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We identify a transient enhancement of the depolarizing field, leading to an unexpected quench of net
polarization, during the growth of a prototypical metal-ferroelectric-metal epitaxial system made of BaTiO;
and SrRuOj;. Reduced conductivity and, hence, charge screening efficiency in the early growth stage of the

SrRuOj top electrode promotes a breakdown of ferroelectric BaTiO; into domains. We demonstrate how a
thermal annealing procedure can recover the single-domain state. By tracking the polarization state in sifu,
using optical second harmonic generation, we bring new understanding to interface-related electrostatic

effects in ferroelectric capacitors.
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The demand for ever-smaller and energy-efficient devices
drives the development of ultrathin ferroelectrics with a
robust polarization state and reliable switching properties
[1-5]. However, the macroscopic polarization can be lost
when the ferroelectric is implemented into the required
metal-ferroelectric-metal thin-film capacitor heterostructure
[6,7] since interface-related effects can drastically alter the
polarization behavior [8—12]. For example, uncompensated
bound surface charges at epitaxial ferroelectric interfaces
result in a depolarizing field, which can trigger a drop of the
ferroelectric Curie temperature (7.) or nanoscale domain
splitting [13—17]. Furthermore, ferroelectric layers are
usually grown below T, [18-21], so that their polarization
state is set during the heterostructure growth [22—-24]. Here
the deposition process and the accompanying transient
electrostatic effects at the metal-ferroelectric interface gov-
ern the resulting polarization state. Hence, understanding the
growth dynamics and promoting the involved depolarization
fields towards a robust remnant polarization and a controlled
domain distribution in the ultrathin regime poses a key
challenge on the way to ultrathin functional ferroelectric
heterostructures and devices [25].

In this Letter, we identify microscopic physical mecha-
nisms determining the depolarizing field and domain for-
mation in a prototypical metal-ferroelectric-metal epitaxial
heterostructure, StRuO;|BaTiO3|SrRuO; (SRO|BTO|SRO).
We track the evolution of the ferroelectric order during the
deposition by laser-optical in situ second harmonic generation
(ISHG) [24]. We find that the first unit cells of the top electrode
exhibit reduced conductivity and, hence, insufficient charge
screening. This triggers a ferroelectric multidomain break-
down manifesting as net-polarization quench. The unprec-
edented insight into the growth process allows us to develop a
procedure controlling the influence of the depolarizing field
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by thermal annealing. While previous thin-film studies on the
depolarizing field in ferroelectrics are restricted to uncapped
specimens or periodic domain patterns [14,21], we reveal
explicit mechanisms controlling the net polarization of ultra-
thin ferroelectrics in capacitor heterostructures. This is all the
more important since any metallic layer in a heterostructure
begins its existence as ultrathin film, becoming “thick” only
upon ongoing deposition. Our findings support the develop-
ment of oxide electronics because they shed light on a hitherto
inaccessible yet crucial aspect: the evolution of the oxide
multilayer heterostructure, right where its functionalities are
coined with the deposition of the first monolayers.

We study the polarization state in a model ferroelectric
capacitor system composed of a ferroelectric BTO thin film
between two metallic SRO electrodes. Uniaxial ferroelec-
tric BTO (001) films with a thickness of 30 unit cells (u.c.)
were grown by pulsed laser deposition (PLD) on (001)-
oriented SrTiO; (STO) buffered by 10 u.c. of SRO. The
substrate exerts ~2.2% compressive strain, increasing the
ferroelectric Curie temperature (7°.) above the growth
temperature (7' grown = 650°C) [19]; further details on
growth conditions are available in Ref. [26]. Room-temper-
ature ferroelectric properties were confirmed using piezor-
esponse force microscopy (PFM). The high-quality single-
domain as-grown state of the BTO and its local switching
behavior are depicted in Figs. 1(a) and 1(b).

We monitor the ferroelectric response during the thin-
film deposition using ISHG as a noninvasive detection
technique. SHG denotes frequency doubling of a light wave
in a material. This process is sensitive to the loss of
inversion symmetry and therefore occurs with the emer-
gence of ferroelectric order [46—48]. The ISHG signal is
measured in 45° reflection geometry and its polarization is
chosen such that it detects the out-of-plane component of
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FIG. 1. Evolution of polarization during SRO|BTO|SRO
capacitor design. (a)—(b) PFM phase images showing out-of-plane
contrast of compressively strained BTO grown on SRO-buffered
STO, with 10 V applied to the scanning tip. (c) ISHG signal
during the growth of BTO on SRO-buffered STO (left panel) at
T grown = 650°C, during hold time after the completion of the
BTO layer (middle panel) and during subsequent deposition of the
top SRO layer (right panel). The insets show the ISHG anisotropy
obtained by simultaneously varying the polarization angle (f)
of the incident fundamental (1200 nm) and the detected
SHG (600 nm) light. The simulations are plotted as continuous
lines. Note that in the right panel no signal is recovered after
cooling to room temperature.

the ferroelectric polarization emerging in the BTO during
the deposition process [49]. Reflection high energy electron
diffraction (RHEED) is performed simultaneously with
ISHG to ensure the growth quality and to calibrate the
ISHG yield to the thickness with u.c. accuracy [26].

Figure 1(c) presents the ISHG signal during the
deposition of the BTO and the SRO cap layer of the
SRO|BTOI|SRO||STO heterostructure. The left panel con-
firms an onset of the ferroelectric BTO polarization at a
critical thickness of 5 u.c. on SRO||STO [24,50]. The ISHG
anisotropy measurement in the inset is characteristic of the
tetragonal point-group symmetry 4mm of the BTO with an
out-of-plane orientation of the spontaneous polarization. The
ISHG data combined with ex situ PFM-phase measurements
[Fig. 1(a)] show the single-domain nature of our BTO films.
This indicates that the depolarizing field in BTO is suppressed
by sufficient charge screening exerted by the 10 u.c. bottom
SRO and the oxygen-rich growth atmosphere [51-54].

We now follow the BTO polarization state during the
subsequent deposition of the SRO cap layer. Most strikingly,

the ISHG intensity drops to zero with the growth of only
2 u.c. of SRO, see right panel of Fig. 1(c) (with an error of
+0.5 u.c. [26,55]). This net-polarization quench is startling
as it suggests the emergence of a strong depolarizing field,
which is in contradiction to the expected metallic nature of
the SRO. The ISHG drop cannot be attributed to probe-laser
damage because sustained irradiation of the completed BTO
film does not yield an ISHG decrease (middle panel). Linear
absorption of the ISHG light passing an SRO cap layer of
2 u.c. results in an intensity decrease of less than 10% [24]
and cannot explain its complete quench either.

The ISHG signal breakdown could result from strain
relaxation and/or chemical disorder at the interface, which
might lower 7. and push the BTO into the paraelectric
phase. Therefore, we investigated the strain state, the
local atomic structure, and the chemical composition of
the SRO|BTO|SRO||STO trilayer. For this, a spherical-
aberration-corrected FEI Titan Themis microscope
operated at 300 kV and equipped with ChemiSTEM
technology was used; see Ref. [26] for more details. The
post-deposition scanning-transmission-electron-microscopy
(STEM) analysis in Fig. 2 reveals that the BTO layer sustains
the in-plane strain state from the substrate. Hence, we rule
out a strain-relaxation-induced drop of T',. as a cause of the
ISHG quench. Alternatively, pinned dipoles at RuO,|BaO-
terminated interfaces were reported to suppress the polari-
zation of BTO [56]. For verifying this, the atomic species at
the interfaces were resolved using atomic-resolution energy-
dispersive x-ray (EDX) spectroscopy. The sharp SRO|BTO
interface shows very little interdiffusion. In addition, we
found that both interface terminations are SrO|TiO,, ulti-
mately excluding the role of interface chemistry in the
ISHG loss.

Exclusion of the aforementioned mechanisms leaves
electrostatic effects [57,58] as likely explanation of the
ISHG quench. Insufficient charge screening by the top SRO
electrode could result in an enhanced depolarizing field and
concomitant multidomain or paraelectric-state formation
and thus, net-polarization breakdown. However, as the
bottom electrode shows, 10 u.c. of SRO screen the BTO
charges sufficiently, according to the single domain state of
the BTO layer in Fig. 1(a).

We therefore need to consider the charge screening
efficiency of an SRO top electrode below 10 u.c. thickness,
a stage that our heterostructure inevitably undergoes during
the deposition of the final 10 u.c. electrode. We used density
functional theory (DFT) to explore the SRO metallicity in
the ultrathin regime. We calculated the density of states
(DOS) at the Fermi energy (Er) as a function of the SRO
thickness. Calculations were performed with the PBEsol
functional [59] using the vAsp code [60] with the PAW
approach [61]. Plane waves were cut off at an energy of
500 eVand a6 x 6 x 6 Monkhorst-Pack grid was used for a
single perovskite unit cell. A Hubbard-U term [62] with
U = 2.0 eV was applied to the d orbitals of Ru. Our top
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FIG. 2. Analysis of strain state and atomic species at the
interfaces of SRO|BTO|SRO capacitor. (a) Atomically resolved
structure using high-angle annular dark-field STEM. The inset
shows the EDX analysis indicating an atomically sharp
BTOISRO interface with very limited interdiffusion. (b)—(c) Strain
maps showing the out-of-plane (b) and in-plane (c) lattice
parameter variation relative to the STO substrate lattice constant.
The SRO|BTO|SRO capacitor is coherently strained in-plane to
the SRO substrate excluding strain relaxation as the polarization
suppression mechanism. (d) Interface termination by EDX
spectroscopy. Both SRO|BTO|SRO interfaces have SrO|TiO,
termination which is not detrimental to the polarization state [56].
Hence, the preservation of strain, minimal degree of interdiffu-
sion, and interface chemistry suggest electrostatic effects as an
explanation for the net-polarization quench in Fig. 1.

SRO|BTO electrode is coherently strained to the STO
substrate; see Figs. 2(b) and 2(c). Furthermore, the interface
termination at the top SRO|BTO is SrO|TiO,; see Fig. 2(d).
In the calculations, we therefore considered an SRO|BTO
heterostructure with the experimentally relevant in-plane
STO substrate lattice parameter, SrO|TiO, interface termi-
nation, and upwards ferroelectric polarization of the BTO
layer. A heterostructure of 5 u.c. BTO and n u.c. SRO was
relaxed. The SRO is in the P4/mbm space group while the
BTO has neither octahedral rotations nor tilts [63]. Forces
were converged to 5 x 1073 eV/A%. We found that an
insulating antiferromagnetic configuration is preferred
below a thickness of 2 u.c., while the metallic ferromagnetic
configuration is preferred at 2 u.c. and higher thicknesses;
see Fig. 3(a). In line with this, previous reports on SRO
showed a thickness-related metal-insulator transition in
similar systems [64—66]. Experimentally, we extracted the
optical conductivity of the 1, 2, and 10 u.c. SRO cap layers in
the SRO|BTO|SRO||STO system from reflectance spectra
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FIG. 3. Origin of the BTO net-polarization quench. (a) DFT

calculations compare the DOS at E for different thicknesses of
SRO. The antiferromagnetic 1 u.c. thick SRO film is insulating,
as shown by the zero DOS at E. The ferromagnetic 2 u.c. thick
SRO and thicker films are metallic according to the finite DOS at
Er. (b) Terahertz time-domain spectroscopy measurements show
a continuous decrease in top SRO conductivity ory with layer
thickness. (c)—(e) Topography and corresponding out-of-plane
PFM and conductive atomic force microscopy (cAFM) data after
nanomachining away the SRO top electrode to expose the BTO.
The removal is visible as a step in the topography image (c), as an
enhancement of PFM signal (d), and as suppressed conduction
(e) in the exposed BTO area. (f) Resonant PFM of the as-grown
exposed BTO surface reveals a multidomain pattern in the PEM
phase. Voltage tip poling in the area on the right recovers a single-
domain state, confirming the preservation of ferroelectricity in the
BTO. The bright area is down-polarized with a positive tip
voltage and the dark area is up-polarized with a negative tip
voltage.

measured by terahertz time-domain spectroscopy [26—29].
Our results in Fig. 3(b) are in agreement with the previous
measurements on SRO films [30,31] and show a pronounced
reduction of conductivity towards thinner SRO layers. The
reduction in conductivity together with the diminishing
thickness leads to a continuous decrease in screening
efficiency from bulklike to a monolayer. The poorly con-
ducting 1-2 u.c. thick SRO abruptly isolates the BTO
from the charge-screening oxygen-rich growth atmosphere
[53,54] and enhances the depolarizing field.

For a direct verification of the depolarizing-field-induced
multidomain breakdown, we image the domain state of our
heterostructures by PFM. Using the ISHG real-time feed-
back, we deposited the amount of SRO required for a net-
polarization quench, subsequently removing the SRO by
nanomachining with a diamond-coated PEM tip. There is a
risk that the mechanical forces in this procedure might
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affect the domain state. However, in earlier tomographic
PFM characterization, this was not observed [32]. The
absence of BTO surface degradation or mechanical switch-
ing induced by this process [67] was verified by AFM in the
nanomachined area [26]. By exposing the BTO, we can
probe its domain state by high-resolution resonant PFM
and confirm that the cap SRO deposition has led to the
formation of a 180° domain maze pattern with an average
domain width of 30 + 10 nm [68]. Preservation of the
ferroelectric nature of this state is evidenced by reversible
tip poling of the polarization with £10 V in the exposed
area; see PFM phase images in Fig. 3(f).

How can we bypass the transient depolarizing field
enhancement and thus recover the single-domain ferro-
electric state of the BTO in the final capacitor hetero-
structure? Wide-area electric-field poling via the SRO
electrodes shows limited efficiency because of pinned
and randomly oriented domains at local defects or inter-
faces [69-71]. As an alternative, we should be able to delete
the ferroelectric state entirely by a heating cycle through 7.
and recover the single-domain ferroelectric state of the
BTO on cooling, provided that the thermal treatment is
performed once the SRO cap layer reaches the thickness at
which it is sufficiently metallic. When cooling the sample
from above T, the buildup of the transient depolarizing
field is now avoided, and a single-domain state should
result.

For verifying this approach, we use strain engineering
to reduce 7. to reach an experimentally accessible
value and to avoid sample deterioration by the annealing
cycle. We consider three different substrates: STO (lattice
mismatch n = —2.2%), (110)-oriented DyScO; (DSO)
(n =—1.2%) and (110)-oriented GdScO; (GSO) (n =
—0.6%). The ISHG signal during the BTO growth in
Fig. 4(a) confirms the single-domain ferroelectric state
of the BTO for all three substrates with lower polarization
for lower epitaxial compressive stress. In Fig. 4(b), temper-
ature-dependent SHG shows the reduction of 7. with the
reduction of compressive stress, finally leading to an
accessible 7. = 720°C on GSO.

We therefore apply the annealing cycle to the
SRO|BTO|SROJ|GSO. The ISHG anisotropy in Fig. 4(c)
reveals that the single-domain state is quenched, as with the
STO substrate, by the deposition of the first layers of SRO
cap electrode. After completing the heating cycle through
T, the ISHG yield and its light polarization dependence
are completely restored [26]. The annealing process is
schematized in Fig. 4(d). The result of the annealing
experiment is another strong confirmation that the transient
enhancement of the depolarizing field, caused by imperfect
charge screening in the early stage of the top electrode
deposition, explains the multidomain breakdown, rather
than chemical intermixing or termination effects, that
would not be eliminated by the annealing. More impor-
tantly, we see that annealing is an attractive alternative to
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FIG. 4. Domain engineering in SRO|BTO|SRO by thermal
annealing. (a) ISHG signal during BTO growth on SRO buffered
(001)-STO (n = —2.2%), (110)-DSO (n = —1.2%), and (110)-
GSO (3 = —0.6%) substrates. (b) ISHG intensity as a function of
temperature for different substrates, relative to the value at the end
of growth (7 gronn = 650 °C). The decrease of T, with decreasing
lattice mismatch is used to suppress 7, for SRO|BTO|SRO on
GSO sufficiently to heat it above T, and reset the polarization
state of the completed heterostructure. (c) ISHG anisotropy
measurements at different stages of the annealing process.
Single-domain polarization after the BTO|SRO||GSO growth
(left). After the SRO capping, the signal yield is zero because of
destructive multidomain SHG interference (middle). Thermal
annealing recovers the initial ISHG signal and, hence, a single-
domain state (right). Absolute ISHG intensities from BTO change
with temperature and with the thickness of the SRO capping layer
which absorbs the fundamental light. (d) Sketch of the annealing
process. Data points in (b)—(c) were taken after realignment for
temperature-induced mechanical drifts.

the notoriously difficult electric-field poling in establishing
an as-grown single-domain ferroelectric heterostructure in
the ultrathin regime.

In summary, we have tracked the polarization state of a
prototypical ferroelectric, BaTiOs, throughout deposition
of a metallic STRuO; top electrode. Laser-optical in situ
second harmonic generation, supported by density func-
tional theory and terahertz time-domain spectroscopy,
reveals a transient enhancement of the depolarization field
because of the “bad” metallic nature of ultrathin SrRuOs;.
We thus pinpoint insufficient charge screening as the origin
of the resulting multidomain breakdown of the ferroelectric
net polarization.

Because most of the commonly used metal-oxide
electrodes exhibit a thickness-dependent conductivity
[64—66,72-74], our conclusions are independent of the
choice of the oxide material and the epitaxial growth
technique. The ability to tune the depolarizing field during
the deposition goes beyond the capacity to engineer the
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domain formation during growth. For instance, interfacial
charge screening is a key ingredient in enhanced ferro-
electric behavior [17] and the recently reported negative-
capacitance heterostructures [75]. Therefore, our work,
bringing awareness of the electrostatics dynamics during
the heterostructure design, will stimulate not only the
investigation of complex electrostatics in ultrathin ferro-
electric heterostructures and superlattices but also at polar
surfaces and interfaces in general.
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