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Abstract: The azimuthal dependences of the optical second harmonic generation signal from crystal-
lized regions (spherulites) of the ferroelectric phase in lead zirconate titanate films are investigated to
determine the symmetry and orientation of crystallites. These dependencies in different regions of the
same spherulite have different shapes, which indicates a difference in crystallographic orientations
and/or symmetry. Based on the assumption of the possible presence of two syngonies and three
orientations for each, the fitting of experimental azimuthal dependences by model curves was carried
out, which provided information about the ratio of these phases and orientations in different areas of
the film.
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1. Introduction

Lead zirconate titanate (PZT) thin films are the subject of research and are widely
used in nanocomposite structures [1] and flexible wearable electronics [2] in MEMS devices
(sensors, actuators, energy storage devices) [3].

One of the determining parameters of crystals is their syngony and crystallographic
orientation. The growth orientation determines the basic electrophysical properties of fer-
roelectrics [100], orientation of PZT grains corresponds to high piezoelectric properties. In
[111], orientation leads to lower elastic stress, which is suitable for memory applications [5].
For some MEMS applications, textured films with a mixture of [100] and [111] orientations
have the best energy conversion efficiency [6].

Conventional techniques to determine crystallographic parameters are based on X-ray
diffraction [7] or electron diffraction [8]. However, for some materials, optical techniques are
preferable, mostly due to their nondestructive and noninvasive nature. Recently, advanced
polarization light microscopy (PLM) based on birefringence, including image processing
algorithms [9,10], shows that PLM can significantly complement the information obtained
by conventional techniques or even replace them. The contrast of the PLM images is
provided by ordinary and extraordinary optical constants.

For decades, nonlinear optical microscopy, based on second harmonic generation
(SHG), has been developing, and at present, it is considered a very effective technique for
studing the crystallography of electronic materials, biological tissues, and ferroelectrics.
Modern SHG microscopy is a polarization type of microscopy, and it allows the crys-
tallographic structure of single crystalline, polycrystalline, and textured materials to be
determined. The contrast of the SHG microscopy images is provided by nonlinear suscepti-
bility tensor components. A detailed review of nonlinear optical microscopy can be found
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in [11]. In [12], a comparison of polarized and non-polarized SHG microscopy is presented.
In [13], an open-source package called the Second Harmonic Analysis of Anisotropic Ro-
tational Polarimetry was suggested for the analytical and numerical modeling of optical
second harmonic generation in anisotropic crystals. In spite of these developments, SHG
microscopy is not provided by established software, such as X-Ray diffractometers or
electron microscopes. This is why most research requires custom image processing based
on fundamental relations. This is also valid for the SHG microscopy of ferroelectrics, where
domain structure [14–16] and crystalline phases and crystallite orientation [17–21] are
studied.

In this paper, we study the local crystallographic structure of a rather complex system
that is PZT polycrystalline spherulite-type films, which exhibit not only various crystallo-
graphic faces but various syngonies as well. Two experimental techniques were used: SHG
microscopy and electron backscattered diffraction (EBSD). The influence of crystallization
temperatures and the type of substrate on the microscopic structure of spherulites was
analyzed. The capabilities of the two used methods for determining local syngonies and
orientations of surface faces are discussed.

2. Materials and Methods
2.1. Sample

In the experiment, we used lead zirconate titanate films (PZT) with a zirconium/titanium
atom ratio of 54/46 on platinized Glassceram (ST-50) and silicon (Si) substrates (“Union
Partners”, Nizhny Novgorod, Russia). The films were fabricated by RF magnetron sputtering
("ONIKS", Izhevsk, Russia) followed by annealing [22]. Depending on the annealing tem-
perature Tan, the film either consisted of separate perovskite spherulites embedded into the
centrosymmetric pyrochlore phase (Tan = 550 ◦C) or was a continuous perovskite ferroelectric
film formed by densely packed truncated spherulites (Tan = 580 ◦C). The thickness of the
films was 300 nm. Here, we study in detail PZT/ST-50550, PZT/Si550, and PZT/Si580 samples
(the subscripts correspond to the annealing temperature). Previous studies [23] showed that
spherulites consist of nanocrystals of monoclinic (m) and tetragonal (4 mm) phases with
three crystallographic orientations, which are [100], [110], and [111]. The use of two types of
substrates was determined by the difference in the nature of two-dimensional mechanical
stresses acting on the film. In the case of Glassceram, compression stress acted on the film,
while in the case of silicon, tension stress acted on the film [24]. This allowed us to investigate
the influence of such stresses and is a common topic of research [25].

2.2. SHG Microscopy

The experimental setup (Figure 1) consisted of a confocal optical microscope (WITec
alpha-300, Ulm, Germany) with a pulsed laser radiation source with a wavelength of
800 nm, a pulse duration of 100 fs, and a repetition rate of 80 MHz. The laser beam was
focused on the sample at a normal incidence and was reflected together with the optical
second harmonic (SH) at 400 nm. The focusing area has a lateral size of about 1 µm. As
films are thin, the entire depth of the film was irradiated. The reflected radiation was
collected with the same objective. A half-wave plate was used to rotate the polarization of
the input beam. A polaroid was used as the analyzer. The reflected fundamental radiation
was cut off by the color broadband and narrowband filters. Then, the SH radiation was
delivered to the photomultiplier tube. At a normal incidence, the simultaneous rotation
of the half-wave plate and analyzer was equal to rotating the sample. In both cases, the
dependence of SHG intensity on the azimuthal angle ϕ was measured; the latter is called
azimuthal dependence. In our experiments, azimuthal dependencies of SHG intensity
were measured for different positions of the laser spot on the sample surface (see Figure 2a,
blue spots). In total, 72 azimuthal dependencies were measured for each spherulite. SHG
images (2D surface scans) were obtained with a fixed polarization of both the input pump
(800 nm) and detected SHG (400 nm), which were parallel to each other and ϕ = 0.
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Figure 1. Scheme of experimental setup. 1—laser source, 2—half-wave plate, 3—beam splitter,
4—objective lens, 5—sample, 6—scanning stage, 7—polaroid (analyzer), 8—color filters, 9—lens,
10—optical fiber, 11—photomultiplier tube.
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Figure 2. PZT/ST-50550: (a)—Nonlinear optical microscopic image of a spherulite at a specified angle
of polarizer and analyzer. The blue dots show the measured areas of the azimuthal dependencies. In
the following, these spots are denoted by their polar coordinate according to the figure. (b)—Relative
volume of each syngony/orientation depending on the polar coordinate of the region under study.
(c)—Relative volume of tetragonal and monoclinic phases (contributions of orientations are summed)
depending on the polar coordinate of the region under study. Glassceram substrate.

2.3. Modeling the SHG Intensity

For ferroelectrics, the SHG wave electric field
→
E

2ω

, pumped by a laser wave electric

field
→
E

ω

, was proportional to the dielectric polarization
→
P , that is, the dipole moment per

unit volume [26].

→
E

2ω

cryst ∝ χ̂(2)(P)·
→
E

ω

cryst
→
E

ω

cryst = χ̂(3)
→
P ·
→
E

ω

cryst
→
E

ω

cryst (1)

where all fields are taken in a crystallographic frame and χ̂(2) and χ̂(3) are nonlinear
susceptibility tensors of the second and third order in the crystallographic frame. Nonzero
tensor components in the crystallographic frame can be found in [27]. The measured SHG
intensity is proportional to the field squared.

For a nanocrystalline ferroelectric, polarization is formed by crystallites consisting
of domains. For a crystallite, it can be written as Pj ∼ ∑i(Ni+ + Ni−)j , where Ni+ and
Ni−—is a number of 180◦ pairs of the i domain fraction (i can vary between one and
three) within a nanocrystalline. The scanning SHG microscopy of a ferroelectric thin film
with a spot diameter of 1 µm does not allow the spatial resolution of either domains
or nanocrystals. Then, SHG probes the polarization averaged over the spot, which is
∑ AjPj, where Aj determines the relative volume of each of six phases within the laser
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spot: two syngonies, monoclinic m and tetragonal 4 mm, with three crystallographic
orientations. Obviously, ∑ Aj = 1. Equation (1) has to be applied to each nanocrystal
→
E

2ω

j,cryst = χ̂
(2)
j (P)·

→
E

ω

j, cryst·
→
E

ω

j, cryst.
In order to write the equation for the measured SHG intensity, a transformation of

Equation (1) from the crystallographic frame to the laboratory frame has to be performed,
and the fields have to be written outside the crystal.

Generally, the fundamental wave field vector with the amplitude of Eω
0 falling on the

sample can be written as:

→
E

ω

=
{

f1x·Eω
0 · cos θ· cos ϕ, f1y·Eω

0 · sin ϕ, f1z·Eω
0 · sin θ· cos ϕ

}
(2)

where f1x, f1y, and f1z are the Fresnel coefficients for the fundamental wavelength, θ = 0 is
the angle of incidence, ϕ is the azimuthal angle, and Eω

0 is the amplitude of the fundamental
wave. This produces the equation:

→
E

ω

=
{

f1x·Eω
0 · cos ϕ, f1y·Eω

0 · sin ϕ, 0
}

(3)

Then, for the SHG field with the amplitude of E2ω
0 emerging from the crystal, the

following equation is given:

→
E

2ω

0 =
{

f2x·E2ω · cos ϕ, f2y·E2ω · sin ϕ, 0
}

(4)

Transformations from the laboratory to crystallographic frame for fundamental waves
and back from the crystallographic to laboratory frame for SH waves are described by the
Euler matrices:

→
E cryst = Turn1.

→
E

ω

sur f = Turn1.Turn2.
→
E

ω

(5)

→
E

2ω

0 = (Turn2)−1.E2ω
sur f = (Turn2)−1.(Turn1)−1.

→
E

2ω

cryst (6)

Matrix Turn1 depends on the crystallographic orientation:

Turn1100 =


0 0 −1
0 1 0
1 0 0

, Turn1110 =


1√
2
− 1√

2
0

0 0 −1
1√
2

1√
2

0

, Turn1111 =


√2/√3 −1/√6 −1/√6

0 1/√2 −1/√2
1/√3 1/√3 1/√3

 (7)

Matrix Turn2 describes the sample rotation around the normal to its surface (or, in our
experiments, the identical operation of simultaneous rotation of fundamental and SH wave
polarization).

Turn2 =


cos ϕ sin ϕ 0
− sin ϕ cos ϕ 0

0 0 1

 (8)

In linear optics, for the isotropic nonabsorbing medium, Fresnel factors at a normal
incidence are expressed as:

f1x = f1y = f1 =
2

1 + n1
, f2x = f2y = f2 =

2n2

1 + n2
(9)

For the modeling of SHG, only nonzero second-order tensor components are taken
into account, which are:

for the tetragonal symmetry:

χ113 = χ131 = χ223 = χ232 = χ4mm1 , χ311 = χ322 = χ4mm2 , χ333 = χ4mm3 (10)
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for the monoclinic symmetry:

χ111 = χm1 , χ122 = χm2 , χ133 = χm3 , χ113 = χ131 = χm4 , χ223 = χ232 = χm5 , χ221 = χ212 = χm6 , χ311 = χm7 , χ322 = χm8 , χ333 = χm9 , χ313 = χ331 = χm10 (11)

For each nanocrystal, we obtained:

→
E

2ω

∝ f1· f2·χ̂(2)Turn1.Turn2.
→
E

ω

.Turn1.Turn2.
→
E

ω

(12)

This provides the following equation for the SH field generated by nanocrystalline
ferroelectric:

→
E

2ω

(ϕ) ∝ A1·
→
E

2ω

4mm[110] + A2·
→
E

2ω

4mm[100] + A3·
→
E

2ω

4mm[111]+

+A4·
→
E

2ω

m[110] + A5·
→
E

2ω

m[100] + A6·
→
E

2ω

m[111]

(13)

Equation (13) is used for fitting the experimental data. The fitting parameters are the
phase fractions Aj (five parameters, taking into account that ∑Aj = 1) and the χ̂(2) tensor
components are normalized on χ111 of the monoclinic phase (12 parameters). In the fitting
procedure for each spherulite, 72 azimuthal dependences were considered for 72 different
spots, in which nonlinear susceptibilities were kept the same for the whole spherulite,
while the phase fractions were different fitting parameters for each spot of the shperulite.
For the fitting procedure, the Wolfram research package was used.

2.4. Electron Backscattered Diffraction (EBSD)

This method is based on the analysis of Kikuchi diffraction patterns of electrons
scattered from crystallographic planes of a tilted sample. The EBSD method allows local
information on the rotation of planes and crystallographic directions to be obtained at any
point of the crystal relative to external macroscopic coordinates. By scanning the surface
of a sample with a focused electron beam with the accompanying obtaining, fixing, and
decoding of diffraction patterns, it is possible to make maps of crystallographic orientations
and their subsequent analysis.

3. Results
3.1. SHG Microscopy

Figure 2a shows the nonlinear optical (SHG) image of the spherulitic structure for
PZT/ST-50550. The spherulite is not a single crystal but consists of crystallites of a perovskite
structure, which give a high SHG signal (Figure 2). The surrounding regions consist of
a centrosymmetric paraelectric phase, which, due to a nonpolarized lattice, cannot be a
source of SHG.

The azimuthal dependencies of the SHG were measured for a series of regions for
each investigated spherulite. These areas were located on a circle of a smaller diameter
than the spherulite itself (Figure 2a). For joint polygon-shaped spherulites, the diameter of
this circle was chosen so that it completely fell on one spherulite. For each spherulite, 72
areas evenly distributed on the circle were investigated, i.e., local areas on the circle were
separated from each other by five degrees. The distance between adjacent points ranged
from 0.5 to 1 micron, depending on the chosen radius of the circle.

The structure of the samples on the silicon substrate (Figure 3a,b) did not visually
differ from the films on the Glassceram substrate (Figure 2a).



Coatings 2023, 13, 247 6 of 12Coatings 2023, 13, x FOR PEER REVIEW 6 of 12 
 

 

 

Figure 3. Surface image (SHG) for samples on silicon with joint spherulites PZT/Si580 (a) and with 

separate spherulites PZT/Si550 (b). The colored polygons on left image show boundaries between 

spherulites. Examples of circles where the local areas under study were located are shown on spher-

ulites with numbers 2 and 5 (on other spherulites they are the same). Supposed shape of crystallites 

that grew to either side of the center is shown on spherulites numbered 3 and 6. 

The azimuthal dependencies of SHG had a six-petal shape with different intensities 

of pairs for opposite petals (Figure 3). In different regions, the shape of the dependencies 

was diverse (various ratios of petal intensities). Such behavior suggests that spherulite 

consists of multiple crystallites of several coexisting phases that have different symmetry 

and orientations. In different regions of the spherulite, the ratio of these phases changes, 

which leads to a difference in the azimuthal dependence. These experimental dependen-

cies were fitted by a single formula (Equation (13)), which gave 13 nonlinear susceptibility 

tensor components and six weight coefficients for six phases. The fitting curves corre-

spond quite well to the experimental azimuthal dependencies of the SHG intensity (Figure 

4). 

 

Figure 4. Azimuthal dependencies of the SHG intensity in different areas of the spherulite (polar 

coordinate of the area: (a)—0°, (b)—40°, (c)—80°, (d)—120°, (e)—160°, (f)—200°, (g)—240°, (h)—

280°). The dots show the experimental data, the lines show the fitting. (i)—Sets of experimental 

azimuthal dependences of four different spherulites. Each set consists of 72 azimuthal dependences, 

which correspond to 72 areas of one spherulite, located on one circle as showed in Figure 3. Silicon 

substrate. 

From the best fit of azimuthal dependences, we obtained the following relative val-

ues of nonlinear tensor susceptibilities: 

Figure 3. Surface image (SHG) for samples on silicon with joint spherulites PZT/Si580 (a) and with
separate spherulites PZT/Si550 (b). The colored polygons on left image show boundaries between
spherulites. Examples of circles where the local areas under study were located are shown on
spherulites with numbers 2 and 5 (on other spherulites they are the same). Supposed shape of
crystallites that grew to either side of the center is shown on spherulites numbered 3 and 6.

The azimuthal dependencies of SHG had a six-petal shape with different intensities
of pairs for opposite petals (Figure 3). In different regions, the shape of the dependencies
was diverse (various ratios of petal intensities). Such behavior suggests that spherulite
consists of multiple crystallites of several coexisting phases that have different symmetry
and orientations. In different regions of the spherulite, the ratio of these phases changes,
which leads to a difference in the azimuthal dependence. These experimental dependencies
were fitted by a single formula (Equation (13)), which gave 13 nonlinear susceptibility
tensor components and six weight coefficients for six phases. The fitting curves correspond
quite well to the experimental azimuthal dependencies of the SHG intensity (Figure 4).
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Figure 4. Azimuthal dependencies of the SHG intensity in different areas of the spherulite (polar
coordinate of the area: (a)—0◦, (b)—40◦, (c)—80◦, (d)—120◦, (e)—160◦, (f)—200◦, (g)—240◦, (h)—
280◦). The dots show the experimental data, the lines show the fitting. (i)—Sets of experimental
azimuthal dependences of four different spherulites. Each set consists of 72 azimuthal dependences,
which correspond to 72 areas of one spherulite, located on one circle as showed in Figure 3. Silicon
substrate.
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From the best fit of azimuthal dependences, we obtained the following relative values
of nonlinear tensor susceptibilities:

χ4mm1 = 1, χ4mm2 = −0.2, χ4mm3 = 0.8,
χm1 = 1, χm2 = 0.8,

χm3 = χm4 = χm5 = χm6 = χm7 = χm8 = χm9 = χm10 = −1
(14)

If we sum up the contributions of the three orientations of each syngony, it appears
that the distribution of tetragonal and monoclinic phases in some spherulites is fairly
uniform (Figure 2c). The average amount of the tetragonal phase is about 60%, and the
monoclinic phase is—40%. The average proportion of orientations in the studied areas
according to SHG measurements and analytical interpretation is: [100]—44%, [110]—29%,
and [111]—27%. Such spherulitic structures in the PZT have a less dense, weakly oriented
phase at the edges and a denser phase with a significant <110> texture in the center [22]. In
our experiment, the investigated regions were apparently in the weakly oriented perovskite
phase.

Different spherulites showed varying sets of azimuthal dependences from local regions
(Figure 4). This suggests that the crystallographic or orientational composition of the
crystallites varied for each spherulite. It can be also seen on the SHG maps (Figure 3). One
SHG map corresponds to specific fixed angles of in/out light polarization, and in these
conditions, spherulites still look different, which is related to their structure.

The SHG azimuthal fitting calculations showed that, on average, there was a lower
monoclinic phase in spherulites on silicon (as well as on Glassceram) than in the tetragonal
phase (Figure 5).
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Figure 5. Ratio of monoclinic and tetragonal phases in six different spherulites on silicon (shown in
Figure 3). 1–6 on Figure 3 correspond to (a–f) here respectively. The polar angle on the graphs is the
polar angle of the study area on the spherulite. Silicon substrate.

In all the investigated spherulites (including joint ones) in samples on the silicon
substrate, unlike samples on Glassceram, there was a complete coincidence of the shape of
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azimuthal dependences for the opposite regions on the spherulite, the polar coordinate of
which differed by 180◦ (Figure 6). These dependencies sometimes differed insignificantly,
including the signal amplitude, but this could be explained by the inaccuracy of the beam
hitting a specific region of the sample, as well as by the influence of small differences in
focusing. Since the shape of the azimuthal dependence depends on the specific crystallo-
graphic parameters in this region, it seems that the opposite regions of spherulites in these
samples have identical orientation and syngony. In this regard, the dependencies shown
in Figure 5 are centrosymmetric. In the sample on a Glassceram substrate, such a pattern
was not observed; the shape of the azimuthal dependences of the SHG from the opposite
regions was different. This means that the orientation and/or syngony of the opposite
regions in spherulites on Glassceram are different.
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Figure 6. Experimental azimuthal dependencies of the SHG intensity in the regions of spherulite
number six, the polar coordinate of which differs by 180◦ (In one row (a–e) five random different
regions on the spherulite, in the second row (f–j) the corresponding opposite regions). The image on
the right illustrates the location of the local regions. Silicon substrate.

The intensities of the second harmonic from the PZT films were compared with the
reference sample of z-cut quartz. Considering normalization to the incident radiation
intensity, we can estimate that the effective component of the nonlinear susceptibility of
the PZT films is 180 times greater than that of quartz, which correlates with the literature
data. A 30-degree temperature difference between two samples can affect the growth rate
and filling factor (continuous film or separate islands), but it seems that it is not enough
to significantly change the phase composition. Orientation distribution slightly differs for
each spherulite, even on the same sample, but there are no significant correlations due to
temperature change.

3.2. Electron Backscattered Diffraction (EBSD)

The same spherulite on the sample of the Glassceram substrate that was measured by
SHG (Figure 2a) was investigated also by EBSD.

The representation of the whole set of crystal lattice orientations within the studied
area can be in the form of traditional straight pole figures showing the projection of
intersection points of different crystallographic directions with an upper hemisphere of
arbitrary radius in the center of which the studied crystallographic basis is located.

The straight pole figures for all directions show homogeneous diffuse spots filled
uniformly inside the bounding contours (Figure 7). This feature suggests the existence
of a “continuous” smooth distortion of the crystal lattice of the perovskite island. The
diameter of the spots reflects the magnitude of misorientations found within the studied
area. Comparing the size of the spots with the distance from the center of the circle to the
edge provides an estimate of the misorientation achieved at the site (a given perovskite
island) of about 30 degrees.



Coatings 2023, 13, 247 9 of 12Coatings 2023, 13, x FOR PEER REVIEW 9 of 12 
 

 

 

Figure 7. (a) Straight pole figures (SPF) for {001}, {011}, and {111} directions, colored in IPF Z colors. 

Colored according to the coincidence of directions on the inverse pole figure (IPF) for the macro-

scopic Z-axis of the sample with the color-coding triangle. It allows matching the set of direction 

outputs (orientation) of the crystal lattice with its position on the IPF Z map of the investigated area. 

(b) Cell misorientation dependence on the distance from the center of spherulite (corresponds to 

dashed line on c). (c) Spherulite with the color palette corresponds to the z orientation. Glassceram 

substrate. 

The observed distortions of the crystal lattice realized during the growth of islands 

of the perovskite phase are apparently a consequence of stresses arising in the film plane 

during the phase transition due to the difference in the specific volumes of the phases 

and/or the difference in their coefficient of thermal expansion when cooling them to room 

temperature. 

Unfortunately, the attempt to resolve diffraction patterns using tetragonal, mono-

clinic, and rhombohedral symmetries was unsuccessful due to the proximity of the pa-

rameters of these phases to each other. So, the diffraction patterns were resolved using 

cubic symmetry. 

It is shown that along all radial directions, there is a uniform change of cell orienta-

tion at a rate of 1.5 degrees per micron (Figure 7). 

The average grain orientation is located in the center of the spherulite (it is the [111] 

orientation), which indicates a quasi-uniform distortion of the lattice in all directions dur-

ing growth. 

Cell orientation is rotated around the axis, which lies in the surface plane and is per-

pendicular to the radial direction (Figure 8b). 

Figure 7. (a) Straight pole figures (SPF) for {001}, {011}, and {111} directions, colored in IPF Z colors.
Colored according to the coincidence of directions on the inverse pole figure (IPF) for the macroscopic
Z-axis of the sample with the color-coding triangle. It allows matching the set of direction outputs
(orientation) of the crystal lattice with its position on the IPF Z map of the investigated area. (b) Cell
misorientation dependence on the distance from the center of spherulite (corresponds to dashed line
on c). (c) Spherulite with the color palette corresponds to the z orientation. Glassceram substrate.

The observed distortions of the crystal lattice realized during the growth of islands
of the perovskite phase are apparently a consequence of stresses arising in the film plane
during the phase transition due to the difference in the specific volumes of the phases
and/or the difference in their coefficient of thermal expansion when cooling them to room
temperature.

Unfortunately, the attempt to resolve diffraction patterns using tetragonal, monoclinic,
and rhombohedral symmetries was unsuccessful due to the proximity of the parameters of
these phases to each other. So, the diffraction patterns were resolved using cubic symmetry.

It is shown that along all radial directions, there is a uniform change of cell orientation
at a rate of 1.5 degrees per micron (Figure 7).

The average grain orientation is located in the center of the spherulite (it is the [111]
orientation), which indicates a quasi-uniform distortion of the lattice in all directions during
growth.

Cell orientation is rotated around the axis, which lies in the surface plane and is
perpendicular to the radial direction (Figure 8b).

The fact that we observed different azimuthal dependencies of SHG from opposite
regions on the spherulite of Glassceram was proven by the EBSD method. Though we
cannot prove the symmetry, we know that the orientation of opposite regions is different
(by 25–30 degrees in our case). There are a number of studies that show and discuss the
rotation of cell orientation with the distance from the center of spherulite [28,29].

The modeling of the SHG response showed that the actual behavior of cell orienta-
tion/cell parameters could be more complicated than just rotation around one axis for each
radial direction.
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Figure 8. Schematic view of orientation rotation. Circle here represents a spherulite. Orientation in
the center of it (point 9) is [111]. This orientation is shown on left panel. To the sides (1,2,3 . . . ) it
rotates around the axes that are shown as white lines. Glassceram substrate.

The comparison of SHG microscopy and EBSD reveals the following: Glassceram
substrate orientation and symmetry distributions on spherulite were not symmetrically
relative to the center (Figure 2b,c) in contrast to those on the silicon substrate (Figure 5).
It can be clearly seen on the pole figure (Figure 7c) that opposite regions of spherulite on
Glassceram that are located on other sides of the diameter have different orientations. In
this regard, SHG PLM and XRD results prove each other.

4. Conclusions

Our research shows the capabilities of SHG microscopy to study the local crystallo-
graphic structure of PZT ferroelectric films and obtain the maps of the fraction of different
syngonies and crystallographic phases. Our method is based on the measurements fol-
lowed by fitting full-angle azimuthal (polarization) dependencies of SHG intensity for
each chosen spot of the film. In spite of a large number of fitting parameters, they can
be resolved with several operations. Firstly, the fitting parameters are separated into two
groups: the first group consists of parameters which are equal for all spots measured (non-
linear susceptibility tensor components), while the second group consists of parameters
that are unique for each spot measured (fractions of crystallites of different orientations and
syngonies). We showed that SHG microscopy allowed us to distinguish between different
syngonies, which are even close to the cubic one. At the same time, the EBSD method is
not capable of that.

Based on the presented techniques, we can conclude that the main features of growth
on PZT thin films are a nearly uniform mixture of tetragonal and monoclinic phases, whose
composition corresponds to the morphotropic phase boundary. Tensile or compressive
stresses acting on PZT films from the side of silicon or Glassceram substrates do not
practically influence the phase mixture.

The substrate affects orientation distribution, which was proven both by SHG mi-
croscopy and EBSD. A slight non-uniform distribution of orientations, especially of the
tetragonal phase, correlates with radial misorientation in perovskite spherulites.
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