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The polarization of ferroelectric superlattices is determined by both electrical boundary
conditions at the ferroelectric/paraelectric interfaces and lattice strain. The combined
influence of both factors offers new opportunities to tune ferroelectricity. However, the
experimental investigation of their individual impact has been elusive because of their
complex interplay. Here, we present a simple growth strategy that has permitted to
disentangle both contributions by an independent control of strain in symmetric superlattices.
It is found that fully strained short period superlattices display a large polarization whereas a
pronounced reduction is observed for longer multilayer periods. This observation indicates
that the electrostatic boundary mainly govern the ferroelectric properties of the multilayers

whereas the effects of strain are relatively minor.

1. Introduction

Superlattices combining ferroelectric and paraelectric nanometric layers are artificial
materials in which electrostatic coupling can induce polarization in the paraelectric material.l*
%1 A plethora of exciting properties have been observed in ferroelectric superlattices, including
ferroelectricity in layers only one unit cell thick,**! polarization enhancement,®® improper
ferroelectricity in PbTiOs/SrTiOs superlattices,””! phonon interference effects,*? negative
capacitance,*™ ferroelectricity in superlattices that do not include a ferroelectric layer,™? or
the stabilization of polar vortices confined in ferroelectric layers of long-period
superlattices.™ Electrical boundary conditions in ferroelectric superlattices are critical since
the ultrathin ferroelectric layers are in contact with paraelectric layers that are not effective to
screen bound charges.**™™ Depending on the layers thickness the stray electric fields
generated by the ferroelectric dipoles can be confined in/near the ferroelectric layers forming

domains or more complex patterns, or they can induce polarization in the paraelectric layer
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permitting uniform polarization across the superlattice.l*%1"1 On the other hand, the ultrathin
thickness of the ferroelectric and paraelectric layers limits the plastic relaxation of the
epitaxial strain in the superlattice and consequently, short period superlattices under
compressive epitaxial stress can be fully coherent with expanded out-of-plane cell parameter
and increased polarization. Thus, the superlattice period critically determines the
ferroelectricity by the dual influence of mechanical (strain) and electrostatic (interfaces)
boundary effects.

The electrostatic coupling in superlattices, and the influence of the superlattice period,

was soon confirmed experimentally.l>>828

Ab-initio calculations predicted that the
polarization of symmetric n-BTO/n-(SrTiOs or CaTiOs) superlattices™ ! increases with the
number (n) of unit cells in the layers.”? However, the opposite result (lower polarization
when increasing the superlattice period) was found experimentally in symmetric BTO/CaTiO3
(CTO) superlattices.l”®! Nevertheless, as the BTO/CTO superlattices were found to be more
relaxed for higher n, both the electrostatic conditions and the strain conditions varied in the
whole set of samples, thus challenging the comparison with theoretical results. Indeed,
although the relative contribution of these parameters could not be isolated, it was concluded
that the measured reduction of polarization when the period n is increased was dominated by
strain relaxation,”®! as supported by earlier theoretical predictions.™ This issue, of crucial
interest on the way towards engineered ferroelectric multilayers, remains unsolved. Some few
open questions are: 1) to confirm experimentally the ab-initio calculations of the dependence
of polarization on superlattice period, and 2) to isolate experimentally the relative influence of
lattice strain and electrostatic boundary conditions on ferroelectric properties of superlattices.
Aiming to contribute to solve these pending questions, here: i) we have grown fully coherent
symmetric Mx(n-BTO/n-STO) superlattices (M is the number of the BTO-STO bilayers

stacked in the superlattice, and n is the number of unit cells in each BTO or STO layer of the

stacked BTO-STO bilayers) for a wide range of period n values, and ii) we have achieved
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controlling the lattice strain in fully coherent superlattices of a fixed period by changing the
deposition rate. Ferroelectric polarization loops were measured for all the superlattices, and it
was found that their polarization displays a strong dependence on the period n and, in
comparison, a tiny dependence on the lattice strain. Thus, electrostatic boundary conditions in
multilayers rule the ferroelectric response, whereas the lattice strain plays a relatively minor

role.

2. Results and Discussion

Fabrication of superlattices requires two-dimensional growth of the layers and accurate
control of the thickness of the individual layers. A 10x(4 u.c.-BTO/4 u.c. -STO) superlattice,
sketched in Figure 1a, was prepared on a STO(001) substrate buffered with a 10 nm thick
Lag 67Sro.33Mn0O3; (LSMO) electrode. The reflection high energy electron diffraction (RHEED)
pattern (Figure 1b) recorded along LSMO[100] displays bright specular and Bragg spots
positioned in the 0™ Laue zone, signaling that the LSMO film is epitaxial and flat. BTO and
STO were then alternatively deposited to obtain the 10x(4-BTO/4-STO) superlattice, being
BTO the first layer grown on the LSMO electrode. The dependence of the intensity of the
specular RHEED spot with time is shown in Figure 1c. The intensity data during BTO and
STO deposition are plotted in blue and red, respectively, whereas the data when switching
between BTO and STO deposition are plotted in black. The ten sequences corresponding to
the 10x(4-BTO/4-STO) superlattice are appreciated, with an overall reduction of RHEED
intensity during BTO deposition and an overall increase when STO grows. The intensity
oscillations are persistent, as can be seen for the 10" stack in Figure 1d. The first four
intensity oscillations, plotted in blue, correspond to the four monolayers of BTO and present a
moderate amplitude damping. The zoom in Figure 1e shows quick intensity reduction with the
arrival of atoms after each laser pulse followed by intensity recovery. Further intensity

recovery when the laser was stopped at the maxima of the fourth oscillation signals surface
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smoothing. Finally, the last stack of four STO monolayers was deposited and high amplitude
oscillations were observed (see the red curve in Figure 1d and the zoom in Figure 1f),
accompanied by a progressive increase of the average intensity. The RHEED pattern in Figure
19, recorded along STOJ[100] at high temperature just at the end of the deposition, attests
epitaxy and the spots in the 0" Laue zone suggest a flat surface.

The quality of the 10x(4-BTO/4-STO) superlattice was investigated by aberration
corrected scanning transmission electron microscopy (STEM). Figure 2a shows composition
maps (Ti, Ba, Mn, and La) of a narrow region along the growth direction determined by
electron energy loss spectroscopy (EELS) in STEM. High-angle annular dark field (HAADF)
and color composition images are in the left and the right of Figure 2a, respectively. The
compositional abruptness in the interfaces discards chemical interdiffusion. A HAADF-
STEM image of a wider region is presented in Figure 2b, and a region including the STO
substrate, the LSMO electrode, and the first superlattice stacked layers is zoomed in Figure 2e.
The LSMO film is around 10 nm thick, and the superlattice has a total thickness of around 32
nm as expected by the RHEED oscillations. STO layers are darker in the images, whereas
LSMO and BTO layers are brighter due to the high atomic number of La and Ba, respectively.
Absence of dislocations and analysis of selected area diffraction images (not shown) signal
fully coherent growth. The HAADF-STEM images in Figures 2b and 2e were used for
Geometrical Phase Analysis (GPA) to obtain strain maps, using the STO substrate as
reference. The corresponding in-plane strain maps are plotted in Figures 2c and 2f, and the
out-of-plane strain maps are plotted in Figures 2d and 2g. There is no measurable in-plane
strain in the LSMO film and the BTO and STO layers respect to the STO substrate,
confirming fully coherent growth of the superlattice. In contrast, the maps along the out-of-
plane direction show clear contrast, being the deformation with respect to STO around -2.1 %

in the LSMO layer and around 6.8 % in the BTO layers.



Aiming to compare the effects of the number of interfaces and lattice strain, we
fabricated two series of Mx(n-BTO/n-STO) superlattices, with fixed total thickness (Mx2n =
120 u.c., corresponding to around 48 nm), on TiO,-terminated STO(001) substrates. The
growth rate and superlattice geometry of the samples are summarized in Table 1. In Series I,
six superlattices were grown at the rate of 0.30 A/pulse, and the number of interfaces varied
from 11 (M=6, n=10) to 119 (M=60, n=1). In Series I, with the number of interfaces fixed to
19 (M=10, n=6), four superlattices were deposited at growth rate of 0.07, 0.17, 0.30 and 0.53
Alpulse. The 10x(6-BTO/6-STO) superlattice deposited at 0.30 A/pulse is common to both
series.

Atomic force microscopy (AFM) topographic images of the samples of series | and |1
are presented in Figure 3. Label at the top of each image indicates the superlattice geometry
(M and n) and the growth rate. Remarkably, all superlattices are extremely flat and present
morphology of terraces and steps 1 u.c. high, even the one grown at the highest rate (0.53
Alpulse), the one with thickest BTO and STO layers (10 u.c. thick each), and the one with
higher amount of interfaces (119 BTO/STO interfaces in the 60x(1-BTO/1-STO) superlattice).
It is also noticeable that morphology of terraces and steps occurs on substrates having very
different miscut angles,® as indicated by the spread of terrace widths ranging from around
80 to around 400 nm. In some of the samples the steps are straight over large distances,
whereas in other superlattices, particularly in those on high miscut angle substrates, steps
present a higher density of kinks. Also, some dislocation etching pits (square holes few tens of
nm wide), caused by the chemical etching to obtain single TiO,-termination, are observed in
most of the images.

Figure 4a shows the specular X-ray diffractometry (XRD) 6-26 scans of the four
10x(6-BTO/6-STO) superlattices prepared at different growth rate (Series II). In addition to
the substrate and LSMO peaks, there are superlattice reflections. The zoom at low angles

(Figure 4b) shows Laue peaks around the superlattice reflections, whereas in the high angles
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zoom (Figure 4c) a shift in the angular position of the reflections between the samples can be
appreciated, being the peaks shifted to lower angles as higher is the growth rate. It indicates
that the out-of-plane parameter increases with the growth rate. The XRR curves of these
samples are in Figure 4d, showing Kiessig fringes and superlattice reflections. The XRD
reciprocal space map (RSM) in Figure 4g corresponds to the superlattice grown at a rate of
0.30 A/pulse (the sample that belongs to both Series | and Series I1). The RSM, around the
asymmetrical STO(103) reflection, shows several superlattice reflections matching the same
Qx coordinate of the substrate reflection, indicating that the superlattice is fully strained as
locally observed in the superlattice characterized by STEM. The samples deposited at lower
growth rate are also fully strained (the RSM corresponding to the sample grown at 0.07
Alpulse is in Figure 4h). The 6-20 scans of the superlattices with different number of
interfaces (Series 1) deposited at the same rate of 0.30 A/pulse are presented in Figure 4e. The
zoom at high angles (Figure 4f) shows that (008n) superlattice reflections (n is the superlattice
period) are at different angles, and thus indicates that the out-of-plane lattice parameter
depends on the superlattice period.

The out-of-plane lattice parameter of BTO was estimated from the specular XRD 6-20
scans, assuming that the STO layers have bulk c-axis (see in Supporting Information the
calculated parameter considering expansion of the STO unit cell). In Figure 5a the BTO c-
axis is plotted as a function of the BTO layers thickness (Series I). The c-axis length increases
monotonically from 4.149 A for the thinnest BTO (n=1) to 4.234 A for the superlattice with n
= 6. The corresponding unit cell expansion (g) respect bulk BTO (4.038 A) is very high, up to
€ = 4.9%. However, in the superlattice with the thickest layers (n=10) the expansion of the c-
parameter is reduced to 4.201 A, probably due to partial plastic relaxation. The dependence of
the c-parameter with the growth rate is plotted in Figure 5b, showing a monotonic increase

from 4.188 A (¢ =3.7%) to 4.258 A (¢ =5.4%). The influence of the deposition rate points to



the relevance of growth kinetics, suggesting that there are less defects contributing to the c-
axis expansion if the superlattice grows slowly. The influence of growth kinetics in the
formation of defects and its control by either laser fluence or growth rate has been also
discussed recently for BTO™®! and STO™ single films, respectively.

The room-temperature polarization loops of the superlattices of Series | (n from 1 to
10) are shown in Figure 6a. The remnant polarization P, is plotted against the superlattice
period n in Figure 5a (solid circles). All the samples display switchable ferroelectric
polarization, and even the n = 1 superlattice shows a remnant polarization P, of around 2.9
nC/cm? (with spontaneous polarization P around 6 uC/cm?). The n = 2 sample has the highest
polarization, with P; close to 22 uC/cm?® and Ps above 30 uC/cm?. The other samples of the
series show loops with lower P; as the period of the superlattice increases, presenting the n =
10 sample P, around 2.9 pC/cm?® The graph evidences the reduction of the ferroelectric
polarization with the superlattice period n, beyond the singular n = 1 superlattice. The
polarization loops of the 10x(6-BTO/6-STO) superlattices deposited with different growth
rate are shown in Figure 6b. Differences between loops are clearly smaller than those in
Figure 6a, indicating that the growth rate has lower influence on the ferroelectric polarization
loops that the number of interfaces. The dependence of P, with growth rate (Figure 5b, empty
circles) shows moderately lower P, (from around 8.6 to 6 uC/cm?) as higher is the growth rate
(from 0.07 to 0.53 A/pulse), whereas the c-axis of BTO (Figure 5b, empty triangles) showed a
monotonic increase from 4.188 A (e = 3.7%) to 4.258 A (¢ = 5.4%). The data of this Series
(superlattices deposited at different growth rate) are also plotted in Figure 5a (empty circles
and triangles for P, and c-axis parameter data, respectively) together with the values
corresponding to Series | (superlattices with different number of interfaces). It is appreciated
that high polarization is not due to large c-axis parameter, as clearly observed in Figure 5¢

where the remnant polarization of the superlattices of both series is plotted against the c-axis



of BTO. Therefore, it is demonstrated the ruling influence of electrical boundary conditions in
comparison with BTO lattice parameter on the ferroelectric polarization.

The observed correlation of the ferroelectric polarization with the superlattice period is
a consequence of the dominating influence of electrostatic boundary conditions. The
spontaneous polarization measured in the superlattices is plotted against the period n in Figure
5d (solid circles). The n=2 superlattice, with high P, = 22 uC/cm? and P = 30.4 pClcm? likely
presents uniform polarization across the BTO and STO layers. Increasing the period to n =10
the reduction in polarization (P, ~ 2.9 pC/cm2 and Ps ~ 7 uC/cm?) would be the result of
domain formation in the individual BTO layers due to the high energy cost of polarizing thick
paraelectric layers.?®*® Figure 7 sketches the polarization distribution as the period increases
from n=2 to more than n=10. The conclusion from our experimental observation agrees with
theoretically calculations™™ that considered epitaxially strained 2-BTO/2-STO and 10-
BTO/10-STO superlattices. Indeed, Lisenkov and Bellaiche™ concluded that under
compressive epitaxial strain similar to the existing in the superlattices we have investigated,
the n=2 superlattice presents at room temperature a uniform ferroelectric phase, whereas the
n=10 superlattices develops an unswitchable closed domain structure. The transition between
uniform polarization and a polydomain phase was recently predicted™” and experimentally
observed™ in PhTiO3-STO superlattices. The size of domains in BTO-STO superlattices has
been experimentally determined by using synchrotron XRD.?”) The measurement of the
evolution of domain size with the superlattice period could give a direct evidence of the
transition from the uniform ferroelectric phase to the closed domain structure in BTO-STO
superlattices.
3. Conclusion
In conclusion, we have investigated ferroelectric superlattices having different period and
lattice strain. It has been shown that for a fixed superlattice period, the lattice parameter can

be modified by adjusting the growth rate. The relative influence of interfaces and strain on the
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ferroelectric properties has been discriminated, and it is found that electrostatic boundary
conditions fully dominate the ferroelectric response of the superlattices. The high polarization
in short period superlattices associated to uniform ferroelectricity decreases quickly as the
period increases and the cost to polarize the paraelectric STO becomes excessive. Thus, a
uniform ferroelectric entity, artificial-like ferroelectric material, is limited exclusively to ultra-

short period superlattices.

4. Experimental Section

BTO/STO superlattices were fabricated on STO(001) buffered with a LSMO electrode by
RHEED-assisted PLD using a KrF excimer laser. The superlattice and the electrode were
deposited in a single process, being BTO the first layer in the superlattice. LSMO was grown
at substrate temperature of 725 °C, 0.1 mbar oxygen pressure and laser frequency of 2Hz,
whereas the corresponding parameters for both BTO and STO were 700 °C, 0.02 mbar and 1
Hz. The abruptness of the interfaces and the lattice strain of a 10x(4-BTO/4-STO) was
investigated by HAADF-STEM and STEM-EELS in a probe-corrected FEI Titan 60-300
operated at 300 kV and equipped with a high-brightness Schottky Field Emission Gun (X-
FEG), a CEOS aberration corrector and a Tridiem 866 ERS image filter/spectrometer from
Gatan. A series (Series 1) of six Mx(n-BTO/n-STO) superlattices having same total thickness
(Mx2n = 120 unit cells) were fabricated. In these superlattices n was 1, 2, 3, 4, 6, and 10,
being the corresponding number of BTO/STO interfaces 119, 59, 39, 29, 19, and 11. The
growth rate of both BTO and STO was 0.30 A/pulse. Other three 10x(6-BTO/6-STO)
superlattices were prepared changing the aperture size of the mask used to collimate the laser
beam, thus determining the energy of the laser beam focused on the target. This method
permits adjusting the growth rate with fixed laser fluence. The four 10x(6-BTO/6-STO)
superlattices in the series were grown at 0.07, 0.17, 0.30, and 0.53 A/pulse (ablation rate was

the same for BTO and STO). All [Mx(n-BTO/n-STO)]/LSMO samples of Series | and Il were
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grown on TiO-terminated STO(001) substrates.!” The surface morphology was
characterized by AFM. The crystal quality and the superlattice spacing was investigated by
specular XRD 60-20 and XRR scans. RSM around asymmetrical reflections of some
superlattices were also measured to determine the in-plane lattice parameter. Ferroelectric
polarization loops were determined at room temperature in top-top configuration, using a

TFAnalyser2000 platform (aixACCT Systems GmbH).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Sketch of a 10x(4-BTO/4-STO) superlattice on LSMO/STO(001). (b) RHEED
pattern of the LSMO electrode, recorded along LSMO[100]. (c) Evolution of the RHEED
intensity (specular spot) during deposition of the 10x(4-BTO/4-STO) superlattice. The data
recorded during BTO and STO growth are in blue and red, respectively. (d) RHEED intensity
during the deposition of the 10™ superlattice stack. The marked rectangles during BTO and
STO growth are zoomed in (e) and (f), respectively. (g) RHEED pattern along STO[110]

recorded at the end of the superlattice deposition.
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Figure 2. (a) EELS composition maps along a cross-sectional specimen of the 10x(4-BTO/4-
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STO) superlattice, including HAADF and RGB color composition images (Ti in red, Ba in
green, Mn in blue), with the substrate in the bottom of mapped regions. (b) HAADF-STEM
image of the cross-section, with the corresponding deformation maps along the in-plane and
the out-of-plane directions in (c) and (d), respectively. A zoom of (b) is presented in (e), with

the corresponding deformation maps in (f) and (g).
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60x(1-1),03A/s 30x(22),03A/5 20x(3-3), 0.3 A/s

L
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Figure 3. Topographic AFM images (5x5 um?) of the Mx(n-BTO/n-STO) superlattices
deposited at a rate of 0.3 A/pulse and the 10x(6-BTO/6-STO) superlattices deposited at

different growth rate. Labels at the top of each image indicate M, n and the growth rate.
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Figure 4. (a) Specular XRD 60-260 scans of the 10x(6-BTO/6-STO) superlattices prepared at
different growth rate (Series II). (b) and (c) are zooms of the XRD 6-20 scans at low and high
angles, respectively, and XRR curves are shown in (d). For clarity the curves are shifted
vertically, ordered according the growth rate (bottom curve corresponds to the lower growth
rate, 0.07 A/pulse). (e) Specular XRD 0-20 scans of the Mx(n-BTO/n-STO) superlattices
deposited at a rate of 0.3 A/pulse (Series 1), with a zoom at high angles in (f). For clarity the
curves are shifted vertically, ordered according the number M of BTO-STO bilayers (bottom
curve corresponds to the M = 6 sample, and the top curve to the M = 60 sample). (g) and (h)
show XRD RSM around the STO(103) reflection of the 10x(6-BTO/6-STO) superlattices

deposited at growth rate of 0.3 A/pulse and of 0.07 A/pulse, respectively.
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Figure 5. c-axis parameter of BTO (blue triangles) and superlattice remnant polarization (red
circles) as a function of (a) n in Mx(n-BTO/n-STO) superlattices deposited at 0.3 A/pulse
(Series 1), and (b) growth rate in 10x(6-BTO/6-STO) superlattices (Series II). In (a), data
corresponding to Series Il are included (empty symbols). (c) Superlattice remnant polarization

as a function of the c-axis parameter of BTO. (d) Experimental spontaneous polarization of

P, (uClen)
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the Mx(n-BTO/n-STO) superlattices as a function of period n.
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Figure 6. Polarization loops for (a) Mx(n-BTO/n-STO) superlattices deposited at 0.3 A/pulse
(Series 1), and (b) 10x(6-BTO/6-STO) superlattices deposited at different growth rate (Series

).
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Figure 7. Sketch of possible ferroelectric domains formed in short period (a) and large period
(b) Mx(n-BTO/n-STO) superlattices. In short period Mx(n-BTO/n-STO) superlattices uniform
polarization across the superlattice can be energetically favored by the low thickness of the
STO layers. In contrast polarizing thick STO layers in the large period superlattices can be
energetically more costly that the formation of a domain pattern in the ferroelectric BTO
layers, causing significant reduction or suppression of switchable ferroelectric response in the

superlattice.
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Table 1. Repeated bilayers (M), period (n), number of interfaces and growth rate of the two
series of Mx(n-BTO/n-STO) superlattices. The total thickness of all superlattices is fixed to
be around 48 nm (corresponding to 60 u.c. of BTO and 60 u.c. of STO). In Series | (6
samples) the number of BTO-STO interfaces changes from 11 to 119, being the growth rate
fixed to 0.30 A/pulse. In Series 11 (4 samples) the number of interfaces is fixed to 119 (10x(6-
BTO/6-STO) superlattices), and the growth rate changes from 0.07 to 0.53 A/pulse. Note that
one of the samples (M = 10, n =6, growth rate = 0.30 A/pulse) is common to both series. All
superlattices were deposited on LSMO bottom electrodes in a single process with RHEED

monitoring during growth.

Series |
M (units) 60 30 20 15 10 6
n (u.c.) 1 2 3 4 6 10
Number of interfaces 119 59 39 29 19 11

Growth rate (A/pulse) | 0.30 0.30 0.30 0.30 0.30 0.30

Series I
M (units) 10 10 10 10
n (u.c.) 6 6 6 6
Number of interfaces 19 19 19 19
Growth rate (A/pulse) 0.07 0.17 0.30 0.53
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