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Among all the factors that determine the development of preferential orientation or texture in polycrystalline thin films, the
most important is the nature of the substrate. A preferential orientation of the crystallites with the polar axis perpendicular
to the film surface results in an important improvement of the ferroelectric behaviour. In the search for the substrate that
produces highly oriented ferroelectric thin films, this work analyses by quantitative texture analysis calcium modified lead
titanate thin films deposited on platinised Si, MgO and SrTiO, substrates. A mixed preferential orientation along <100> and
<001> is obtained. From the results of this study we discuss the factors that contribute to the different final textures. First, we
analyse the different texture strength of the Pt layer observed in the three substrates, and the growth of the ferroelectric film
on them, whose orientation seems to develop independently of the Pt in this case. And secondly, we study the effect of the
stress developed during the crystallisation process, caused by the difference in thermal expansion coefficient between each
of the substrates and the film, especially on the domain structure formation at the paraelectric cubic- ferroelectric tetragonal
phase transition.
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Orientacion preferente de laminas delgadas ferroeléctricas de titanato de plomo modificado depositadas sobre distintos
substratos

La aparicién de orientaciones preferentes o textura en laminas delgadas policristalinas se puede potenciar de muchas mane-
ras, pero probablemente el factor mds importante a tener en cuenta es la naturaleza del substrato. Si se logra una orientacién
preferente de los cristales de la 1dmina con el eje polar perpendicular al plano de la ldmina el comportamiento ferroeléctrico
del material mejora. Englobado en la btsqueda del substrato méas adecuado para obtener laminas delgadas ferroeléctricas
orientadas, este trabajo estudia por medio de andlisis cuantitativo de texturas laminas delgadas de titanato de plomo modi-
ficado con calcio depositadas sobre substratos de Si, MgO y SrTiO, con electrodos de Pt. Se obtiene una orientacién prefe-
rente mixta a lo largo de <100> y <001>. A partir de los datos obtenidos se analizan los factores que contribuyen a las dife-
rentes texturas obtenidas. Por un lado se discute el diferente grado de texturacién del Pt sobre los tres substratos, y la for-
macién de la Jdmina ferroeléctrica sobre ellos, cuya orientacién parece desarrollarse independientemente del Pt en este caso.
Y por otro, se estudia el efecto de las tensiones presentes durante el proceso de cristalizacién provocadas por las diferencias
entre los coeficientes de expansiéon de cada uno de los substratos y la lamina, especialmente en el paso de la fase paraeléc-
trica ctbica a ferroeléctrica tetragonal,
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1. INTRODUCTION

The search for highly oriented thin films is especially
important for ferroelectric materials, and a considerable effort
has been dedicated to this topic. The presence of any kind of
preferential orientation, or texture is a determinant factor of the
physical properties of ferroelectric materials, and, therefore, of
their applications. Among the wide range of technological
applications of ferroelectric thin films, we emphasise those
related to the fabrication of infrared sensors and
microelectromechanical systems (MEMS), for which calcium
modified lead titanate compositions have proved to be very
promising (1,2). The question of how to induce a preferential
orientation in ferroelectric thin films to improve their
properties for applications is not fully solved, although
different approaches have been considered.

There are several factors that may affect the development of
preferential orientations in thin films. These can be related to the
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steps previous to the film deposition like for example the nature
of chemical precursors and solution preparation conditions in
sol-gel derived films (3). But usually the final texture is mainly
related to the crystallisation temperature, soaking time or
heating rate (4,5). Thickness is another factor to be taken into
account, and affects mainly the degree of orientation of the film,
not the type of orientation (6). Most of these studies use Si based
substrates with Pt on top, which serves as bottom electrode. Pt
seems to be one of the very few elemental conductors that
remains sufficiently stable during processing of the ferroelectric
film, and that is why is widely used. The mechanisms that lead
to the development of preferential orientations of the
ferroelectric film on the Pt layer are still under discussion. Some
authors postulate the formation of hillocks in the Pt layer after
annealing, which are nucleation sites for the oriented crystallites
(7). Therefore, an annealing of the substrate prior to the
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deposition of the film is recommended. The formation of a
transient intermetallic layer with a closer lattice match to Pt than
the lead titanate based ferroelectric has also been suggested,
either Pt Pb (8,9) or PtTi (10). Therefore modifications of the
substrate are induced to promote the appearance of such layers,
like the use of a Ti layer on top of the Pt to promote most
probably the intermetallic Pt,Ti, and which successfully induces
the desired orientation on modified lead titanate films (11).
Alternatively we can try to modify the traditionally obtained
<111> texture of Pt by the use of other substrates different to the
Si based, like MgO (12) or SrTiO, (13). A Pt orientation along
<100> will enhance in principle orientation along the polar axis
<001> in the lead titanate based thin films, thus improving their
ferroelectric properties.

On cooling, the paraelectric phase transforms into the
ferroelectric and ferroelectric domains appear. All this process
may take place under stress, whose origin can be the lattice
mismatch, the different thermal expansion of film and
substrate or the volume changes due to the phase
transformation on cooling (14). Some authors point other
causes of stress, like the size of colloidal particles (15) and the
wetting of the substrate by the solution (16).

In this work we will focus on the texture differences achieved
by the use of different substrates. In order to do that, we analyse
ferroelectric Ca modified lead titanate thin films deposited on
several platinised substrates. We use a quantitative texture
analysis method, which, although used regularly in other
scientific areas, has not been until recently applied to ferroelectric
materials (17). From the texture results obtained both for the film
and the Pt layer, we discuss the mechanisms that lead to the
development of texture in these films.

2. EXPERIMENTAL PROCEDURE

Thin films of Ca-modified lead titanate (PTC) were
obtained by spin-coating deposition of sol-gel processed
solutions of Pb,,Ca ,TiO, with 10% excess PbO on two
different substrates: Pt/MgO (100) (PTC-Mg); and Pt/SrTiO,
(100) (PTC-Sr) (18). They were crystallised at 700°C for 50 s by
rapid thermal processing.

Quantitative texture analysis (17) was used to characterise
the preferential orientations of both PTC and Pt layers.
Measurement of experimental pole figures was carried out
with a Huber four-circle goniometer mounted on an INEL X-
ray generator (Cu K  wavelength) using 5°x5° steps to cover the
whole pole figure. A curved position sensitive detector (INEL
CPS-120) was used to acquire a complete diffraction pattern at
each position of the sample, decreasing considerably data
acquisition times. The integrated intensities were treated and
corrected for absorption, volume variations and delocalisation
effects, using INEL software programs. Pole figures are
normalised into distribution densities, which are expressed as
multiples of a random distribution (m.r.d.). A sample without
any preferred orientation has pole figures with constant values
of 1 m.r.d. From several of these pole figures we refined the
orientation distribution (OD), f(g), following the Williams-
Imhof-Matthies-Vinel iterative method (WIMV) (19). This
function describes the amount of crystallites with an
orientation between g and g+dg (g = apfy, Euler angles). The
quality of the refinement is assessed by the reliability factors
(RPO and RP1, for global values and those above 1 m.rd.,
respectively). From the OD we can calculate pole figures which
are not available experimentally, analyse the different
orientation components present, and calculate parameters
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indicative of the texture strength, like the texture index:
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The different texture components are identified through the
representation of inverse pole figures. In this case we keep the
sample direction constant and represent the associated crystal
directions. Those directions showing higher distribution
density values are considered components of the global texture,
and their relative contribution can be assessed. The calculations
to obtain and manipulate the OD mentioned above have been
carried out with the Berkeley Texture Package (BEARTEX) (20).

3. TEXTURE RESULTS AND DISCUSSION ON TEXTURE
DEVELOPMENT

3.1. Pt layer

The quantitative analysis of the texture of the Pt layer on
the traditional substrate TiO,/Si and on the alternative
substrates MgO and SrTiO, produces the results shown in
Table 1. The low values of the reliability factors RP0 and RP1
show the good quality of the OD refinement. The Pt layer
presents preferential orientation only along <111> for the
three substrates. This is concluded from the inverse pole
figures shown in Figure 1. The small contribution along <001>
observed for Pt/SrTiO, is ascribed to an artefact of the
calculation produced by the difficulty in separating
reflections of SrTiO, and Pt. According to the values of Table
1, texture strength is lower for the Pt layer deposited on MgO

TABLE I. COMPARISON OF THE TEXTURE OBTAINED FOR A Pt LAYER
DEPOSITED ON THREE DIFFERENT SUBSTRATES.

Substrate Texture Texture Index | RP0O | RP1

Components (mrdz) (%) | (%)

Pt on TiO/Si <111> 10.3 27 16
Pt on MgO <111> 34 22 14

Pt on SrTiO3 <l11> 7.1 34 19

Pt o TrSi

I m.r.il,

i

Figure 1. Inverse pole figures for the normal direction to the film
surface of Pt layer deposited on different substrates. (Equal area
projection and logarithmic density scale)
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and SrTiO,, which means that they have a smaller fraction of
crystals oriented along <111>. The 111 recalculated pole figures
(Figure 2), apart from the maximum in the centre, present rings
of high distribution values, indicating texture rotational
symmetry around an axis, which is called fibre texture. {111}
planes of oriented crystals diffract when the sample is at
0°(centre of the pole figure) and at ~70°, where the other {111}
planes of the same crystal are at the Bragg position. In the case
of epitaxial growth, the film grows like a single crystal on the
substrate, and diffraction is produced at specific sample
positions, producing isolated maxima in the pole figure. In
other polycrystalline films, crystals grow with less restrictions,
and rotation of the sample about the fibre axis produces the
same probability of finding diffracting planes, and rings appear
in the pole figures. In summary, the Pt layer presents <111> fibre
texture when deposited on any of the substrates used in this
work.

Pt is cubic with a = 3.923 A. When it is deposited on
traditional Si based substrates, it grows on the adhesive layer of
TiO, (orthorhombic a = 5456 A, b =9.182 A, ¢ = 5.143 A) or Ti
(hexagonal a =2.951 A, c = 4.683 A). Despite of these unrelated
structures we obtain Pt with preferential orientation, probably
due to special orientational relations of low interfacial energy.
As the <111> orientation is kept for the other two substrates,
such relations seem to remain valid for them also. MgO (100)
and SrTiO, (100) were chosen because of their better match with
Pt: MgO is cubic a = 4.211 A and SrTiO; is also cubic a = 3.904
A. Therefore, it was expected to obtain a certain degree of
<100> Pt orientation, like the results reported on Pt deposited
on MgO in (12) and (21), although the <111> orientation was
not completely lost. Apparently we were not able to find the
combination of sputtering conditions necessary to trigger the
massive nucleation of <100> oriented crystals. It seems that the
energy requirements are lower for the nucleation of crystals
with low interfactial energy, (111) oriented for Pt, which at the
same time have the ability to grow preferentially over other
crystals during heat treatment. A process to obtain highly
textured films on substrates with unrelated structures has been
developed based on those principles (22). The lack of epitaxial
relationships results in the fibre texture observed in the pole
figures.

The degree of <111> orientation decreases when the Pt is
deposited on MgO or SrTiO,. Although we were not able to
create the conditions for the development of any significant
<100> orientation, it is plausible that a certain amount of
oriented crystals along that direction nucleate. And, due to the
structural similarity some other crystals with other orientations
too. Their fraction will be kept too low to be detected. Under
those circumstances the fraction of <111> oriented crystals will
diminish in MgO and SrTiO, substrates, and therefore the
overall texture index, the same way our results show.

3.2. PTC film.

PTC films are grown on top of the Pt layers analysed,
and the texture results are shown in Table 2. Contributions
from reflections coming from the substrate, overall from SrTiO,
(100), have been eliminated, correcting previously reported
results (6). Texture index values are similar to the ones obtained
for other modified lead titanates deposited on Si based
substrates (17). The preferential orientation is mainly along two
directions: <001> and <100> for both films, as deduced from
the inverse pole figures of Figure 3. The PTC film grown on
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Figure 2. 111 recalculated pole figures of Pt layer deposited on
different substrates showing the axysymmetry of the <111> texture.
Note that scale maximum has been reduced to better represent the
lowest textured sample (Equal area projection and logarithmic
density scale)

TaBLE II. TEXTURE RESULTS OF PTC FILMS GROWN ON PLATINISED MgO
AND SrTiO, SUBSTRATES.

Film Substrate Texture Texture Index | RP0 | RP1
Components (mrdz) (%) | (%)
PTC-Mg | Pt/MgO [ <001>,<100> 5.1 21 10
PTC-Sr | Pt/SrTiO; | <001>,<100> 7.9 27 14

1w,

LR

Figure 3. Inverse pole figures for the normal direction to the film
surface of PTC films grown on two different substrates: Pt/MgO
and Pt/SrTiO,. (Equal area projection and logarithmic density scale)
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Pt/MgO presents a very weak contribution
from crystals oriented along <111> as the
corresponding pole figure shows, but it is too
small to be considered significant.

Recalculated pole figures are shown in
Figure 4. It can be observed that the highest
distribution density values are in the centre of
the 001 and 100 pole figures, as corresponds to
a mixed preferential orientation along these
two directions perpendicular to the film
surface. The fraction of crystals with this
orientation gives rise to high distribution
density values around 55° of inclination
respect to the normal in the 111 pole figures
(also shown). (Remember that 55° is
approximately the angle between <111> and
<001> or <100> directions.) The fact that these
values in the 111 pole figure form a uniform
ring tells us that the orientation has rotational
symmetrical around an axis, and therefore it is
a fibre texture. Note also the density values in
the centre of the 111 pole figure of PTC-Mg
film, caused by the weak <111> texture
contribution already mentioned. In order to estimate the
contributions of the two orientation components, we compare
the values from the centre of the 001 and 100 pole figures. We
observe that these values are higher for the 001 pole figures,
which means that the texture component <001> is more
important than the <100> for both films.

The lack of lattice matching between (111) planes of Pt and
(100) of the cubic phase of PTC is evident. Nevertheless, the
nucleation of PTC takes place preferentially with (100) crystals,
which after the cubic to tetragonal transition on cooling, results
in a mixture of {100} and {001} crystals, and the mixed
orientation measured. It is important to note that the nucleation
takes place in the film-substrate interface, i.e., it is an
heterogeneous nucleation that results in a textured film. If other
nucleation sites like pores were present, there would not be any
preferential orientation in the film. This is controlled by the
processing conditions. Anyway, as for the Pt layer, we find
again a case of preferential growth of a film on a substrate with
unrelated structures. It seems that in this case the low
interfacial energy planes are the (100) of the cubic PTC. The
final fibre character of the texture, observed in the pole figures
(Figure 4), is a consequence of the lack of epitaxial relationships
as explained above. We can conclude from these results that the
search for a better lattice match of the film with the Pt layer,
e.g., by promoting <100> orientations, is not a determinant
factor for the development of the film texture.

Although it would seem that the situation described is the
most advantageous, due to the fact that we obtained an
orientation with the polar axis perpendicular to the film
surface, we should take into account the <100> associated
component that appears on cooling when the cubic phase
transforms into tetragonal. Crystals oriented along <100>
directions have the polar axis in the plane of the film, and
therefore, do not contribute to the net polarisation of the film.
This may affect negatively the ferroelectric behaviour of the
film, and that is why it is searched in the literature the
mechanisms that promote the nucleation of other more
favourable orientations, like <111>. However, good
pyroelectric properties were obtained from the PTC films
studied here (13), due most probably to the higher fraction of
crystallites oriented <001> than <100>, as our results show.
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Figure 4. 001, 100 and 111 recalculated pole figures of PTC thin films grown on two
different substrates: Pt/MgO and Pt/SrTiO,. (Equal area projection and logarithmic
density scale)

This can be attributed to the presence of compressive stress
during the paraelectric-ferroelectric phase transition on cooling
(14). Tensile stress makes the polar axis <001> be preferentially
aligned in the plane of the film. Instead, compressive stress
induces the polar axis to be perpendicular to the film substrate.
Among the origin of stress, the different thermal expansion
coefficients of the film and the substrates can be considered in
this case the most important. If we calculate the thermal stress
involved in this transformation, we find that both PTC-Mg and
PTC-Sr films develop compressive stress (13), favouring the
<001> orientation over the <100>, as our results show.
Therefore, the choice of these two substrates have shown to be
advantageous to the production of oriented films with a large
fraction of crystals oriented along the polar axis perpendicular
to the film substrate.

4. CONCLUSIONS

Quantitative texture analysis of ferroelectric Ca modified
lead titanate films deposited on several platinised substrates
provides us with specific information to discuss the
development of textures when substrate and film have
unrelated structures. The analysis first of the <111> fibre texture
of the Pt substrate shows how, on each of the substrates tested,
crystals of low interfacial energy (111) nucleate and grow
without epitaxial relation with the underlying substrate. Only
under certain sputtering conditions on substrates with close
structures, it has been reported in the literature that different
orientations can be achieved.

We have shown also that the ferroelectric films deposited
on those platinised substrates develop a mixed preferential
orientation along <100> and <001>, although there is not any
clear structural relation with the underlying Pt layer. Therefore
changes in the orientation of this layer do not affect in principle
the texture of the film, whose orientation seems to develop
independently in this case. Due to the compressive stress
present during the paraelectric-ferroelectric transition on
cooling, the component with the polar axis perpendicular to
the film surface is favoured. This results in an improvement of
the ferroelectric behaviour of the films.
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