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Chapter 1

Introduction

Ferroelectricity has been known since 1921 [1], when a switchable permanent po-
larisation was first discovered in Rochelle salts. It has since then been observed
in a variety of other materials, and ferroelectric materials have found a large
spectrum of commercial applications, often taking advantage of their good pyro-
electric and piezoelectric properties. In the last few decades [2], efforts towards
using the actual switchable polarisation for non-volatile random access memo-
ries have been quite successful, with commercial Fe-RAMs now being routinely
used for example in the automotive industry.

The growing need for miniaturisation combined with the fast development of
high quality growth techniques for thin-films [3] has shifted the research towards
ever smaller structures. In these less than 100 nanometers thick films, effects
appear which are not present for larger samples. Depolarising fields become
important and threaten to suppress ferroelectricity, and the samples might break
into domains of opposite polarisation, modifying their macroscopic properties.

We will present here a study on ferroelectric thin films, where, in order to
tune the depolarising field, we have added dielectric layers between the film and
the electrodes. This leads to imperfect screening of the bound charges at the
interfaces, increasing the depolarising field in a controlled fashion. This allowed
us to study the effect of this field using both X-ray diffraction and piezoresponse
force microscopy.

After discussing some general considerations about ferroelectricity as well
as more specific aspects of ferroelectric thin films in chapter 2, we will present
briefly the sample growth technique and the characterisation of our samples
by X-ray diffraction in chapter 3. We will then present piezoresponse force
microscopy in detail in chapter 4, before describing more specifically switching
spectroscopy and presenting some results obtained with this technique in chapter
5. Finally, we will discuss our results on domain configuration obtained using
piezoresponse force microscopical imaging in chapter 6.
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Chapter 2

Ferroelectricity

2.1 Pyro-, piezo- and ferroelectricity
A paraelectric, or non-polar material is highly symmetric, with a centrosym-
metric unit cell, the “centre of mass” of the bound positive and negative charges
being at exactly the same position. It develops an electric polarisation only in
an applied electric field.

If the material can be polarised not only by applying an external electric field,
but also by putting it under mechanical stress, it is said to be piezoelectric. In
that case, the displacement of the charge centers is linked to a distortion of the
lattice. Therefore, an effect know as the converse piezoelectric effect also exists:
piezoelectrics get distorted when an electric field is applied to them.

It can happen that the polarisation “freezes in”, and is non-zero even under
zero electric field and mechanical stress. The centrosymmetry is then broken,
and the material is called polar. The polarisation in general depends on tem-
perature, and the material is said to be pyroelectric.

If there is more than one spontaneous polarisation state possible in the ma-
terial, and you can switch from one to the other by applying an electric field,
the material is ferroelectric. All ferrolectrics are therefore pyroelectric, and all
pyroelectrics are piezoelectric, but the reverse is not true: there exist materi-
als where the polarisation is coupled to the strain but does not freeze in (e.g.
quartz), and there exist materials with a spontaneous polarisation, but where
the polarisation cannot be switched (e.g. costbite CoSbS).

The different spontaneous polarisation states of a ferroelectric can in gen-
eral point in any direction allowed by the crystal symmetry. However, for this
study, we are going to restrict ourselves to only the simplest configuration: two
equivalent polarisation states pointing opposite to each other, with an angle of
180◦ between them, which we will call UP and DOWN.
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Figure 2.1: Sketch of a ferroelectric hysteresis loop, with the positive and neg-
ative coercive field E±

c , the mean coercive field Emc and the built-in field Ebi
shown.

2.2 The ferroelectric hysteresis loop
In a ferroelectric, the polarisation can be switched by applying an electric field
along the polarisation axis. This results in an hysteretic behaviour, with the
polarisation switching in the opposite direction only when the applied field is
large enough. This behaviour is sketched in figure 2.1.

With this in mind, we can now define a few quantities. The component
of the field along the polarisation required to switch the polarisation axis is
called the coercive field Ec. In an ideal sample, the absolute value of the field
required to switch from UP to DOWN should be the same as that to switch
from DOWN to UP. However, electrostatic boundary conditions can break the
symmetry between UP and DOWN, and we therefore define the field required
to switch from DOWN to UP as E+

c and the field to switch from UP to DOWN
as E−

c . The important features in the shape of our loop can now be extracted
as two parameters: the mean coercive field

Emc =
E+
c − E−

c

2
(2.1)

and the built-in electric field

Ebi =
E+
c + E−

c

2
(2.2)

The former gives the half width of the polarisation loop whereas the latter gives
the position of its center. These quantities are shown in figure 2.1.
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Note that if the absolute value of the built-in field is bigger than the mean
coercive field only one direction of polarisation is stable at zero field. If a built-
in field is present during the growth of the sample, it will have a preferential
polarisation direction. For monodomain samples, this will translate into being
polarised in that direction. For polydomain samples, this direction should dom-
inate over the other. However, since the samples are grown at high temperature,
and the energy barrier between UP and DOWN is much lower at high temper-
ature, the built-in field does not have to be as big as the coercive field at room
temperature to already have a strong impact on the polarisation state of the
sample as grown.

2.3 The capacitor geometry and screening
Let us consider a ferroelectric thin film with a uniform polarisation pointing out-
of-plane. The polarisation will induce at the interfaces of the sample a density
of bound charges equal to the polarisation. This in turn, if left uncompensated,
will create an electric field opposite to the polarisation. The energy cost of this
depolarising field can be high enough to suppress the ferroelectricity entirely [4],
or to strongly reduce the polarisation. If the sample cannot turn its polarisation
in-plane, it either has to find free charges to screen the bound charges at the
interfaces, or it must break down into domains of opposite polarisation if it
wants to remain ferroelectric.

However, the properties we want to measure in a ferroelectric usually require
to apply an electric field through the sample. This is done by using a capacitor
geometry, with metallic electrodes on both the top and the bottom of the sample.
The free charges from the electrode can now screen the bound charges, and
ferroelectricity should be preserved.

However, due to a chemical or structural “dead layer” [5] or simply due to
the intrinsic Thomas-Fermi screening length of the metal [6], which may be
modified at the interface [7, 8], this screening is not perfect. This imperfection
is best described by thinking of the screening charges as being separated from
the bound charges by an empty layer of thickness λeff .

This acts like a capacitor in series and will cause a voltage drop at each
interface of V =

λeffP
ε0

where P is the spontaneous polarisation of the sample
[9]. If we put the sample in short circuit boundary conditions, there will be an
opposite voltage drop across the sample equal to the sum of the voltage drops
across each interface. We therefore have for the depolarising field

Ed = − (λeff1 + λeff2)P

ε0d
(2.3)

where λeff1 and λeff2 are the screening lengths for the top and bottom inter-
face respectively, d is the thickness of the ferroelectric film and the minus sign
indicates that the field opposes the polarisation. This is summarised in figure
2.2. From equation 2.3 we see that the depolarising field can be tuned by either
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Figure 2.2: A sketch of the voltage drop at each metal/ferroelectric interface
leading to the depolarising field. Adapted from [10].

changing the effective screening length, or the film thickness. In this study, we
will do both.

2.4 Reducing the thickness
Let us consider the simple case wich will be the subject of this study, where
only two possible polarisation states, separated by 180◦ along the out of plane
axis are possible.

From equation 2.3, we see that the depolarisation field increases when the
film thickness d is reduced. This destabilises the polar state, leading either to
a reduction of polarisation or to the formation of domains. In a polydomain
configuration, bound charges from adjacent regions of opposite polarisation can
screen each other, creating stray fields which only penetrate into the sample on
a length scale of the order of the domain width, therefore reducing the energy
cost linked to the depolarising field.

Forming domains obviously also has an energy cost, which is associated with
the domain walls. In these regions, the two opposite polarisations appear right
next to each other, going through zero polarisation. We therefore lose the en-
ergy gain associated with the ferroelectric state. There is also an elastic cost
for the lattice to adapt to this change in polarisation. The effective screening
lengths of the interfaces are therefore crucial in determining whether the sample
will choose a mono- or a polydomain state: if the effective screening lengths are
short enough, the bound charges at the surfaces are screened well enough by the
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free charges of the electrodes or by surface adsorbates, and the depolarising field
is not high enough to compensate the energy cost of domain walls: the sample
stays monodomain, although probably decreasing its polarisation. The oppo-
site occurs when the effective screening lengths are large: the sample becomes
polydomain.

Adding a dielectric of thickness t and dielectric constant ε inserted between
the electrode and the ferroelectric adds a length of

λspacer =
t

ε

to the effective screening length. Therefore, by adding a dielectric spacer be-
tween the sample and the electrodes, we will be able to tune the depolarising
field, and therefore the domain configuration.
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Chapter 3

Thin films

3.1 Our samples
This study was done using two series of samples, the first with four 50 nm films
of lead titanate, with a 2 nm top and/or bottom spacer (see figure 3.1 top). The
second series was five samples with 20 nm films, and symmetric top and bottom
spacers of 0, 1, 2, 5, and 10 unit cells respectively (see figure 3.1 bottom). Both
series were grown with a strontium ruthenate bottom electrode on strontium
titanate substrates. The films are constrained to the substrate, leaving only
two possible polarisation states, separated by 180◦, along the out of plane axis.

3.2 Growth
All samples used in this study were grown using off-axis radio frequency mag-
netron sputtering [3, 11] on monocrystalline, highly polished, TiO2 terminated,
strontium titanate SrTiO3 (STO) substrates. To allow the mobility of the chem-
ical species once deposited, the substrate was heated to several hundreds of
degrees Celsius during sputtering. This, along with the right pressure and the
right oxygen to argon ratio, ensures epitaxial growth of the sample.

First, a 22 nm (55 unit cells) layer of strontium ruthenate SrRuO3 (SRO), a
perovskite metal whose lattice parameter matches that of STO reasonably well
(see table 3.1), was deposited to serve as a bottom electrode. This thickness
ensures that the SRO stays constrained to the substrate but is also metallic.
Then, the actual sample, consisting of a 20 or 50 nm layer of lead titanate
PbTiO3 (PTO) with a 0-4 nm (0-10 unit cells) spacer layer of STO between
the bottom electrode and the PTO and/or on top of the PTO layer was grown.
PTO is a perovskite ferroelectric whose in-plane lattice constant is very close
to that of STO (see table 3.1). This is why epitaxial films of PTO on STO
substrates, where the in plane lattice parameters are clamped by the substrate,
have only two possible polarisation states: out-of-plane, either away from the
substrate (UP) or towards it (DOWN).
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Figure 3.1: Schematic representation of the two series used for this study. Top:
the 50 nm PTO films with or without 2 nm top and/or bottom spacers. Bottom:
generic representation of the 20 nm PTO series. n had the values 0, 1, 2, 5 and
10 unit cells.

STO SRO (pseudo-cubic) PTO
a and b [Å] 3.905 3.93 3.904
c [Å] 3.905 3.93 4.152

Table 3.1: Bulk lattice parameters for the materials used in our samples at room
temperature. Taken from [12].
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Figure 3.2: θ − 2θ scan around the 0 0 1 peak of the PTO and the STO for
the five samples of the series with 20 nm of PTO (offset for clarity). The sharp
peak on the right is the STO substrate and the broad peak on the left is the
PTO film. From the position of this peak we can determine the c-axis of the
PTO. We can also see finite size oscillations which are used to determine the
thickness of the film and show the great coherence of the sample.

3.3 Characterisation
The samples are then characterised using x-ray diffraction. θ − 2θ profiles are
used to measure the thickness of the samples and the c-axis of the PTO (see
figure 3.2 for an example). Reciprocal space maps, like the one shown in figure
3.3 are used to ensure constrained growth. Since the maps are performed with
the same φ angle for the film and the substrate, this also verifies epitaxial
growth. In this figure, we can see that the three peaks, corresponding to the
STO substrate, the SRO electrode and the PTO sample, are aligned vertically,
showing that all three have the same in-plane lattice parameter. The finite size
of the thin films broadens their peaks in the out-of-plane direction and we can
see finite size oscillations.

The samples were also scanned with an atomic force microscope (AFM) to
check the surface roughness. All samples were found to be atomically flat, some
even showing the atomic "steps" of the substrate (see figure 3.4 for examples).
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Figure 3.3: (-1 0 3) reciprocal space map of a sample with 22 nm of SRO, 20
nm of PTO and a top and bottom spacer of 1 u.c. of STO. The top peak is the
STO substrate (the STO spacers are too thin to appear), then comes the SRO,
and the bottom peak is the PTO. We can see that the peaks are well aligned in
the in-plane direction, and are modulated by the finite size oscillation of both
the PTO and the SRO, attesting of the great quality of this sample.

Figure 3.4: AFM topography images of the surface of a) a 50 and b) a 20 nm
film. RMS roughness is a) 0.3 nm and b) 0.2 nm.
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Chapter 4

Piezoresponse force
microscopy

4.1 The atomic force microscope
Atomic Force Microscopy (AFM) allows imaging of the surface of a sample on
the nanometric scale by using contact interaction. The key ingredients for doing
this are a very sharp probe, sensitivity to forces of the order of the nano-Newton,
and positioning on the scale of an Ångström.

The probe, sometimes referred to as the tip, is the central part of an AFM.
It is composed of a chip, for mounting it inside the microscope, a reflective can-
tilever and a very sharp (equivalent radius of the order of tenth of nanometers)
tip at the end of the cantilever. The probe is the cheapest part of an AFM as
it has to be changed frequently to avoid the detrimental effects of tip wear. It
is usually made of silicon, although there exist probes made of various other
materials, and can be coated with variety of layers, for extra reflectivity or elec-
trical conduction for example. The choice of the probe depends of course on
the actual measurement to be carried out. The probe is usually inserted into a
probe holder before being mounted inside the microscope. There again, there is
a variety of probe holders for different applications, some having a piezoelectric
resonator to excite the tip in oscillating modes, or being able to measure current
flow through the tip for example.

The standard way to probe the forces involved in AFM is to shine a laser onto
the cantilever and to measure its deflection using a four quadrant photodiode
(see figure 4.1 for a sketch). Each quadrant measures the intensity of the laser
light it receives. The laser is first aligned to shine on all four quadrants equally.
Then, by comparing the sum of the two top quadrants and the sum of the
two bottom quadrants, one can measure the vertical deflection of the laser, and
analogously the lateral deflection using the two right and the two left quadrants.
The very low spring constant of the cantilever allows to relate a very small force
to a measurable deflection.
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Figure 4.1: A sketch of an AFM probe and of the four quadrant photodiode.
The inset shows an optical microscope image of an AFM cantilever and tip.
From [13].

In standard contact mode atomic force microscopy, which is the mode used
to do piezoresponse force microscopy which will be described in the next section,
the tip is brought in contact with the sample, which is then scanned keeping
the force between tip and sample (and therefore the deflection) constant using a
normal PID feedback loop. To do this, we must be able to position the sample
with a precision on the order of one nanometer in the X and Y direction and on
the order of one Ångström in the Z direction. This is achieved using different
types of piezoelectric positioners depending on the manufacturer of the AFM.
By recording the Z position for different points of the scans, one can get an image
with a resolution on the order of ten nanometers in-plane and a few Ångström
out-of-plane, for a scan range of a few microns, in about five minutes.

The fact that an atomic force microscope allows us to bring in contact a
probe and a sample at a very precise position opens up possibilities for all sorts
of local measurements. A conductive tip can be used to map local conductivity
of a sample, or one can scan the Z axis and record the deflection to measure
local elasticity, just to name a few examples. In the next section we will focus on
the mode which was mainly used throughout this study to measure ferroelectric
polarisation: piezoresponse force microscopy.
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4.2 Principles of PFM
Piezoresponse force microscopy (PFM) is based on the fact that, in ferroelectrics,
the lattice parameters are strongly linked to the polarisation by the converse
piezoelectric effect. If we apply an electric field in the direction of the sponta-
neous polarisation, the polarisation, and therefore the lattice parameter in that
direction, will increase. If however we apply the electric field in the opposite
direction, the lattice parameter will decrease. If we now imagine using a conduc-
tive AFM tip to apply a constant field while scanning a polydomain sample, we
could use these opposite deformations to detect regions of opposite polarisation.

However, in thin films, the deformations are too tiny to be detected even
by AFM. What is done instead is to apply a small AC field through the tip,
and to filter the resulting deflection using a lock-in amplifier [14, 15, 16]. The
lock-in amplifier can single out the signal at a chosen frequency, in this case the
excitation frequency, getting rid of random noise. It then extracts the amplitude
and the phase of that frequency component in the tip deflection. The phase now
tells us which polarisation direction is under the tip, since the response will be in
phase with the excitation for a polarisation in the same direction as the applied
electric field and completely out of phase for an opposite polarisation. The
amplitude on the other hand is proportional to the piezoelectric coefficient, and
should drop to zero at 180◦ domain boundaries where the finite size of the tip
means that it will average two regions oscillating precisely out of phase.

4.3 DART
The tip-sample system has several contact resonances. Operating at one of these
would allow us to get a much higher signal to noise ratio. However, the contact
resonance is very sensitive to the interaction between tip and sample, which can
change substantially on the area of a scan. Conventional resonance tracking
technique make use of the change in phase when going through a resonance.
In PFM this is not possible, since the phase can also change due to changes in
polarisation.

To circumvent this problem, researchers at Asylum Research developed a
technique called DART, for Dual-AC Resonance Tracking [17, 18]. In this tech-
nique, the exciting electric field is composed of signals at two frequencies and
the resulting deflection is demodulated by two lock-in amplifiers (figure 4.2a).
One of the frequencies is located just below the resonance peak and the other
just above. A shift of the resonance peak is then detected by a non-zero differ-
ence in amplitude for the two signals: if the amplitude for the lower frequency
is higher than the other, it means the peak is shifting to lower frequencies, and
vice-versa (figure 4.2b). This is then corrected using a standard PID algorithm.
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Figure 4.2: a) Signal applied to the sample and b) how the resonance is tracked
in DART. From [17].
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Chapter 5

Spectroscopy

5.1 Switching spectroscopy PFM
We can use the conductive tip in a PFM setup to apply a DC bias, additionally
to the small AC voltage applied to probe the piezo-response. By ramping this
bias, we can measure a local ferroelectric switching loop even in sample where
the leakage prevents us from using standard methods based on the integration
of switching currents. Another advantage of this technique is that the contact
through the tip is much reduced spatially, reducing the leakage currents com-
pared to the standard methods where large electrodes are used. These leakage
currents, however, are still big enough to tend to damage the tip, leading to a
higher contact resistance over time.

In practice, to avoid electrostatic interactions between tip and sample, the
DC bias is not ramped continuously but stepwise, and set back to zero Volt
after each step. This gives two loops: one where the voltage is on, and there
may be currents flowing and/or electrostatic interactions, which we therefore
disregard (see for example one common artifact in figure 5.1a), and one where
each point is taken at zero bias, just after the associated voltage was applied
to the sample. Note also that in our samples, the actual field applied to the
ferroelectric PTO layer is hard to estimate, since the voltage is applied to the
whole “sandwich” of PTO between STO layers, and the field generated by the
tip is highly inhomogeneous [19].

The loops are then formed by tracing the PFM phase versus the applied DC
bias. An example is shown in figure 5.1b). The PFM amplitude versus bias
graph has the characteristic “butterfly” shape, where the amplitude is more or
less constant for both stable states, but drops sharply at the coercive voltage.
This is explained by the fact that during the transition, the sample goes briefly
locally through the paraelectric phase.
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Figure 5.1: Example of loops obtained using SS PFM, with the voltage a) on
and b) off: the first two lines are both phases (from DART mode) and the last
line is one of the amplitudes. The red arrows indicate time. We can see that
because of some perturbation the “on” loop cycles in the wrong way, switching
at a lower voltage when the voltage is ramped up. This is one example of why
we disregard these loops and work only with the “off” loops. Example taken on
a 50 nm film with a 2 nm top spacer, using a NaDiaProbes doped diamond tip.
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Figure 5.2: a) Example of an imprint voltage “map” obtained using the grid
spectroscopy. We clearly see that toward the end of the scan (top of the image),
the values are random, probably due to a problem with the tip, while they are
more homogeneous for the rest of the grid. b) Example of the spread of values
obtained for the imprint voltage using this technique. Example taken on a 50
nm PTO film with no spacers, using a NaDiaProbes doped diamond tip.

5.2 Statistical spectroscopy
To gather more macroscopic data, and to mitigate the effect of varying tip-
sample contact, we have to take many of those loops at different points of the
sample and average the results. This was done with an automatic routine which
did a grid of measurements, either 32 x 32 points over 5 x 5 µm2 with the more
current resilient NaDiaProbes doped diamond tip or 16 x 16 points over 2 x
2 µm2 with the more fragile, but more conductive MikroMasch Nsc-18 Cr/Au
coated silicon tips. See figure 5.2a) for an example.

The positive and negative coercive voltages V ±
c are then automatically ex-

tracted for each point as the point of lowest amplitude during the ramping up
and down of the DC bias respectively. These are then used to compute the
imprint voltage Vbi and the mean coercive voltage V mc analogously to the defi-
nition in section 2.2. However, if the loop failed, for example if the sample did
not switch, the amplitude versus DC bias curve can be quite exotic, leading to
absurd results (see for example the top lines in figure 5.2a). These cases are
filtered out, and the mean and standard deviation of the remaining data points
are computed (see figure 5.2b).

These voltage values are good to compare samples of the same thickness when
using the same tip. However, there is no way to use these values to compute
the actual built-in field in the PTO film. First of all, like it was explained in the
previous section, the bias is not applied to the ferroelectric film but to the whole
system of film and spacers. Secondly, there certainly is a finite contact resistance
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Figure 5.3: The imprint on the 50 nm PTO series. a) Schematic representations
of the four samples measured indicated by A-D. b) X-ray diffraction measure-
ments for each sample (shifted for clarity), showing how the c-axis of the PTO
was determined. c) The c-axis of the PTO versus measured imprint voltage.
The purple and blue dots indicate the monodomain and polydomain regions
respectively.

between the tip and the sample (which may even be asymmetric due to the shape
of the tip), which reduces the voltage applied to the sample due to leakage
currents. Lastly, the tip itself may actually change the built-in field. Indeed,
the built-in field is entirely due to the electrical boundary conditions, which
obviously are not necessarily the same if atmospheric adsorbates or a metal tip
provide the top screening charges. These measurements are nonetheless good to
determine which sample has a stronger and which sample has a weaker built-in
field.

Note that a (symmetric) variation in resistance of the tip/sample interface
will affect the measured absolute values of both V +

c and V −
c equally. This

contribution will thus cancel out in the calculation of the imprint voltage, but
not in the mean coercive voltage. We will therefore limit our discussion to the
former, as the results are more robust.

5.3 The imprint
In figure 5.3 we can see the result for a series of four samples made of a 50 nm
PTO film with a top and/or bottom STO spacer of 2 nm (5 u.c.). We will show
in section 6.1 that the samples without a bottom spacer are monodomain, while
those with a bottom spacer are polydomain, independently of the top spacer.
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Figure 5.4: The imprint voltage for the series of samples with 20 nm of PTO.
a) Spread of the imprint voltages measured on a 16 x 16 grid over 2 x 2 µm2

with a MikroMasch Nsc-18 Cr/Au coated silicon tips as a function of spacer
thickness. The mean value is indicated by a red line and written next to the
histogram. b) Generic schematic representation of the samples of this series. c)
Measured imprint voltage as a function of STO spacer thickness. The onset of
a polydomain domain structure is marked by the dotted line.

The sign of the measured imprint is consistent with the observed preferential
direction of polarisation. There seems to be a nice correlation between the
measured imprint voltage and the c-axis from x-ray measurements (see figure
5.3c). This could be understood as a manifestation of the converse piezoelectric
effect. However, since this effect is inverted in domains of opposite polarisation,
it is quite surprising that the polydomain samples should follow the same trend.
Note also that for our other series of samples, this trend does not show. More
samples are needed to verify this idea.

Our other series of samples is composed of a 20 nm PTO film with symmetric
STO spacers of different thicknesses (see figure 5.4b). They will be shown in
section 6.1 to be monodomain for the samples with 0 and 1 unit cell of STO
and polydomain for thicker spacers. In this series, we looked at the evolution of
the imprint as a function of the STO thickness. Our measurements show that
the imprint decreases with increasing STO thickness.

A study [20] on BaTiO3 (BTO) thin films with SRO top and bottom elec-
trode showed that the built-in field in this configuration could be reduced by
adding a single layer of STO at one of the interfaces. This was attributed to the
symmetrization of the chemical interface termination sequence. Here we see that
the reduction is gradual, whether the samples are monodomain or polydomain
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(see figure 5.4c).
Notice that in the sample with the largest STO spacer, the measured im-

print voltage is actually negative. This is surprising, since, although the spacer
reducing the built-in field is understandable, there is no reason to believe that
it will induce a field of its own. However, the tip used for the measurement can
itself induce a built-in field, due to band mismatch for example, which may well
be opposite to the one present in the sample as grown. The measured imprint is
then the sum of the imprint in the sample and the one from the tip. One simple
explanation of this observation would be that by increasing the STO spacer
thickness, only the sample imprint is reduced, and, when it is reduced below
the absolute value of the imprint from the tip, the measured (total) imprint will
change sign.
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Chapter 6

Domain configuration

6.1 Static domain configuration
In figure 6.1, we show the PFM images obtained for the series of samples with
50 nm of PTO and a 2 nm top and/or bottom spacer of STO. We clearly
see domains for the two samples with a bottom spacer, whereas the samples
without bottom spacer are monodomain. This is in line with our prediction
that the added effective screening length from the dielectric spacer will enhance
the depolarising field, forcing the sample to break into domains.

The fact that the top spacer does not seem to have much influence can
have several interpretations. The atmospheric adsorbates could have such a
strong screening power that the added screening length is not enough to induce
a sufficiently large depolarising field to create domains. Or the domains could
form during growth before cooling, which would be why the last layer deposited
on top of the structure does not influence the domain configuration. Yet another
interpretation would be that the STO exposed to ambient conditions does not
retain the same quality as the one protected by the PTO layer. More samples
and further experiments are needed to determine which of these interpretations
is correct, and we will get back to this point in our outlook.

Our other series of samples is composed of 20 nm PTO films with a 0-10
unit cell (0-4 nm) top and bottom STO spacers. The five samples have 0, 1,
2, 5, and 10 unit cell thick spacers, respectively. In these thinner samples, the
depolarising field for the same spacer thickness is higher (recall the thickness
dependence of equation 2.3) and the domains are therefore smaller. This means
that the domains are sometimes too small to be seen with PFM, since the tip
will be in contact with several domains at once and average out their responses.
To differentiate monodomain samples from samples where the response of small
domains has been averaged out, we wrote stripe domains by applying to the
sample alternatively a negative bias large enough to switch the scanned region’s
polarisation uniformly to DOWN, and a positive bias large enough to uniformly
switch it to UP, while scanning with a grounded tip. We wrote three stripes
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Figure 6.1: PFM images and schemata of the four samples of our first series.
All samples are 50 nm of PTO with a) no spacer b) only a bottom spacer c)
both top and bottom spacers and d) only a top spacer. All spacers are 2 nm of
STO.

DOWN separated by two stripes UP to be able to differentiate between the two
polarisation states. The resulting PFM images can be seen in figure 6.2.

Figure 6.2: PFM images of a series of samples with 20 nm of PTO and a STO
top and bottom spacer of varying thickness. Five stripes were written with
alternating tensions high enough to switch, starting with the tension to write
DOWN.

24



For the first two samples, with 0 and 1 unit cell of STO, only the DOWN
domains appear in the phase image. This means that those samples are mon-
odomain with the polarisation in the UP direction. The small dark spots in the
amplitude image which seem to be erased in the regions written UP probably
are proto-domains, regions where a domain wants to form, but is not completely
switched yet. The fact that there are more of these proto-domains for the sample
with a thinner spacer may be due to small variations in growth conditions.

Figure 6.3: Top: Cut through a phase image, averaged along the lines, of two
written regions, one UP, one DOWN, and an as-grown region in between, for
each sample of the 20 nm PTO series. The average phase in the as-grown region
(bottom) indicates the proportion of UP and DOWN domains in the sample.
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For the three other samples, the UP written regions appear as dark areas in
the phase image, meaning DOWN domains were switched to UP in these regions
compared to the background. They also appear bright in the amplitude image,
because the domain walls were erased. The DOWN written domains appear
dark in amplitude for two of the samples probably because between the writing
and the reading some small UP domains already formed in this region (domains
will form faster in a DOWN region that an UP region due to the imprint - this
relaxation of polarisation will be addressed in the next section). The fact that
we can see both the UP and DOWN written regions demonstrates that these
samples have a polydomain background.

We now try to extract some quantitative data from these images. First, we
take a cut through a phase image with three regions, one written DOWN, one
UP and an as-grown region in between, to try and estimate the proportion of UP
and DOWN domains in the sample as grown. For each point, the corresponding
line is averaged, resulting in the profiles we show in figure 6.3. As expected,
the monodomain samples have the as-grown region aligned with the UP written
region, indicating no DOWN domains in the sample. The sample with no STO
again seems slightly higher than that with only one unit cell. After that, the
mean phase of the as-grown region rises with spacer thickness, indicating more
and more DOWN domains, but never exceeding 90◦, which corresponds to half
UP and half DOWN, in line with our measurements of the imprint voltage,
which indicate the UP polarisation is favoured.

To quantify the density of domain walls in the sample as grown, we take
an image containing a written region and an as-grown region, and compare the
mean amplitude of the written region, where there should be no domain walls,
with the mean amplitude of the as grown region. We call 1 − meanasgrown

meanwritten
the

relative amplitude drop, and this quantity should be related to the density of
domain walls. Figure 6.4a) shows the evolution of this relative amplitude drop
with STO spacer thickness. As expected, a thicker spacer, meaning a higher
depolarising field, induces a bigger amplitude drop, except for the first sample.
Here the proto-domains seen earlier drive the mean amplitude of the as-grown
region down.

If we now compare this relative amplitude drop to the c-axis measured in
these samples, we see a correlation appear, even for the sample with no spacer,
where the relative amplitude drop had an unexpected value (see figure 6.4b).
This is due to the fact that domain walls are paraelectric, and therefore want
to have a cubic lattice. This will pull the tetragonality down. This is shown in
the inset of figure 6.4b).

This effect can not be seen in the other series of samples, because there
the bigger domains imply a lower density of domain walls. To estimate it, we
measured a cumulated domain perimeters of 46 µm in a phase image of 1 x 1
µm2 and multiplied it by a conservative domain wall thickness of 1 nm [21].
We then compared the resulting domain wall area to the total area of the scan,
resulting in a proportion of less than 5 %.

Domain walls are responsible for the enhancement of many properties of a
ferroeletric. Since they are easier to move than it is to nucleate new domains,
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Figure 6.4: a) Relative amplitude drop versus STO spacer thickness for the
series of samples with 20 nm of PTO. The drop increases as expected with
spacer thickness, except for the first point. b) c-axis versus relative amplitude
drop for the same series of samples. We see a clear dependence of the c-axis
with the relative amplitude drop, showing that the c-axis decreases when the
density of domain walls increases. The thickness of each spacer (in unit cells) is
indicated next to each data point. Inset: a sketch of the mechanism by which
domain walls are responsible for diminishing the c-axis. In blue are represented
the equilibrium positions of the atoms for the polarised region (full circles) and
the paraelectric domain wall (open circles). The dashed black line represents
the compromise found to maintain the same lattice distortion throughout the
domain wall.
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the presence of domain walls tremendously increases the dielectric response of
ferroelectrics. It has also been shown that the piezoelectric properties of ferro-
electrics are enhanced at domain walls, and therefore by domain wall density
[22]. All this makes it technologically very interesting to be able to control the
effective screening and the domain configuration.

6.2 Domain configuration dynamics
The stability of the written polarisation is obviously very important for tech-
nological applications. One of the main goals of this study was therefore to
determine the role of the depolarising field in the relaxation of the polarisation
to its as-grown state. To this end, we wrote regions of both polarisations in
each sample of the series with 20 nm of PTO, and monitored their evolution in
time.

To determine the intrinsic stability of written polarisation in the absence of
the tip, we wrote a pattern with two written 0.5 x 0.5 µm2 squares (one UP, one
DOWN) in a 2 x 1 µm2 area, and scanned it after increasingly long intervals
of time (right after writing, then half an hour later, then an hour after that,
then two hours after that, and so on). The results are shown in figure 6.5. We
can see that the relaxation is much faster for samples with a larger spacer, and
therefore a bigger depolarising field.

This is a strong indication that the spacers we added indeed increase the
depolarising field in a controlled fashion. The depolarising field plays a strong
role in the relaxation of polarisation: a large area of uncompensated bound
charges present in a written region will cost a lot of depolarising energy, forcing
domains of opposite polarisation to appear more quickly for sample with a larger
screening length. Indeed, the polarisation goes from being almost stable in the
monodomain samples to disappearing within a few hours in the sample with the
biggest spacers. It is therefore very important for some technological usages,
such as memory applications, to reduce this field as much as possible.

We can also see that for the sample with no spacer, and therefore a compar-
atively small depolarising field, the relaxation still occurs, due to the imprint,
which alone does not seem to be strong enough to nucleate domains inside the
written region. Instead, it slowly shifts the domain wall, resulting in the ob-
served roughening. On the sample with just one unit cell of STO, we also see
this roughening of the domain wall, but at the same time the inside of the
written DOWN domain darkens in the amplitude image, indicating some small
UP domains have also appeared inside. For samples with a bigger STO spacer,
and therefore a higher depolarising field, domains of the opposite polarisation
appear very quickly inside the written regions, preserving the general shape of
those regions as the polarisation relaxes.

Although in the monodomain samples the built-in field is the highest (see
figure 5.4), it still does not seem to be strong enough to nucleate domains in a
uniformly polarised region. This shows again that the key factor in this relax-
ation is the depolarising field, and not the built-in field. This also means that
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although the built-in field is modified by the dielectric spacers, the main factor
controlling the domain configuration is the associated increase in depolarising
field.

Figure 6.5: PFM images of the 20 nm series in a region were a square was
written UP (top) and a square DOWN (bottom), taken at different times after
writing, with no intermediate scans.
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We also determined the effect of scanning on the relaxation. We wrote four
0.5 x 0.5 µm2 regions in a 2 x 2 µm2 area, two UP and two DOWN. We then
scanned half of that area continuously (about one scan every 4.5 minutes) and
the full area every twenty scans with a MikroMasch Nsc-18 Cr/Au coated silicon
tip. Some results are shown in figure 6.6. We can see that the scanning has two
effects: first, the AC voltage allows small domains to appear in regions where
the internal field alone does not seem to be strong enough to switch; second, the
contact with the tip seems to favour DOWN domains compared to the region
scanned less frequently. Since the AC probing voltage is too small (less than one
Volt) to switch, and should not favour one polarisation direction over the other,
this again seems to indicate that the tip induces an imprint voltage opposite
but smaller than the one present in the samples as grown, except for the sample
with the thickest spacer, where the fact that the scanned region strongly favours
DOWN domains seems to indicate that the tip induced built-in field is larger
than the as grown one (recall the imprint voltage measurements in section 5.3).
Different effects might be observed with different tips.

Figure 6.6: PFM images taken at different times for two 20 nm PTO samples
with no spacers (left), 5 unit cells STO (center), and 10 unit cells STO top
and bottom spacer (right) where four squares were written (top two UP, bot-
tom two DOWN). The left part was scanned continuously while the right part
was scanned every 20 scans to show the effect of scanning on the polarisation
relaxation.

30



Chapter 7

Conclusion and outlook

In this study, we presented a convenient way to tune the depolarising field in
ferroelectric thin films. By adding a dielectric spacer layer between the ferro-
electric and the screening charges, we managed to increase the depolarising field
inside the film in a controlled fashion. This is important both for fundamental
studies of the consequences of such a field and for applications where we need a
controlled domain structure.

One of the major effects of the depolarising field is to change the static
domain configuration. This is technologically important since the macroscopic
features of a ferroelectric are strongly affected by its domain configuration. We
also showed that although the addition of a dielectric layer modifies the built-
in field, this effect is not enough to explain the observed change in domain
structure. PFM measurements proved to be an invaluable addition to X-ray
diffraction measurements to determine the domain structure, showing that the
structural parameters measured by X-ray diffraction can also depend on the
built-in field and the density of domain walls.

Another technologically important aspect of our measurements is the effect
of the depolarising field on the stability of a written polarisation. Indeed, with a
high depolarisation field, a large region polarised in the same direction becomes
very unstable, and the relaxation time varies a lot with the effective screening
length.

A lot of questions however remain open, ranging from very practical ones
(how does a different kind of tip affect the quality of my measurement?) to very
fundamental ones (what is the role of the surface adsorbates, and why don’t we
see the effect of the top spacer?). In the following paragraphs we would like to
propose some paths to answer these questions.

To better understand the influence of different tips and different tip mate-
rials on our measurements, more systematic studies are needed. One could for
example compare the relaxation under scanning with the imprint voltage mea-
sured using different tips, and try to relate them to the work function of the
conductive material. In addition to the gold coated and doped diamond tips
used in this study, there also exist tips made of conductive silicon, or coated
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with a cobalt-chrome alloy or platinum, just to name a few.
To address the issue of the quality of the top STO, we could try growing

samples with a very thick top spacer, to compensate for an eventual increase
in dielectric constant. It may however be challenging to get good PFM images
through a too thick STO layer. We could also grow a series of samples without
a top spacer, to see if our results change a lot.

Heating the sample in ultra high vacuum has been shown [23] to eliminate
the surface adsorbates. We could use this technique on our samples with and
without top spacers to see if we can finally find an effect of the top spacer as the
concentration of surface adsorbates diminishes, or if there are some screening
charges trapped inside the top STO.

Another nice series of samples to grow would be 50 nm of PTO with a contin-
uously changing spacer thickness. Firstly, larger films give a larger piezoelectric
response, making them easier to image using PFM. Secondly, because of the
thickness dependence of the depolarising field, each added monolayer of STO
would change the depolarising field less in a 50 nm film than in a 20 nm film.
We know that the 50 nm PTO films are polydomain for a spacer thickness of 5
unit cells, and that the 20 nm PTO films start forming domains with a spacer
of two unit cells, so it would be interesting to look at 50 nm PTO films with
spacers of 1, 2, 3 and 4 unit cells.

There are many exciting questions that can be investigated using this dielec-
tric spacer technique, and we hope that this study demonstrated the technolog-
ically important knowledge we can gain using it.
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