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Abstract. The use of piezoelectric thin films in advanced devices such as microelectromechanical
systems (MEMS), not only rests on high piezoelectric coefficients, as the ones achieved in some
ferroelectric lead titanate derived compositions, but also on their mechanical properties. This makes
the study of the correlation between texture and elastic properties of high interest for the processing
of piezoelectric thin films with tailored properties, regardless of which, not much related work has
been reported up to now. In this paper we present the analysis of the variations observed in the
elastic tensor of a series of modified lead titanate thin films with different orientations. The different
textures were induced either by deposition on modified substrates or by changes of the annealing
scheme. Orientation distribution functions (ODF) for all films were obtained by an advanced texture
quantitative analysis of x-ray diffraction data of several pole figures. From the ODF and the single
crystal tensor, we are able to calculate the effective elastic properties of the films by a geometric
averaging procedure. This is a promising result in the tailoring of the mechanical properties of these
piezoelectric thin films for applications.

Introduction
Microelectromechanical systems (MEMS) have been studied for decades [1], growing in the last
decade as an important area of technology. The demand for more sophisticated sensors and
actuators is leading nowadays to a great effort devoted to the improvement of the MEMS
performance, which involves directly the materials used [2]. Piezoelectric and, among them,
ferroelectric thin films play an important role as materials used in the core part of MEMS: the
transducer element [3]. Among the material properties to take into account in the design of the
device, we have the piezoelectric coefficients, the stress state and the elastic compliance tensor. For
example, in the design of a microcantilever for a scanning probe microscope [4], we have to
consider the spring constant and the resonance frequency. Although these parameters are usually
expressed in terms of a technical modulus like the Young's modulus, the constituent equations show
that they are related to the coefficient s11 of the film [5]. This is similar for other devices based on
vibrating membranes [6], where for example s12 is also relevant. Therefore, the control of the values
of the elastic coefficients of the material is of the utmost importance for the final MEMS
performance.

In the case of polycrystalline thin films, elastic properties are known to depend on the
distribution of crystallographic orientations or texture. However, the correlation between these
parameters has not been clearly established yet. Although much work is devoted to the control of
the preferential orientations of polycrystalline films by modifications of the processing route or the
substrate [7-9], only phenomenological studies of the relation between texture and physical
properties are found. This is probably due to the lack of quantitative information on the texture of
films, which has been presented only recently for ferroelectric thin films by the authors [10,11]. The
calculation of the properties of the polycrystal, averaging the single crystal properties, must take into
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account the texture, which needs to be introduced in the calculations in the form of a function. The
orientation distribution function (ODF) is obtained by the so-called quantitative texture analysis of
experimental data.

In this work we use the ODF obtained for several ferroelectric thin films to calculate the
corresponding compliance tensors and analyze the modifications introduced by the texture. This will
shed light on the correlation between the elastic properties and texture. The possibility to produce
tailored elastic properties by texture control for MEMS applications will be then discussed.

Procedure for the calculation of the elastic tensor of textured films
Tensor properties of a polycrystal can be determined by an adequate volume average of the
properties of the constituent crystals. To carry out this process, we must write the tensors in a
common coordinate system. For each crystal, the components of the tensor must be obtained in
sample coordinates from the crystallographic components by tensor transformation. Therefore, we
define first the film reference system, where the 3-axis corresponds to the direction normal to the
larger surface of the film, and 1- and 2- axis are mutually perpendicular to the 3-direction (Fig. 1).
Note that 1- and 2- directions are arbitrarily chosen, which does not have any effect on the
calculations due to the fiber character (axisymmetric) of the texture of the films analyzed.

Figure 1. Thin film coordinate system

In our case, elastic properties are anisotropic, and therefore the texture is a determinant factor
that must be introduced in the calculations [12]. In general terms, the volume average of a tensorial
quantity t is denoted by:

<t> = ∫ t(g) f(g) d(g).                                                                                                                    (1)

being f(g) the orientation distribution function (ODF) and g = αβγ, αβγ, three Euler angles that
locate one single crystallite orientation relative to the macroscopic sample frame. The integral is
defined over the domain of the orientation angles g. Among the various averaging procedures, we
choose the geometric mean, first developed by Aleksandrov and Aisenberg and later improved by
Matthies and Humbert [13]. The main advantage of this method is that the average of the reciprocal
is automatically consistent with the reciprocal of the average property, which is not true for other
procedures, like the Voigt, Reuss or Hill average. With the geometric mean procedure we then
obtain intrinsically the same polycrystal elastic properties, independently of whether the single
crystal compliance or stiffness is used to calculate the average. Furthermore, the geometric mean
method produces results intermediate between the ones obtained by the Reuss and Voigt
approaches, which represent the extreme values of the elastic coefficients. They are also reported to
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 be in agreement with the results obtained by the best approaches known today, such as the self-
consistent scheme [12].

Complete studies of the elastic properties of single crystals for specific compositions are difficult
to find in the literature. This is the case for modified lead titanates, the composition analyzed in this
paper. Due to the difficulty of obtaining PbTiO3 single crystals suitable for measurements, scarce
information on single crystal properties of these compositions are found in the literature. A
complete set of elastic properties have been obtained by Li et al. [14] and Kalinichev et al. [15] by
Brillouin scattering. As we will analyze the variations of the elastic coefficients with texture, and
not the actual values, we will use these values for the calculations of the modified lead titanate
tensors. We can consider them as a good approximation to the real values, and the trends obtained
in the calculations should be unaffected.
Determination of the orientation distribution function f(g) was carried out by the analysis of
experimental X-ray pole figures as reported elsewhere [11,16]. The used refinement method is the
WIMV (Williams-Imhof-Matthies-Vinel) iterative method [17]. From f(g) we obtain the texture
components and the texture index F2, a parameter indicative of the overall degree of orientation of
the film:

F2 = 1/8π2 ∫ [f(g)]2 d(g).                                                                                                                (2)

The calculations to obtain and manipulate the ODF, and the determination of the compliance
tensors have been carried out with the Berkeley Texture Package (BEARTEX) [18].

Results and discussion
The ODF of a series of La modified lead titanate (PTL) and Ca modified lead titanate (PTCa) thin
films with different textures were determined. Preparation details are described elsewhere [19].
Lead titanate based films are obtained by the deposition of sol-gel derived solutions on platinized
substrates, usually Si based, but MgO or SrTiO3 single crystal substrates are also used. In order to
induce texture in these films different annealing routes and substrates are used. The use of a rapid
thermal processing during crystallization for these compositions favors the appearance of
preferential orientations, which are along <100>,<001> perpendicular to the film surface (3-axis), if
there is no interaction with the substrate that disrupts this type of nucleation. The introduction of a
texture component along <111> directions parallel to the 3-axis requires a modification of the
substrate, by the introduction of a thin layer of Ti that allows the nucleation of this kind of
orientation.

Table 1 summarizes the compliance coefficients of several of these PTL thin films, calculated
from the measured values of a PbTiO3 single crystal. For this study we select one film with random
orientation, another with the mixed <100>,<001> orientation, and a third one with a strong
contribution of a <111> component.

The first thing that we can observe is that the strong anisotropy of the elastic tensor
corresponding to the single crystal is much reduced in the polycrystalline material. PbTiO3 has a
tetragonal structure, which is reflected in its compliance tensor1: sC

11 = sC
22 ≠ sC

33 ; sC
44= sC

55 ≠ sC
66

; sC
12 = sC

21 ; and sC
13= sC

31= sC
23= sC

32. The reduction of the anisotropy is such that we obtain
compliance tensors very close to the ones corresponding to an isotropic material, where s11 = s22 =
s33 ; s12 = s21= s13= s31= s23= s32 ; and s44= s55= s66= s11 - s12. This reduces the independent
compliance coefficients to s11 and s12. We observe that the values of these two coefficients are
consistent with an averaging of their corresponding single crystal coefficients: s11 shows an
intermediate value between sC

11 and sC
33, and s12 value is between sC

12 and sC
13.

1 For tensor components referring to the single crystal we use a superscript C.



     3436                                                           Tailoring Elastic Properties of Ferroelectric Films

Table 1. Calculated compliance coefficients (sij) of textured PTL thin films
Compliance
coefficients
[10-3 GPa-1]

PbTiO3 single crystal
data

(Data set A from [15] )

PTL film
random

orientation

PTL film
<100>,<001>

mixed orientation
(F2 = 6.6 mrd2)

PTL film
<111> orientation

(F2 = 2.4 mrd2)
s11 6.5 10.1 10.1 9.9
s22 6.5 10.0 10.1 9.9
s33 33.3 9.8 10.3 9.9
s44 14.5 13.2 12.9 13.3
s55 14.5 13.2 12.9 13.2
s66 9.6 13.4 13.3 13.2
s12 -0.35 -3.3 -3.2 -3.2
s21 -0.35 -3.3 -3.2 -3.2
s13 -7.1 -3.2 -3.4 -3.2
s31 -7.1 -3.2 -3.4 -3.2
s23 -7.1 -3.2 -3.4 -3.2
s32 -7.1 -3.2 -3.4 -3.2

However, the averaging process of the elastic coefficients does not produce exactly the same
results for the different textures. If we look closer, we can see that for the randomly oriented film
there is still small differences of the compliance coefficients along one direction, e.g., s33 ≠ s11 or s13

≠ s12. Although the differences are small, they reflect the large elastic anisotropy of the crystals,
which is difficult to average out. We increase these differences if there is a certain amount of
crystals oriented along <100> and <001> directions parallel to the 3-axis as they contribute with
extreme values of the compliance coefficients, very different in 1- or 2- and 3-directions.
Unfortunately, there is a similar contribution (∼ 50% each) in both <100> and <001> directions, and
the difference between s11 and s33 coefficients is not large.

The introduction of a preferential orientation along other crystallographic orientations different
from the <100> or <001>, will produce a higher amount of crystals contributing with more isotropic
elastic coefficients. This is because the anisotropic direction of the oriented crystals, <001>, does
not coincide with any of the reference axis of the polycrystalline film, and the contributions to the
polycrystal compliance coefficient along that direction are reduced. This also results in a decrease of
the s11 and s33 values of the film. This is what is observed for the films in which a strong <111>
texture component is introduced, as it can be seen in Table 1. Comparing the compliance tensors of
the random and the <111>-oriented film, we observe that the later is more isotropic than the former,
stressing the role of crystals oriented along more isotropic directions in suppressing any anisotropy.

We have just mentioned that for this crystalline system the anisotropic direction is the
crystallographic direction <001>. The fact that these compositions crystallize in the cubic phase
implies that orientations along <001> directions are always associated with a similar texture
component along <100>. If both components are present in a similar proportion, their effects can be
cancelled out. In polycrystalline, non-epitaxial films, it is difficult to separate both components to
study them separately. However, the use of substrates that introduce compressive stress during the
cooling process to the room-temperature tetragonal phase, favor the orientation along <001> [20].
We have calculated the elastic tensors for a series of films with different texture contributions along
<001> to study the effect of the preferential orientation of crystals with the anisotropic axis
perpendicular to the film surface, i.e., parallel to axis 3. Results of the calculations are summarized
in Table 2.
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Table 2. Calculated compliance coefficients (sij) of textured PTCa thin films
Compliance
coefficients
[10-3 GPa-1]

PTCa film
<001> contrib.≈ 55%

(F2 = 5.1 mrd2)

PTCa film
<001> contrib.≈ 62%

(F2 = 2.1 mrd2)

PTCa film
<001> contrib.≈ 79%

(F2 = 7.9 mrd2)
s11 9.7 10.0 9.3
s22 9.8 9.4 10.0
s33 10.8 10.6 11.5
s44 13.2 13.2 13.4
s55 13.2 13.7 13.1
s66 12.8 12.8 12.6
s12 -3.1 -3.1 -3.0
s21 -3.1 -3.1 -3.0
s13 -3.4 -3.4 -3.5
s31 -3.4 -3.4 -3.5
s23 -3.4 -3.3 -3.7
s32 -3.4 -3.3 -3.7

We can deduce from the comparison of the films with a <001> contribution of 55% (first
column) and with a contribution of 79% (last column) that the increase of the percentage of crystals
oriented along the <001> direction results in an increase of the s33 values. This is accompanied by
an increase of the anisotropy of the tensor, associated to the lower contribution of these crystals to
the compliance along the other two main axes, together with the increase of the values along the 3
direction. Note that the increase of the s33 value is less important for the PTCa film with a 62%
contribution of <001> texture component due to its lower overall degree of orientation (F2), which
means that there is lower number of oriented crystals in this film.

It can be concluded from the previous results that the values of the elastic tensor of a polycrystal
can be modified by the inducement of a preferential orientation along different directions. It is
important to separate the effects of orientations along the elastically anisotropic directions and those
far from them. This is an important result that can be used to produce modified lead titanate films
with tailored mechanical properties for MEMS devices. In the introduction we remarked the
influence of the s11 coefficient in several parameters that determine the performance of the device,
as the resonance frequency or the spring constant of a cantilever. We have reported the variations
introduced in the value of s11 by the induction of different textures. If we compare the values of s11
or the equivalent s22 (note that these axis are arbitrarily chosen) for all films we conclude that we
can modify their values by two different approaches. The induction of a <111> orientation normal to
the film surface does not only result in lower values of s11 and s22 than for the randomly oriented
films, but also reduces the tensor anisotropy. The latter is an important factor in the advancement of
the production of films with tailored properties, as it facilitates the solution of the fundamental
equations that relate the functional parameters of a device and the elastic coefficients of the
material.

The other approach that can be used to modify the values of the coefficient s11 and s22, is the
control of the orientations along the <001> direction perpendicular to the film surface. Variations of
the substrate nature lead to an increase of this orientation contribution which in turn results in a
reduction of these elastic parameters. Contrary to the case of <111> orientations, the tensor
anisotropy increases, but the advantage is that then the reduction of the values is higher. It must be
mentioned at this point that due to the fact that in these compositions the polar axis is along the
<001> direction, the ferro-piezoelectric behavior of the film improves with this type of orientation,
which also results in an improvement of the MEMS performance.
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Conclusions
We have shown that advanced X-ray characterization of ferroelectric thin films is used to calculate
the anisotropic effective elastic coefficients provided the corresponding single crystal elastic tensors
are known. A correlation between the inducement of texture along elastically anisotropic directions
and elastic tensors has been established. The results obtained will be used as a guide for further
research aiming to tailoring of the mechanical properties for MEMS applications by texture control.
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