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ABSTRACT

The influence of lateral mechanical stresses on the crystal structure, microstructure and dielectric
properties of spherulitic thin films of lead zirconate titanate is studied. The composition of lead zirconate
titanate corresponded to the region of the morphotropic phase boundary. In thin films, the perovskite phase
was formed during high-temperature annealing of amorphous films deposited by RF magnetron sputtering
of a ceramic target on a cold silicon substrate. The deformation of the crystal lattice caused by the change
in density during crystallization of the perovskite phase in the films changed with an increase in the area
of spherulitic blocks with a variation in the target-substrate distance during their deposition. An increase
in mechanical stress led to a linear rotation of the crystal lattice and a change in its parameters, as well as
to a change in the microstructure of thin films. Based on the temperature dependences of the reverse
dielectric permittivity, changes in the temperature of structural phase transitions in the films were revealed.
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Introduction

In recent years, an interest in thin films with spherulitic structure has been caused by both
their increasing use in various practical applications and the development of multi-stage
technologies based on the deposition of amorphous films at low temperatures and their
subsequent multi-stage heat treatment. During heat treatment, crystallization of the films
occurs through the formation of individual islands, which often take on a shape close to
round, and are therefore called spherulites. The formation of a spherulitic microstructure is
accompanied by an increase in the density of the films. The consequence of this is their
shrinkage, which leads to a partial relaxation of lateral mechanical stresses acting from the
amorphous or low-temperature intermediate phase. A similar situation is realized both in
thin-film metals and alloys, and in semiconductor and dielectric films [1-8].
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Since the change in the density of films during their crystallization can reach several
percent, the formation of spherulites is accompanied by the appearance of strong lateral
mechanical stresses and strain, Fig. 1. Thus, in hematite films (a-Fe,0s), the strain,
estimated at ~ 0.5%, was accompanied by rotation of the growth axis, the rotation speed
of which reached ~ 100 deg/pm [3]. In this regard, such crystal structures are often called
transrotational [3,4] or simply rotational, when the rotation speed was lower and
amounted to fractions or units of deg/pm [5-8].

Py

Fig. 1. Schematic representation of the effect of lateral mechanical stresses
on a perovskite (Pe) two-dimensional island from the pyrochlore (Py) matrix

Until recently, the physical properties of rotational crystals have been practically
unexplored, were mainly descriptive in nature and focused on the study of their
microstructure features. There is even less information regarding thin ferroelectric films,
primarily lead zirconate titanate (PZT) films, which are currently the main materials in
microelectromechanics [9]. As a rule, everything was reduced to recording and describing
the features of the spherulitic microstructure, without studying the nature of their
formation and the role of mechanical stresses [10-14].

The development of new microscopic research methods, such as scanning electron
microscopy, piezoresponse force microscopy, and second optical harmonic generation,
have allowed a number of new results to be obtained in the study of thin-film spherulites.
Thus, effects of lateral-radial self-polarization, an abnormally high second optical
harmonic signal, and recrystallization of the perovskite phase were discovered in PZT thin
films [15-17]. In addition, the phenomenon of electron channeling was discovered in
InSiO and PZT films [7,18]. The objective of this work was to study the influence of
mechanical stresses on the phase state of spherulitic thin PZT films, the composition of
which corresponds to the region of the morphotropic phase boundary (MPB).

Interest in the phase state of PZT solid solutions in the region of coexistence of
rhombohedral (R) and tetragonal (T) modifications of the ferroelectric phase
(morphotropic phase boundary) is associated with anomalously high values of
electromechanical and dielectric parameters, due to which ceramic materials based on
PZT have remained the main materials of piezoelectric engineering over the past 70 years
[19,20]. Thin PZT films find wider application both in microelectromechanics and in
microwave electronics, non-volatile memory, photonics, IR technology, etc. [9,21-24]. At
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the same time, the nature of the anomalously high technical parameters remains not
entirely clear, and the phase diagram of PZT has been refined over the years and is
becoming increasingly complex. Figure 2 reflects one of the most widespread modern
concepts of the MPB, in the region of which the existence of an intermediate ferroelectric
modification of the monoclinic phase (M-phase) at low temperature and its coexistence
with the tetragonal modification above room temperature (shaded area in Fig. 2) are
assumed. Significantly below room temperature, there is a phase boundary that is
responsible for the phase transition associated with either parallel or antiparallel rotation
of the octahedra along one or more orthogonal axes of the cube [19,25,26]. In a number
of other works, for example in [27], a whole cascade of phase transformations of various
modifications of the ferroelectric phase is assumed in the field of MPB.
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Fig. 2. Phase diagram of PZT solid solutions in the region of the morphotropic phase boundary,
according to [19,24,25]

The phase diagram of thin PZT films in the MPB region can be even more complex,
which is associated not only with the features of crystallization of the spherulitic structure
of films from the amorphous phase, but also with the mechanical impact on the film from
the substrate and intermediate sublayers [28,29]. According to theoretical calculations
performed for epitaxial thin PZT films [30], mechanical stresses lead both to a shift
toward an increase in the Curie temperature and to an expansion of the stable state of
the monoclinic modification of the ferroelectric phase in the MPB region.

Materials and Methods

To identify the role of mechanical stresses associated with a decrease in their volume
during the crystallization of the perovskite phase, thin films deposited from a ceramic
target of the PbZros4Tio4603s composition corresponding to the region of the MPB using a
two-stage method of RF magnetron sputtering were studied. Films with a thickness of
about 500 nm were deposited at different target-substrate distances (Dr-s) in the range of
30-70 mm and, as a consequence, differed in the temperature of the substrate heated by
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plasma (90-160 °C), as well as in the average size of spherulitic blocks (15-40 um)
formed by high-temperature annealing at 580 °C [16,31]. The films structure was studied
using scanning electron microscopy in the electron backscatter mode and electron
backscatter diffraction mode (Lira 3 Tescan, EVO-40 Zeiss), X-ray phase analysis 6-26
(Rigaku Ultima IV), and optical microscopy (Nikon Eclipse LV150). An E7-20 immittance
meter and a modified Sawyer-Tower scheme were used to study the dielectric properties.

Results and Discussion

Optical and phase analysis of the formed PZT films showed the absence of parasitic
phases, and the presence of all the main reflections of the perovskite phase in the
diffraction pattern indicated the polycrystalline nature of the crystalline structure
(Fig. 3(@)). In the absence of reflection splitting, it was not possible to identify the
symmetry of the ferroelectric phase. Figure 3(b) shows the dependence of the change in
the lattice parameter of the perovskite structure under the assumption of pseudocubic
symmetry, from which it is evident that the lattice parameter changes abruptly with a
decrease in the target-substrate distance from 60 to 50 mm. Figure 3(c) demonstrates the
change in the full width at half maximum (FWHM) of the (110) peak, which experiences
a jump and correlates with the lattice parameter behavior.
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Fig. 3. Typical 8-26 X-ray diffraction pattern of PZT thin films (a), change in the pseudocubic lattice
parameter (b), change in the FWHM of the (110) reflex (c) and the average area of spherulitic blocks (d)
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Fig. 4. Crystallographic orientation maps of growth axes of thin films deposited at D1.s of 30 mm (a)
and 60 mm (b), as well as color coding of growth axes orientations (c)
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Fig. 5. GROD maps of thin spherulitic films deposited at target-substrate distances of 30 mm (a)
and 60 mm (b)
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High-temperature annealing of the deposited amorphous films resulted in the
nucleation and growth of spherulitic islands of the perovskite phase, which formed a
block structure during further growth. Electron images of spherulitic blocks, shown in
Fig. 4(a,b), reflect a radially radiant microstructure. The block area increased with
decreasing target-substrate distance, and this change correlated with the behavior of the
lattice parameter (Fig. 3(d)). The electron backscatter diffraction maps confirm the
polycrystalline nature of the spherulitic films, characterized by a predominant <110>
growth texture.

Figure 5 shows GROD (Grain Reference Orientation Deviation) maps constructed
based on the analysis of electron backscatter diffraction data, in which the change in
color scale characterizes the rate of rotation of the crystal lattice.

Flowing radial color change within a single block or ray (Fig. 6(a)) indicates a
monotonous and close to linear radial rotation of the crystal lattice from the center to its
block periphery (Fig. 6(b)). The range of the rotation rate of crystal lattice of the samples
studied was ~ 0.5-1.5 deg/pm. Thus, the obtained data indicate strain of the crystal lattice
as a result of its rotation. Since the rotation of the crystal lattice occurs with the formation
of dislocations, a partial relaxation of radial mechanical stresses takes place [5]. Similarly,
partial relaxation of tangential component of mechanical stresses occurs with the
appearance of radial boudaries (Fig. 4(b)).
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Fig. 6. Radial rotation of the crystal lattice in a spherulitic block in the direction indicated by the dotted
line

As a first approximation, the maximum strain can be estimated using the equation
for the strain of a flat cylinder:
€ =|grad ¢l t/2, (1),
where € is the relative strain, t is the film thickness, ¢ is the rotation angle [2]. According
to the obtained results, the estimate of the maximum value of € varies in the range of
0.25-0.75 %.

The magnitude of mechanical stresses:
o = Eg, (2),
where E is Young's modulus (equal to 115 GPa [32]), lies in the range of ~ 300-900 MPa,
while the elastic limit for thin PZT films, according to [33], is ~ 500 MPa. Since the rotation
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of the crystal lattice occurs with partial relaxation of mechanical stresses [5], it is
assumed that the actual residual stresses may be significantly less. However, for their
accurate assessment, additional microscopic studies and an adequate model are
necessary.

The study of the temperature dependences of the dielectric permittivity x(T) made
it possible to analyze and evaluate the phase state with a change in the target-substrate
distance and the crystalline parameters of thin films. Figure 7 shows the temperature
dependences of the reciprocal value of the permittivity (1/x), a change in the slope of
which may indicate a phase transformation from one modification of the ferroelectric
phase to another [34]. As can be seen from the graphs, in the range of 20-300 °C (at the
Curie temperature TC ~ 380-400 °C) in all the studied samples, two distinct changes in
the slope on the 1/x(T) curve were observed - the phase transition PT-1 (curve 1) and the
phase transition PT-2 (curve 2), the temperatures of which changed noticeably with
variations in the target-substrate distance.
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Fig. 7. Temperature dependences of the reciprocal dielectric permittivity (1/x) for PZT thin films
deposited at Ds.r of 30 mm (a) and 70 mm (b)
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Fig. 8. Phase diagram of spherulitic thin films with changing target-substrate distance
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These changes are reflected in Fig. 8. It is evident that with an increase in the size
of the spherulitic blocks (and mechanical stresses), the temperature of PT-1 decreases
noticeably, which correlates with the phase boundary on the T-e phase diagram in thin
PZT films, which reflects the phase transformation from the ferroelectric rhombohedral
phase to the monoclinic (R—M1) ferroelectric phase with an increase in the deformation
of the crystal lattice € [29].

The interpretation of the low-temperature phase transition (M1—M2) (curve 2) in
the films under study is associated with the presence of a phase transition associated
with the rotation of oxygen octahedra. Such perovskite structures are observed in calcium
titanate perovskite CaTiOs or in the low-temperature phase of strontium titanate SrTiOs.
In ceramic PZT solid solutions in the region of MPB, this phase transition is located below
room temperature (Fig. 2). We believe the presence of strong mechanical stresses in PZT
spherulitic films shifts this phase transition to the region toward higher temperatures by
~ 150 °C or more. To confirm the version, additional studies using highly sensitive X-ray
equipment and a number of new structural methods are needed.

Conclusion

The paper studies spherulitic thin PZT films of composition corresponding to the
morphotropic phase boundary, which were produced by a two-stage method, including
RF magnetron sputtering of a ceramic target onto a platinized silicon substrate (1) and
subsequent high-temperature annealing of the films in air (2). It is shown that a decrease
in the target-substrate distance leads to an increase in the size of the spherulitic blocks,
which in turn leads to a change in the parameters of the crystal lattice, a linear increase
in its radial rotation, and an increase in the rotation rate.

The observed changes confirm the previously made assumptions about the role of
tensile mechanical stresses in the plane of a spherulitic thin film, arising due to the
difference in the densities of the amorphous and crystalline phases. In our case, in thin
PZT films, the difference lies in the crystallization of the perovskite phase from the low-
temperature intermediate pyrochlore phase. The values of mechanical stresses are
estimated, the values of which either reach or exceed the elastic limit of thin PZT films.

Analysis of the slope changes in the temperature dependences of the reciprocal
dielectric permittivity caused by a change in the phase state of thin films made it possible
to reveal the relationship between mechanical stresses and temperature changes in
structural phase transitions occurring in thin PZT films in the region of the morphotropic
phase boundary.
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