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Abstract
Wehave studied the built-in voltage in heterostructures composed of ferroelectric PbTiO3 and
dielectric spacers of SrTiO3, grown on SrTiO3 substrates with SrRuO3 bottom electrodes.We used
piezoresponse forcemicroscopy to determine the domain structure of the samples and perform local
switching experiments. By increasing the thickness of the SrTiO3 spacer layers, wewere able to tune
the polarization configuration in the PbTiO3 films by gradually going from amonodomain
configuration to a polydomain one. The built-in voltage was found to be linked to the choice of
electrodes and to the thickness of the spacer layer. The stability of artificially poled regions was also
affected, with a faster back-switching for the samples with the thicker SrTiO3 spacers.We have
additionally compared samples with andwithout a top SrRuO3 electrode, showing that a top electrode
layer results in a stronger built-in voltage, responsible for a preferentialmonodomain configuration
and a very fast back-switching of artificially poled regions.

General description of effective screening/depolarization field and built-infield

Given the recent progress in the growth of oxide heterostructures and ultrathin films, it is possible to create
artificially layeredmaterials with atomically precise interfaces. In such systems, the effects of these interfaces, and
of the surface, are extremely important [1], motivating the ongoing search for novel phenomena appearing and
the exponential growth of the field of oxide interface engineering [2, 3]. In electronic devices based on functional
oxides, and in particular on ferroelectrics, the interface between the oxide thinfilm and the electrode(s) is also
crucial from a technological viewpoint. For novel device concepts such as ferroelectric tunnel junctions and
memristors [4–8], understanding and quantifying the effects of the electrostatic boundary conditions in
nanoscale ferroelectrics is becomingmore important than ever.

It is well established that the switching properties of ferroelectric films depend on the specific ferroelectric-
electrode system chosen [9], and that polarization stability is determined by the screening of surface/interface
bound charges [10]. The origin of this dependence of the ferroelectric state of a thin film on the electrostatic
boundary conditions is linked to Fermi level alignment and related band-bending, depletion region, space
charge, and other phenomena.Other factors can play a role too. For example, it was shownby Stengelet al that
ferroelectricity can be either destabilized or enhanced atmetal-oxide interfaces, depending on the stiffness of the
electrode-oxide bonds [11]. All these effects result in built-in voltages and depolarization fields that affect the
stability of the polarization and the intrinsic domain structure [12].

The built-in voltage leads to a built-in fieldwhose intensity depends on the ferroelectric film thickness.
Considering the ‘intrinsic’ ferroelectric energy double well and polarization-electric field (P-E) loop illustrated
infigure 1 (red), the built-in field asymmetrizes the energy doublewell, leading to a favored polarization
direction, and shifts the P-E loop horizontally (green).
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The depolarization field, produced by imperfectly screened surface bound charges, becomes important as
thefilm thickness is reduced. This field depends on the effective screening length of the particular interface leff ,
on the ferroelectric film thickness d, and on the polarization P as [13] ·

·�= lE P

dd
eff

0
. This depolarization field is

always oriented opposite to the polarization, thus destabilizing the polarization state,making the energy double-
well shallower and reducing the opening of the P-E loop (figure 1-blue). Consideredmost of the time as
detrimental to the properties of ferroelectric thin films, it can have the positive effect of reducing the voltage
needed to switch the polarization [14].

We recently studied the effect of introducing dielectric layer spacers between ferroelectric thin films and the
electrode layers[12]. Themain ideawas to use these dielectric layers (made of SrTiO3) as away to tune the
effective screening length and thus the depolarization voltage and field. Using piezoresponse forcemicroscopy
(PFM), we could show that the domain structure evolves frommonodomain for PbTiO3films grown on SrTiO3

substrates with an SrRuO3 electrodewithout dielectric spacers, to polydomain as the spacer layer thickness is
progressively increased to a fewnanometers. Here, we use the same approach to investigate the effect of
electrodes and spacer layers on the built-in voltage and field. The samples studied are PbTiO3 thin films of
varying thicknesses (up to 50 nm), grown on SrTiO3 substrates with a bottomSrRuO3 electrode of 22 nm. Two
series of samples were produced, onewithout a top electrode, where surface adsorbates are the source of
screening, and onewith a top SrRuO3 electrode. For both series, we have used SrTiO3 top and/or bottom spacer
layers of different thicknesses (from0 to 10 unit cells, i.e. 4 nm). To probe the built-in voltage in both types of
samples and study the effect of the spacer layer thickness on the intrinsic domain configuration and on the
domain stability, we have used PFMcoupledwith structural characterization.Our observations demonstrate
that bothmechanisms, i.e. the built-in voltage and the depolarization field, can play a role simultaneously, with a
progressive change from a state where the intrinsic domain configuration is governed by the internal biasfield
towards a statewhere the domain configuration is governed by the depolarization field alone, on increasing the
spacer layer thickness (see Supporting Information formore details).

Determination of the built-in voltage

To estimate the built-in voltage in our samples, we performed local switchingmeasurements using PFM [15–
17]. Amplitude and phase signals were recorded using anAsylumResearchCypher atomic forcemicroscope
(AFM) operating in dual resonance tracking (DART)mode [18], while aDCvoltageVDCwas ramped between
the top and bottom electrodes. For samples without a top electrode layer, the conducting tip itself served directly
as a top electrode. For samples with a top electrode layer, the voltagewas simultaneously applied to the top
electrode (via an external wire) and to the tip, in order to avoid any electrostatic effect. One advantage of this
technique over techniques based on the integration of switching currents is that it ismuch less sensitive to
leakage.

Built-in voltage in sampleswithout a top electrode layer
On the series of samples without a top electrode layer, the built-in voltage wasmeasured using switching
spectroscopy piezoresponce forcemicroscopy (SSPFM), as described in [19]. The set-up is represented in

Figure 1. (a)Double-well energy ε(P) and (b)P-E loop showing the conventional ferroelectric response (red). The effect of a built-in
fieldEbi is to asymmetrize the energy double-well and to shift thewhole P-E loop (green). A depolarization fieldEdmakes the double-
well shallower and shrinks the P-E loop, reducing the coercive voltageEc (blue).
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figure 2(a): a DCbiasVDC is applied to the AFM tip in addition to the ACprobing voltageVAC, and the bottom
electrode is grounded. The PFMphase and amplitude are then recordedwhile theDCbias is ramped stepwise,
going back to zero bias after each step, as schematically shown infigure 2(b). This produces twomeasurements:
one as a function of the bias applied at the time of the acquisition (‘on’), and one as a function of the bias applied
just before the acquisition (‘off’). To avoid effects of electrostatic interactions between tip and sample, only the
results of the ‘off’ state are used. This produces the typical loop shape for the phase, and a butterfly shape for the
amplitude as shown onfigure 2(c) for a 50 nmPbTiO3filmwith a 2 nm top SrTiO3 spacer and a 22 nmSrRuO3

bottom electrode. Tomake ourmeasurementsmore reliable, theywere repeated a large number of times on a
grid (typically at least 16× 16 points evenly spaced on a 2×2 mm2 grid). The switching biases were then
extracted as the points of lowest amplitude, and used to calculate the built-in voltage for each point,
corresponding to the value ofVDC at the center of the loop

1. An example of such a grid of values is shown in
figure 2(d).

The phase and amplitude loops are all systematically shifted towards positive bias, corresponding to a
residualfield in the ferroelectric layer pointing up, resulting in a preferred up polarization.

Themeasurements were performed using two different kind of tips: NSC18Cr–Au coated silicon tips from
MikroMasch andB-doped diamond tips fromNaDiaProbes. It is worth noting that the values are different when
themeasurements are performedwith different kind of tips. The additional AFM-tip/ferroelectric interface
itselfmodifies the built-in bias, so that the valuesmeasured are for thewhole system including the ferroelectric
layer, the surrounding layers and the electrodes/tip. It is then possible to compare the values obtained for
different samples under the same conditionswhen using the same tip.

Figure 2. Switching spectroscopy piezoresponce forcemicroscopy (SSPFM)used to determine the built-in voltage in a sample. (a)
Representation of the set up. (b) Sketch of the signal used to obtain the SSPFM loops. (c)Phase and amplitudemeasured after applying
aDCbiasVDC to a B-doped diamond tip on a 50 nmPbTiO3filmwith 2 nm top SrTiO3 spacer and 22 nmSrRuO3 bottom electrode.
The phase displays the expected hysteresis loop, with the butterfly loop for the amplitude, showing a built-in voltage of 1.6 V. By
repeating thesemeasurements at different locations on a sample, a grid is obtained allowing the evaluation of the averaged built-in
voltage of the sample (d). The values are quite homogeneous, except for a spot on the top right, which could be explained by the
presence of an impurity on the sample surface.

1
If switching did not take place, for example if the contact between tip and samplewas bad due to impurities on the sample surface or tip

degradation, this routinewill give random results. These points are thereforefiltered out, and themean and standard deviation of the
remaining values are used to calculate the average built-in voltage of the sample under study.
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The evolution of the built-in voltage has been studied as a function of the thickness of the SrTiO3 layers, for
two different series of samples, onewith 50 nm thick PbTiO3 layers, and onewith 20 nm thick PbTiO3 layers,
andwith two different kind of AFM tips, as reported in table 1.

50 nmseries
Figure 3 shows the results for a series of four samples consisting of a 50 nmPbTiO3filmwith a top and/or
bottomSrTiO3 spacer of 2 nm (5 u.c.). The samples without a bottom spacer (A andD) aremonodomain up,
while thosewith a bottom spacer (B andC) are polydomain (up backgroundwith downnanodomains),
independently of the top spacer, as shown in [12].

A positive built-in voltage is observed for all the samples, consistent with the observed preferential direction
of polarization. The built-in voltage correlates with the c-axis valuesmeasured via x-ray diffraction (see figure 3).
Samples A andD aremonodomainwith a larger built-in voltage that results, under zero applied bias, in an
increase in their polarization, associatedwith an increase of the c-axis due to polarization-strain coupling. On
the other hand, samples B andC are polydomain, as a result of a stronger depolarization field that would be
present in these samples if theyweremonodomain. In these samples, the built-in voltage is smaller, leading to a
reduced piezoelectric distortion.Moreover, the domainswith an up polarizationwould experience an increase
in their c-axis, while the opposite domains would have their c-axis decrease. It ismost certainly the presence of
domainwalls in the polydomain configuration that explains the observed reduced tetragonality, as domainwalls
are paraelectric and correspond therefore to a reduced distortion. Asmentioned in [12], Takahashi et al [20] also
observed such an increase of the c-axis lattice parameter formonodomain PbTiO3films grown directly onNb-
doped SrTiO3 substrates compared to polydomain ones, upon using photochemical switching to induce the
polydomain tomonodomain transition.

20 nmseries
The other series of samples is composed of a 20 nmPbTiO3 filmwith symmetric SrTiO3 spacers of different
thicknesses, from0 up to 10 unit cells (see schematic representation infigure 4). These samples were shown to be
monodomain for the samples with 0 and 1 unit cell of SrTiO3 and polydomain for thicker spacers [12]. Figure 4
shows the built-in voltagemeasuredwith two different tips, a B-doped diamond tip (black dots) and aCr/Au
coated silicon tip (red squares). The results obtainedwith both kinds of tips demonstrate that the built-in voltage
decreases for the samplewith the thickest SrTiO3 spacers. This observation can be compared to the study by Lu

Table 1.Built-in voltages reported for different samples without top elec-
trode, with different PbTiO3 and SrTiO3 thickness and using different
AFM tips.

PbTiO3

thickness
(nm)

SrTiO3

thickness
(top/bot-
tom,when
different)
(nm)

Built-in voltage
measuredwith
Cr/Au coated

tip (V)

Built-in volt-
agemeasured
with B-doped
diamond
tip (V)

10 2 0.31±0.17

0 1.33±0.32

0.4 1.48±0.31 1.62±0.40

20 0.8 0.88±0.15 0.89±0.28

2 1.71±0.23

2 1.14±0.28 1.27±0.30

4 −0.27±0.44 0.60±0.13

0 1.12±0.36

2 / 0 1.75±0.45

50 0 / 2 0.58±0.51

2 0.32±0.47

2 0.38±0.67
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et al [21]: in BaTiO3 thin filmswith SrRuO3 top and bottom electrodes, they also observed a reduction of the
built-in field by adding 2 unit cells of SrTiO3 between the film and the top electrode. This was attributed to the
symmetrization of the chemical interface termination sequence. The RuO2/BaO interface termination sequence
occurring naturally at the top interface seems to be detrimental due to the presence of a pinned interface dipole
arising fromamismatch between ionic radii. By adding the SrTiO3 layer, the unfavorable interface termination
is eliminated, leading to a stable and switchable ferroelectric polarization. The insertion of the SrTiO3 also results
in a further enhancement of the ferroelectric stability.

Ourmeasurements additionally show that the built-in voltagemeasuredwith aCr/Au coated silicon tip is
systematically lower than thatmeasuredwith a B-doped diamond tip, demonstrating the effect of the tip itself.
Note that in the sample with the thickest SrTiO3 spacer, the built-in voltagemeasuredwith theCr/Au coated
silicon tip is actually negative. Here the tip directly plays the role of top electrode, and changing the tipmaterial
results in different electrical boundary conditions, therefore affecting the total built-in voltage. Themeasured
built-in voltage is then the sumof the built-in voltage in the sample and the one due to the tip, and depending on
the tipmaterial, can actually be negative.

Figure 3.Built-in voltage in the 50 nmPbTiO3 series. Top: schematic representations of the four samplesmeasured (A–D), with the
PFMphasemeasurements showing the intrinsic domain configuration (A andD aremonodomain, while B andC are polydomain)
[12], and an example of a switching loop obtained locally for each sample using a B-doped diamond tip. Bottom left: x-ray diffraction
measurements for each sample (shifted for clarity), showing how the c-axis of the PbTiO3 varies depending on the intrinsic domain
configuration (from [12]). Bottom right:measured built-in voltage, averaged over a large number ofmeasurements as described in the
text, versus c-axis of PbTiO3. Both the built-in voltage and the c-axis clearly vary depending on the intrinsic domain configuration,
with larger values for themonodomain samples compared to the polydomain ones.

5
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Built-in voltage in sampleswith a top electrode layer
To study the effect of a top electrode layer, a sample similar to sampleC infigure 3 (50 nmPbTiO3filmwith top
and bottom2 nmSrTiO3 spacers andwith 22 nmbottomSrRuO3 electrode on SrTiO3 substrate)was grown,
with the addition of an 11 nm top SrRuO3 electrode layer sputtered in situ and then patterned to form squares of
different sizes (the one used here is 100×100 mm2).

PFMmeasurements were performed through the electrode, under different DCbiases applied directly to the
electrode, as described byGruverman [22] and used by different groups (e.g., [23, 24]). In this case, we did not
performSSPFMmeasurements, asVDC is applied to thewhole electrode, so thewhole area below switches at
every cycle and each point in the gridwill be affected by all themeasurements performed before. Instead, the
domain configuration underneath the electrodewasmonitored on 2×2 mm2 scans by recording the phase and
amplitude PFMresponse to a small AC voltageVACwhile applying aDC voltageVDC to the tip and the top
electrode layer. Figure 5 (left) shows some of the phase images obtained on this sample with =V 1 VAC . For

=V 0 VDC , the region below the electrode ismostly uniformly polarized, with the polarization oriented up (a).
When increasing the voltage, down polarization domains appear (b)–(d), until the region is fully downpolarized
at =V 1.8 VDC (e).WhenVDC is then progressively decreased, up polarized domains appear in the down
polarized background (f). These up domains growuntil they covermost of the region (g)–(i), with only a few
downdomains left, until finally the region is fullymonodomain up at = -V 1 VDC (j). Note also the difference
between (c) and (f), both taken for =V 1 VDC , but one on increasingVDC and the other on decreasing it.

From each image, it is possible to extract the switched area proportionwhich is taken as the number of pixels
with a polarization pointing downdivided by the total number of pixels. This gives a value of 1 for a fully down
polarized region, and 0 for up.When plotted as a function of the voltage applied to the tip and top electrode layer
VDC, this results in a hysteresis loop as shown infigure 5 (left; the values for the images (a)–(j) are reported
directly on this graph, together with the values obtained for other scans not shown here). This hysteresis loop is
shifted and shows a built-in voltage of 0.9 V. For comparison, the phase hysteresis loop and amplitude butterfly
loops obtained on the same sample butwithout a top SrRuO3 electrode are also shown infigure 5 (right). For this
sample, the built-in voltage is close to 0 V, and the PFMphase image obtainedwithVDC=0 Vhas a switched
area proportion close to 0.5. This demonstrates that the presence of a top SrRuO3 electrode induces a built-in
voltage in a sample that does not have any otherwise.

In the hysteresis infigure 5 (left), data points are displayed for differentVAC values. Even for very largeVAC

(larger than the coercive voltage observed for this loop), themeasurement does not seem to be affected. This can
be explained by the fact that the PFM signals are recorded using theDARTmode at a very high frequency

Figure 4.Built-in voltage as a function of SrTiO3 spacer thickness for the sampleswith 20 nmof PbTiO3,measuredwith a B-doped
diamond tip (black dots) andwith aCr/Au coated silicon tip (red squares). The dotted line delimits the transition from amonodomain
to a polydomain configuration, as seen in the corresponding PFM images from [12], with the phase in brown (right) and the amplitude
in blue (left). The results obtainedwith both kinds of tips indicate a decrease in the built-in voltage for the samplewith the thickest
SrTiO3 spacers. Additionally, the built-in voltagemeasuredwith aCr/Au coated silicon tip is systematically lower than thatmeasured
with a diamond tip, demonstrating the effect of the tip itself. Inset: representation of the samplesmeasured.
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(typically 370 kHz), so that the effective voltage applied to the ferroelectric layer is reduced by theRC time
constant of the circuit. The signal period is shorter than the observedminimum switching time in similar
systems (100 ms lower limit for one pulse switching in 270 nm thick PbZr0.2Ti0.8O3 [25]). This agrees with the
work of Ivry et al [26]where high-resolution PFM imaging is achieved by using aVAC higher than theDC
coercive voltage of the sample near the cantilever in-contact resonance frequency. Increasing the value ofVAC

however can reduce the noise level in the PFMmeasurements.

Effect of built-infield on intrinsic domain configuration in sampleswithout a top
electrode layer

The effect of the built-in field can also be observed in the domain configuration of the samples without a top
electrode. In [12], PFM images revealed a drastic change in the intrinsic domain shape in our samples as a
function of the SrTiO3 spacer thickness aswell as the PbTiO3 film thickness.

50 nmseries
In the series of samples with 50 nmPbTiO3films, the samples without a SrTiO3 bottom spacer have a larger
built-in voltage and aremonodomain, while the two samples with a bottomSrTiO3 spacers are polydomainwith
a reduced built-in voltage, as shown infigure 3. The built-in voltage results in a preferential polarization
orientation that corresponds to the polarization direction of themonodomain samples, and to the direction of
the polarization background for the polydomain samples.

Figure 5.Comparison of the built-in voltage in two samples: 50 nmPbTiO3filmswith top and bottom2 nmSrTiO3 spacers andwith
22 nmbottomSrRuO3 electrodes on SrTiO3 substrates, onewith additionally a 11 nm top SrRuO3 100×100 mm2 electrode (left)
and onewithout (right). (Left)PFMphase images obtained on the samplewith the top SrRuO3 electrodewith differentDCbias
applied to the tip and top electrode layer. Switched area proportion (number of pixels with a polarization pointing down divided by
the total number of pixels) versusVDC, showing a large built-in voltage of 0.9 V in this sample (see supporting information). (Right)
For comparison, a PFMphase image obtained atVDC=0 Von the same sample butwithout a top electrode layer is shown together
with a phase hysteresis loop and an amplitude butterfly loop obtained by SSPFMwith a B-doped diamond tip, showing a built-in
voltage close to 0.
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20 nmseries
In the series of samples with 20 nmPbTiO3films, the samples without SrTiO3 spacers orwith very thin (1 u.c.)
ones aremonodomain, while they become polydomainwith SrTiO3 spacer layers of 2 u.c. andmore. The
domains aremore difficult to resolve in the polydomain samples in this series than in the 50 nm series. However,
a gradual change of the phase can be seen as the SrTiO3 spacer layer thickness increases (figure 6). To quantify
this evolution, two reference regionswerewritten by applying negative or positiveDCbias to the tip, resulting in
two square domains withwell defined polarization oriented up or down. Themean phase in the as grown region
can then be directly compared to that in the switched regions for this series of samples, as shown infigure 6. For
the sampleswith thicker spacers, themean phase of the as-grown region is significantly higher than ◦0 , meaning
thatmore domains of opposite polarization are present in those samples, in agreementwith the observations of a
lower built-in voltage.However, none of the samples shows amean phase in the as-grown region ofmore than
90°, corresponding to half up, half down. This is in linewith ourmeasurement of the built-in voltage, suggesting
a preferred up polarization for all these samples.

Effect of built-infield on domain stability

To further discriminate between the effect of the built-in field and of the depolarization field, it is helpful to look
at the back-switching of artificially written regions. There are several ways of studying domainwall dynamics in
ferroelectric thinfilms.One of them is using time-resolved x-raymicrodiffraction, as used byGrigorievet al on

Figure 6.Averaged linesection through the PFMphase images of the five samples shown infigure 4with 20 nmof PbTiO3 and
symmetric SrTiO3 spacers of varying thickness. Two square domains were poledwith opposite voltages allowing direct comparison
with the as-grown polarization state. For the twomonodomain samples (with 0 and 1 u.c. of SrTiO3), the phase of the as-grown region
is alignedwith that of the upwritten region, indicating a preferential up-polarized intrinsic configuration, in linewith themeasured
built-in voltage.
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Pb(Zr, Ti)O3 thinfilms to follow the polarization reversal after an electrical pulse, revealing a domainwall
velocity of 40 m s−1 and a strong heterogeneity of the nucleation of reversed domains [27]. Other approaches are
based on direct imaging of the polarization state by PFMwhile a voltage is applied to the AFM tip used as a top
electrode, or to a top electrode layer [22–24].We have used PFM to follow the domain configuration and
backswitching in different samples, bothwith andwithout a top electrode layer.

Without a top electrode layer
50 nm series
Figure 7 shows PFMmeasurements obtained on the 50 nmPbTiO3 filmwith 2 nm top and bottomSrTiO3

interlayers. PFMmeasurements on the same 1.2×1.2 μm2 region and under the same conditionswere
repeated after the area wasfirst scannedwith aDCbias applied to the tip (from−2.5 Vup to+2.5 V as indicated
in thefigure). After applying a negative tip bias, the downpolarized domains (white) shrink in size, while they
expand after applying a positive tip bias. The images were not taken in that specific order, and although there is
some spatial drift fromone image to the other, it is possible to recognize and follow specific domains in their size
alteration.Moreover, a noticeable relaxation of the domain size was observed after the poling, as shown in
figure 8, with a recovery of the initial configuration after a time of typically 3 h, showing that the position of the
domainwall reproducibly relaxes back to its original position. These results demonstrate that it is possible to
switch locally the polarization by applying aDC voltage between the AFM tip and the bottom electrode by
moving the intrinsic domainwalls, with a relaxation on a time scale suitable formeasurements.

20 nmseries
Polarization back-switchingwas also studied in the series of samples with 20 nmPbTiO3 films by using the same
procedure as described above to follow the evolution of written regions as a function of time and are shown in
[12].Measurements of the retention time of thewritten polarization (up and down) regions show a rather
differentmechanism for different SrTiO3 spacer thicknesses.Without any SrTiO3 spacer, the domainwall of the
written structuremoves and deformswith time, reducing the extension of thewritten region, but keeping the
full amplitude of the switched region bounded by the domainwall. Thismechanism can be explained by the
presence of a built-in-field pushing towards a preferential orientation state, with the back-switching occuring at

Figure 7. 1.2×1.2μm2PFMphase images of the 50 nmPbTiO3filmwith 2 nm top and bottom SrTiO3 interlayers. The
measurements were performed on the same region and under the same conditions, directly after the areawas first scannedwith aDC
bias applied to the tip (from−2.5 Vup to+2.5 V, as indicated in thefigure).
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Figure 8. Samemeasurements as infigure 7, but now showing the time evolution of the domains after the same area wasfirst scanned
either with+2.0 VDC orwith−2.5 VDC. The images are numbered according to there acquisition after the areawas first scannedwith
the specified voltage. The images were recordedwith a speed of 0.5 Hz for 512 lines (∼17 min per scan), showing a complete recovery
of the unpoled configuration after approximately 3 h. (See supporting information.)

Figure 9.To emphasize howquickly the change in polarization configuration occurs on a sample composed of a 50 nmPbTiO3film
with 2 nm top and bottomSrTiO3 interlayers and top (11 nm) and bottom (22 nm) SrRuO3 electrodes, PFMphase ismeasured
continuously along the same line (2μmlength).While scanning, differentDC voltages are applied to both the tip and top electrode
layer. The horizontal scale is themeasurement time, with a reading frequency of 1 Hz. The dotted red lines show the time at which the
DC voltage is changed to the value indicated above.

10

New J. Phys. 18 (2016) 043030 CLichtensteiger et al



the domainwall. On the other hand, with increasing thickness of the SrTiO3 spacers, the back-switching
mechanism is rather different with nano-domains appearingwithin thewritten region. Thismechanism,
changing amonodomain region towards a polydomain configuration, can be attributed to the depolarization
field. For the sample with SrTiO3 spacer layers of just 1 u.c., both effects can be seen: the roughening of the
domainwall delimiting thewritten region as well as the appearance of opposite nano-domains inside, attesting
that bothmechanisms, i.e. the built-in voltage and the depolarization field, can play a role simultaneously.

With a top electrode layer
When adding a top electrode layer to these samples, we noticed that not only the domain configuration is
changed and the loop ismore shifted, but also the back-switching ismuch faster. To emphasize howquickly the
change in polarization configuration occurs on a sample composed of a 50 nmPbTiO3filmwith 2 nm top and
bottomSrTiO3 interlayers and top (11 nm) and bottom (22 nm) SrRuO3 electrodes, PFMphase ismeasured
continuously along the same line (2μmlength) (figure 9).While scanning, different DC voltages are applied to
both the tip and top electrode layer. The horizontal scale is themeasurement time, with a reading frequency of
1 Hz. The dotted red lines show the time atwhich theDCvoltage is changed to the value indicated above. The
domain configuration changes abruptly at eachmodification of theDCvoltage, with almost no evolution as a
function of time for a constantDCvoltage. Thesemeasurements also show the uniformup polarization state for

<V 0 VDC and uniformdownpolarization state for >V 1 VDC . This is in line with the shifted loop shown in
figure 5 for the same sample.

Note also that even upon complete switching, the opposite domains always start to nucleate at the same
position, proving again the presence of strong nucleation sites, both for up and down domains. This is very
much in line with the observations of Kimet al [23] or Jesseet al [28], who demonstrated the presence of
preferential nucleation sites in Pb(Zr, Ti)O3 capacitors using PFMmeasurements.

Conclusion

Whenworkingwith ferroelectric ultrathin films, the boundary conditions are crucial to determine the
properties of the ferroelectric layer. In this work, we have shownhow it is possible to tune both the
depolarization field and the built-in field by adding spacer layers between the ferroelectric film and the screening
charges (electrode or surface adsorbates). SSPFMmeasurements revealed a progressive decrease of the built-in
voltage as the thickness of the SrTiO3 spacers increases. By increasing the thickness of the SrTiO3 spacers layers
sandwiching PbTiO3 thinfilms, wewere also able to tune the polarization configuration, gradually transitioning
fromamonodomain configurationwith a preferential up polarization towards a polydomain onewith down-
polarized domains in an up-polarized background. The stability of thewritten regionswas also affected by the
SrTiO3 spacer thickness, with a faster back-switching for the samples with the thicker SrTiO3 spacers.
Throughout this work, we have also compared series of samples with andwithout a top electrode layer, showing
that a top SrRuO3 electrode results in a stronger built-in voltage, responsible for a preferentialmonodomain
configuration and a very fast (less than 1s) back-switching of oppositely written domains.

In view of recent work on controlling the dynamics of domains and domainwalls by engineered pinning/
nucleation defects and electrodemodification [29–34] for possible nanoelectronics applications, understanding
the significant contribution of these boundary condition effects is especially useful. The simplemethod used
here to control the domain structure and dynamics offers not only an excellent tool for fundamental studies of
ferroelectric nanodomains and polarization stability in ferroelectrics butmay also be used to enhance the
dielectric properties of ferroelectric thinfilms by exploiting the large domainwall contributions to the dielectric
permittivity [35], formodulating the velocities of domainwall displacement [34], or to engineermaterials whose
properties are dominated by the exotic functionalities that have recently been discovered at ferroic domainwalls
[36].We thus believe ourwork is extremely timely andwill open an original new research directionwithin this
large and technologically important field.
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