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Abstract

The ferroelectric properties of epitaxial PbTiO; thin films with thickness < 15 nm have been studied.
The films were grown on SrTiO; (001) substrates with SrRuO; bottom electrodes using pulsed laser
deposition. Growth was monitored down to the deposition of individual monolayers using reflection
high-energy electron diffraction. Piezoresponse force microscopy was used to study the ferroelectric
response of the perovskites thin films. Using film thicknesses ranging from 5.9 to 14.6 nm PbTiO; it
was found that the thin films show a clear ferroelectric response down to 9.0 nm.
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Literature study - Ferroelectric properties and critical size

Ferroelectricity

A ferroelectric is a material that has an intrinsic spontaneous polarization that can be reversed by
applying an external electrical field greater than the coercive field (1). All ferroelectrics are also
pyroelectric and all pyroelectrics are also piezoelectric. The piezoelectric property allows for
piezoresponse force microscopy to be used to determine ferroelectricity in a sample made from
ferroelectric material. A typical piezoresponse graph should look roughly like figure 2, which shows
different domain responses for +10 and -10 V indicating that the ferroelectric polarization has been
reversed.
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Figure 2) Piezoresponse measured with PFM, BiFeO; (blue), CoFe,0; (black)
and a BiFeO;— CoFe,0; heterostructures (red) (7)

Ferroelectrics have many potential uses so a lot fo studies are dedicated to this group of materials
(21-25); however, with a ‘typical’ coercive field of 50 kV/cm any ferroelectric device is required to be
very small to be applicable in silicon chips, i.e. 1 micrometer for a 5 V voltage requirement (1). One of
the applications for ferroelectrics is data storage, where smaller sized material is extremely beneficial
in order to put as much data in as little space as possible.

Size reduction in ferroelectrics

Lead titanate, (PbTiO3, or PTO) and its ferroelectric domains has been the subject of many studies
(14-19). Uniformly polarized, or monodomain, PTO films show an increase in the depolarization field
strength for smaller film thicknesses as well as a reduction of the film tetragonality c/a (2). The
depolarization field and other surface phenomena have been the subject of several studies (12), in
particular with regards to superlattices (12, 13). For very small sizes however, a polydomain structure
forms (3) and the tetragonality starts to recover to its initial value. Figure 3 shows this tetragonality
recovery as well as a significant difference for PTO grown on an electrode layer of Lagg;Srg33Mn0O; on
insulating SrTiO; (STO) and PTO grown directly on a conducting substrate, Nb-STO.
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Fig 3) Tetragonality as a function of film thickness in PTO, grown in conducting Nb-
STO (open squares) and PTO grown on Lag ¢;Srp33Mn0O; electrodes on insulating STO
substrates (black squares) (2)

Lichtensteiger et al (2) researched the transition from mono- to polydomain structure for thin films,
showing polydomain behavior in films with a thickness of 249 A and lower (fig 4). This transition
occurs to reduce the electric field energy from the depolarization field (5).
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Fig 4) Piezoresponse after alternate -12 and +12 V voltages were applied (top) and
piezoresponse after gradually ramping a voltage from -12 to +12 V (bottom) (2)

Critical size

PTO thin films show ferroelectric behavior for very small sizes. Over time, many models have
predicted a certain critical size, below which ferroelectricity would theoretically not be possible.
However, practical work and more recent models have consistently shown a decrease in predicted
critical size. Figure 4 shows ferroelectricity in PTO films down to 28 A, grown using off-axis
magnetron sputtering, on 200-300 A electrodes deposited on insulating STO substrates. Six years
earlier however, a first principle model by Ghosez and Rabe in 2000 (4) shows that PTO films as thin
as 12 A, or three unit cells, would still show ferroelectric behavior. Four years later, Fong et al (5)
have grown PTO films of 1-4 unit cells thick using metalorganic chemical vapor deposition on 001 STO
substrates. Using diffuse x-ray scattering (figure 5) Fong et al confirmed ferroelectric behavior down
to 3 unit cells, and paraelectric behavior for smaller films. Finally, in 2010 Shimada et al showed in an
ab initio study that it is possible that films of 1 and 2 unit cell thicknesses can have stable
ferroelectric domains as well (20), suggesting that no critical thickness exists.

In 2009, Han et al (6) published a paper detailing piezoresponse in PTO thin films and nanoislands,
using pulsed laser deposition (PLD) to create the films and chemical solution deposition to create the
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islands. At 10 nm thickness, both the thin films and the islands showed no piezoresponse.
Unfortunately the article doesn’t specify which substrate was used. A few different substrates are
mentioned but none in direct correlation to the thin films and islands.
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Fig 5) In-plane diffuse x-ray scattering around the PTO (303) Bragg peak, showing
satellites from ferroelectric stripe domains for film thicknesses of 3 and 4 unit cells
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Fig 6) Piezoresponse versus thickness of nanoislands (solid squares) and thin films
(open squares) (6)




Motivation

Pulsed laser deposition (PLD) is an established technique for the deposition of thin films with near-
perfect stoichiometry. Using reflection high-energy electron diffraction (RHEED) the growth can be
monitored down to a single monolayer, allowing for the deposition of ultrathin films. While PTO films
have been shown to be ferroelectric down to 3 unit cells, those were grown using deposition
techniques other than PLD. Not many studies have used PLD to investigate the ferroelectric
properties of PTO films with thicknesses of 10 nm or less. In an attempt to study these properties,
this thesis will be utilizing piezoresponse force microscopy to investigate ultra-thin PTO films grown
on STO (001) substrates. Since these substrates are insulating, an electrode layer is necessary. Using
pulsed laser deposition, ultra-thin PTO films will be grown on ~ 20 nm SrRuO; (SRO) acting as bottom
electrode layer on insulating single terminated (001) STO substrates. Various PTO thicknesses will be
used in order to find the critical thickness below which no ferroelectricity can be found.

Hypothesis
Pulsed laser deposition can be used to successfully produce ultrathin PbTiO; films that show
ferroelectric properties for thicknesses down to three unit cells.

Techniques used

Pulsed Laser Deposition (PLD) &Reflection high-energy electron diffraction (RHEED)
The samples were prepared with pulsed laser deposition, using the PLD LTRHEED MASIF system.

Setting \ Material SrRuO; PbTiO;
Heater temperature (°C) 650 600
Laser power (m)J) 46 46
Oxygen pressure (mbar) 0.120 0.120
Pre-ablation 300 pulses, 5 Hz 300 pulses, 5 Hz
Laser fluence (J/cm?) 2.03 2.03
Spot size (mm?) 1.5 1.5
Mask area (mm?) 99 99
Window efficiency 90 % 90 %
Distance target to substrate (mm) 50 50
Scan area (mm) 5.0 (width) x 1.0 (height) | 5.0 (w)x 1.0 (h)
Scan speed (mm/s) 0.2 0.2
Deposition laser frequency (Hz) 1 1
Annealing pressure (mbar) n/a 100

Each sample contains roughly 20 nm of SRO electrode deposited on the substrate.

RHEED measurements were taken at 30 V and roughly 1.3 A. The current requires some calibration
though, meaning that the first 30-60 seconds of most measurements don’t show clear oscillations yet
because the correct current has to be found. This is made harder by the fact that the surface
becomes very rough as soon as deposition starts, reducing the output intensity greatly. Alignment
was done by showing a diffraction pattern on the camera (fig 7).

Fig 7) RHEED camera alignment; sample (yellow) and the three different diffraction 6
peaks (red, blue, green) that are measured and plotted




The RHEED output consists of a graph plotting peak intensity of the three diffraction spots (red, blue
and green plots respectively) versus elapsed time. Each oscillation on this graph should represent the
growth of one monolayer of material. Using the lattice constant for PTO (a=3.904 A at room
temperature) the film thickness can be determined. The pattern is also relevant because it can
indicate a 2D growth pattern (10). Figure 8a shows the desirable RHEED pattern from a perfect STO
substrate. The pattern on the dotted line indicates a flat or 2D surface. The arrows point out the
Kikuchi lines, which indicate that the surface is flat and crystalline. Figure 8b shows the RHEED
pattern expected from a rough 3D surface. This could indicate that islands have formed on the
substrate instead of a flat surface, indicating that there is bad or no bonding between the substrate
and the film (10).

Fig 8 a) RHEED pattern from a TiO, terminated b) RHEED pattern from a rough 3D surface (11)
(001) STO substrate (10)

Piezoresponse Force Microscopy (PFM)

The piezoresponse was measured using the Bruker Dimension Icon. The sample was grounded, and
either a bias voltage was applied to the tip to show domain switching or a voltage ramp was used to
show a piezoresponse loop similar to fig 2.

X-Ray Reflectivity

To confirm the thickness of some of the samples the Bruker D8 XRD was used. Alignment was done
using 1.0 mm slits, measurements sometimes used smaller ones. The reflectivity was measured in a
locked coupled scan, starting at 6=0.2 (and 26=0.4) up to 6=6 at increments of 0.001 at 0.1 sec/step.

Substrate preparation

Treatment of substrate single crystals is crucial for optimized growth of complex perovskites like SRO
(27). STO (001) single crystals were subjected to pre-established treatment procedure in order to
obtain B-site (TiO,) termination (28). As received substrates were cleaned using acetone and ethanol.
Afterwards they were treated in an ultrasonic bath in DI water for half an hour in order to hydrolyze
the strontium oxide. Water reacts with strontium oxide to form strontium hydroxide, which in turn
was etched using buffered hydrofluoric acid in the next step. This removed the A-site (SrO)
terminations from the substrate surface and made the entire surface B-site terminated. Finally, the



substrates were cleaned and annealed in furnace at 900 °C for 90 minutes with an oxygen flow of 150
liter per hour.

Using the Bruker Dimension Icon for atomic force microscopy (AFM) the surface topography of the
treated substrates was checked (fig 9, 10). Using the program Gwyddion, a profile plot was made (fig
11) From the graph it can be noticed that the difference in height between individual surface steps is
~ 0.4 nm, corresponding to one unit cell of cubic STO lattice and this confirms the surface was B-site
terminated after the treatment procedure.
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Fig 9) AFM height sensor
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Fig 10) AFM amplitude sensor
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Results

Sample 1 - 14.6 nm

Because in-situ RHEED studies could not be performed, X-Ray reflectivity was employed to determine
the thickness of this sample. The 8-26 scan (fig 12) shows oscillations due to density differences
between different layers. A FFT of the 8-26 scan (fig 12) shows two peaks; the first one indicates the

thickness of PTO at 14.6 nm (fig 13), and the second peak indicates the thickness of the SRO at 19.9
nm.

8.348*10° |

348410°

In‘lepwsrly (C OUMS}”

348%10'

5.348410°

33484107

O PR T N et R T T T e I I R
067 1.005 1.34 1675 2m 2.345 268 305 3.35 3685
2theta

Fig 12) 6-26 scan
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Fig 13) FFT of the scan result in fig 12, showing the PTO thickness at 14.6 nm
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Fig 14) FFT of the scan result in fig 12, showing the SRO thicknesses at 19.9 nm

The film was subjected to study using the PFM. A sweeping voltage of -6V to +6 V DC was applied
through the PFM tip. The results of this voltage ramp (fig 15) shows an 180° phase difference
between -4 V and +4 V, indicating that the ferroelectric polarization of the material has been
switched between the up and the down polarization.

Plot

Phase

Tip bias voltage

Fig 15) Piezoresponse phase as a function of bias voltage applied to 14.6 nm thick
PTO
Ramp up (red) and ramp down (blue)

Figure 16 and 17 represent phase and amplitude response respectively after a +4 V DC was applied
on 2*2 um area of 14.6 nm thick PTO film. Clear difference in contrasts of the phase response inside
and outside the area of applied bias voltage indicates switching of ferroelectric domains. The area
outside the switching shows uniform contrast in both phase and amplitude response, so it can be
concluded that this film consisted of a single domain. This is remarkable, since the research from
Lichtensteiger et al (fig 3, (2)) predicts that a film of this thickness would show polydomain behavior
rather than monodomain.
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Due to the prominent ferroelectric response, this sample will be used as a reference to compare the

following thinner films to.
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Fig 16) Piezoresponse phase after switching 14.6 nm thick PTO
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Fig 17) Piezoresponse amplitude after switching 14.6 nm thick PTO

12



Sample 2 - 6.2 nm

The sample with a thickness of 6.2 nm was deposited over the course of 300 seconds with 300 laser
pulses. The electron reflection (fig 18) shows oscillations consistent with layer by layer growth of
about 16 monolayers, corresponding to a thickness of 6.2 nm. The RHEED intensity profile shows that
the intensity of the electron beam gradually decreases with increasing thickness of the PTO film. This
indicates that the surface roughness increased over the course of the deposition. The last portion of
the graph (after 300 seconds) shows a steady increase in peak intensity due to smoothening of the
surface and the crystal structure forming.
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Fig 18) RHEED oscillations, 300 seconds growth indicating 6.2 nm thick PTO

Figure 19 shows the RHEED camera images, indicating 2D surfaces and growth.

Fig 19 a) Substrate b) After SRO c) After PTO

The PFM voltage ramp is shown in figure 20. The graph shows that the difference between the
minimum and maximum phase is only 3°. It is unlikely that this is an actual ferroelectric response
from the material, but rather the result of some surface charge effect or water molecules interfering
with the measurement.
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Phase
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Fig 20) Piezoresponse phase as a function of bias voltage, applied to 6.2 nm thick PTO
Ramp up (red) and ramp down (blue)

Just like the 14.6 nm thick film, a DC voltage was applied in order to show a ferroelectric domain
switch. This procedure resulted in some response from the material, but unlike the 14.6 nm thick film
the switching is not as prominent, as shown in figure 21 and 22. The attempted switch area can be

made out between 0.5 and 1.5 um and shows some bright spots that could indicate that some small
islands have indeed been switched.
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Fig 21) Piezoresponse phase after switching 6.2 nm thick PTO
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Fig 22) Piezoresponse amplitude after switching 6.2 nm thick PTO

The height sensor (fig 23) tells a different story however. It shows that the target area has been
deformed by the switching, something that was found to be prominent when applying negative

voltages. This deformation would also cause the phase and amplitude response to register
incorrectly, thus invalidating those results.

Fig 23) Piezoresponse height sensor after switching 6.2 nm thick PTO
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Sample 3 - 5.9 nm

The thinnest sample with a thickness of 5.9 nm was deposited over the course of 360 seconds with
360 laser pulses. The RHEED oscillations (fig 24) show the growth of 15 monolayers, corresponding to
5.9 nm film thickness. The RHEED intensity profile shows a much smaller decrease over time
compared to the 6.2 nm deposition, which would indicate that the film surface is less rough. There is
a significant difference in growth rate between the 6.2 nm and 5.9 nm films, since the thinnest one
was grown with 60 pulses more. The growth rate of the films will be discussed later on.
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Fig 24) RHEED oscillations, 360 seconds growth indicating 5.9 nm thick PTO

This sample shows no piezoresponse to speak of. Compared to the 14.6 nm film the phase response
(fig 25) shows nothing like an 180° domain switch.
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Fig 25) Piezoresponse phase as a function of bias voltage, applied to 5.9 nm thick PTO

Ramp up (red) and ramp down (blue)
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Sample 4 - 9.0 nm

Since the thinner samples showed none of the desired ferroelectric properties, a thicker film was
needed. The 9.0 nm sample was deposited over the course of 600 seconds with 600 laser pulses. The
RHEED oscillations (fig 26) show 23 monolayers, corresponding to 9.0 nm film thickness. Like the 6.2
nm film RHEED oscillations (fig 18) the profile of figure 26 indicates increased surface roughness for
increased PTO thickness, as well as the forming of the crystal structure after the deposition.
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Fig 26) RHEED oscillations, 600 seconds growth indicating 9.0 nm thick PTO

The RHEED camera images (fig 27) again show 2D growth for the SRO electrode. The substrate
reflection looks very similar to figure 8a, indicating a perfect substrate.

Fig 27 a) Substrate b) After SRO

This sample definitely shows a piezoresponse (fig 28) although it is not as clean as the 14.6 nm film.
While figure 28 shows an 180° switch, there is a lot more noise compared to figure 15. Most notably,
the graph goes wild between -2 and -4 V. This could be due to an oscillation effect or a deformation
similar to what the height sensor in figure 23 shows.
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In addition, the 9.0 nm graph shows its maximum at low voltage and its minimum at high voltage,
which is the reverse compared to the 14.6 nm sample. This could be due to the spontaneous
polarization of the material; Dahl et al (8) have shown that PTO films thinner than 20 nm
predominantly have a polarization toward the SRO electrode, while thicker films tend to
spontaneously polarize toward the top surface. Alternatively, the PFM measurement arbitrarily mixes
up the ramp up and ramp down results.
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Fig 28) Piezoresponse phase as a function of bias voltage, applied to 9.0 nm thick PTO
Ramp up (red) and ramp down (blue)
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Discussion

Combined phase plot
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Fig 29) Combined phase plot; 14.6 nm thick PTO (red), 6.2 nm (green), 5.9 nm (blue)
and 9.0 nm (cyan)

Figure 29 shows a combined plot of the phase responses of the different thicknesses, normalized for
easy comparison. The graphs were centered around (0,0) and the 9.0 nm film response was reversed
to allow for easy comparison to the 14.6 nm (red) graph.

The 14.6 nm (fig 29, red) and 9.0 nm (fig 29, cyan) films are the only samples that shows a 180°
domain switch, a piezoresponse phase loop similar to the expected loop shown in figure 2. Both the
5.9 nm film (fig 29, blue) and 6.2 nm (fig 29, green) show no response whatsoever and an attempt to
switch an area of the 6.2 nm film (fig 20) resulted in deformation rather than ferroelectric switching.
It is clear from the height sensor that the sample was damaged when a -6 V switch was attempted.
Due to time constraints, no successful switch of the 9.0 nm film was done.

The RHEED graphs of figure 18 (6.2 nm), 24 (5.9 nm) and 26 (9.0 nm) show different growth rates,
namely 1.25, 0.976 and 0.898 nm per minute respectively. This could be due to any variable being
off, such as slightly lower or higher oxygen pressure during deposition, variance in laser power
transmission due to a variation in window efficiency (since the laser power is measured outside the
PLD system the transmission through the window could be slightly different for different
depositions). Alternatively, the distance from the target to the substrate could accidentally have
been higher for the lower growth rates.

Another notable phenomenon is the trenches that are clearly visible all over the PFM area scans (fig
16, 17, 20, 21, 22). According to Koster et al (9) the trenches are formed by uneven growth of the
SRO layer; referring to a very similar sample of 30 nm SRO on a STO substrate it is stated that despite
the TiO, termination, Sr would diffuse to the surface and move to the step edges. The trenches are
then formed because the SrRuO; grows more slowly on the SrO-terminated areas compared to the
TiO,-terminated areas. The uneven growth of SRO then also causes trenches in the PTO layer.

The results presented here show that it is possible to use pulsed laser deposition to acquire
ferroelectric PTO films of 9.0 nm, a thickness below the 10 nm that was found in the literature study.
While several articles have shown that PTO films can be ferroelectric down to 3 unit cells, those
studies used different deposition techniques than PLD in addition to different methods of
characterization. The two smaller samples of 5.9 and 6.2 nm thicknesses showed very little to no
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ferroelectric response, despite showing very good RHEED oscillations. It is possible that the growth
conditions, while optimized for the RHEED oscillations, are not perfect for the ferroelectric properties
of the material. Alternatively there is a flaw in the use of the PFM for characterization.

Conclusion

Using pulsed laser deposition PbTiO; films of different thickness less than 15 nm were deposited
using optimized growth conditions. RHEED oscillations corresponding to deposition of individual
monolayers were obtained for PTO growth up to 23 unit cells. The ferroelectricity in these ultrathin
films was probed using piezoresponse force microscopy (PFM). The thinnest PTO film showing
ferroelectricity was found to be 9.0 nm thick. While (001) epitaxial PTO films with less than 9nm
thickness were shown to still be ferroelectric in literature, this study obtained it as the minimum
thickness of ferroelectricity on (001) STO substrates using a particular set of growth conditions.

Not all the possible data was collected due to time constraints, such as switching of the 5.9 and 9.0
nm samples using the PFM. Results presented in this thesis mainly focused on obtaining layer-by-
layer growth of PTO under PLD deposition conditions. The results can help further studies on PTO
thin films providing good growth conditions suitable for layer-by-layer growth; however, the growth
conditions and parameters should be optimized to approach further downscaling in thickness while
maintaining the ferroelectricity. There can be several possible angles of approach to study further
epitaxial PTO thin films that have not been tried out which are discussed in the Recommendations
section below.

Recommendations

Further downscaling is required, and the tetragonality of those films should be studied in addition to
measuring the piezoresponse since the literature suggests that these two properties are connected.
Another future goal is to reduce not only the thickness, but the other dimensions as well, i.e. using
lithography to create nanostructures, and measure the piezoresponse and domain morphology of
those structures.

Another angle of approach that could yield different results would be using a conductive substrate
and no electrode layer, since figure 3 does show that films behave differently in each case.

Although thicknesses much smaller have been reported in the literature than could be achieved here,
further studies are necessary to reveal the key deposition factors. Most importantly, growth
conditions should be looked at and where possible optimized for ferroelectric properties. PLD is a
very promising technique, but using the current growth conditions it does not appear to be holding
up against other deposition techniques. Characterization methods should be studied as well; the
PFM method may yield different results from i.e. in-plane diffuse x-ray scattering, the method used
to find the 3 unit cell critical thickness.
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