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Chapter 6

Ferroelectric nanostructures

Parts of this chapter are submitted as:
W. van Zoelen, A.H.G. Vlooswijk A. Ferri, A.-M. Andringa, B. Noheda and G. ten Brinke –
“Ordered arrays of ferroelectric nanoparticles by pulsed laser deposition on PS-b-P4VP(PDP)
supramolecules-based templates” to ACS Nano.

6.1 Introduction

Two types of nanometer-sized structures will be described in this chapter: su-
perlattices and chains of nanodots. Although quite different in appearance,
the interest in this kind of structures has a shared origin: in both cases the
dimensionality of the ferroelectric is decreased and therefore the interfaces
potentially play an important role.

The chains of nanometer-sized PbT iO3 dots are fabricated using spon-
taneously microphase separated block copolymers. The length scale of 10-
100 nm in these microphase separated structures of block copolymers, makes
them ideal candidates as templates for the production of nanoscale materials.
The diameter of the PbT iO3 nanodots that we have fabricated using these or-
dered block copolymers is approximately 50 nm, similar to other reports by
different methods [139], but still far above the theoretically determined sizes
for which size effects strongly influence the objects’ properties (∼ 6 nm) [140].
Despite the fact that the reduced dimensionality is not expected to play a role
at these relatively large sizes, the fabrication and properties of these nanodots
can be of interest for applications. After all, the large amount of materials’
surface can enhance the influence of the depolarizing field and suppress fer-
roelectricity, an effect often encountered in applications. By studying such
systems, more insight in the role of the depolarizing field can be obtained.

In the case of PbT iO3/SrT iO3-superlattices, there is only one reduced di-
mension, the thickness, which implies that these superlattices allow to study
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the critical thickness for ferroelectricity. The limited layer thickness of each
separate superlattice layer can be tuned to the critical thickness for ferroelec-
tricity to investigate this critical thickness. Moreover, the artificial stacking
of alternating PbT iO3 and SrT iO3 layers can induce coupling between the
ferroelectric PbT iO3 and the quantum paraelectric SrT iO3 and give rise to
enhanced ferroelectric response [141]. The only literature reports of PbT iO3/
SrT iO3 superlattices up to now, have used rf-sputtering [156] or MBE [157]
as a growth technique. We use a PLD method in which part of the SrT iO3

is grown as a capping layer of the PbT iO3 and part is grown at increased
temperature (790◦C). In this way, we prevent Pb loss, yet we are able to grow
non-conductive SrT iO3.

6.2 Chains of PbTiO3 nanodots

6.2.1 Introduction

Over the last years a lot of theoretical research has been done concerning the
size and shape dependent properties of ferroelectrics at the nanoscale, not
only because of the promising technological applications, but also to gain
more understanding of the ferroelectric behavior at the nanoscale. Important
progress has been achieved in understanding the crucial role of depolariz-
ing fields in nanometer-sized objects, such as nanorods, nanodisks and nan-
odots [140, 142, 143, 144, 145, 146]. This interest for ferroelectric materials,
both for applications and from a fundamental point of view, has given rise to
experimental studies of differently shaped ferroelectrics [134, 138, 147, 148].

On the one side, lithography and focused ion beam (FIB) techniques are
used to shape bulk or thin film ferroelectrics to a desired shape [52]. On
the other side, chemical routes are used to obtain nano-particles of ferro-
electrics [149]. Both techniques have their drawbacks: lithography and FIB
are expensive and time consuming, and the minimum lateral size is limited
to 70-100 nm [150]; macroscopic measurements are usually hard to conduct
for nano-objects obtained via chemical routes because of the lack of ordering
on a substrate and the small amount of available material.

We use a combination of self-assembly and pulsed laser deposition (PLD)
in order to obtain a large number of ordered chains of ∼ 50 nm ferroelectrics
on a substrate surface. This approach allows the study of the properties
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of single ferroelectric nano-objects with atomic force microscopy combined
with piezoresponse measurements (p-AFM), while at the same time, the large
number of nano-objects available on a single substrate allow macroscopic
measurements such as X-ray diffraction (XRD). The technique we have used,
bears resemblance with the NSL (nanosphere lithography) approach reported
by Ma et al. who used PLD on ordered latex particles to create nano-objects
of ferroelectric BaTiO3, however, the nanostructures obtained in our study
are one order of magnitude smaller [151].

6.2.2 Experimental

(c)(a) (b) (d)

Figure 6.1: Schematic representation of (a) PS-b-P4VP(PDP) supramolecule, (b) mi-
crophase separated into structures within structures, in this case cylinders-within-
lamellae. (c)Nanorod with a PS core and P4VP corona obtained by removal of the
PDP from the bulk. (d)PS-b-P4VP(PDP) thin film after solvent annealing, forming
terraces of parallelly oriented PS cylinders in a P4VP(PDP) matrix.

We have used PS-b-P4VP(PDP) comb-shaped supramolecules as depicted
in Figure 6.1a as a nano-template to fabricate chains of PbT iO3 nanodots.
PS-b-P4VP is schematically represented in Figure 6.1a: It is a heteropoly-
mer of polystyrene and poly(4-vinylpyridine) (PS-b-P4VP), with the P4VP
hydrogen bonded with pentadecylphenol (PDP). The supramolecules can
microphase separate into structures-within-structures, in this case cylinders-
within-lamellae as schematically represented in Figure 6.1b. Removal of PDP
from a bulk sample results in nanorods with a PS core and a P4VP corona
(Figure 6.1c). By spin-coating from a chloroform solution and subsequently
annealing the solvent, a PS-b-P4VP(PDP) thin film of ovally shaped cylinders
remains, forming terraces of paralelly oriented PS cylinders in a P4VP(PDP)
matrix (Figure 6.1d; the orientation of P4VP(PDP) lamellae forming the small
length scale is not depicted). Washing away PDP also removes the top layer
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of cylinders from the film, while a single layer of PS-b-P4VP nanorods re-
mains at the interface due to the strong interactions with P4VP (Figure 6.2b).

Previously, these kinds of polymer structures have been made on SiO2

(a) (b) (c) (d)

(e)

200nm 200nm 200nm 200nm

Figure 6.2: a) SrT iO3 substrate with 95 ± 5 nm wide terraces; full z-scale ∆z=6 nm.
b) P4VP nanorod structure on SrT iO3; ∆z=28 nm. c) The same structure as b) cov-
ered with amorphous PbT iO3 with a grain-structure deposited by room temperature
PLD; ∆z=36 nm. d) The same structure as c) after annealing at 565◦; ∆z=53 nm. In
b), c) and d), Fast Fourier Transforms of the image show that the structure is repeat-
ing every 65 ± 5 nm. e) During heating the nanorods are degraded and the PbT iO3

crystallizes in such a way that nanostructured PbT iO3 remains.

substrates, but this procedure works equally well on SrT iO3 substrates [152].
This allows us to use SrT iO3 substrates covered with a single layer of ori-
ented block-copolymer cylinders as a growth template. In order to conduct
piezoresponse-AFM measurements, we have deposited a conducting bottom
electrode of SrRuO3 before coverage with the block-copolymer. Figure 6.2
shows the characteristic AFM images and schematic representations of the
different procedure steps for nanorods prepared on SrT iO3. The chemical
and thermal treatment of SrT iO3 (001) substrates, as described in chapter 3,
leads to a single TiO2-terminated surface with unit cell steps (Figure 6.2(a)).
These substrates have been coated with an∼ 80 nm thin film of comb-shaped
supramolecules of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) hy-
drogen bonded with pentadecylphenol (PDP) by spin-coating from a chlo-
roform solution, and subsequently annealed in solvent vapor, which led to
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the formation of terraces of parallelly oriented PS cylinders in a matrix of the
P4VP(PDP) comb. Subsequent treatment with ultrasound in ethanol, a good
solvent for PDP as well as for P4VP, and a non-solvent for PS, separated the
rods from each other, removing the top layers of cylinders, while the bot-
tom layer firmly remained at the substrate interface due to strong interac-
tions with P4VP. This resulted in patterned nanorods with a typical height
of ∼ 25 nm and ∼ 65 nm periodicity (Figure 6.2(b)). The distance between
the nanorods is hard to measure due to tip convolution effects, but assuming
equal densities for all phases, it can be estimated to be 20 nm. The shape of
the nanorods is oval-like due to the collapse of the cylindrical structure after
swelling.

Due to the low melting point of the polymers, PLD had to be performed at
room temperature, coating the patterned nanorods with a continuous layer of
∼ 30 nm of amorphous PbT iO3 (with a small Pb-excess) (Figure 6.2(c)). Post-
deposition crystallization was carried out at 565◦C. This crystallization tem-
perature lies far above the degradation temperature of the nanorods, which
start to degrade at ∼ 300◦C and are evaporated at ∼ 450◦C as determined by
thermogravimetric analysis of pure block copolymer (heating rate = 10◦C/min).
However, during the degradation of the nanorods, the nanostructures are
transferred to the PbT iO3 layer (Figure 6.2(d)). The grain-like structure, which
is inherent to room temperature growth of PbT iO3, is not lost upon anneal-
ing, although the grain size increases from ∼ 30 nm to ∼ 50 nm. In the range
of 30-120 min annealing time, no effect of the timing on the grain structure
has been observed for an annealing temperature of 565◦C. Higher annealing
temperatures, however, lead to further enlarged grains and the loss of the or-
dered structure. The mechanism we propose for the transfer of the nanorod
shape from P4VP to PbT iO3 is that the P4VP evaporates through the crys-
tallizing PbT iO3 layer and the PbT iO3 preferentially crystallizes on places
where it is in contact with the crystalline substrate. In principle, this leads
to an inverted nanorod structure: the PbT iO3 crystallizes where there is no
nanorod, and it does not where there is nanorod. But due to the morphology,
one cannot distinguish the direct versus the inverted structure.
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400nm 250nm

a) b)

Figure 6.3: SEM images of chains of PbT iO3 nanodots on SrT iO3. a) is a cross-
sected sample with the cross-section on the left side of the dotted line and the top
surface of the sample on the right. The top surface consists of separated chains,
while the cleavage of the SrT iO3 crystal planes can be observed on the left side. b)
The difference in electron density between the uncovered surface and the surface
covered with chains can be observed in this backscatter electron mode SEM image.

6.2.3 Results and discussion

PbTiO3 morphology

As described in the previous paragraph and shown in Figure 6.2, we can
monitor the morphology of the nanorods and -dots by AFM. During the dif-
ferent stages of the process, the periodic chains have a period of approxi-
mately 65 nm. But what is more crucial and only limitedly imaged by AFM,
is the separation between the rods. The rods seem separated, but due to the
finite tip size and nanometer-size of the rods and chains, our AFM measure-
ments are not conclusive concerning the separation or contact between the
chains. Although not 100% conclusive, the actual separation of the chains of
PbT iO3 nanodots is supported by Figure 6.3(a) which shows the scanning
electron micrograph (SEM) of a cross-sected sample.
In addition to this confirmation of the morphology, SEM provides qualitative
information on the thin film composition. Figure 6.3(b) clearly shows con-
trast in a backscattered electron (BSE) mode SEM image. This proves that
regions with a higher and lower average atomic mass exist. For our PbT iO3

structures on SrT iO3, this indicates regions with more and less lead, or ide-
ally: with and without lead. Combined with the SEM images taken in normal
mode, this shows that the grains are connected to form chains of ferroelectric
nanoparticles and that most chains are separated from each other.
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PbTiO3 crystallization

In order to study and control the crystallization of the amorphous PbT iO3,
we have performed XRD measurements as in Figure 6.4. The crystallinity
of the thin film has been monitored as a function of temperature during
and after the crystallization process, which shows the formation of almost
exclusively (00L)-oriented PbT iO3 around 550◦C. Only a small fraction of
(101)-oriented PbT iO3 is present. The preferred (00L)-orientation implies
that the crystallization of the PbT iO3 layer is strongly influenced by the sub-
strate. This observation supports the crystallization process as we described
in section 6.2.2: The transfer of the P4VP morphology to the ex-situ annealed
PbT iO3, is most easily accomplished by preferential crystallization where the
PbT iO3 and the SrT iO3 are in direct contact.

Furthermore, X-ray photoelectron spectroscopy (XPS) has shown that
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Figure 6.4: Temperature dependent X-ray diffractograms around the SrT iO3(001)
Bragg peak at 50; 300; 350; 500; 550; 600 and 50◦C (the latter after annealing). The
inset is an extended scan before and after annealing, which shows that the PbT iO3

is mainly (00L)-oriented and partly (101)-oriented.

the top layers of the samples contain Pb, Ti, O and C. However, the amounts
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of carbon are minute compared to the other elements, and can be explained
by the presence of surface contamination as well as a negligible amount of
residual carbon from incomplete degradation of the polymer. However, as
the Pb, Ti and O peaks are not split, there is no sign of possible enclosure of
this carbon in the PbT iO3 structure.

Ferroelectric properties

The ferroelectric properties of the PbT iO3 nanodots have been measured
with piezoresponse-AFM. Due to the large roughness of the surface, we have
not (yet) been able to obtain topographic images of the piezoresponse. Spec-
troscopy on single nanodots is successful as can be seen in Figure 6.5 and the
nanoparticles exhibit ferroelectric behavior. Further measurements should
provide more insight into the size and shape dependence of the ferroelectric
response.

Figure 6.5: Piezoresponse phase φpr and amplitude Apr measurements as a function
of applied sample bias on a PbT iO3 nanodot. Measured with Vdc = 6V ; Vac = 3V
and fac = 45kHz (measurement by Anthony Ferri).
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6.3 PbTiO3 / SrTiO3 superlattices

6.3.1 Introduction

The interest in superlattices of ferroelectric oxide perovskites has increased
strongly since the proposition by the SONY research center of several ABO3

superlattice structures for future oxide electronics [153]. Regarding PLD growth
of these superlattices, the group of H. Christen was among the first to show
the great atomic control of this method by growing three-color BaTiO3 /SrT iO3

/CaTiO3 superlattices [154]. Besides these possible applications and the
high atomic control that state-of-the-art growth methods offer, superlattices
are also interesting from a theoretical point of view. One of the main inter-
ests is in the electrostatic coupling between the layers in an artificial dielec-
tric/ferroelectric superlattice structure, in which the ferroelectric should in-
duce polarization in the dielectric layer. The polarization and dielectric con-
stant observed in PbT iO3/SrT iO3 superlattices are relatively high (Ps of the
order of 10µC/cm2), εr of the order 102) [155]. Recently, it has been shown ex-
perimentally and confirmed theoretically that short-period PbT iO3/SrT iO3

superlattices (2 unit cells) are improper ferroelectrics, while superlattices with
the same stoichiometry but a long period (12 unit cells), are proper ferroelec-
tric [155]. This makes long-period superlattices ideal to study the induction of
polarization by the ferroelectric in the dielectric. Since the dielectric constant
of improper ferroelectrics is constant over a wide temperature range and is
large in this specific case, these short-period superlattices are attractive for
dielectric applications. The difference between the short- and long-period su-
perlattices, illustrates the importance of the interfaces in these superlattices.
We have grown PbT iO3/SrT iO3 superlattices with a relatively long period
(∼ 10 unit cells).

6.3.2 Experimental

For PbT iO3/SrT iO3 superlattices, the PbT iO3 can be grown as described
in the previous chapters. Although it has been shown that by using sput-
tering, SrT iO3 can be grown in similar growth conditions as PbT iO3 [156],
using PLD, SrT iO3 grown at 570◦C and normal growth pressures (pO2 ≈
0.1mbar) is likely to be oxygen deficient. On PbT iO3/SrT iO3 superlattices
with SrT iO3 grown at 570◦C, we have only been able to measure leakage
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Figure 6.6: a) RHEED intensity profiles of a 10 periods 6ML PbT iO3 (black), 3ML
SrT iO3 (gray) superlattice grown on SrRuO3 (dotted gray) on SrT iO3. Image (b)
is a zoom of the 5th period. The insets in a) are the RHEED pattern before (left) and
after (right) deposition.

currents. But growing SrT iO3 at higher temperatures is problematic because
it could lead to undesired lead loss from the PbT iO3 layer. Therefore, we
have grown PbT iO3 and the first 1.5 monolayer of SrT iO3 of every super-
lattice period using our typical PbT iO3 growth parameters. The resulting
SrT iO3 capping layer should prevent lead loss and subsequently we have
raised the temperature to 790◦C to grow the remaining portion of the SrT iO3

layer. This illustrates the high control of the growth at the atomic level that
RHEED-assisted PLD allows. Figure 6.6 shows that for superlattices with
the SrT iO3 grown at 570◦C, RHEED oscillations are observed for all layers,
which is also the case for the split SrT iO3 growth. Besides, good morphology
with unit cell steps reflecting the substrate surface morphology, is shown by
AFM on the resulting superlattice in Figure 6.7, confirming the layer-by-layer
growth. The structural properties of these superlattices will be described in
section 6.3.3 and the electrical characterization will be treated in section 6.3.3.

6.3.3 Results and discussion

Structural properties

The most important observation regarding the structural properties of the
PbT iO3/SrT iO3 superlattices we have grown, is the low degree of intermix-
ing of the superlattice layers. This is based on the large number of XRD su-
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200nm 600nm600nm 2 mm

a) b) c) d)

Figure 6.7: AFM images of the top surface of (a+b) a (6PbT iO3/3SrT iO3)10 superlat-
tice on SrRuO3-electroded SrT iO3 and a (c+d) a (3PbT iO3/3SrT iO3)12 superlattice
on SrRuO3-electroded DyScO3. The RMS roughness and full z-scale of these images
are a) RMS= 3.4 Å, ∆z= 4 nm; b) RMS= 4.4 Å, ∆z= 4 nm; c) RMS= 1.7 Å, ∆z= 3 nm;
d) RMS= 3.6 Å, ∆z= 9 nm.

perlattice peaks in Figure 6.8 and the sharp interfaces as observed in Fig-
ure 6.9. The number of superlattice peaks observed is considerably larger
than for superlattices grown by rf-sputtering [141], which indicates less layer-
intermixing. The amount of layer-intermixing is closer to that of MBE-grown
superlattices [157]. Yet, one can argue whether this absence of intermixing is
a positive aspect, since theoretical calculations [158] show that some degree
of intermixing enhances the Pb off-centering and therefore the polarization
of these superlattices.

The differences between the PLD growth method we have employed and
the off-axis rf-sputtering technique used by Dawber et al. [156], could have
large influence on the final material and, thus, the properties. Not only is the
sputtering growth rate much slower and the growth temperature much lower
(460◦C versus our 570◦C), but, maybe more importantly, at 460◦C PbT iO3 is
grown in the tetragonal phase, whereas we grow it in the tetragonal phase
but cycle it several times towards the cubic phase during the growth of the
SrT iO3 layers (based on our observations in chapter 4, we expect thin films
of several unit cells thick to have a Tc above 800◦C, so we do not actually
reach the cubic phase). This thermal cycling could give rise to changes in the
domain structure. Besides, there is a considerable risk of lead loss with our
method, which could lead to deterioration of the ferroelectric properties of
the PbT iO3 layers.

However, this scenario is contradicted by the observations of the x-ray
diffraction maps in Figure 6.10, which shows satellites similar to the ones
ascribed in the previous chapters to the presence of 180◦ domains. Also in
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Figure 6.8: X-ray diffractogram along the (00L)-direction of a (9PbT iO3/4SrT iO3)6
superlattice on 23 nm SrRuO3 on DyScO3. The superlattice peaks are indexed in line
with the number of grown monolayers. Note that there is considerable interference
between superlattice peaks and thickness fringes.

this case, the superlattice spacing is constant throughout diffraction orders,
confirming that the superlattice is due to periodic domains. In this specific
case of Figure 6.10, a (9PbT iO3/4SrT iO3)6 superlattice, the in-plane modu-
lation corresponds to a 66 Å periodicity of the domains. In general we have
observed shorter domain periodicities for thinner PbT iO3 layers. These ob-
servations do not only proof that the PbT iO3 is ferroelectric, but also that
the SrT iO3 layers are non-conductive (electrical contact would cause short-
circuiting, removing the driving force for 180◦ domain formation). It is, as
far as we know, the first time that long-range periodic 180◦ patterns have
been observed in ferroelectric superlattices. In conclusion, this means that the
growth of PbT iO3/SrT iO3 superlattices has been achieved successfully by
PLD. When the SrT iO3 is grown at our typical PbT iO3 growth temperature
of 570◦C, it is defect- and vacancy-rich, which gives rise to leakage currents.
We believe that growing 1.5 monolayer SrT iO3 after each PbT iO3 layer at
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50nm 5nm
Figure 6.9: Bright field (a) and high resolution (b) TEM images of a
(6PbT iO3/3SrT iO3)10 superlattice on SrRuO3-electroded SrT iO3.

570◦C as a capping layer and the subsequent SrT iO3 at 790◦C, has greatly re-
duced the number of defects and vacancies in the SrT iO3. Whether we will
be able to measure intrinsic properties of these superlattices, will depend on
the stoichiometry of the superlattice and the electrode and interface quality.

Dielectric properties

Although we have been unable to measure macroscopic ferroelectric voltage-
polarization hysteresis loops on superlattices of PbT iO3/SrT iO3 on SrT iO3,
we have performed impedance spectroscopy. A typical result on different
electrodes on a single superlattice, is shown in Figure 6.11. This figure pin-
points the origin of the encountered problem for CV-measurements: The
measurement is highly dependent on the electrode. While for some super-
lattices the measurement is dominated by extrinsic effects like grain bound-
ary dipolar contributions, in other cases this is totally diminished and the
intrinsic properties can be measured. Figure 6.11 shows measurements of the
dielectric permittivity via different electrodes on a (10PbT iO3/4SrT iO3)6 su-
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Figure 6.10: RSMs around the (a) (002) and (b) (103) Bragg peaks of a
(9PbT iO3/4SrT iO3)6 superlattice on SrRuO3 on SrT iO3.

perlattice. By plotting the imaginary part versus the real part of the dielectric
permittivity (the so-called Cole-Cole plot), as shown in Figure 6.11(d,e), an
intrinsic static dielectric constant ε(0) ≈ 100 can be extracted. This value
is much lower than the ε(0) ∼ 500, which is observed in similar superlat-
tices grown by sputtering [155, 159]. Remarkably, Stucki [159] shows that
there is very little change in response for different frequencies in the range
103Hz< f < 106Hz, but this observation remains unexplained. They have
only observed frequency dependence when the electrodes were of poor qual-
ity1, but this should not influence the intrinsic dielectric constant and it is
questionable which is the intrinsic value of the dielectric constant. Besides,
this factor of 5 difference in the dielectric constant can be partly explained by
the possible differences in intermixing between superlattices grown by PLD
and sputtering [158]. Moreover, the PLD growth method that we have used
can be unsuitable to grow this kind of superlattices, because Pb-loss during
SrT iO3 deposition can not be excluded.
The simulation of dielectric measurements is presented in Figure 6.11(d) and

1Private communication with Professor Matt Dawber, Stony Brook University (USA)
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Figure 6.11: Real (a) and imaginary (b) part of the dielectric constant as a func-
tion of frequency measured on different electrodes and with driving amplitudes
of 50 mV (green), 100 mV (black), 500 mV (red) and 1000 mV (blue) on a single
(9PbT iO3/4SrT iO3)6 superlattice. (c) The equivalent circuit used to simulate the
Cole-Cole plots constructed from these measurements (c+d) indicates an intrinsic
ε(0) ≈ 100, typically measured at 105Hz frequencies.

6.11(e) by dotted lines. The data are simulated using impedance spectroscopy
with the equivalent circuit shown in Figure 6.11(c), as proposed by Cole and
Cole [101] for dielectrics. Unlike many mechanisms used to explain dielectric
absorption, which assume a purely dissipative element like a resistance in the
equivalent circuit, the use of a complex impedance is more likely the actual
behavior of dielectrics. This means that we use a complex impedance Z with
a phase angle α which is independent of frequency. This α is very suitable to
describe the behavior of dielectrics, since it implies a conservation of energy
in the equivalent electrical circuit instead of a dissipation.

The phase angles and dielectric constants used to simulate the measure-
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ments in Figure 6.11(d) are α = 3.6◦ and ε(0)− ε(∞) = 104± 10 for the high-
frequency semicircle corresponding to the intrinsic response. The intermediate-
frequency semicircle, corresponding to the extrinsic response due to grain
boundaries, is simulated in Figure 6.11(e) with α = 14.4◦ and ε(0) − ε(∞) =
688. The onset of a third semicircle at the lowest frequencies, is measured,
which is probably linked to the response of the electrode/film interfaces. Es-
pecially for the intrinsic response, the parameter α is small, implying that the
behavior is nearly that of an ideal Debye-like dielectric. All in all, this gives an
intrinsic dielectric constant ε(0) = 104±10. This is in close agreement to what
is expected for a mixture of these two materials with a 9:4 PbT iO3 : SrT iO3

stoichiometry (ε = 138 at room temperature, considering the dielectric con-
stants of PbT iO3 and SrT iO3 at room temperature to be 66 and 300, respec-
tively). Based on Landau theory, an enhancement of the dielectric constant
is expected [159], which is only limited for the PbT iO3/SrT iO3 ratio of the
current superlattice.

Finally, measurement of the intrinsic properties requires a frequency anal-
ysis and we show that, in our case, the intrinsic properties of the material
only appear above ∼250kHz. Moreover, it is predicted and confirmed that
the acoustic resonance frequency of these superlattices is determined by their
periodicity and that this is in the order of 1GHz [160]. This makes them, in
principle, suitable to be integrated with high speed electronics.

6.4 Conclusions

We have investigated the influence of size reduction of ferroelectric PbT iO3

on its properties. This size reduction has been accomplished by fabricating
nanodots via deposition on a substrate patterned with microphase separated
block-copolymers and by growing superlattices of PbT iO3 and SrT iO3.
We have shown a successful method of using organic copolymers to obtain
these ferroelectric chains of nanodots. Although a nanorod template of PS-
b-P4VP is degraded at temperatures above ∼ 450◦C, capping the rods with
PbT iO3 and annealing at 565◦C leads to ferroelectric chains of nanodots that
crystallize above 500◦C. In this way, the PbT iO3 is both oriented by the sub-
strate and structured by the polymer template. The obtained chains of nan-
odots can be used to examine the shape and size dependence of ferroelectrics
at the nanoscale. In our case, no drastic changes in the ferroelectric proper-
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ties have been observed by piezoresponse-AFM, as expected for nanodots of
30-60 nm.

The other route to size reduction we have followed, is growing superlat-
tices of PbT iO3 and SrT iO3. These superlattices have been grown by PLD
with non-conducting SrT iO3 layers by depositing the first 1.5 monolayer of
each SrT iO3 layer at the PbT iO3 growth temperature and the subsequent
SrT iO3 at 790◦C. This results in structurally very good superlattices with
very little layer intermixing as we can observe by XRD and TEM. The func-
tional properties of these superlattices are not as good as those of the only
group reporting in literature on the ferroelectric properties of PbT iO3/SrT iO3

superlattices [155].
In conclusion, we have not detected size effects in the nanodots of sizes

ranging from 30-60 nm, which is in line with expectations, since theory pre-
dicts size effects below 6 nm [140]. Besides, we have grown superlattices with
PbT iO3 layers equal to or above the critical thickness for ferroelectricity. With
only one reduced dimension, we do not expect nor observe any size effects in
these superlattices. We do observe ferroelectric 180◦ domains by XRD in these
superlattices, confirming their ferroelectricity. In addition, we have been able
to deduce by impedance spectroscopy the intrinsic dielectric constant of a
(9PbT iO3/4SrT iO3)6 superlattice to be ∼ 104. Therefore, the measured di-
electric constant is independent of electrode or grain boundary effects. This
value is not in line with earlier observations, but in close agreement with the
value one would expect for a simple mixture of both components. This in-
dicates that for superlattices with periods of 10-15 unit cells, grown by PLD,
the material behaves bulk-like and interface effects do not play an important
role.






