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Abstract - Enhancement of lead zirconate (PbZrO3s) polarization is achieved by using a titanium seed layer
on alumina polycrystalline substrate. Thanks to the reduction of the lattice mismatch between the platinum
electrode (3.92 A) and the PbZrOs films (4.14 A), lead zirconate thin films oriented along the (111) direction
with an orientation factor of around 65 % has been obtained. The (111) PbZrOs presents an increase of 56%
of the polarization compared to the (100) PbZrOz. This enhancement is responsible of the higher recoverable
energy storage density obtained in the (111) PbZrOs thin films (8 J/cm? at 600 kV/cm with an efficiency of
72%). The (111) PbZrOgz also has a higher figure of merit, which indicates that the (111) crystallographic

plan is the most favorable direction for energy storage.

Introduction

The study of thin film capacitor for energy storage application is receiving more and more attention due to
the growing demand for autonomous and wireless sensors[1],[2]. Advantages of thin film capacitors are a
high energy density with a low footprint [3],[4] and the security of the device since it is entirely solid [5].
Among the dielectric materials, antiferroelectric PbZrOs thin films are the most widely used for energy
storage applications due to their low remnant polarization, high dielectric breakdown and large saturation

polarization.

Previous works on single crystal substrates show the influence of a thin titanium seed layer (< 5 nm) on
the crystallographic orientation of PbZrOs thin films [6],[7]. This allows us controlling the dipole orientation
and hence the material’s dielectric properties. In this study, the lead zirconate crystallographic orientation is

optimized while using an alumina polycrystalline substrate. This optimization should lead to a significant



reduction of the production cost since monocrystalline substrates represent an important part of the device

price.

Experimental procedure

The PbZrOs thin films are prepared by a sol-gel process. Lead acetate trihydrate [Pb(CH3CO>)2.3H20]
with 10% molar excess is dissolved in deionized water and acetic acid. An excess of lead is used in order to
compensate the loss during the annealing treatment due to the formation of the volatile PbO [8]. Zirconium
isopropoxide [Zr(O(CH2)2CHs)4] is then added to the solution. In addition, Ethylene glycol [HO-CH>-
CH20H] is used to reduce the appearance of cracks [9] in the film and improves the solution stability [10].
The concentration of the final solution is 0.5 M. The precursor solution is then deposited on a polished
alumina substrate precoated with a 40 nm titanium adhesion layer and a 300 nm platinum bottom layer done
by magnetron sputtering. Twelve layers have been deposited at 4000 rpm during 25 s by a multi-step spin
coating process and each layer is annealed during 10 min in a pre-heated open air furnace at 650°C. The
overall films thickness is 800 nm. Square platinum electrodes of 0.5 mm broad are deposited by RF
magnetron sputtering in order to realize a Metal-Insulator-Metal capacitor. To study the influence of a
titanium seed layer on the crystallographic orientation of the PbZrOs layers, 1 nm, 2 nm and 3 nm of
titanium are deposited by sputtering before the PbZrOsz layers (Fig. 1). The thickness of titanium is

calculated according to the deposition rate of the sputtering process.

The cross-sectional morphology of the films is examined with a Jeol 7600 scanning electron microscope
(SEM). The structure and phase purity of the films are analyzed using a Bruker D8X- ray diffractometer
(XRD) with CuKa radiation. The polarization versus electric field (P—E) hysteresis loops are measured at 1
kHz using a classical Sawyer Tower circuit and the energy storage performance is calculated according to
the (P-E) results. The current - electric field hysteresis loops are obtained thanks to a modified Sawyer
Tower circuit by replacing the sense capacitor by a resistor of 100 Q. The capacitance and the dielectric
losses (tan o) are measured with an Agilent 4294A, the relative permittivity of each sample is calculated

from the measured capacitance.
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Fig. 1. Schematic diagram of the MIM capacitors for the different structures

Results and discussion

A. Structural properties

The X-ray diffraction patterns of the PbZrOs thin films are shown in Fig. 2 with the indices of the

pseudocubic perovskite structure. All samples are well crystallized and no parasitic pyrochlore phase is
found.

The orientation factor (ank) can be calculated for each peak thanks to the following equation [11],[12] :

A = L %100, 1)

Itotal

where Ini corresponds to the peak intensity of the selected plane and lotal is the sum of all diffraction peaks.
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Fig 2. X-ray diffraction patterns of the lead zirconate thin films with different thickness of titanium seed

layer

The sample with no titanium seed layer (Ti: 0 nm) is oriented along the (100) crystallographic plane at
around 99 % which is similar to what is obtained when single crystal substrate is used [6]. This orientation
on smooth polycrystalline alumina substrate is due to a most thermodynamically favorable growth direction
[13],[14] on a lowest surface energy [7]. Contrary to this sample, a (111) preferential orientation is obtained
at 65 % when introducing 2 nm of Ti seed layer, which is in agreement with the work of Muralt et al. [6].
During the crystallization, the titanium seed layer forms an intermetallic (Pt3Ti) layer with the platinum
bottom electrode [7],[15], reducing the lattice mismatch between the Pt electrode (3.92 A) and the PbZrOs3
films (4.14 A). This intermetallic layer facilitates the PbZrOs growth in the (111) crystallographic direction
on the highly (111) oriented platinum bottom electrode. However, when using 1 nm and 3 nm of Ti seed

layer, less oriented materials are obtained (at 37 % and 58.5 % respectively).

In order to compare the orientation degree of the lead zirconate films, the diffraction intensity ratios have
been calculated using the main planes (111), (110) and (100) (Fig. 3). The l111/l100 ratio shows that the
maximum orientation along (111) is obtained with 2 nm of Ti which corresponds to what we observed in the
XRD pattern. This ratio is closed to zero for the sample with no seed layer due to the highly (100) oriented
PbZrOs. A similar evolution is observed for the l110/l100 ratio, which shows that the use of the titanium seed

layer also promotes a slightly growth of the (110) PbZrOs plane, but the texture in this orientation is less



pronounced compared to the (111) direction. Therefore, the evolution of the l111/l110 ratio is quite stable,

indicating a constant growth of the (111) texture in relation to the (110) plane.
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Fig. 3. Evolution of the diffraction intensity ratios as a function of the Ti seed layer thickness

Fig.4 shows cross-sectional SEM morphology of the (100) and (111) oriented lead zirconate. Both
samples have a similar columnar like structure and all films are uniform and crack-free. Due to the
multicoating deposition process of the PbZrOs, layer interfaces could clearly be observed. In the (111)
PbZrQOs, the Ti seed layer cannot be seen because of the formation of the thin intermetallic PtsTi layer during
the crystallization. The thickness of the film and of one layer is respectively 800 nm and 70 nm for all

samples.
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Fig. 4. Cross-sectional SEM morphology of (100) and (111) PbZrO3

B. Dielectric properties

Polarization loops of the lead zirconate thin films at 600 kV/cm are shown in the Fig.5. All films have
developed double hysteresis loops, indicating their antiferroelectric nature. The sample which is oriented
along the (111) direction (Ti: 2 nm) has the higher maximum polarization (36 uC/cm?) while the (100)
PbZrOs (Ti: 0 nm) has the lowest polarization (23 uC/cm?) at 600 k\V/cm. For the less oriented materials, Ti:
1 nm and Ti: 3 nm, intermediate values are obtained of 31 uC/cm? and 32 pC/cm? respectively. These
results can be explained by the modification of the polar axis orientation. For PbZrO3 thin films with a (111)
orientation, the angle between the applied electric field and the [111] polar axis (ﬁFE) of the ferroelectric
rhombohedral phase is lower compared to the (100) PbZrOs [7],[16] (Fig. 6). Thus, for the (111) PbZrOs
films the energy necessary to align the dipoles in the direction of the electric field is smaller compared to the
(100) PbZzrOs. Therefore, more the orientation factor along the (111) direction is high, more the polarization
is important. The polar direction (13AFE) of the antiferroelectric tetragonal cell which is along the [110] axis
has less effect on the dielectric properties of the material because in this state the elementary dipoles are

anti-parallels [17].
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Fig. 5. Polarization and current — electric hysteresis loops of the lead zirconate thin films as function of Ti

seed layer thickness at 1kHz. Ear and Era are the transitions fields.

The current — electric field (Fig.5) loops obtained show the same evolution than polarization loops. The
(111) PbZrOsz (Ti: 2 nm) has the lowest antiferroelectric-ferroelectric field transition (Ear = 350 kV/cm) and
the (100) PbZrO3 has the highest one (Ear = 490 kV/cm). The ferroelectric-antiferroelectric fields transitions

(Era) are also influenced by the crystallographic orientation of the material, it is induced by the reduction of

the angle between the applied electric field and the ferroelectric polar axis (ﬁFE). As a result, the (111) lead
zirconate is easier to polarize compared to the (100) PbZrOz. For the same reason, the (111) PbZrOs has a

lower ferroelectric-antiferroelectric transition field (Era = 230 kV/cm) than the (100) PbZrOs (EFa = 350

kV/cm).
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Polarization is important for energy storage performances as the recoverable energy density (W) stored in

the capacitor can be calculated from the discharge branch of the polarization loop (Fig.7) by [18]:

Psat
W = f EdP (2)
0

The energy storage efficiency (n) can be obtained by considering the energy consumed (W) during the

discharge [18]:

W+ W, @)
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Fig.7. Schematic presentation of the stored energy in an antiferroelectric polarization cycle

The recoverable energy stored is higher for the (111) PbZrOs (Ti: 2 nm), which is in accord with the
higher polarization of the (111) PbZrOz (Fig.8). Due to low polarization, the (100) PbZrOs (Ti: 0 nm) and
less oriented materials have lower energy densities. A high polarization is necessary to obtain a large energy
stored.

The (111) PbZrOspresents a recoverable energy density of (8 J/cm®) with an efficiency of 72 %, which is
similar to what is reported in (111) PbZrOs [3] deposited on SrTiOssingle crystal. This shows that the use of
a single crystal substrate is not mandatory for the development of an energy storage device and can be

replaced by a low cost alumina polycrystalline substrate without damaging its properties.
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Fig.8. Recoverable energy stored and the polarization as function of the titanium seed layer thickness at 600

kV/cm.

On the other hand, the (100) PbZrOs (n = 82%) has a higher efficiency compared to the (100) PbZrOz (n
= 72%). This higher efficiency is related to its slimmer polarization loop, which is characteristic of a
material with low dielectric losses.

In order to determine which of the crystallographic orientations is the most favorable for energy storage,

a figure of merit (F.O.M.) is calculated [4].
F.OOM=Wxn (4)

A F.O.M. of 5.75 J/cm?is obtained for the (111) PbZrOs (Ti: 2 nm), while the (100) PbZrOs has a F.O.M.

of 5 J/cm?. This shows that the (111) crystallographic plan is the most favorable direction for energy storage.

10



The real part of relative permittivity and dielectric losses of the PbZrOs films as a function of frequency

are presented in Fig. 9. The (111) PbZrOs (Ti: 2 nm) has the higher relative permittivity (&’ =~ 155 at 1 kHz)

while the (100) PbZrOz (Ti: 0 nm) has the lowest value (& = 137 at 1 kHz). The high permittivity observed

in (111) PbZrOs can be explained by the easy rotation and incline of domain and polar vectors in this texture

due to a highly c-axis material [19]. Zhao et al. [11] have reported a same evolution in lead zirconate

antiferroelectric films.

All samples have low dielectric losses (tan o< 0.02). Nevertheless, dielectric losses are slightly higher

for samples using a Ti seed layer, which explains their lower efficiencies. This phenomenon is related to the

oxidation of the Ti seed layer, which induces a raise of the dielectric losses. Indeed, titanium has a poor

oxidation stability [20],[14] in the crystallization conditions of lead zirconate (= 650°C) and induces the

generation of oxygen vacancies in the lead zirconate structure. In previous research [3] the same behavior

was noticeable in (111) PbZrOz deposited on (111) SrTiOssingle crystal.
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Conclusion

Optimization of lead zirconate (PbZrOs) polarization by using titanium seed layer has been investigated.
Thanks to the reduction of the lattice mismatch between the platinum electrode (3.92 A) and the PbZrOs films
(4.14 A), lead zirconate thin films oriented along the (111) direction on an alumina polycrystalline substrate
has been grown. The sample with 2 nm of titanium seed layer presents an orientation factor of around 65 %
along the (111) plane, which shows that the modification of lead zirconate crystallographic orientation is
possible even when using a polycrystalline substrate. This optimization leads to the control of the PbZrOs
crystallographic growth without having recourse of an expensive monocrystalline substrate which is an

important achievement in order to optimize dielectric and energy storage properties in a low cost way.

The (111) PbZrOs has a higher maximum polarization (36 uC/cm?) compared to the (100) PbZrOs;
saturation polarization (23 nC/cm?) at 600 kV/cm. These results can be explained by the modification of the
polar axis orientation when the crystallographic orientation is modified. When the PbZrOs; has a (111)
orientation, the angle between the applied electric field and the [111] polar axis of the ferroelectric
rhombohedral phase is lower compared to the (100) PbZrOs. Enhancement of the polarization also
contributes to the amelioration of the energy storage performances. The recoverable energy density (8 J/cm®)
obtained for the (111) PbZrOs is higher than the (100) PbZrOs density (6 J/cm®), which indicates that (111)
crystallographic orientation is more suitable for an energy storage application. The calculation of F.O.M
confirms this result. Nevertheless, samples using a Ti seed layer present higher dielectric losses, which is due

to the titanium weak oxidation stability in the crystallization conditions (= 650°C).
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