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Ferroelectric properties of lead zirconate titanate thin films obtained

by RF magnetron sputtering near the morphotropic phase boundary
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An experimental study of the crystal structure and ferroelectric properties of 〈110〉-textured lead zirconate titanate

films with a fine variation in their composition (with a change in the elemental ratio of zirconium and titanium

atoms within 1.5%) near the morphotropic phase boundary revealed jump-like changes in the pseudocubic lattice

parameter, dielectric permittivity and residual polarization. It is assumed that the observed anomalies correspond

to a morphotropic transition from a rhombohedral to a mixture of tetragonal and monoclinic phases.
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1. Introduction

Since 1960s Pb(ZrxTi1−x)O3 ferroelectric solid solutions

of lead zirconate titanate (PZT) are the basic materials for

modern piezotechnics [1–3]. Solid solutions of practical

importance correspond to morphotropic phase boundary

(MPB). This boundary separates rhombohedral (RHT)
and tetragonal (T) modifications of ferroelectric phase

where electromechanical properties and other important

physical parameters achieve the extremely high values,

Figure 1, a [1].
Recently, microelectromechanical systems (MEMS) with

various functionality based on PZT thin films have become

increasingly widespread [4–7]. Their performance depends

on several factors, such as film composition, elemental he-

terogeneity on thickness, magnitude and type of mechanical

stresses applied from the substrate and sublayers, growth

texture orientation, grain size, extrinsic phase inclusions, etc.

Besides, it is important to identify the causes of

extreme physical properties at MPB. Initial understanding

(Isupov [8,9]) were associated with additional contribution

to piezoeffect from the movement of phase boundaries RHT-

and T-phases whose coexistence is caused by similarity of

their free energies. Further attempts to explain the effect

were associated with the approach described in [10,11] for
BaTiO3 (both for single crystals and ceramic specimens)
whose piezoelectric moduli (and permittivity) increase by

several orders with decrease in domain sizes by several

orders into submicrometer region. According to the devel-

oped approach, the main contribution to the piezoelectric

moduli is made by the domain boundaries (∼ 10 nm wide),
within which cubic perovskite distortions are minimum.

Another approach was demonstrated in [12–15], where a

high-resolution X-ray setup and synchrotron radiation were

used for the phase analysis of bulk PZT ceramic samples

in the MPB region using high-resolution X-ray and syn-

chrotron radiation equipment. According to this approach,

intermediate monoclinic (M) ferroelectric phase located in

the narrow concentration range between RHT- and T-phases,

Figure 1, b, is responsible for electromechanical anomalies.

Potential existence of M-phase in the MPB region was

reported in several theoretical publications where, according

to the calculations, higher electromechanical factors than

in RHT- and T-phases [16–19] should have been observed.

In accordance with the experimental investigations, M-phase

existence area decreases with temperature increasing, and

when the temperature is above room temperature, only

coexistence of M- and T-phases appears to be stable, Fig-

ure 1, b. However, though high-precision X-ray equipment

is used, no clear interpretation of X-ray diffraction lines

was achieved due to the similar type of reflex splitting

specific to M-, RHT- mixture and T-phases. In PZT

thin films, traces of M-phase were detected in single

crystal (epitaxial) layers grown on SrTiO3 single crystall

substrates with 〈110〉 type orientation; while no reflex

splitting traces were observed on substrates with 〈100〉-
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Figure 1. Phase diagram of PZT solid solutions in MPB region according to: a) [1], b) [12], c) [21]. Line 1 in Figure 1, c corresponds

to MPB, line 2 corresponds to the phase transition temperature associated with octahedra tilting. C is the cubic phase, RHT is the

high-temperature rhombohedral phase, RLT is the low-temperature rhombohedral phase, T is the tetragonal phase, M is the monoclinic

phase.

and 〈111〉-orientations [20]. For practically important thin

polycrystalline (or
”
ceramic“) PZT films which account for

the great majority of investigations, existence of M-phase

was not reported.

Increasing complexity of the phase diagram in the MPB

region is attributed to the proximity of a phase transition

caused by oxygen octahedra rotation observed in bulk

ceramic specimens, Figure 1, c [21–23]. Since this structural

transition is below room temperature, it hardly has any in-

fluence on the electromechanical properties of piezoelectric

ceramics at room temperature and above. However, for thin

polycrystalline PZT films where mechanical stresses from

the substrate and other sublayers may considerably influ-

ence the MPB position and properties due to the difference

in thermal linear expansion coefficients, their influence on

the temperature of this transition and its influence on

ferroelectric properties cannot be avoided [24,25].

The purpose of this study was to locate morphotropic

phase transition in PZT films formed on platinized silicon

substrates with fine variation of film composition, and to

investigate the features of their ferroelectric behavior.

2. Specimen preparation and study
methods

For the purpose of this study, PZT thin films were

deposited by radio-frequency magnetron deposition of ce-
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Figure 2. Variation of atomic ratio of titanium and zirconium

in deposited thin PZT films with variation of target–substrate
distance.

ramic target composed of PbZr0.54Ti0.46O3 on platinized

silicon substrates (Pt|TiO2|SiO2|Si) with variation of target–
substrate distance d within 30−70mm. Substrate tempera-

ture caused by substrate heating in plasma varied from 90

to 160◦C. Deposited layer thickness was 500 nm. By

varying the target–substrate distance, fine varying of the

deposited film composition (atomic ratio of Ti and Zr)
was achieved within Ti/Zr ∼ 48.5/51.5−47.0/53.0, i.e. by

1.5%, Figure 2 [26,27]. Such variations of complex film

composition were associated with the thermalization length

difference in gas plasma of atoms which differ in their

weight [28,29]. Films were deposited at the same magnetron

power and working gas pressure 8 Pa. In order to produce

films with the same thickness, deposition time was varied

from 1.6 (at 30mm) to 3.7 h (at 70mm). The perovskite

phase synthesis was followed by furnace annealing at 580◦C

during 1 h. For electrophysical measurements, platinum

contact pads 100 × 100µm were formed on free surface

of the films.

Composition of films was measured by the electron

probe X-ray microanalysis method using Lyra 3 (Tescan)
scanning electron microscope equipped by characteristic

X-ray radiation energy-dispersive detector (X-Max 50). The
probe electron beam energy was equal to 12 keV. The

crystalline structure and phase state of films were mea-

sured by the X-ray diffraction analysis method (Rigaku
Ultima IV). Film surface microstructure images were ob-

tained by atomic force microscopy method. To measure the

vertical piezoresponse component, the piezoresponse force

microscopy method was used (PFM, Ntegra Prima atomic-

force microscope NT-MDT SI, Russia). The measurements

were carried out in contact mode with 5V AC 50 kHz

voltage applied to the cantilever. The scanned surface

area was 40 × 40µm. For dielectric property investiga-

tions, an automated package based on LCR meter E7-20

was used.

3. Experimental findings and discussion

According to X-ray diffraction analysis data (θ − 2θ), the
formed films had a single-phase pseudocubic perovskite

structure and prevailing growth 〈110〉-texture (Figure 3).
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Figure 3. X-ray diffraction spectra (θ − 2θ) of PZT perovskite

thin films produced by varying the target–substrate distance:

1 — 30, 2 — 50, 3 — 70mm.
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Figure 4. Variation of pseudocubic parameter (a) and half-width

of (200)-reflex (b) calculated from PZT film X-ray images.
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Figure 5. Variation of permittivity values ε (curve 1) and εmax

(curve 2) measured at room temperature with variation of target–
substrate distance. Measurement frequency is 10 kHz.

With growth of Ti atom content (with decrease in target–
substrate distance), sharp change in pseudocubic lattice

parameter was observed (Figure 4, a), which was calculated

by the position in the reflex diffraction pattern (200).
Such behavior was probably attributed to transformation

from RHT-phase to the mixture consisting of M- and

T-phases [12–15]. No reflex splitting corresponding these

phases was observed, however, with growth of Ti atom

content, their half-width (FWHM) increased (Figure 4, b).
The absence of splitting may be due to the fact that the

reflexes were extensively widened. The most probable

cause of such widening is nonuniform distribution of Ti

and Zr atoms over the thickness, which, as estimated,

reached ∼ 3% [26,27].
Figure 5 shows the dielectric permittivity measurements

carried out on specimens at room temperature. Curve 1 cor-

responds to the permittivity at room temperature ε without
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Figure 6. Piezoelectric response of the PZT thin film: a — left (P+
r ) and right (P−

r ) parts of the image are polarized with +40V and

−40V, respectively, b — piezoresponse distribution diagram on AB line.

application of an external shifting field, and curve 2 corre-

sponds to maximum permittivity values εmax obtained from

the voltage-capacitance measurements (C−V ).
The dependences have a jump in the MPB area, while

the permittivity values are still rather high for thin films

(∼ 600−800 for ε and ∼ 800−1200 for εmax).
Normal component of the piezoelectric response of

the film (signal Mag×Cos) deposited at target–substrate
distance equal to 50mm is shown in Figure 6, a. The

left part of the central region on the scan is a signal

proportional to the residual polarization (P+
r ) achieved

by means of positive potential +40V applied to the free

surface of the film, while the right part is the signal (P−
r )

measured after application of −40V. The image periphery

corresponds to the signal from the non-polarized part of

the film which means that self-induced polarization is

present.

Self-polarization was approximately 1/3 of the residual

polarization. Similar signals were received on all test spec-

imens. Figure 6, b reflects residual polarization distribution

over AB line.

Based on the obtained results, an averaged polarization

dependence calculated as (P+
r + P−

r )/2 was plotted (Figu-
re 7). This dependence, as the previous figures (Figures 4

and 5), reflects the jump, which also supports the presence

of rather sharp (morphotropic) phase boundary.

Thus, by fine variation of PZT film element composition

(Ti/Zr atom ratio), the following were observed:

a) sharp increase in pseudocubic lattice parameter with

growth of Zr atom content, which is consistent with the

phase analysis of epitaxial PZT thin films in the MPB

region [30];
b) sharp changes in permittivity and residual polar-

ization which may be associated with the behavior of

these parameters in thin films distinguished by growth

〈110〉-texture. Similar changes in residual polarization (drop
in T-phase area and jump-like increase during transition

to RHT-phase) in the MPB region have been observed
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Figure 7. Variation of residual polarization measured on

hysteresis loops of PZT films depending on the target–substrate
distance.

earlier in 〈110〉-epitaxial PZT films [31]. Abnormal changes

in permittivity generally also correlate with the findings

herein.

4. Conclusions

1. Review of the available literature and the findings

herein prove that with growth of titanium atom content

in the MPB region, variation of structure and physical

properties of thin films may be attributed to the phase

transformation from a rhombohedral phase (RHT) to a phase

state containing monoclinic and tetragonal phases (M+T).
This phase transition whose precise position was not defined

before is marked by vertical dashed line in Figure 1, b.

2. Stability of M-phase in 〈110〉-textured thin films may

be attributed to the anisotropy of two-dimensional tensile

stresses applied to the thin film from the silicon sub-

strate [23,24] similar to the case with 〈110〉-epitaxial PZT
thin films grown on strontium titanate single crystals [20].
This assumption regarding the mechanical stress anisotropy

in polycrystalline PZT thin films requires a separate study

of their calculations.
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