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(11 1)-oriented Pb(Zr¢ Tio.4)O3 thin films were elaborated in the same run by RF multitarget sputtering
on Si/Si0,/TiO,/Pt(1 1 1) and LaAlO5/Pt(1 1 1) substrates. PZT thin films were textured, exhibiting (1 1 1)
fibre texture on silicon substrates whereas epitaxial relationships were found when grown on LaAlO3/
Pt(1 1 1). On the latter substrate, values of spontaneous polarization and of dielectric permittivity were
measured close to that calculated previously along the (11 1) direction of PZT rhombohedral single
crystal. On the contrary, spontaneous polarization and dielectric permittivity measured on PZT thin films
deposited on platinized silicon were found deviating from calculated values. These different electrical
results are attributed to different ferroelectric domain configurations.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ferroelectric thin films have attracted much attention in the
last years as they are promising candidates for integrated
microelectronic devices [1,2]. Among them, the Pb(Zr,Ti;_»)O3
(PZT) family is a good candidate for various devices. PZT is a
perovskite-type ferroelectric material. Its crystal structure and
physical properties depend strongly on the Ti/Zr ratio. At room
temperature and for large Ti contents (Ti/Zr > 52/48) the crystal
structure is tetragonal whereas it is rhombohedral for low Ti
contents. These two crystallographic phases are separated by the
so-called “morphotropic phase boundary” which is known to
exhibit enhanced piezoelectric properties. Unfortunately, prepara-
tion of PZT single crystals has not been successful up to now,
leading to a lack of information on the intrinsic anisotropy of the
physical properties [3]. To overcome this difficulty, piezoelectric
and dielectric coefficients related to different crystallographic
directions were calculated by Du et al. [4]. Their results imply that
oriented growth is needed for thin film device in order to take
advantage of the best properties for a given application. Indeed,
ferroelectric properties will be optimized when film growth is
along the polar axis direction, whereas dielectric properties will be
promoted when the polar axis is normal to the growth direction.

Several reports on the influence of PZT thin film orientation on
ferroelectric properties confirmed the importance of such orienta-
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tion monitoring during film preparation [5-7]. In a recent work,
Kuwabara et al. [8] have shown that ferroelectric properties of
epitaxially (111) oriented tetragonal PZT thin films were
comparable to those of fiber-textured ones. Their results showed
that the properties were not influenced by the strain state in the
PZT thin film. The purpose of this work is to investigate the
structural and electrical properties of rhombohedral PZT thin films
deposited during the same run on two different substrates: Si/SiO,/
TiO,/Pt(1 1 1) and LaAlO5/Pt(1 1 1) (hereafter labelled as Pt/Si and
Pt/LAO, respectively). This study describes the main results
obtained from diffraction data and electrical characterizations,
depending on the substrate, and examines them in the framework
of the calculations made by Du et al. [4,9].

2. Experimental details

PZT films were prepared using RF multitarget sputtering
system. Three metallic Pb, Zr, and Ti targets were used with
magnetron cathodes. The stoechiometry is monitored by adjusting
the RF power on each cathode. The composition studied in this
paper is Pb(Zrg¢Tip4)03 (PZT 60/40). The thickness of the films
determined by SEM observations on cross section is 400 nm in all
cases.

The substrates, (10 0)-oriented Si/SiO, and (10 0)-LaAlO3
single crystal, are coated with a Pt sputtered layer of 150 nm
and 100 nm in thickness, respectively. Note that the Si(100)
substrate is covered by an amorphous silicon oxide layer of about
400 nm. In this case, a very thin TiO, layer (about 2 nm) was
deposited before Pt layer deposition to ensure its adhesion and to
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promote its crystalline quality [10]. PZT thin films were sputtered
during the same experimental run on both substrates, hence under
exactly the same conditions. A very thin TiO, upper layer was also
deposited prior to PZT sputtering in order to achieve in-situ
crystallization and to promote growth along the (1 1 1) directions
[11,12]. Sputtering conditions used to achieve a good orientation
control were determined previously [10,11,13]. Energy dispersive
spectroscopy (EDS) analyses performed on all the films showed no
significant difference in cationic composition. Top Pt electrodes
were deposited by sputtering and patterned with a lift-off process.
They consist of squares of 235 wm in edge.

X-ray diffraction characterization in a 6-26 reflection mode was
carried out in order to get a first idea about films orientation. X-ray
texture analysis was then carried out using a Huber 4-circle
diffractometer equipped with a curved position detector (CPS 120-
Inel) [14]. All X-ray measurements were performed with the
Ko(Cu) wavelength, A = 0.15418 nm. Pole figures were measured
using 2.5° x 2.5° scan grid in tilt x and azimuthal (¢) angles and
processed using the Beartex software [15]. In what follows, we will
always refer to the pseudocubic perovskite unit cell when talking
about directions and planes of the rhombohedral PZT phase.

Ferroelectric measurements were performed at 1 kHz using a
Radiant Technology Precision workstation. Dielectric response was
obtained with an HP Agilent 4284A LCR meter.

3. Results and discussion

6-20 diffraction patterns of both samples on Pt/Si and Pt/LAO
are shown in Fig. 1. The films are strongly oriented with {11 1}
planes of Pt and PZT parallel to the substrate surface. The XRD
patterns also reveal that the PZT film grown on Pt/Si contained a
small volume fraction of (110) oriented grains. The lattice
constant determined from the X-ray patterns is consistent with
the rhombohedral phase (Please refer to Table 1). On the Pt/LAO
substrate, a weak shift toward lower angles is detected for both

(a)
LAO(100) LAO(200)

E Pt(111)

=

=

r-}

T

3 PZT(111)

2

2]

c

8

£

20 25 30 35 40 45 50
2 theta (degrees)

b
(0) Pt(111)
2

1=

-
el

=
5 PZT(111)
=

W

c

23

£

20 25 30 35 40 45 50

2 theta (degrees)

Fig. 1. XRD patterns of PZT 60/40 films: (a) on Pt/Si substrate and (b) on LaAlO5/Pt
substrate. The (h k1), indexation is related to the perovskite phase of PZT.

Table 1
Lattice parameters obtained from XRD data for PZT (60/40) thin films on Pt/Si and
on Pt/LAO substrates.

Substrate Film orientation Pseudo-cubic unit cell
parameter (A)
Pt PZT
TiOx/Pt(1 1 1)/Ti0y/SiO5/Si 111) a,=3.905 a,=4.08
TiOx/Pt(1 1 1)/LaAlO5(1 0 0) (111) a,=3.92 a,=4.105

(111)-Pt and (11 1)-PZT lines, when comparing to the Pt/Si
substrate. This points out an in-plane compressive stress induced
by the LAO substrate, and explains the increase of the lattice
parameter of Pt and PZT when calculated from the out-of-plane
d111 spacing (Table 1).

On Pt/Si, both Pt and PZT layers exhibit a (11 1) fibre texture
typical of the absence of epitaxial relationship with the substrate
[16]. We do not expect a large contribution on the physical
properties from the weak (110) component and neglect it.
However, if the absence of epitaxy is clearly established for this
film between the Pt bottom electrode and the substrate, one
cannot prove this absence between PZT and Pt at the grain scale,
because of the too large probed area compared to the crystallite
size. Grain sizes in the range of 150-200 nm were determined by
SEM and AFM observations. According to previous works [17,18],
the fine grain sizes obtained on both substrates suggests that each
individual grain contains probably only one ferroelectric domain.

The sample on Pt/LAO shows epitaxial relationships (Fig. 2) for
Pt and PZT. The {11 6}-LAO pole figure (Fig. 2(a)) allows the
determination of epitaxial relationships among LAO, Pt, and PZT
(Table 2). The four poles from the LAO single crystal R-plane allow
the location of the [110], perovskite-like directions in the
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Fig. 2. Pole figures of the PZT 60/40 thin film deposited on LaAlO5(1 0 0)/Pt(11 1).
(a) {116}-LAO, (b) {22 0}-Pt, and (c) {2 2 0},-PZT pole figures. [h k1], state for a
pseudo-cubic indexing. Equal-area projections, logarithmic density scale.
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Table 2
Crystallographic relationships between PZT thin films and substrates.
Substrate Electrode Film Relation
L Si[1 0 0]/SiO, Pt[111] PZT[111] Fiber
1 LaAlO3[0 1 2] Pt[111] PZT[11 1] Epitaxial
/I [110] [110] PZT[11 0]
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Fig. 3. Hysteresis loops of PZT 60/40 thin films on Pt/Si (diamond) and on LaAlO3/Pt
(triangle) substrates.

equatorial plane using simple crystallography. The {2 2 0}-Pt pole
figure (Fig. 2(b)) shows 12 poles up to x = 60° whereas a perfect
single crystal would exhibit only three for this (1 1 1) orientation.
This means four epitaxial relationships are equivalently present in
the Pt film. As for {1 1 6}-LAO, intensity variations between the
poles are only due to the large scan grid used compared to the pole
dispersion. This latter effect is less pronounced for {2 2 0}-PZT,
indicating that this phase is slightly more distributed than Pt. The
four equivalents are explained by the matching possibilities
generated between the six (1 1 0) directions of Pt in the sample
plane and the (110),-LAO directions. The same epitaxial
components are stabilized in the PZT layer. Finally, the PZT thin
film grown on Pt/LAO is textured. Furthermore, the whole PZT
grains exhibit only four particular in-plane orientations. Then the
PZT thin film on Pt/LAO may be considered as containing only four
kinds of grains having epitaxial relationships with the substrate.

Hysteresis loops of both types of films are compared in Fig. 3
The PZT thin film on Pt/LAO substrate shows best ferroelectric
properties: hysteresis loop with square-like shape and larger
polarizations are obtained. However, the coercive fields are similar
for both samples (around 40 kV/cm). As shown in Table 3, the

(a) (b
<111>

o]
/
N

Table 3
Electrical properties of PZT thin films on Pt/Si and Pt/LAO and predicted value by Du
et al. along the (11 1) direction.

PZT 60/40 P; (.C/cm?) E. (kV/cm) & tan §
Calc. coefficients (Du et al.) 50 X 296 X

PZT on LaAlO3/Pt(111) 46 42 390 0.027
PZT on Si/Pt(111) 19 38 790 0.024

remnant polarization obtained on LAO is close to the value of PZT
60/40 single crystals along the polar axis direction as calculated by
Du et al. [4]. The dielectric permittivity values are consistent with
those calculated, as well. On the other hand, both remnant
polarization and dielectric permittivity measured on the PZT film
deposited on the Pt/Si substrate deviate from the calculated values.
Taylor and Damjanovic proposed that such a difference could be
explained by an extrinsic contribution [6]. Indeed, strain imposed
by the substrate in case of LAO/Pt may be at the origin of the
observed differences, as explained in the following discussion.
Based on structural considerations, two (11 1)-domain con-
figurations can be expected. The four equivalent (1 1 1) axes in the
pseudocubic cell are represented in Fig. 4(a). The rhombohedral
ferroelectric structure can be seen as resulting from the
lengthening of the paraelectric cubic phase along one of the four
[11 1] directions. The specific[1 1 1] direction containing the polar
axis will be labelled [1 1 1]p.axis in what follows. Then there exist
three other (1 1 1) axes, which are non polar and tilted by 71° from
[11 1]p.axis- This suggests that optimized ferroelectric properties
may be achieved if [1 1 1]p_.xis is selected as the growth axis. This
configuration is suspected to exist in the PZT sample deposited on
the Pt/LAO substrate since large remnant polarizations were
obtained. This implies that the Pt/LAO substrate imposes a peculiar
arrangement of the PZT{1 1 1}-plane on Pt{1 1 1}, whereas the Pt/
Si substrate does not. Epitaxial relationships found for the LAO
sample show that the (1 1 0) directions of both PZT and Pt films are
superimposed. Considering the rhombohedral structure, two kinds
of (110) directions with different lengths are expected for each
diamond face. Looking at the trigonal symmetry (Fig. 4(b)), the
(11 1)-plane perpendicular to the [1 1 1]p_.xis iS the sole among all
the {11 1} equivalents which intercepts the lattice cell by three
short (1 1 0)-segments. Now, the larger unit cell parameter of PZT
measured normal to the Pt/LAO substrate surface (Table 1) implies
in-plane compressive strains favouring short (110) segments
parallel to the substrate plane. We can conclude that in this case
the specific [1 1 1]p.axis crystallographic direction corresponds to
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Fig. 4. (a) (1 1 1) directions in the pseudocubic cell for a cell oriented along the [1 1 1] direction. The rhombohedral distortion implies the stretching of the [1 1 1] direction

which is defined as the polar axis and labelled [1 1 1]p_axis in the text.

(b){1 1 1} planes are defined by three (1 1 0) directions. In the rhombohedral cell, the (1 1 1) plane normal to the [1 1 1] polar axis contains three short (1 1 0) distances in the

lattice cell contrary to the other {11 1} planes that present also long (1 1 0) distances.
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Fig. 5. Schematic domain configurations of PZT thin films deposited on Pt/Si and on
Pt/LAO. Domain configuration is expected to be random on Pt/Si substrate while
180°-domains normal to the film surface may be imposed by the substrate on Pt/
LAO.

the growth axis. Dealing with the PZT sample on Pt/Si, it is
suspected that no specific relationships are imposed by Si on Pt
since no epitaxial growth was detected. Thus the growth axis for
the PZT layer on Pt/Si should be a random mixture of all the (11 1)
directions.

As aconsequence, the fact that the properties of PZT films on Pt/
LAO are close to that of single crystals can be explained in terms of
different domain configurations. Indeed, for PZT films on Pt/LAO,
the domain configuration consists probably of 180° switching
domains perpendicular to the electrode plane (see grain B in
Fig. 5). Then, for an applied electric field a bit larger than E., most
domains are likely to be switched on Pt/LAO. This is consistent
with the large value of the remnant polarization and also with the
square-like shape of the hysteresis loop. For PZT films on Pt/Si
however, the tilt of the hysteresis cycle may be attributed to the
180° switching domains from grains which polarization axis are
tilted by 71° from the [11 1] growth direction. It may be
considered that a random distribution of polar axis exists in this
sample, and that the (1 11) growth direction is a mixture of
(11 1)p-axis and of the three other (1 1 1) non polar directions. So,
75% of the grains are expected to grow along a non polar axis, in
such a way that for these grains, the [1 1 1]p_axis is tilted by 71°
from the normal of the substrate surface (see grain A in Fig. 5).
When applying an electric field to these tilted grains, the
polarization reversal is obtained through the switching of the
polarization by 180° from 109° domain to 71° domain (compare
grain Ain Fig. 5 (a) and (b)). This is consistent with previous works
ofXuetal.[17]and Kim et al. [19] who showed that 180° switching
domains only contribute to the ferroelectric properties of PZT thin
films. This switching mode requires large electric field (E > E.)and
the contribution to the polarization along the normal is lower.
Note that similar E. on Pt/LAO and Pt/Si samples may be a
consequence of this common 180° switching behaviour. The
contribution of the domain walls in this configuration is also
responsible for the anomalous increase of the dielectric permit-
tivity [6,19], compared to the calculated value [4].

The different values of the remnant polarization obtained for
the films deposited on both types of substrates are found to be
rather consistent with the tilt of the grains on Pt/Si. Indeed, as the
remnant polarization of the film deposited on Pt/LAO is 46 j.C/cm?
(Table 3), one expects, with 75% of the grains tilted by 71°, an
average value of 0.25 x 46 +0.75 x 46 x cos(71°) =22.7 uC/cm>.
This is in good agreement with the experimental value of around
19 C/cm? measured on the film deposited on Pt/Si. Taking into
account that this film also contains other textural components like
(110, the difference of around 4 p.C/cm? between calculated and
experimental values may be explained by considering that 88% of
the grains have their polar axis 71° or 109° away from the normal
to the film surface. The contribution of the few (11 0) oriented

grains may also partially explain the lower value of saturation
polarization that was obtained on Pt/Si. We cannot also totally
avoid that some domain wall pinning occurs that may explain the
slight reduction of maximum polarisation, but as the coercive field
is the same on both substrates, domain pinning cannot be the main
origin of the large difference observed for remnant polarization.

Finally, the stress imposed in-plane by the LAO substrate on the
PZT film can be calculated. The strain &3 along the normal of the
film plane is determined from the measured cell parameters,
&3 = (a,PATMAC _ g PZTISty) g PZTISi = 6 10~2, Within the linear elasti-
city hypotheses, and considering that no shear stress is applied on
the film, the stress components o; (i = 3-6) are all equal to zero.
Since the Pt/LAO substrate impose o = 0, in the film plane, one can
obtain the in-plane deformation &; = ¢, using a biaxial stress state
for a single crystal [20]: &; = —C33/C31 + €32 €3, and o7 = (€11 + C12)
g1+c;3 &=14GPa, with «¢;=135GPa, «33=113GPa,
C12 = 67.9 GPa, c13 = c23 = 68.1 GPa. This very high value of residual
stress (o = 1.4 GPa) helps promoting centro-symetric properties
in the sample plane, in favour of the perpendicular development of
the polarization.

4. Conclusion

This work shows that contrary to the case of tetragonal PZT thin
films studied by Kuwabara et al. [8], electrical properties of
rhombohedral PZT thin films are strongly influenced by the strain
state in the films. Ferroelectric properties of rhombohedral PZT
thin films may be optimized by monitoring the strain imposed by
the substrate, which strongly affects the domains configuration. In
this paper, we showed that the growth of the film along the polar
axis can be favoured by the stress induced by the substrate. This
was the case for PZT 60/40 films with [1 1 1] preferred orientation
deposited on LaAlOs/Pt(1 1 1) substrate. Most of the grains are
then 180° ferroelectric domains normal to the film surface, and the
ferroelectric properties were optimized. On the contrary, similar
PZT thin films deposited on Pt/Si(11 1) present weaker ferro-
electric characteristics but enhanced dielectric permittivity. In this
case, the tilt of 180°-domains by 71° from the normal of the
substrate due to the non-preferential [1 1 1]p_axis growth leads to
lower remnant polarizations. On the other hand, the increase of
dielectric permittivity may be explained by this tilt of the
ferroelectric domains, through a domain wall contribution to
the permittivity.
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