LaNiO3 (110) plane lattice parameters and Ti0.87O2 lattice parameters.
atmosphere. This step was required to burn out the surfactant used to
grow the nanosheets and increase the adhesion between substrate
and nanosheets. Surface morphology of the nanosheets was investigat-
ed by a Bruker Dimension Icon atomic force microscope (AFM) using
tapping mode. Fig. 1(a) and (b) shows 20 × 20 μm2 AFM images of the
CNO and TO-nanosheets. The AFM images show deposition of CNO
and TO nanosheets on Si substrates with high area coverage.

All filmswere deposited in situ using PLD by ablatingmaterials from
stoichiometric targets of LNO and PZT with KrF excimer laser pulses at
248 nm wavelength with 20 ns pulse duration. A base pressure of
5 × 10−5 Pa was maintained in the deposition chamber before raising
the substrate temperature. PZT films with 750 nm thickness were
sandwiched between 200 nm thick bottom and 100 nm thick top LNO
electrodes respectively. In order to avoid any degradation of PZT
phase, the top LNO electrode layer was deposited at the same growth
temperature as of PZT (585 °C). Later on, 100 nm thick Pt was sputtered
on the LNO top electrode by radio frequency sputtering at room temper-
ature to increase the homogeneity of the electric field. After the deposi-
tions, top electrode was patterned into capacitors with 200 × 200 μm2

area using standard photolithography process and structured by argon
etching.

Crystallographic characterization was performed by means of a
Philips X'Pert MRD X-ray diffractometer (XRD) using Cu-Kα radiation.
The scanning electron microscopy (SEM) images of both of the
heterostructures were recorded using a Zeiss MERLIN HR-SEM. The po-
larization–electric field (P–E) hysteresis loop and the switching cur-
rent–electric field (I–E) characteristics of the PZT films were recorded
with a ferroelectric tester (TF analyzer 2000, aixACCT). The ferroelectric
on Ti0.87O2/Si substrates. Since the nanosheets are only a few unit cells thick, they are not
e LaNiO3 (100) plane lattice parameters to the Ca2Nb3O10 lattice parameters, (e–f) the



Fig. 3. SEM images of PZT films on (a) LNO/CNO/Si and (b) LNO/TO/Si.
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hysteresis loopsweremeasured using bipolar triangular pulses at 1 kHz.
The piezoelectric response of the films was measured using a Polytec
MSA-400 laser Doppler vibrometer (LDV) operating at 8 kHz.

3. Results and discussion

The XRD patterns of PZT and LNO films on CNO and TO-nanosheet
buffered Si (001) substrates (pseudo-cubic indexing is used for all) are
shown in Fig. 2(a) and (b). The PZT films consist of a pure perovskite
phase and no pyrochlore phase was observed in both heterostructures.
Fig. 2(a) and (b) shows that PZT films grown on CNO and TO-
nanosheets have (001)-orientation and (110)-orientation, respectively.
The CNO-nanosheet had a 2D square lattice with a lattice parameter of
a = 3.86 Å, which is an exact fit to that of the (001) face of the cubic
LNO (a = 3.86 Å). This exact fit of lattice parameters promotes (001)-
growth of both LNO and PZT on CNO-nanosheets as schematically
shown in Fig. 2(c–d) and observed in the XRD patterns. TO-
nanosheets have a lepidocrocite-type structure with a 2D rectangular
lattice with lattice parameter of a = 3.76 Å and b = 2.97 Å [20]. On
TO nanosheets, besides having a lower latticemismatch along a-param-
eter (2.5%), (001)-oriented growth of LNOwas not possible due to large
lattice mismatch along b-parameter (23%). On the other hand, the two-
fold cell of a TO-nanosheet provides a close match to the (110) unit cell
of LNO (~9%) as schematically shown in Fig. 2(e–f). This promotes
(110)-oriented growth of both LNO and PZT. However, nanosheets are
randomly oriented in-plane, thus the subsequent layers are also expect-
ed to be randomly oriented in-plane. The microstructure of the PZT
films deposited on CNO and TO-nanosheet buffered Si substrate was
further investigated by SEM as shown in Fig. 3(a) and (b), respectively.
Cross-sectional SEM images reveal thicknesses around 600 nm and
200 nm for the PZT film and LNO electrode layer, respectively. It has
been observed from the SEM images that PZT films show a columnar
type of growth for both heterostructures due to the large lattice mis-
match (~5%) between LNO and PZT.
Fig. 4. (a) Macroscopic polarization–electric field hysteresis and (b) switching current–electri
could be switched in either direction.
The polarization–electric field (P–E) hysteresis and switching
current–electric field (I–E) which were measured at 1 kHz for two
heterostructures are shown in Fig. 4(a) and (b) respectively. Despite
having different crystal-orientations for PZT films the remnant po-
larization (Pr) and coercive field (Ec) for both of the heterostructures
are comparable. The remnant polarization (Pr), and coercive field
(Ec) for both structures are 16 μC/cm2 and 32 kV/cm respectively,
which is comparable to the values reported for the epitaxial PZT
films on buffered Si substrates [12]. Well saturated hysteresis loops
and sharp switching peaks observed in ferroelectric measurements
show that the quality of these PZT films on nanosheets is comparable
to the quality of epitaxial PZT films reported on YSZ\CeO2buffered Si
substrates [12]. Furthermore, the piezoelectric response of the PZT
film was locally measured using LDV. The samples were fixed to
large metal plates with silver paste to prevent any contribution of
the bending of the substrates to the LDV measurements. The piezo-
electric hysteresis loops shown in Fig. 5 were measured at electrodes
with 200 × 200 μm2 area in response to a small AC electric field of
~6.7 kV/cm. This AC electric field was superimposed on a DC electric
field sweeping from −170 kV/cm to +170 kV/cm. The maximum ef-
fective piezoelectric response (d33,f) measured for PZT films on CNO
and TO-nanosheets are 120 pm/V and 108 pm/V, respectively. These
values are higher as compared to the values reported for the PZT
films by LDV [26,27], which shows the high quality of PZT films on
nanosheets buffered Si substrates.

In summary, a high degree of control on the crystal growth orienta-
tion of PZT films on Si substrates is achieved by incorporating CNO and
TO-nanosheets. The results reveal that the PZT films deposited on such
nanosheets have comparable ferroelectric properties, and superior pie-
zoelectric properties were obtained as compared to the films deposited
without the use of nanosheets. This paper shows that integration of PZT
films at low temperature with control on crystal-orientation to the Si-
based devices is possible, a process which is expected to have a positive
impact on many practical applications of piezoelectric films.
c field curves of PZT films on Ca2Nb3O10 and Ti0.87O2-nanosheets revealing that PZT films



Fig. 5. The piezoelectric hysteresis (d33,f) loops measured by LDV for PZT films on
Ca2Nb3O10 and Ti0.87O2-nanosheets.
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