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Polar properties of spherulite thin films of lead zirconate-titanate
obtained by high-temperature annealing

from an amorphous phase
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The effect of the microstructure (block size and new intrablock boundaries) of spherulite thin films of lead
zirconate titanate on the magnitude of the internal field and self-polarization is studied. The films, whose
composition corresponded to the region of the morphotropic phase boundary, were formed by a two-stage method of
high-frequency magnetron sputtering. It is shown that the magnitude of the radial-lateral tensile mechanical stresses
changes as the size of the blocks increases, leading to a redistribution of the negative space charge (electrons) in
the volume of the thin film. A possible contribution to the formation of self-polarization of the space charge of
oxygen vacancies caused by their directed diffusion is considered.
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1. Introduction

Recently, researchers have been increasingly interested
in crystal structures, which are synthesized during high-
temperature annealing of thin amorphous films previously
deposited on a cold substrate. This is attributable to the
increasing use of thin-film materials in a variety of appli-
cations in order to miniaturize, save energy, and speed up
devices and devices. In the absolute majority, crystallization
of amorphous films occurs through the nucleation of islands,
their subsequent proliferation and fusion with formation of
a polycrystalline structure.

Crystallization from the amorphous phase is accompanied
by a change (usually an increase) of the density of the films
which results in the formation of a flat cylinder shape of
a growing island under the impact of radial mechanical
stresses. Such a spherulite-type formation is widespread
in case of the crystallization of thin films, regardless of their
composition and the symmetry of the crystal lattice [1-5].
The features of such spherulite films are the formation of a
radially radiant microstructure by small-angle non-crystalline
branching, accompanied by a radial reversal of the crystal
lattice [1-9]. As a rule, the angle of rotation linearly

increases with the increase of the radius of spherulite island.
Such structures are often attributed to the type of so-called
rotational crystals [2,8].

Spherulite microstructure is often observed in thin
ferroelectric  films, including lead zirconate-titanate
Pb(Z,Ti)O3(PZT) films formed by both physical and
chemical methods [5,8-13]. The interest in these
compounds is primarily attributable to their increasing
use in microelectromechanics [14-16]. It is important
for the effective use in microelectromechanics devices
that the formed films have a macroscopic polarization —
unipolarity (or self-polarization) comparable in magnitude
to spontaneous (or residual) polarization. It should be
noted that the presence of self-polarization leads to greater
stability of the polar state [17-19]. The formation of a
macroscopic polar state in a thin ferroelectric film during
its preparation is usually associated with the polarizing
effect of a space charge formed near the interface between
the thin film and the lower electrode previously deposited
on the substrate. Typically, the space charge at the lower
interface is formed in PZT thin films as a result of electron
condensation on deep traps. It is important that the positive
charge in the form of positively charged oxygen vacancies
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is localized in the upper part of the film, which would
contribute to the formation of macroscopic polarization
throughout the entire volume of the film.

The bending deformation of the crystal lattice, leading
to the formation of an internal field is another possible
mechanism for the formation of self-polarization. Until
recently, the popular version remains that the formation
of self-polarization is attributable to the flexoelectric effect
associated with the mutual displacement of atoms of
different types within the unit cell under bending action
on a thin film because of differences in the values of the
temperature coefficient of linear expansion of the thin film
and the substrate [20,21]. However, calculations indicate
that its effect is too weak in real conditions [22]. This
determines the need to search for other mechanisms that
contribute to the reorientation of ferroelectric dipoles in the
direction of the mechanical stress gradient.

The effect of directed (upward) diffusion of oxygen
vacancies, which is commonly referred to as the Gorsky
effect, can be attributed to such mechanisms [23-25]. Since
there is a rather strong reversal of the crystal lattice in
PZT spherulite films and, consequently, deformation of the
crystal lattice, it could be expected that the effect has a
significant impact on the diffusion of oxygen vacancies in
PZT films.

The aim of this study was to compare the formation of
an internal field and self-polarization due to the formation
of a negative space charge at the lower interface of the film,
and due to the directed diffusion of oxygen vacancies in
PZT spherulite thin films in which the deformation of the
crystal lattice depended on the average size of the spherulite
blocks [5].

2. Objects and methods of research

Thin PZT films of PbZr 54Tip.4603 composition obtained
by the two-stage RF magnetron sputtering method were
selected to study the effect. = Amorphous films were
deposited on substrates at a low temperature at the first
stage, and at the second stage, to crystallize the perovskite
phase, they were subjected to high-temperature annealing
at 580°C for 1 hour, followed by slow cooling in the
oven. The size of the spherulite blocks was increased by
reducing the distance from the target to the substrate (D)
in the range of 70—30mm. The block size reached the
maximum values of ~ 40—50um at D = 30mm [5]. The
film thickness was 500nm. A platinized silicon wafer was
the substrate. The composition of the sprayed ceramic
PZT target corresponded to the region of the morphotropic
phase boundary, where the dielectric and electromechanical
parameters reached maximum values [26].

Electronic images of thin films were obtained using a
Lyra 3 scanning electron microscope (Tescan). The energy
of the probing electron beam was 12keV. The piezoelectric
response force microscopy method MFP-3D SA (Asylum
Research) was used to study the piezoelectric response. The

measurements were conducted by applying 5V alternating
voltage to the cantilever at a frequency of 50kHz. The
area of the scanned surface was 40 x 40 um. Contact pads
with a size of ~ 100 x 100um were applied to the free
surface of the films for electrophysical measurements. An
automated system based on E7-20 immittance meter was
used to study dielectric properties. Dielectric hysteresis
loops were studied using a modified Sawyer-Tower circuit.

3. Experimental results and discussion
thereof

Figure 1 shows diffraction maps of reflected electrons
obtained on films deposited at D = 60, 40 and 30 mm (a—c,
respectively). The maps indicate an increase of the size of
the spherulite blocks with a decrease of the target-substrate
distance. An increase of the block size, in turn, leads to
an increase of the rate of rotation of the crystal lattice —
from 0.4—0.5deg/um at D = 70mm to ~ 1.4—1.5deg/um
for D =40mm. The deformation of the crystal lattice
increases in proportion to the reversal rate according to the
data provided in Ref. [2,3], reaching a value of ~ 1.5% [5].
In turn, the maximum mechanical stresses are estimated by
the value ~ 580 MPa, close to the value of the elastic limit
in PZT films [27]. Apparently, in reality, the magnitude of
these stresses is somewhat lower, however, rather complex
and expensive studies are required for a more accurate
quantitative determination.

The reversal rate decreased (table) in films with max-
imum block sizes (deposited at D = 30mm). We asso-
ciate this with the appearance of additional large-angle
open boundaries (Figure 1), most likely caused by the
achievement of extreme elastic mechanical stresses. These
boundaries represent areas of disruption of the crystal
lattice with an increased concentration of dislocations and
pores, which leads to partial relaxation of lateral mechanical
stresses. A multiple increase of the lateral component
of ferroelectric polarization (table) [5,9] also indicates an
increase of tensile mechanical stresses with increasing block
sizes, which contributes to the reorientation of polarization
in directions as close as possible to the plane of the film
(substrate).

Figure 2 shows images of the normal component of the
piezoelectric response, the color palette of which reflects a
change of the self-polarization value (Ps¢) of the films, and
histograms of the distribution Pgr over the scanning area
of the studied samples. The magnitude of the shift of the
histogram along the abscissa axis relative to the origin is
proportional to the value Pgr. Figure 3 shows the change
of the value of Pgr with an increase of D. It can be seen
that the dependence Pgy(D) passes through a minimum
at D = 40 mm, which corresponds to the maximum value
of lateral polarization and the maximum values of tensile
mechanical stresses.

The results of the study of the dielectric properties of
films are shown in Figures 4 and 5. Figure 4 reflects
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Figure 1. Maps of distribution of crystallographic axes normally oriented to the film plane for thin films deposited at a target-substrate
distance of 60 (a), 40 (b) and 30mm (c).
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Figure 2. Map of the normal component of the piezoelectric response (g, ¢) and its distribution over the scanning area (b, d) of thin PZT
films deposited at a target-substrate distance of 40 (g, b) and 60 mm (c, d).

9* Physics of the Solid State, 2024, Vol. 66, No. 11



1876 A.R. Valeeva, I.P. Pronin, E.Yu. Kaptelov, S.V. Senkevich, M.V. Staritsyn, D.A. Kiselev, S.A. Nemov

Variation of the size of spherulite blocks, the rate of rotation of the crystal lattice, and lateral polarization in PZT films depending on the

target-substrate distance

Target-substrate
distance, mm

Average area
of spherulite blocks, ym?

Lattice rotation
rate, deg/um

Lateral component
of polarization, arb. units

30 770
40 590
50 430
60 215
70 220

o o
o0 \O
T v T

e
Q

—
m

P, arb. units
o o
()] (@)
T
|

<
~
—

=
OS]
T

30 40 50 60 70
Distance D, mm

Figure 3. Self-polarization (Psqf) of thin PZT films deposited at
different target-substrate distances.

the shape of dielectric hysteresis loops (P—V) measured
in an electric field with an amplitude of 200kV/cm at
a frequency of 1kHz. Based on them, the dependence
of the magnitude of the internal field (Eiy), determined
by the displacement of the loop along the axis of the
abscissa, on the target-substrate distance is constructed
(Figure 5). It can be seen from Figure 5 that Ejy
decreases sharply in the film deposited at D = 40 mm:
this value Ej; = 10kV/cm is almost two times less than
at neighboring points on the graph. At the same time,
the maximum value of E;; ~ 30kV/cm was observed in
films characterized by a high concentration of open large-
angle boundaries (at D = 30mm). The magnitude of the
internal field in PZT thin films according to the data of
provided in Ref. [18,19] is determined by the magnitude
of the negative space charge (electrons) localized at the
lower interface of the ferroelectric film in the absence of the
upper electrode, and the charge itself is determined by the
concentration of charged oxygen vacancies. The magnitude
of the self-polarization Py is the result of the reorientation
of ferroelectric dipoles under the action of a space charge
field and depends on the distribution of the field over the
thickness of the film, and, therefore, on the distribution of
charged oxygen vacancies.

0.80 16
1.40 23
1.05 22
0.50 6.1
0.50 53

Ref. [5,9] show that an increase of tensile lateral (biaxial)
mechanical stresses leads to a sharp increase of the signal of
the second optical harmonic and, consequently, the lateral
projection of polarization with maximum values in films
deposited at D = 40mm (see table). Another consequence
is the appearance of lateral-radial self-polarization, the
vector of which is directed from the center of the spherulite
island (or block) to the periphery. The direction of its vector
is determined by the negative charge created by electrons
localized in deep traps of the boundary of the perovskite
island, and the radial orientation of ferroelectric dipoles
with oxygen vacancies tied to them, evenly distributed in
the volume of the film (Figure 6,a). The appearance of
a space charge on the periphery of the islands (or blocks)
means a redistribution of the negative charge, which leads
to a decrease in the space charge at the lower interface of
the film, and, as a result, to a decrease in the magnitude
of the internal field Ejy (Figure 5) and normally oriented
polarization (Pgyr) (Figure 3). The formation of numerous
large-angle boundaries in films deposited at D = 30 mm,
means not only partial relaxation (i.e. reduction) of lateral
mechanical stresses, but also the formation of conductive
channels facilitating additional charging of the lower in-
terface, and leading to an increase of both Ej and Py
(Figure 6, b).

When the crystal lattice is rotated with a gradient of
mechanical stresses directed towards the substrate, Figure 6,
a decrease of radial-lateral mechanical stresses should result
in a redistribution of oxygen vacancies to the upper part of
the film. We use the following formula to estimate the flux
of oxygen vacancies (I,) under the action of an elastic stress
gradient, [28]:

I, = Ny(Dy/KT)(d0/0X)wy, (1)
where N, — oxygen vacancy concentration, D, — oxygen
vacancy diffusion coefficient, k — Boltzmann constant,

T — temperature, 0 — mechanical stresses, w, — volume
occupied by oxygen vacancy. According to the data
provided in Ref. [29], the diffusion coefficient in PZT thin
films at room temperature is characterized by the value
Dy, ~5-1072°m? N, ~ 10*m~3 [30], o ~5-10'"Pa,
w, ~8-1073"m3.  Hence, the flux of oxygen vacan-
cies arising under the action of elastic stresses in a

Physics of the Solid State, 2024, Vol. 66, No. 11



Polar properties of spherulite thin films of lead zirconate-titanate obtained by high-temperature annealing... 1877
30 30
a - b
20 20
B 5 1
o 10r / o lor
=1 =1 L /
g =]
s 0 s 0
N N
s-10F s-10F
] o L
~ ~
20 20
-30 ] . ] . . ] . ] -30 ] . ] . . ] . ]
-10 =5 0 5 10 -10 =5 0 5 10
Voltage, V Voltage, V
30
- c
20
N
g L
? 10
i z
= L
N
s-10F
) L
a9
20
_30 | 1 | 1 | 1 |
-10 -5 0 5 10
Voltage, V

Figure 4. Dielectric hysteresis loops of thin PZT films deposited at a target-substrate distance of 30 (a), 40 ( it b) and 70mm (c).

Frequency — 1kHz.

500nm thick film at room temperature is estimated as
ly ~ 1083 m=2.s71,

However, at least two factors should be taken into account
for a more accurate assessment of the diffusion rate. One
of them is related to the fact that the spherulite structure
is characterized by a high concentration of dislocations
(~ 10" m~2 according to our estimate), because of which
the flux of oxygen vacancies can increase by ~ 4—5 orders
of magnitude. Another factor is related to an exponential
increase of the diffusion coefficient with temperature, which
can lead to its increase by 3—4 orders of magnitude at the
annealing temperature [30]. For this reason the estimated
value of the vacancy rate can increase by 7—9orders of
magnitude taking into account these factors and amount
to ~10%°-102m=2.s7!. This means that a large (or
significant) part of the charged oxygen vacancies can
move to the upper part of the thin film during the
crystallization of the perovskite phase (over time ~ 10%s)
(Figure 6,b). The formation of an internal field due to the
volumetric charge of oxygen vacancies may be an alternative
mechanism for the formation of self-polarization in this
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Figure 6. Diagram of the space charge distribution and the
direction of the vectors of normally oriented self-polarization and
lateral self-polarization.

case. However, additional studies are required to verify this
version.

4. Conclusions

Experiments have shown that an increase of the size
of spherulite blocks and the occurrence of new intrablock
boundaries in thin ferroelectric PZT films leads to a change
of lateral mechanical stresses and, as a result, to a change
of the conditions of the formation of a space charge and a
significant change of the internal field and self-polarization
values. The explanation of the observed effects is based
on established ideas about the nature of the formation
of an internal field and self-polarization associated with
the formation of a negative space charge. Nevertheless,
the effects observed in PZT thin films caused by the
deformation of the crystal lattice under the action of
lateral mechanical stresses indicate that it is necessary to
take into account the contribution of directed diffusion of
oxygen vacancies to the formation of self-polarization at the
perovskite phase crystallization stage.
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