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Topical Review

Exploring in situ the emergence of polar states during epitaxial

growth
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Abstract

In ferroelectric thin films, the polarization state and the domain configuration define the macroscopic
ferroelectric properties such as the switching dynamics. Engineering of the ferroelectric domain
configuration during synthesis is in permanent evolution and can be achieved by a range of approaches,
extending from epitaxial strain tuning over electrostatic environment control to the influence of interface
atomic termination. Exotic polar states are now designed in the technologically relevant ultrathin regime.
The promise of energy-efficient devices based on ultrathin ferroelectric films depends on the ability to
create, probe, and manipulate polar states in ever more complex epitaxial architectures. Because most
ferroelectric oxides exhibit ferroelectricity during the epitaxial deposition process, the direct access to the
polarization emergence and its evolution during the growth process, beyond the realm of existing
structural in-situ diagnostic tools, is becoming of paramount importance. We review the recent progress
in the field of monitoring polar states with an emphasis on the non-invasive probes allowing investigations
of polarization during the thin film growth of ferroelectric oxides. A particular importance is given to
optical second harmonic generation in situ. The ability to determine the net polarization and domain
configuration of ultrathin films and multilayers during the growth of multilayers brings new insights
towards a better understanding of the physics of ultrathin ferroelectrics and further control of
ferroelectric-based heterostructures for devices.

Keywords: ferroelectrics, thin films, BiFeOs, BaTiOs, PZT, depolarizing field, in-situ, SHG, multiferroics,
domain formation, domain walls, PLD, oxide electronics.
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1. Introduction

With this review, we aim to give an overview of the recent developments in the advanced characterization
during the design of epitaxial thin films of ferroelectric oxides. We begin with a brief motivation in Section
1, emphasizing the potential of polar materials for energy-efficient electronics and discussing the
challenges that are faced with the integration of ultrathin ferroelectric films into devices. We also highlight
the consequence of the epitaxial growth on the ferroelectric properties. Since most ferroelectric materials
are deposited in the ferroelectric phase, the electric polarization can be investigated during the deposition.
We then move on to the ferroelectric characterization in Section 2, starting with invasive approaches that
involve electrode insertion, sample preparation or probes in contact with the surface. We then continue
with non-invasive techniques with a large working distance including X-ray diffraction and optical second
harmonic generation. In Section 3, we cover the advances of techniques for in-situ monitoring of the
structural and ferroelectric properties of thin films. While electron diffraction allows for monitoring
growth dynamics, X-ray diffraction and optical second harmonic generation address in situ the targeted
functional property in ferroelectrics — the polarization. Section 4 sheds light on the new degrees of
freedom that emerge from the ability to directly monitor ferroelectricity during the growth of oxide
heterostructures towards the design of robust ferroelectricity in the ultrathin regime. Finally, in Section 5,
we give future perspectives going beyond the investigation of ferroelectric materials and passive analysis
towards operando investigations. We suggest the possibility to act on the ferroelectric order in situ.

1.1 Energy-efficient electronics using ferroelectrics

Among the ferroic systems, ferroelectrics are attracting the scientific community due to their strong
impact on nowadays technologies [1-5]. The energy-efficient electric field drives the remanent electric
polarization, which makes ferroelectric materials of interest for memory applications [1,6—9]. Because all
ferroelectrics are also intrinsically piezoelectric, the range of applications is further extended towards
electromechanical elements and sensors. Within this review, we will focus on the study of ferroelectric
polarization, the corresponding surface bound charges, and domain configuration. The properties and
applications related to piezoelectricity have been reviewed in detail elsewhere [2].

Ferroelectric random-access memories (FeERAM) take advantage of the non-volatile polarization of
ferroelectric materials. In a metal/ferroelectric/metal capacitor architecture, a voltage pulse is employed
to write the polarization state. The readout, however, is destructive: the macroscopic ferroelectric
polarization orientation is measured by probing the occurrence of a switching event induced by the
application of an electric field. When the polarization reverses, the corresponding surface bound charges
invert. This induces a switching current that can be monitored. This destructive readout together with the
challenge of scaling ferroelectrics (see Section 1.2) is a limiting factor for the development of FeRAM.

The concept of ferroelectric tunnel junctions (FTJs) emerged in the late 2000’s [6,10]. FTJs are the
ferroelectric analogs of the tunneling magnetoresistance (TMR) heterostructures. The discovery of
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magnetoresistance in the late 80’s [11,12] revolutionized our society and our way to process and store
information electronically. In TMR-based magnetic multilayers, a resistance contrast is achieved by
controlling the relative orientation of the magnetization of neighboring layers separated by a tunneling
barrier. Because the tunneling process preserves the spin orientation, a high tunneling current is only
achieved when the ferromagnetic electrodes exhibit the same magnetization orientation. The first
magnetic layer acts as an electron spin polarizer for the tunneling current and the second one as an
analyzer. The electron tunneling probability can therefore be efficiently manipulated by controlling one
magnetic electrode using spin-polarized currents.

In a FTJ, the tunnel barrier is ferroelectric and the resistance between two metallic electrodes (metal-1,2
in Figure 1(a)), i.e. the electroresistance, depends on the polarization orientation in the barrier. Here, the
switching of the resistance is achieved with energy-efficient electric fields in contrast to energy-inefficient
spin currents needed in the magnetoresistance architectures [13,14]. The different screening lengths 61,
of the metallic electrodes drive an asymmetric tunneling potential across the ferroelectric material. This
leads to a polarization-dependent FTJ resistance state [10]. For the metal-1/ferroelectric/metal-2
heterostructure described in Figure 1(a), the high to low resistance states can be controlled by an electric-
field.

The electroresistance further provides an alternative to the conventional destructive readout of a
ferroelectric state [4,15]. Here, the current tunneling through the thin ferroelectric layer conveys the
information about polarization direction. Furthermore, when the metallic electrodes are ferromagnetically
ordered, the electroresistance and the aforementioned magnetoresistance can coexist [3,6]. Such a
multiferroic memory combines the ferromagnetic and ferroelectric order parameters in a single device
architecture and offers four different resistance states considering parallel and antiparallel configurations
of the magnetic electrodes and the two polarization states of the barrier [7,9,16].
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Figure 1. Ferroelectric tunnel junction and negative-capacitance field-effect transistor. (a) Representation
of the asymmetric electrostatic potential across a metal-1/ferroelectric/metal-2 stack caused by the
different screening of the polarization (P) bound charges due to the unequal screening lengths &1/, of the
electrodes. The corresponding potential 9; adds to the initial square tunneling potential @, across the
barrier and leads to a changed average barrier height @0, or Onigh depending on the orientation of P. (b)
Schematic of a negative-capacitance field-effect transistor with a ferroelectric layer with negative
capacitance Cyc inside the gate stack. Reprinted from [17].



The existence of remanent surface charges accompanying the ferroelectric polarization further motivates
the integration of ferroelectric materials into existing device architectures towards a new generation of
transistors [18], i.e. the ferroelectric field effect transistor (Fe-FET) [19,20]. In state-of-the-art FETs, the
control of electron flow in the channel between source and drain defines the ON and OFF states. At the
gate, a voltage bias is applied in order to induce charge accumulation and activate the channel
conductivity. Inserting a ferroelectric material in the gate stack in Fe-FET would allow non-volatile
operation of the gate in absence of external bias. Furthermore, in their seminal work, Salahuddin and
coworkers [18] suggested that the implementation of a ferroelectric material next to the gate material,
could drastically affect the efficiency of current transistor technology beyond the above-mentioned Fe-
FET concept. They demonstrated that the insertion of a ferroelectric material next to the insulator material
in the gate stack results in an effective negative capacitance (NC) provided by the ferroelectric capacitor,
leading to a voltage amplification at the gate channel interface. The first demonstration of this so-called
transient negative capacitance [21], see Figure 1(b), triggered an intense interest into NC-FETs [22,23],
however, direct technological relevance of NC-FETs remains to be determined [17,24].

The above-mentioned device paradigms rely on robust net polarization with a net charge accumulation at
the microscale. While domain and domain wall formation may be relevant for emerging domain-wall-
based technologies [25-28], the direct integration of ferroelectrics in device architectures often requires
a single domain state. In the ultrathin regime, however, the complex interplay of electrostatics and strain
poses challenges for obtaining a controlled domain configuration. Furthermore, the suppression of net
polarization in the low thickness range hinders the integration of ferroelectrics into oxide electronics.

1.2 Ferroelectricity in the ultrathin regime

The domain configuration in thin ferroelectric films determines the net polarization state and the
polarization switching dynamics, thereby defining the application relevance [2,5,29]. It is therefore critical
to develop an understanding of domain formation and to achieve deterministic control of ferroelectric
domains from a design perspective to improve device efficiency. The physics of ferroelectric materials in
the technologically relevant ultrathin regime, however, has remained under intense investigation. The
spontaneous polarization is accompanied by the accumulation of surface bound charges [29]. This charge
accumulation in turn creates a so-called depolarizing field, which is oppositely oriented to the polarization
in the film. When the thickness is reduced, the increasing impact of the depolarizing field drives
polarization suppression in the films, for instance via the formation of oppositely oriented domains [30—
36]. Therefore, control over the charge-screening environment is a key step towards a deterministic
domain structure in ferroelectric films. Figure 2(a) displays the wide range polarization states and domain
configurations depending on the electrostatic environment. When sufficient screening of bound charge is
provided, a single domain configuration with polarization direction out-of-plane can be stabilized. In
absence of screening, the polarization suppression is triggered through nanoscale domain formation,
rotation of polarization direction to in-plane, or reduction of Curie temperature (T¢c). On the one hand the
resulting complex physics offers new avenues for the design of polarization states and domain
configurations depending on the electrostatic environment. Complex arrays of dipole moments [5] such
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as flux closure quadrants [37], ferroelectrics vortices [38], polar merons [39], and skyrmions [40] can thus
emerge. On the other hand, it renders the synthesis of ferroelectric films with a controlled polarization
state challenging, which limits their direct device integration [30].

In the early 2000s, Junquera and Ghosez addressed the efficiency of metals for screening ferroelectric
bound charge in a metal/ferroelectric/metal capacitor and discussed the fundamental size limits for
ferroelectrics in such capacitor architectures [41]. First principle calculations revealed that in the realistic
scenario, the finite screening length at the metal/ferroelectric interface leads to uncompensated interface
charges. Therefore, the residual depolarizing field suppresses the ferroelectric behavior in ultrathin
capacitors. In the case of BaTiOs films with SrRuOs electrodes, the ferroelectric polarization is suppressed
below a thickness of 6 unit cells in the capacitor. Surprisingly, even in ferroelectric films with thickness
beyond the critical thickness, polarization suppression has been found to occur [36,42—-44]. This
observation was later experimentally explained with the demonstration of a transient enhancement of the
depolarizing field during the growth of SrRuOs; that leads to domain formation in BaTiOs-based ultrathin
capacitors. Figure 2(b) shows a cross sectional transmission electron microscopy image of a
SrRu03/BaTiO3/SrRuO; capacitor [30]. The nanoscale domains induced by the depolarizing field are
visualized in Figure 2(c).
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Figure 2. (a) lllustration of the impact of the electrostatic environment on the polarization and domain
configuration [29]. Reproduced with permission (Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA).
(b) Scanning transmission electron microscopy cross section of a prototypical SrRuOs/BaTiO3/SrRuO3
(SRO/BTO/SRO) capacitor with an element specific energy-dispersive X-ray analysis across the top
interface in the inset. (c) Piezoresponse force microscopy images showing the BaTiOs; domain splitting
caused by the depolarizing field (left). The local electric-field-induced switching (right) confirms the
ferroelectric nature of the BaTiOs thin film. (b,c) Reprinted with permission from [30]. Copyright 2019 by
the American Physical Society.



Acting pre- or post-synthesis on the bound charge at either the bottom interface, by introducing metallic
buffer electrodes and atomic-scale interface engineering [45—47], or at the top interface, by introducing
charge screening environments such as gases [48,49], liquids [50-52], or defects [53], have been so far the
preferred approaches in engineering the domain configuration despite their limited potential for industrial
implementation. The scientific community only recently started understanding the ferroelectric nature of
the films during the deposition process [46,54]. As described in the next section, the epitaxial strain leads
to increased ferroelectric transition temperatures. The domain formation therefore may take place
already during the growth process itself.

1.3 Ferroelectricity at the epitaxial growth temperature

Achieving high quality deposition of epitaxial thin films using physical vapor deposition (PVD) techniques
requires a high level of control of the deposition flux and elevated growth temperatures for crystallization
(ranging usually between 400°C and 900°C). At these temperatures, many ferroelectrics are already in their
ferroelectric phase. LiNbO; [55] and BiFeOs [7,29] exhibit elevated transition temperatures, compatible
with the emergence of ferroelectricity at the epitaxial deposition temperatures even in absence of strain
[56].

Because of the strong lattice-polarization coupling in ferroelectrics, epitaxial strain can favor polar
distortions [46,57,58]. For most ferroelectric oxides, the transition temperature is elevated by both
compressive and tensile strain [56,58,59], such that a small lattice mismatch with the substrate can result
in the emergence of ferroelectricity during the thin film growth. For instance, ferroelectric BaTiOs has a
bulk Curie temperature of only 120°C, yet epitaxial strain values of less than 2% imposed by common
substrates such as SrTiOs increase the Curie temperature by several hundreds of degrees to temperatures
that well exceed the typical growth temperature of 650°C. Figure 3(a) presents the epitaxial-strain-
dependent ferroelectric phase diagram of BaTiO3 [58].
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Figure 3. Strain-engineering of the ferroelectric transition temperature in epitaxial thin films. The strain-
temperature phase diagrams for BaTiOs (a) and PbTiOs (b) reveal an increase of the transition
temperature for both compressive and tensile in-plane strain. (a) From [58]. Reprinted with permission
from AAAS. (b) Reprinted with permission from [59]. Copyright 1988 by the American Physical Society.
(c,d) The strain-induced alignment of defect dipoles can enhance the polarization and the transition
temperature of BaTiOs on GdScOs. A high laser fluence during PLD growth leads to the incorporation of
charged defects that are aligned by the compressive strain. (c,d) From [60]. Reproduced with permission
(copyright 2014 Wiley-VCH Verlag GmbH & Co. KGadA).

Similarly, high compressive strain results in an increased ferroelectric transition temperature for PbTiO3
films [59,61], see Figure 3(b). Strain can even induce ferroelectricity in films that are typically paraelectric
[62—65]. When grown on tensile-straining DyScOs substrates, films of the incipient ferroelectric SrTiOs
exhibits ferroelectricity with an in-plane polarization at room temperature [63]. Furthermore, although
SrMnOs is not ferroelectric in bulk, a strain-induced polarization has been reported in SrMnOs thin films

[65].

In addition to epitaxial strain, defect-dipole ordering during thin-film growth can further enhance the
transition temperature. Damodaran et al. [60] have shown that using a high flux during pulsed laser
deposition results in an increased density of charged defects during the growth of BaTiOs;. The strain-
induced alignment of defect dipoles during thin-film growth favors the emergence of polarization, and
further increases the spontaneous polarization and ferroelectric transition temperature above the values
expected solely from epitaxial strain, as depicted in Figures 3(c) and 3(d). Even though compressive
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epitaxial strain is still required for the defect-dipole related enhancement, this study revealed a promising
route for polarization enhancement that could go beyond the strain-induced enhancement and provide
new degrees of freedom robust against strain relaxation effects.

In conclusion, most of the time, the polarization state is set during the epitaxial growth process. The
boundary conditions that define the most energetically favorable ferroelectric domain structure are
constantly changing during processing in terms of thickness, electrostatic screening, strain state, and
defect density. The thin-film growth conditions are therefore not only control parameters for the
crystalline quality, but also for the emergence of ferroelectricity in terms of polarization magnitude and
domain configuration. The final response of a ferroelectric layer is the result of the deposition history of
the sample.

2. Probing ferroelectricity in epitaxial layers in the ultrathin regime

In Section 1.1, we briefly addressed the technological relevance of ferroelectric thin films. In order to
successfully integrate ultrathin layers of ferroelectrics into device architectures, the dominating role of the
surface charges and of the depolarizing field on the domain formation needs to be further explored. Let
us now discuss the available tools for the investigation of ferroelectricity in thin films in Section 2. This has
been the topic of several detailed reviews [5,66—70], we will therefore restrict ourselves to the recent
investigations of ultrathin layers, insisting on the most commonly used techniques. We distinguish invasive
and non-invasive techniques, the latter ones being compatible with in-situ investigations during the
epitaxial deposition, as discussed in Section 3.

2.1 Invasive probes of ferroelectricity

The electric polarization density is defined as the average dipole moment per unit volume. Electric dipoles
result from the off-centering of the center of mass of positive and negative charges with respect to each
other, mainly because of ionic displacements [67,71,72]. For example, in the prototypical ferroelectric
perovskite BaTiOs, ferroelectricity emerges as a consequence of the displacement of the Ti** ion within the
oxygen octahedral cage. The resulting spontaneous polarization creates the accumulation of surface
bound charges. The measurement of the ferroelectric hysteresis and its main features, i.e. coercive field,
remanent, and saturation polarization commonly quantified in uC/cm?, are based on the detection of the
bound charge displacements, which accompany a polarization reversal. The current corresponding to the
movement of bound charges during the ferroelectric switching event is integrated and normalized to
obtain the polarization of the specimen. However, such measurements necessitate the insertion of
metallic electrodes at both interfaces and further patterning of the ferroelectric film and are therefore
intrusive.



Ferroelectric hysteresis and positive-up-neqative-down (PUND) characterization - |deal ferroelectrics

should be insulating, however, in reality they often exhibit finite electrical conductivity related to defects
[73] orimpurities [74]. This additional charge displacement gives rise to a leakage current, which interferes
with the electrical hysteresis measurement [75]. If interpreted as switched charge, this leads to
measurement artifacts resulting in a cigar-shaped polarization-electric field (P-E) hysteresis loop indicative
of lossy dielectrics. The increased amount of scientific literature dealing with artefact-dominated P-E loops
motivated J. F. Scott to highlight the distinction between intrinsic and extrinsic contributions in the
ferroelectric hysteresis in the now famous article entitled “Ferroelectrics go bananas” [69]. He compared
the hysteresis loop obtained from a proper ferroelectric Ba;NaNbsO;5 and the one measured on a dielectric
banana skin, see Figure 4(a) and 4(b), respectively. The ferroelectric hysteresis without leakage current
has a characteristic shape with concave regions and polarization converging towards saturation
polarization at high fields, as measured for a real ferroelectric in Figure 4(b). In order to exclude the
contribution from leakage currents, the PUND measurement technique [67,76,77] is commonly used. It
consists of a sequence of voltage pulses with repeated polarity. Subtracting the currents measured during
two successive pulses with the same polarity allows to extract the currents which are not related to the
ferroelectric switching event. An alternative method to account for leakage current has been proposed
that relies on dynamic leakage current compensation [78].

Interfacial effects at electrodes may still affect hysteresis measurements even if a perfect ferroelectric film
is assumed. Since ferroelectrics are wide band-gap semiconductors, these interfaces are typically modelled
as Schottky contacts [79]. Schottky barriers are the reason for commonly observed asymmetries between
the positive and negative branches of the current-voltage (I-V) characteristics [79] and further
measurement artefacts [80]. The barrier height can be minimized by improving the interface quality and
selecting electrode materials with better screening properties [81]. The electrode material is also a
decisive factor for ferroelectric performance, most notably the ferroelectric fatigue [82—-84], which
corresponds to a gradual decrease of the ferroelectric polarization upon electrical cycling. The use of oxide
electrodes in ferroelectric-based heterostructures offers several advantages compared to the use of
conventional electrodes, such as the possibility to grow epitaxial layers on top of the electrode, lower
leakage currents, and a longer fatigue endurance [85].

Piezoresponse force microscopy (PFM) - As one of the modes of atomic force microscopy, PFM belongs to

the family of scanning probe techniques, where a conducting probe is brought in direct contact with the
ferroelectric film surface. PFM is commonly used to study ferroelectricity locally by detecting a contrast in
the piezoresponse from spontaneously formed or electrically induced ferroelectric domains. PFM also
offers some more elaborate measurements, including the identification of critical parameters of domain
nucleation [86] and dynamics [87], as well as maps of quantitative dynamic characteristics of ferroelectric
switching processes in real space [88]. Additionally, it offers the capability of imaging intricate polar
structures, such as ferroelectric vortex domains [89] or nanoscale bubble domains [90], as shown in Figure
4(c) and 4(d). For more literature dealing with the recent progress in PFM, we recommend the following
reviews [66,91]. An important limitation of surface-sensitive PFM is its probing depth, resulting in the
inaccessibility of buried domains in ferroelectric-based heterostructures within thick layers or once the
ferroelectric layer is capped. A new variant of PFM involves a highly-controlled milling process during the
tip scanning in order to resolve the domain configuration in three dimensions [92]. This approach, called
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tomographic PFM, overcomes the limitations mentioned above at the price of being destructive. It is worth
mentioning that even though PFM is a very accessible technique that is relatively easy to interpret, one
has to be aware of potential artifacts mostly arising from electrostatics [93,94].

Scanning transmission electron microscopy (STEM) - The transmission electron microscopy techniques

took a leap forward with the introduction of aberration-corrected magnetic lenses [95,96] as well as the
ever-ongoing progress in sample preparation using focused ion beam (FIB) milling [97-99]. These
improvements enabled the mapping of atomic displacements at a sub-angstrom scale [100] and the local
determination of the polarization direction and magnitude within each unit cell in a thin sample lamella.
This microscopic approach drastically advanced the understanding of nanoscale polar arrays and unveiled
previously unresolvable features such as Néel-type ferroelectric domain walls [101,102], ferroelectric
closure domains [37,103], polar vortices [38], and polar skyrmions [40], as shown in Figure 4(e)-(g).

Figure 4. (a) Typical charge vs. voltage loop obtained for a dissipative dielectric, such as a banana skin.

(b) Characteristic P-E hysteresis loop for the ferroelectric material Ba;NaNbsOss. (a,b) From [69].
Reprinted with permission from IOP Publishing Copyright (2007). Piezoresponse force microscopy phase
(c) and amplitude (d) images of nanoscale bubble domains in a PbZry ;Tios03/ SrTiOs (2 u.c.) /
PbZro.;Tios03 heterostructure. (c,d) From [90]. Reproduced with permission (copyright 2017 Wiley-VCH
Verlag GmbH & Co. KGaA). (e-g) Observation of a polar skyrmion structure in a [(PbTiO3)16/(SrTiO3)16]s
superlattice. The displacement vector map (e) based on the atomically resolved plane-view HAADF-STEM
image of a single skyrmion bubble shows the hedgehog-like skyrmion structure. The sketch of the
superlattice in (f) is overlaid with the planar-view dark-field TEM image providing a top view of the
superlattice. (g) The displacement vector map (front) based on the atomically resolved cross-sectional
HAADF-STEM image (back) reveals a cylindrical domain with anti-parallel (up—down) polarization. (e-g)
Reprinted by permission from Macmillan Publishers Ltd: Nature [40]. Copyright 2019. (h,i) Differential-
phase contrast STEM images of a thin films of the in-plane ferroelectric BisFeTiz;O15s on NdGaOs. By using a
segmented detector, it is possible to selectively image out-of-plane (h) and in-plane (i) electric field
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components inside the sample. (h,i) Reprinted with permission from [104]. Copyright © 2019 American
Chemical Society.

STEM analysis is compatible with temperature dependent investigations. For instance, the order-disorder
ferroelectric phase transition of improper geometrically-driven ferroelectrics has been imaged in situ in
real space [105]. For dedicated reviews on STEM capacity, we recommend the following works [106,107].
A recently developed STEM mode called differential phase contrast (DPC) imaging [104,108] is based on
the deflection of the electron beam due to internal electric fields in the sample. When applied to
ferroelectrics it opens alternative ways for directly visualizing ferroelectric domains. Figure 4(h) and 4(i)
show the DPC contrast corresponding to ferroelectric domains in a layered Aurivillius ferroelectric material
with in-plane polarization [104]. Because of the uniaxial nature of these ferroelectric films, the domain
contrast only appears when the imaging sensitivity is set along the unique polarization axis.

The characterization of ferroelectricity, described in this section, remains intrusive or destructive and
challenging in the ultrathin regime. The insertion of electrodes for the voltage application for either the
determination of the ferroelectric hysteresis or the piezoresponse characterization is incompatible with
polarization monitoring when the ferroelectricity emerges during the epitaxial growth. We will now go
through alternative non-invasive approaches giving access to ferroelectricity.

2.2 Non-invasive probes of ferroelectricity

Among the noninvasive probes, two techniques stand out as particularly useful for studying ferroelectricity
in thin films. X-ray diffraction experiments allow access to structural distortions resulting from the
ferroelectric order and additional periodicity induced by formation of ordered domains [109]. Nonlinear
optical processes such as optical second harmonic generation (SHG) [68,110,111] are sensitive to inversion
symmetry breaking and are therefore ideal diagnostic tools for probing ferroelectricity remotely.

X-ray diffraction (XRD) - XRD is a powerful technique to characterize the crystal structure of materials,

which can be used to infer information about the ferroelectric polarization and domain configuration.
Seminal experiments dealing with thin films of the tetragonal ferroelectric model system PbTiO3
demonstrated the power of XRD-based analysis to investigate ferroelectricity in the ultrathin regime [112].
The ferroelectric polarization is accessed by measuring the lattice expansion along the polarization
direction, i.e. the change of the long c-axis lattice parameter in the tetragonal PbTiOs; unit cell.
Lichtensteiger et al. [112] investigated the evolution of tetragonality (ratio of the out-of-plane polar c-axis
and the in-plane a-axis lattice parameters, denoted c¢/a) as a function of decreasing thickness in epitaxial
PbTiOs films. A decrease in the c-axis parameter was observed for thicknesses below 20 nm and attributed
to the depolarizing field, see Figure 5(a). Because of the large probing depth of XRD, studies of the
polarization state in ferroelectric-based capacitors [113] and ferroelectric/dielectric superlattices [38—40]
then followed.
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In non-uniaxial ferroelectric systems, where the polarization can point in several directions, XRD-based
reciprocal space mapping (RSM) can be used to identify the presence of different domain variants [114].
A prototypical system for such studies is rhombohedral ferroelectric BiFeOs; [7,115]. Eight possible
polarization directions are allowed along the crystallographic (111) directions of the pseudo-cubic unit
cell [7]. The monoclinic distortions associated with the polarization directions are traceable by XRD, as
shown in Figure 5(b). The lattice elongation along the polar axis gives rise to a periodic variation in the
projection of the unit cell onto the diffraction plane in the direction of the polarization. The presence of
ferroelectric variants thus correlates with the appearance of peak splitting around the pseudo-cubic BiFeOs;
Bragg reflections. XRD experiments have been used to support domain engineering in BiFeOs; towards the
deterministic control of domain variants using anisotropic in-plane epitaxial strain from the substrate [116]
or surface vicinality [117]. XRD also gives insights into the domain distribution in terms of the volume of
in-plane and out-of-plane domains (a-domains and c-domains) in tetragonal ferroelectric PbTiO5 [53,112],
Pb(Zr,Ti)Os (PZT) [102,118] and BaTiOs [119] thin films.

In addition to the correlation between the polarization amplitude and the lattice deformation, the
periodicity of ordered ferroelectric domains in thin films is accessible by XRD experiments. In particular,
180° domains exhibit an architecture characterized by an average domain width of the stripe-like
configuration (Figure 5(c)). For the case of a purely out-of-plane polarized system, the 180° domain
formation expresses itself in reciprocal space as in-plane diffuse scattering around the characteristic Bragg
peak [113,120,121]. However, the reduced sample volume of thin films used for XRD experiments limits
the determination of the domain configuration in the ultrathin regime. Therefore, the vast majority of XRD
experiments deal with ferroelectric superlattices, in which ferroelectric thin films of a few unit cells in
thickness are stacked in periodic structures. Ferroelectric/dielectric, more specifically PbTiO3/SrTiOs,
superlattices emerged as the model system for such analysis. A typical domain ordering in the
PbTiO5/SrTiOs superlattice is depicted in Figure 5(c). The reciprocal space mapping of the structures
exhibits the structural periodicity of the superlattice in the Q, direction while the domain periodicity results
in diffuse scattering in the Q, direction shown in Figure 5(d). The small lattice parameter mismatch
between PbTiOs; and SrTiOs allows for total thicknesses of several hundred nanometers without the
relaxation of strain.
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Figure 5. (a) Thickness dependence of tetragonality for ferroelectric PbTiOs films. The top panel compares
experimental data (circles, squares, crosses) a with phenomenological theory prediction (dashed line) and
a model Hamiltonian (solid line). The lower panel shows the results obtained from a set of model
Hamiltonian calculations. Reprinted with permission from [112]. Copyright 2005 by the American Physical
Society. (b) Reciprocal space maps of a 50 nm BiFeOs film grown on DyScOs. The two domain variants rs
and r4 (bottom schematic) manifest as a peak splitting of the BiFeOs Bragg peaks. From [114]. Reprinted
with permission from AIP Publishing. Copyright 2014. (c) Representation of the typically encountered
periodicities in ferroelectric/dielectric superlattices. (d) Reciprocal space map of an (PbTiOs)10/(5rTiO3)10
superlattice around the SrTiOs (113) peak exhibiting superlattice peaks along Q, and diffuse in-plane
scattering due to the domain periodicity. (c,d) Reprinted with permission from [120]. Copyright © 2012,
American Chemical Society.

Finally, resonant X-ray diffraction experiments that allow determination of the polarization orientation in
ferroelectric thin films are under development [122]. Friedel’s law, stating that structure factors of pair
reflections hkl and hkl are equivalent, is broken in the case of resonant scattering. Polarization orientation
as well as polarization reversal events are therefore traceable using resonant experiments [123].

Optical second harmonic generation - Laser-optical techniques provide a complementary platform to
diffraction methods for the non-invasive and electrode-free study of ferroelectric materials. Amongst
them, the most prominent technique is optical second harmonic generation (SHG) as the lowest-order
nonlinear optical process [68,110,111]. Optical SHG describes the frequency doubling of light in matter,
where an incident light field E; ;. at frequency w induces a polarization P; at frequency 2w, acting as the

source of the generated frequency-doubled light. In the leading-order electric-dipole approximation, this
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light-matter interaction is parametrized by the second-order susceptibility tensor ¥® and can be
macroscopically expressed by the following equation:

P,(20) = gox{ 5 By (@) Ex (@)

Non-zero tensor components x;j, are only obtained for systems that violate spatial inversion symmetry,
where the indices i, j, and k indicate the directions of the oscillating fields with respect to the crystal axes.
On the one hand, this condition is fulfilled for the case of materials with a non-centrosymmetric point
group. On the other hand, the SHG light emission is also possible at surfaces or interfaces of
centrosymmetric materials [124]. Such macroscopic discontinuities locally cause a lowering of symmetry,
the removal of an inversion center and thus the emergence of non-zero y; . tensor components. It should
be emphasized that before the establishment of SHG as a powerful probe for ferroic states
[68,110,111,125-129], SHG used to be devoted to the study of surface and interface states in
centrosymmetric materials [124]. Additionally, the surface electronic states of a wide range of material
classes, including metals [130,131], semiconductors [132], and insulators [133] can be accessed with SHG.
Here, we highlight efforts dealing with remote access to surface morphologies and ferroelectric domain
states in thin films.

SHG has become an indispensable probe for ferroelectric materials, in which the polar distortion breaks
inversion symmetry leading to non-zero y; j; tensor components. By setting the polarization of the incident

probe beam (j,k) and the detected SHG light (i), it becomes feasible to access individual )((2) tensor
components and thus analyze the polar distortion along certain crystallographic directions. SHG, especially
when used in combination with other techniques such as PFM or STEM imaging, provides new insights into
ferroelectric domain [61,110,125,129,134] and domain-wall configurations [102,135]. For instance, in
ferroelectric BiFeOs thin films, SHG was employed to monitor the impact of an anisotropic in-plane strain
on the formation of 71° domain stripe patterns. Figure 6(a) shows the evolution of the domain
configuration imaged by PFM and the corresponding angular dependence of SHG light polarization when
in-plane substrate strain anisotropy is introduced. The in-plane projection of the spontaneous polarization
for the strain-induced 71° domain stripe pattern adds up to an average net in-plane polarization
perpendicular to the domain walls. As a direct consequence, the SHG signal in transmission, obtained for
varying angles of incident light polarization, exhibits a two-fold symmetry where the dominant lobe is
oriented along the polar axis. In the absence of in-plane epitaxial strain a random domain configuration
hosting four degenerate ferroelectric domain states and zero net in-plane polarization is established, see
Figure 6(b). Here, the polarization-dependent SHG signal becomes sample-orientation independent and
mainly originates from non-ferroelectric surface contributions [129].

Since SHG is a direct probe of the material symmetry, in some specific cases, it can provide a unique
perspective on the domain investigation of ferroelectric thin films that could not be revealed using solely
conventional ferroelectric probing techniques. We will now present some of the insights uniquely provided
using the SHG probe.

SHG is only sensitive to a polar distortion projected onto a plane perpendicular to the k-vector of the
incident light. When light propagates parallel to the sample normal, SHG is therefore insensitive to out-of-
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plane oriented polarization. In the case of tetragonal ferroelectrics such as BaTiOs or PZT, the polarization
of c-domains cannot be probed in normal incidence. In this configuration, SHG remains, however, able to
detect in-plane oriented a-domains [61,102]. Because SHG does not necessitate the insertion of electrodes
and is further compatible with the remote investigation of buried states [46,102,119,136], SHG has
emerged as an efficient tool to probe domain populations in tetragonal ferroelectrics once inserted into
device architectures [30,119,136].
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Figure 6. PFM (left) and SHG (right) signatures of polarization in BiFeOs thin films under anisotropic in-
plane epitaxial strain. The in-plane polarization of the stripe domains (small arrows) adds up to a net in-
plane polarization (open arrow) and results in a two-fold symmetry of the SHG signal (b) Corresponding
PFM and SHG data in the absence of substrate strain anisotropy. (a,b) From [129]. Reproduced with
permission (copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA). (c) SHG tilt scan (left) on a tetragonal
BiFeOs film for two different power densities. The residual signal at zero tilt angle corresponds to the
contribution of a monoclinic distortion. On the right, the SHG anisotropy is shown for the two power
densities at zero tilt. From [128]. Reprinted with permission from AIP Publishing. Copyright 2010. (d)
Temperature-dependent SHG measurements on bulk (black) and epitaxially strained BaTiOs (blue)
samples. From [58]. Reprinted with permission from AAAS.

In addition to the sensitivity to a ferroelectric polarization, SHG is also a suitable tool to investigate subtle
changes in the crystallographic structure [128,129]. For instance, the non-zero SHG signal appearing in
normal incidence for a pure tetragonal BiFeOs; film is correlated to monoclinic distortions, as shown in

Figure 6(c).

Another powerful aspect of SHG-based analysis lies in its suitability to monitor ferroic phase transitions

[30,58,61]. Whereas electrical measurements often lack reliability at elevated temperatures due to
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increasing dielectric losses, SHG offers a viable alternative to identify critical temperatures even under
applied fields and in harsh environments. In the seminal work by Choi et al. [58], SHG was used to quantify
the increase of the ferroelectric Curie temperature in epitaxially-strained ferroelectric BaTiOs films. The
SHG signal revealed an increase of T, of more than 200°C compared to the bulk value, see Figure 6(d).

We emphasize that SHG experiments on ferroelectric thin films require special attention in comparison to
experiments on bulk materials due to the reduced domain sizes and the presence of a substrate [110].
Because of the limited optical resolution, SHG requires a net polarization [110]. For non-centrosymmetric
substrate materials, a non-zero SHG signal can interfere with the signal from the film and obscure the data
analysis. Furthermore, the surface SHG signal can greatly contribute to the total response and even
dominate it for a significantly reduced volume of the film. When measuring in transmission, absorption
and birefringence effects of the substrate at both the fundamental and the SHG wavelength can hamper
the signal detection [68].

3. Probing ferroelectricity during epitaxial growth

As described in Section 1.3, epitaxial strain imposed by single crystalline substrates can favor polar
displacements, resulting in an enhancement of the ferroelectric transition temperature. Therefore, as
mentioned earlier, most ferroelectric materials grow epitaxially in the ferroelectric phase and
ferroelectricity can be investigated already during the deposition, in situ. How tunable is polarization right
when it emerges during the deposition? Which new device paradigms can be designed based on the
insights into polarization during the deposition? In-situ diagnostics bring answers to these questions and
promises to have great impact on, but also beyond, the condensed-matter and functional-materials
communities [137].

We start this section describing in-situ monitoring with the most widespread technique: reflection high-
energy electron diffraction (RHEED). We also cover emerging in-situ characterization tools which are
becoming essential for precise growth of oxide thin films and led to a major advancement and design of
new states of matter, atomic interface engineering, and to the understanding of complex growth
processes [138]. These tools are however insensitive to the functionality that is aimed for when growing
ferroelectric materials. Seminal studies dealing with XRD in situ [109] marked a new era of investigating
ferroelectric materials during the growth. We therefore start in-situ investigations on polar states with
diffraction-based experiments. We finally emphasize an emerging approach that gives direct access to the
polarization in thin films, namely optical SHG in situ [46].

3.1 In-situ structural monitoring tools for epitaxial growth

Let us now first go through the existing tools allowing structural diagnostic during thin-film synthesis. An
essential characteristic of all the techniques described below is their long working distance, compatible
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with most epitaxial oxide deposition processes involving extreme conditions with elevated temperatures
and high oxygen pressures.

Reflection high-energy electron diffraction (RHEED) - Electron diffraction techniques have been used to

monitor growth processes in situ since the 1950s due to the large scattering cross section and forward
scattering nature of high-energy electrons when compared to X-rays [139]. RHEED investigations are based
on the analysis of reflected and diffracted electrons directed in grazing incidence on the substrate. In the
often-desired two-dimensional layer-by-layer growth mode, periodic roughness variations related to
changing island step densities result in oscillations of the integrated intensity of the specular reflection in
the RHEED pattern. Following these oscillations therefore enables a direct access to the thickness of the
film. In addition, monitoring the diffraction pattern of the growing surface makes it possible to determine
the morphology [140] (two-dimensional vs. three-dimensional surface), the strain state [141], and to
identify surface reconstructions [142].

A surge of interest in RHEED can be related to the development of molecular beam epitaxy (MBE) in the
1970s [143]. The AlGaAs/GaAs heterostructure is an exemplary system [139,143-146], whose growth by
MBE has been facilitated by the use of RHEED. Not only it is used to monitor the deposition rate, but also
to identify different surface reconstructions that are crucial in determining the incorporation of species in
the growth front and to optimize growth conditions for the semiconductor industry [147]. In addition to
semiconductors, RHEED monitoring substantially contributed to the advancement in the deposition of
oxide thin films. It allows atomic surface coverage monitoring during oxide MBE and facilitates the timed
deposition of individual atomic species. Recent work revealed the consequence of such a control at the
atomic scale towards the design of heterostructures with unconventional properties [148]. Furthermore,
the direct access to the oxide surface can lead to new degrees of freedom and to the creation of artificial
layered materials. For instance, the deposition of synthetic Ruddlesden-Popper homologues [149], using
non-stoichiometric RHEED-assisted MBE processes has been demonstrated, as shown in Figure 7(a).

In the 1990s, the development of the differential pumping system allowed RHEED monitoring of growth
processes to take place at high oxygen pressures. This triggered an improved control of oxide thin-film
growth by pulsed laser deposition (PLD) [150] and radio frequency sputtering [151]. The combination of
RHEED and a layer-by-layer growth mode [152] is of particular interest since it allows thickness control
with a precision of (sub-)unit cell for the design of increasingly complex oxide superlattices. RHEED analysis
is especially important for the growth of perovskite ABOs-type ferroelectric films in the ultrathin regime,
because the polarization direction (upwards-, or downwards-oriented) and domain structure can be
controlled by selecting an appropriate surface termination of the buffer layer [46,153]. This is rationalized
by changes in growth kinetics [153], the electric potential across the interface [45], atomic plane
sequencing [154], or even changes in metallicity [155]. It has been shown that RHEED can capture precisely
when the surface termination converts from BO, to AO atomic planes during PLD growth [156,157]. Such
termination switching can also be achieved artificially by RHEED-assisted deposition of exactly one
monolayer of a corresponding oxide [158,159]. Beyond the perovskite oxide growth, RHEED-based
investigations dealing with materials crystallizing in more complex unit cells are emerging. Thin films of
Aurivillius phase, whose unit cells comprise alternating layers of a variable number of perovskite-
octahedra planes interleaved between fluorite-like [Bi,0,]** layers along the c-axis, are gaining interest
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due to their exceptional ferroelectric properties resilient to depolarizing field-related effects in the
ultrathin regime. Despite the complexity of the unit cell, the layer-by-layer growth mode in the system can
be achieved during PLD growth [160], see Figure 7(b). Similarly, sub-unit cell precision was revealed when
using RHEED monitoring during the growth of multifunctional YMnOs [161] and magnetoelectric GaFeOs3
[162,163] thin films, see Figures 7(c) and 7(d), respectively.

In-situ Auger electron spectroscopy (AES) - Chemical composition of the surface layer during thin-film

growth can be tracked with in-situ AES. This non-invasive surface-sensitive technique has been widely used
ex-situ for the detection of surface contaminants [164,165]. Measuring AES in an oxide growth chamber
in situ is challenging due to the high oxygen pressures required for oxide epitaxy. Yet, recently oscillations
in elemental Auger spectra during the layer-by-layer growth of complex oxide heterostructures were
reported for the growth of CaTiOs/LaMnOs superlattices [166], see Figure 8(a). This approach offers full
chemical information of the surface layer, complementary to the structural diagnostic provided by RHEED.
We highlight the importance of such information in the context of polar materials where surface chemical
composition and termination govern the final polarization [45-47,167].
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Figure 7. (a) RHEED intensity oscillations during the deliberate non-stoichiometric MBE growth of
Srn+1TinOn+1 Ruddlesden—Popper phase for integer (red) and half-integer (blue) diffraction streaks (top
panel) with the corresponding RHEED patterns (middle panel). The insertion of an extra SrO layer leads to
a strong increase of the half-integer peak intensity. Cartoon models taken at different stages of the
growth are displayed in the bottom panel. From [149]. (b-d) RHEED intensity oscillations for a set of thin
films of complex oxides, including (b) ferroelectric Aurivillius BisFeTisO;s, (c) multiferroic hexagonal
YMnOs, and (d) multiferroic GaosFe1403. Each RHEED oscillation corresponds to the growth of half a unit
cell (b and c) or a quarter of a unit cell (d). (b) From [160]. Reproduced with permission (copyright 2020
Wiley-VCH Verlag GmbH & Co. KGaA). (c) Reprinted with permission from [161]. Copyright 2020 by the
American Physical Society. (d) Reprinted with permission from [162]. Copyright 2019 by the American
Physical Society.
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In-situ_spectroscopic ellipsometry (SE) — Ellipsometry measurements rely on the detection of light

polarization changes upon reflection from a sample and allow the determination of film thickness and
optical constants. Typically, SE-data are collected for a set of incoming light polarizations and wavelengths.
Being an optical technique with a long working distance, spectroscopic ellipsometry can be conveniently
integrated into any deposition process and operated at any growth pressure [168]. Most of the reported
literature on in-situ SE deal with diagnostics during atomic layer deposition (ALD) [169]. Standard ALD is
performed in cycles and in-situ SE is performed after each corresponding thickness increment. Growth
processes of nanolaminate films can be tracked with submonolayer precision, as shown in Figure 8(b) for
Er,03-Al,03 film. The amplitude ratio and the phase angle oscillate with each half-cycle due to
chemisorption or removal of precursor surface groups, while an overall increase (decrease) in signal is
related to a thickness change that can be calculated from a Cauchy model. In-situ SE can provide a variety
of optical film properties and can capture changes in surface groups, nucleation behavior, and crystalline
phases [169]. The experimental data are easy to collect, but the data analysis requires extensive modelling
and fitting [170]. Ferroelectric materials have so far been investigated with ex-situ SE exclusively, involving
measurements of dielectric function [171,172], optical conductivity [172], band gap [172-179],
ferroelectric phase transition [177,180,181], critical thickness for strain relaxation [182], refractive index,
and extinction coefficient [172-176,178,183]. A recent report of in-situ SE monitoring during the growth
of Ruddlesden-Popper phase shows that deposition of each epitaxial layer can be detected with precision
of around 10” monolayer [184], confirming the potential of this technique for monitoring the growth of
polar thin films in the near future.
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Figure 8. (a) In-situ AES used to monitor the surface layer during the growth of a CaTiOs/LaMnO;
superlattice. The graph shows the normalized (to the oxygen signal) elemental Auger spectra, collected in
situ between depositions of known thickness. Reprinted with permission from [166]. Copyright 2019 by
the American Vacuum Society. (b) In-situ SE monitoring during ALD growth of Er,O3 and Al,Os. The
amplitude ratio (top panel) and phase angle (middle panel) at a photon energy of 3.0 eV is measured
after precursor dosing (half-integer points) and after the O, plasma step (full-integer points). The change
in thickness (bottom panel) is calculated with a Cauchy model. From [169]. Reprinted with permission
from IOP Publishing. Copyright 2009. (c) SHG oscillations during the homoepitaxial growth of Ni using
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electron beam evaporation. The oscillation period of the SHG measurement matches oscillations obtained
from electron diffraction. From [185]. Reprinted with permission from Springer Nature. Copyright 1969.
(d) XRR oscillations during the deposition of Ho on W (110) at room temperature for four different
scattering vectors q = lc* (c*- reciprocal lattice parameter). The inset displays the diffracted intensity
along [00I] for an annealed film. Reprinted with permission from [186]. Copyright 1997 by the American
Physical Society.

Optical SHG of surfaces - As described in Section 2.2, SHG is the simplest nonlinear optical process. Surface

SHG has been rapidly implemented into the growth chamber environment as a deposition-monitoring tool
[185,187-190]. For materials crystallizing in a centrosymmetric point group, the bulk response of the
material is not the leading source of the SHG signal, leaving the surface as the dominating SHG contributor.
This SHG surface contribution has been employed since the late 80’s to monitor surface reconstructions
during layer-by-layer growth of GaAs [188]. In combination with in-situ RHEED, providing structural surface
information, surface SHG brought new insight in the growth mechanism of semiconductors. While in this
case, SHG probes surface electronic states, RHEED probes the long-range order of newly formed surfaces.
Furthermore, SHG has been shown to be highly sensitive to surface morphologies with altered electronic
states such as step terraces [130]. During the Frank-Van der Merwe layer-by-layer growth mode, ad-atoms
diffuse on the surface and form islands that coalesce until completion of a full monolayer coverage. This
corresponds to a periodic variation of the step terrace density and as a consequence, in analogy to RHEED
monitoring, surface SHG intensity oscillations during layer-by-layer growth can be used for thickness
determination. Figure 8(c) shows the in-situ surface SHG signature during layer-by-layer growth of a
metallic layer in accordance with oscillations obtained from medium-energy electron diffraction (MEED)
[185].

X-ray growth oscillations - In the last 30 years, the emergence of intense and well-collimated synchrotron-

radiation X-ray sources led to the use of XRD for the investigation of thin films with reduced volume. A
well-established ex-situ method for determining the thickness of thin films is X-ray reflectivity (XRR) under
grazing incidence. XRR thickness measurements are based on internal reflections within the sample layers
leading to differences in beam path for out-going X-rays and corresponding interference patterns. The
resulting destructive or constructive beam interferences results in oscillations in the angle-dependent total
intensity, which can then be used to extract the thicknesses of the individual layers. Analogous
measurements can be conducted during the growth in situ. Here, however, the incidence angle is fixed,
and the interference corresponds to reflections from successively deposited monolayers. In particular, the
so-called anti-Bragg positions are highly sensitive to changes in thickness [109]. From the period and shape
of these oscillations as a function of film thickness, additional information on the growth mode as well as
on the influence of various growth conditions can be obtained. For instance, the layer-by-layer growth
mode leads to a well-defined and periodic coverage and results in periodic XRD oscillations. Similarly to
real-time monitoring using RHEED, the X-ray reflection intensity oscillations provide the information at a
single monolayer scale. The first report on in-situ monitoring of growth modes using X-ray reflectivity [191]
demonstrated oscillating X-ray reflections during the layer-by-layer homoepitaxy of the model system
Ge(111) with perfect matching to RHEED oscillations. While early reports on in-situ XRR have been
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restricted to homoepitaxial films, it has been also implemented in heteroepitaxy, for instance, for the
growth of Ho on W(110) [186], as shown in Figure 8(d).

More recently, monitoring the growth of complex oxide thin-films has been reported for layers of SrTiO3
[192], La;«Sr«MnOs [193] as well as for and BaTiOs/SrTiOs superlattices [194]. For further reading, we
recommend a detailed review dealing with growth monitoring using XRD [195]. Because XRD experiments
further provide access to lattice parameter information, in the next section we will cover the use of XRD
to monitor in situ polar distortions.

3.2 Probing ferroelectricity in situ using X-ray diffraction

Among the above mentioned in-situ structural diagnostic tools for epitaxial thin-films deposition, RHEED
is by far the most widespread because of its ease of use and real-time information allowing thickness
control with unit-cell precision. No information dealing with the functionality, here ferroelectricity, is
however available. RHEED lacks sensitivity to the polar distortion, accumulation of surface bound charge
accompanying the onset of polarization, as well as to the phase transition through the ferroelectric phase.

Because of the strong lattice-polarization coupling in ferroelectrics, monitoring the distortion of the unit
cell brings information on the emergence of the polar axis and hence the emergence of polarization during
the epitaxial deposition. The seminal work dealing with the in-situ XRD characterization of ferroelectricity
revealed that the epitaxial strain-enhanced Curie temperature (see Section 1.3) could be determined
during in-situ heating of PbTiOs thin films [57]. The drop of tetragonality by passing into the paraelectric
phase unambiguously identifies the Curie temperature. Most importantly, additional periodicity
originating from ferroelectric ordering revealed the unprecedented capacity offered by in-situ XRD. For
thin films grown directly on an insulating SrTiOs; substrate, domain formation induced by the depolarizing
field was monitored in situ in PbTiO; [57]. The thickness-dependent appearance of satellite peaks,
corresponds to the periodic domain formation and indicates the onset of ferroelectricity from the
deposition of the third unit cell, as shown in Figure 9(a). This work demonstrated non-invasive access to
functionality in the ultrathin regime. For more details, we recommend a review by the pioneers in the field
[109]. Here, we highlight the most recent advances in the XRD-based probe of polarization states in thin
films in situ.

Two-dimensional reciprocal space mapping (RSM) in situ allows monitoring of the changes of the
crystalline structure related to domain formation, as well as the formation of structural defects such as
dislocations. In ferroelectric BagsSrosTiOs films grown on MgO, the strain state and the structural signature
of domain formation has been investigated in situ during the growth. Bauer et al. [196] followed the
structural distortion of the tensile-strained BagsSrosTiOs films and the effect of the epitaxial strain
relaxation could be visualized. Furthermore, a second crystalline phase could be identified with the
appearance of a peak splitting and linked to the formation of ferroelectric domains, as shown in Figure
9(b).
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The newest technological developments in the field of in-situ XRD investigations involve a scanning
technique that uses the entire available intensity on an area detector to provide the desired information
in less time than it takes to deposit a single unit cell of material [194]. During the growth, the out-of-plane
and in-plane lattice parameters, the artificially created superlattice repeat periodicity, and the spacing of
ferroelectric domains can all be obtained by performing RSM around appropriate Bragg reflections. Bein
et al. [194] took advantage of the capacity of scanning RSMs to probe the behavior of ultrathin ferroelectric
layers in superlattice heterostructures, as illustrated in Figure 9(c). For the first time, the impact of the
electrostatic boundary conditions on the polarization and domain configuration of the ferroelectric thin
films were addressed in real time, during the growth of a BaTiOs/SrTiOs superlattice. In particular, they
demonstrated that the BaTiOs ferroelectric material can polarize the SrTiOs dielectric layer grown on its
surface up to a dielectric thickness, at which energy minimization favors the formation of domains in the
ferroelectric material.

Thus, in-situ XRD contributes to the improvement of the understanding of materials growth in the
ferroelectric phase because of its unique ability to monitor structural periodicity. We discussed above the
formation of domains during synthesis, the strain relaxation impact on domain formation, and the role of
electrostatics [197]. Let us now address another non-invasive probe, which characterizes ferroelectricity
through symmetry breaking and which is compatible with the extreme environment of the epitaxial
growth: In-situ optical SHG.
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Figure 9. (a) In-plane reciprocal space maps around the PbTiOs(303) Bragg peak measured in situ for
different temperatures and thicknesses of PbTiO3; on SrTiOs. The appearance of satellite peaks denotes
the onset of ferroelectric ordering and reflects the periodicity in the domain configuration. From [57].
Reprinted with permission from AAAS. (b) Sequence of reciprocal space maps acquired during the PLD
growth of BaosSrosTiOs on MgO around the (002) Bragg peak. The appearance of a single peak after 1
min is followed by a peak splitting at 17 min, which is assigned to the formation of ferroelectric domains.
Reprinted from [196]. (c) Schematic of the experimental setup (top panels) using an area detector to
enable the acquisition of (001) and (10l) reciprocal space maps. In BaTiOs/SrTiO;z superlattices, the
ultrafast data acquisition allows the tracing of superlattice peaks and diffuse scattering from domain
formation after completion of 10 bilayers (middle panels) and 30 bilayers (bottom right panel). Reprinted
from [194].

3.3 Probing ferroelectricity-induced symmetry breaking using nonlinear optics

The use of nonlinear optics as a non-invasive diagnostic tool to study materials properties during synthesis
was first proposed in the 1980s [188,190], as discussed in Section 3.1. In particular, optical SHG, sensitive
to symmetry breaking at the surface, appeared as a complementary tool to RHEED.
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In 1998, the first in-situ SHG experiments on ferroic systems were performed to monitor the thickness-
dependent magnetic properties of Co [189] and Ni [185] films on Cu(001) with subsequent efforts
dedicated to magnetic multilayers [198]. Jahnke et al. [185] managed to identify the critical thickness for
in-plane magnetic ordering with the appearance of an asymmetry in the SHG signal induced by the
magnetization. In addition, Jin and coworkers [189] observed SHG oscillations with a one monolayer
periodicity in the magnetic asymmetry, which they assigned to periodically changing magnetic properties
of Co during growth. For Ni films on Cu(001), in addition to the critical thickness for in-plane magnetic
ordering, in-situ SHG enabled the direct observation of the transition to an out-of-plane magnetization at
higher film thicknesses.

A bit less than 20 years later, Rubano et al. [199] proposed SHG imaging as an oxide growth diagnostic
technique to obtain spatially-resolved information. Their proof of concept ex-situ study demonstrates the
capability of SHG imaging to detect structural heterogeneities with diffraction-limited resolution.
However, the implementation of SHG imaging into a growth chamber had not been realized. In 2017, in-
situ SHG (ISHG) was implemented into a PLD growth chamber for the first time, as depicted in Figure 10(a)
[46]. Here, the inversion symmetry breaking resulting in the emission of second harmonic light is
dominated by the non-centrosymmetry of the ferroelectric material.

In a proof of concept experiment, involving ferroelectric multilayers, De Luca et al. demonstrated for the
first time the in-situ SHG monitoring of polarization emergence during the growth of ultrathin ferroelectric
films [46]. In contrast to XRD-based studies, where additional periodicity due to domain splitting is aimed
for, SHG yield is maximal for single domain states [110,125]. This is because SHG light waves emitted from
domains with polarization pointing in opposite directions are out-of-phase and therefore interfere
destructively. Hence, no ISHG signal can emerge from a 180° domain-split ferroelectric film. Used in
combination with RHEED, the ISHG yield is obtained with unit cell thickness accuracy and allows accessing
information on the ferroelectric order parameter in real time. The onset of an ISHG signal during the
growth of BiFeOs and BaTiOs; unambiguously reveals the critical thickness for ferroelectricity. Furthermore,
because the probed volume exceeds the total thickness of the ferroelectric single layers, the relative
polarization orientation of each ferroelectric constituent in a multilayer or superlattice architecture can
be determined. Destructive interference reveals an antiparallel configuration of the ferroelectric layers, as
shown in Figure 10(b). In contrast, when all ferroelectric layers exhibit identical polarization orientations,
the signal repeatedly increases. The ISHG technique therefore established itself as a powerful tool to
investigate polarization direction in the ultrathin regime and the effect of interfacial atomic termination.
ISHG can be used to monitor in situ the polarization of proper ferroelectric systems such BaTiO; [30,46],
BiFeOs [46], PZT [47], PbTiOs [47,61] and improper ferroelectric systems, such as the geometrically-driven
ferroelectric hexagonal YMnOs [105].

Taking advantage of the capacity to directly access the functional property simultaneously with the
epitaxial growth, a direct visualization of the domain-formation dynamics in ferroelectric thin films has
been shown [61]. The growth of ferroelectric PbTiOs films was monitored with ISHG to uncover the role of
thickness and strain-state in the formation of a- and c-domains, respectively. The exclusive presence of c-
domains in PbTiO; films grown on (001)-oriented SrTiO; leads to the continuous rise of the ISHG signal,
shown in Figure 10(c). However, epitaxial tensile strain imposed by (110)-oriented DyScOs substrate
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drives a partial conversion of c-domains into a-domains past a threshold thicknesses, manifesting as a drop
of the ISHG signal yield. The inferred domain states of the two PbTiOs films were corroborated by PFM and
RSM, confirming the sensitivity of the ISHG technique. Most importantly, because this information is
acquired in situ, the authors could directly act on the domain formation and shift the c-to-a-domain
conversion to the early stage of the growth, providing a new platform for domain configuration control.

The ISHG intensity is proportional to the square of polarization, it is therefore possible to estimate the
polarization enhancement due to epitaxial strain. Figure 10(d) shows the ISHG for BaTiOs films grown on
several substrates. The ISHG yield increase confirms how the compressive strain induces a polarization
enhancement in BaTiOs films [30]. By performing in-situ annealing post-growth, as shown in Figure 10(e),
or by growing the films at increasing deposition temperature [61], it is further possible to determine the
strain-dependent T. of ferroelectric films using ISHG.

Looking at the functional property directly, in situ and in real time, brings a new capacity to the epitaxial
growth of thin-film oxides. Beyond mere monitoring and repeatability assurance, such a capability reveals
new degrees of freedom — previously considered inaccessible — that we address in the next section.
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Figure 10. (a) Schematic of the ISHG experimental setup in a PLD growth chamber with RHEED capability.
(b) ISHG measurement during the growth of two BiFeOs layers with opposite polarization. The SHG signal
from the first layer (P up) destructively interferes with the signal from the second layer (P down). Both
layers show the same critical thickness (inset). (a,b) Reprinted from [46]. (c) ISHG profile during the
growth of PbTiOs on SrTiOs (black) and DyScOs (red). The single domain state on SrTiOs results in a
continuous signal rise, whereas on DyScOs a partial c-to-a domain conversion manifests as an ISHG drop.
From [61]. Reprinted with permission from AIP Publishing. Copyright 2020. (d,e) Strain-dependent
polarization enhancement in BaTiOs thin films. An increase in compressive strain leads to an increase in
polarization that is reflected in the ISHG yield during growth (d) and a higher Curie temperature as
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obtained from temperature dependent ISHG measurements (e). (d,e) Reprinted with permission from
[30]. Copyright 2019 by the American Physical Society.

4. The benefits of probing ferroelectricity in situ

In-situ XRD and SHG can reveal important dynamics of the polarization during the deposition process
[30,47,61,197]. The electrostatic environment evolves during growth and the surface chemistry changes.
We can investigate how the domain configuration gets drastically altered by the device integration under
electrostatic changes. The in-situ diagnostic tools described in Section 3.1 contributed to the advancement
of the understanding of growth mechanisms and to the optimization of growth processes in general.
Similarly, the direct access to the ferroelectric functionality in situ brings new insights into the transient
effects and the physics involved in the emergence of ferroelectric domains and to the impact of the growth
process on the functionality of the thin films. Let us now highlight recent advances in the field and show
how in-situ diagnostics of polarization dynamics during the epitaxial deposition reveals new routes for
robust polarization states in the ultrathin regime.

4.1 Electrostatics during epitaxial growth and device integration

As a consequence of the prevailing ferroelectricity at growth temperature, the final polarization of the
films drastically depends on the charge screening environment not only during the epitaxial growth but
also during the following integration steps into the multilayer architecture. The deposition of capping
layers or electrodes on the polar surface becomes a critical factor. Since any deposition starts by the first
unit cell coverage, the thickness dependence of the charge screening efficiency or conductivity of the
deposited metallic electrode will influence the final polarization state of the ferroelectric films [30,32].

The ferroelectric polarization of BaTiOs thin films was tracked in situ with ISHG during the integration of
the ferroelectric layer in SrRuOs electrodes [30]. At the end of the BaTiOs film growth, the constant ISHG
signal indicates the good charge screening efficiency of the oxygen rich growth atmosphere
[48,49,200,201] and the stable single domain state of the film. An abrupt drop of the net polarization was
triggered with the first deposited unit cells of the top SrRuQs electrode. The first unit cells of SrRuOs that
are poorly conducting isolate the BaTiOs film from the charge screening growth atmosphere. Figure 11(a)
shows the ISHG signal suppression that accompanies the top electrode deposition in the SrRuOs/
BaTiOs/SrRuO; capacitor. Because of the thickness-dependent metallic behavior of the ultrathin SrRuOs
layer, a transient enhancement of the depolarizing field induces a complete polarization suppression. This
polarization suppression was identified to be mediated through domain formation. It can be circumvented
by performing the top electrode deposition above the Curie temperature of BaTiOs or by performing a
post-growth annealing into the paraelectric phase. In the latter case, the polarization re-emerges during
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cooling in the charge screening environment of the sufficiently thick top electrode. Interestingly, the ISHG-
based real-time access to the domain formation in situ leads to an additional degree of freedom towards
controlled domain nucleation induced by the depolarizing field. Interrupting the capping deposition for a
given SHG signal intensity, leads to a deterministic domain population in the capped ferroelectric layer.

4.2 Surfaces chemistry and contributions to the polarization states

Monitoring the polarization directly during the thin-film growth further allows the identification of the
impact of the deposition process, growth atmosphere, and surface reconstruction on the final polarization.
In the ultrathin regime of out-of-plane polarized films, the electrostatic environment sets the net
polarization [30,32,35,120]. During the growth, however, in contrast to the influence of the bottom
interface, i.e. buffer or substrate, the influence of top interface is not well defined in the evolving growth
front.

Engineering ferroelectric domain configuration currently relies on either control of the top or the bottom
interface contribution. The polarization direction can be controlled with adequate metallic buffer insertion
[30,32] or atomic scale interface engineering [45]. From the top surface, gas [48,49] or liquid [50-52,202]
interactions will affect the polarization configuration. The combination of both bottom and top interface
contributions sets the final polarization of the films [47,203].

The in-situ approach brings a unique opportunity to independently access each interface contribution. In
a pioneering ISHG investigation [47], two different polarization regimes during the epitaxial PLD process
of ferroelectric PbTiOs thin films were identified. During the growth, the charge screening at the bottom
interface sets the polarization. It can be deterministically tuned using atomic termination of the buffer and
by controlling the interfacial charged planes. In contrast, the influence of the top interface is not well
defined because of the long timescale of polarization reconstruction in comparison to the timescale of the
growth process. In this transient regime, a single interface therefore influences the polarization direction
in the ferroelectric layer. At the growth interruption, a second polarization regime emerges as the top
interface settles and contributes to the final polarization. In the case of A-site volatile ferroelectrics, this
top interface contribution is dominated by a surface cationic off-stoichiometry, which results in a positively
charged surface layer. The distinct access to top and bottom interface contributions brings new insight to
the understanding of the final polarization configuration. By manipulating the atomic termination at the
bottom interface, the authors could identify cooperative and competitive top and bottom interface
contributions. The competitive interface configuration results in a suppression of the ISHG and polarization
after completion of the film, see Figure 11(b). In contrast, when both top and bottom interface
contributions favor the same polarization direction, a robust single domain configuration could be
stabilized in the ultrathin PbTiOs films. The corresponding giant increase in ISHG yield is shown in Figure
11(c). This polarization is robust against extreme electrostatic environments that usually induce nanoscale
domain formation. The STEM dipole map in Figure 11(d) shows that the cooperative interface
configuration prevents the domain formation and favors a net polarization despite the capping of the
PbTiOs; layer by a SrTiOs dielectric layer.
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Figure 11. (a) ISHG measurement during the deposition of the top SrRuOs (SRO) electrode on a BaTiO3
(BTO) capacitor. The poor metallicity at low SRO thicknesses triggers the formation of domains and
causes the ISHG drop. The inset shows the SHG anisotropy after growth. Reprinted with permission from
[30]. Copyright 2019 by the American Physical Society. (b,c) ISHG investigations on the roles of top and
bottom interface on the polarization state in PbTiO3 (PTO) thin films. For competitive interactions (b) a
polarization suppression is observed at growth interruption, whereas for cooperative interfaces (c) a
giant polarization enhancement is found. (d) STEM map of PTO dipoles reveals a stable polarization for
cooperative interfaces upon SrTiOs (STO) capping. (b-d) Reprinted from [47].
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5. Future perspectives and concluding remarks

In this section, we will discuss research directions for further avenues beyond the characterization of
ferroelectrics at emergent polar interfaces and ways to in-situ probe the onset of exciting phenomena,
such as the emergence of two-dimensional conducting sheets at oxide interfaces. We also share ideas
towards monitoring functionalities not only in situ but also operando.

5.1 Beyond ferroelectrics: Towards the real-time observation of emerging polar
interfaces

The advancement in the heteroepitaxial growth quality of transition metal oxides has eased the fabrication
of oxide interfaces. Especially for strongly correlated oxides, such interfaces can host diverse exotic
physical properties that cannot be observed in their bulk counterparts [204—-206]. Such phenomena,
including unconventional orbital and spin ordering [207,208], high-temperature superconductivity
[207,209] as well as novel conducting [210,211], and polar states [212,213], hold great promise for the use
of oxide interfaces as the functional component in next-generation devices. In the past decades, this
potential has spurred the condensed matter research community and resulted in several excellent reviews
on this topic [138,204-206,214]. Yet, despite the enormous ongoing efforts, many important questions
are still under debate and new analytic tools continuously need to be developed.

Interface-sensitive optical SHG offers many advantages to deepen the understanding of the underlying
processes that stand at the origin of many emergent phenomena at oxide interfaces. In particular, ISHG
could provide invaluable insights into electronic reconstruction processes at interfaces. Furthermore, it
becomes possible to disentangle the influence of growth parameters such as growth atmosphere and
oxygen annealing procedures on the electronic states. Probably the most prominent example in the field
is the two-dimensional conductive sheet at the interface between the two non-magnetic band insulators
LaAlOs and SrTiOs [210]. The precise mechanism lying behind the confined conducting layer is still under
debate, yet, the polar discontinuity found at the interface for LaAlOs films grown on top of SrTiO;
substrates is undoubtedly a key feature. The polar discontinuity is a consequence of the stacking of neutral
(TiO2)° and (Sr0)° planes in SrTiO3 and charged (AlO,) and (LaO)* planes in LaAlOs. An electric field builds
up inside the LaAlOs layer and increases with thickness. This increasing instability in the LaAlOs layer is
often referred to as the “polar catastrophe”. Different scenarios including charge transfer to the interface
[215], cation intermixing [216—218], and oxygen vacancy mechanisms [219,220] have been proposed to
avert the “polar catastrophe” and to explain the formation of the two-dimensional electron gas at a critical
thickness. Several ex-situ SHG studies [221-224] on the LaAlOs/SrTiOs system have provided information
on the distinct electronic transitions involved in the electronic reconstruction that cause the conductivity,
however, it was never possible to fully unravel the responsible mechanism. To that end, ISHG might add
another piece to the puzzle. Monitoring the optical signature of the polar interface during its emergence
as the LaAlOs/SrTiOs system is grown or during post-growth annealing might shed light on the involved

mechanism.
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5.2 Operando characterization

Similarly to in-situ investigations, monitoring polarization states in the presence of external fields during
device operation necessitates the development of non-invasive operando tools that enable accessing and
studying changes in the performance-relevant physical properties in the active ferroelectric-based
components. Such operando techniques provide information on changes in structural characteristics,
meso- and microscopic domain architectures, dielectric susceptibilities, and ferroelectric polarization.
Furthermore, when a high temporal resolution is available, operando tools allow the study of the intricate
details of dynamics in ferroelectrics with insights into transient effects and switching timescales. As
discussed in the Section 3, XRD and optical SHG are ideal non-invasive techniques suited for operando use.

Time-resolved synchrotron XRD has previously been applied to investigate structural changes in response
to static and dynamic electric fields originating from domain wall motion [225] or polarization switching
[226-228] in PZT and BaTiOs films. Zubko et al. [113] studied the response of ordered 180° ferroelectric
nanodomains in PbTiOs/SrTiO3 superlattices to uniform electric fields via laboratory-scale XRD. The
satellite peak intensities corresponding to the domain ordering decreases with increasing bias voltage
without changes in the peak positions, as shown in Figure 12(a). This implies a change in the size of
oppositely polarized domains without a change in domain periodicity, i.e. only local microscopic motion
of domain walls within each domain period. Subsequent time-resolved diffraction experiments on
superlattices [229,230] were used to quantify the nanosecond timescales for changes of the domain
population under electrical bias.

Similar time-resolved XRD techniques have recently been used to investigate domain dynamics under
radiation in BaTiOs3 at GHz frequency [231] and THz frequency [232]. Here, the pulsed electric field from
the radiation induces a structural response, which in turn sets polarization dynamics into action and can
be tracked by the operando X-ray technique.

Nonlinear optical probing offers an alternative as an operando tool to synchrotron-based techniques
without relying on large-scale facilities. Mishina et al. [233] used SHG to study the switching dynamics in
thin films of Ba(SrTi)Os upon application of in-plane oriented voltage pulses. The dynamic of the
polarization reversal can be followed in the nanosecond range, as shown in Figure 12(b). SHG can be
further used under various biasing conditions [234] and is even applicable as an operando probe for
symmetry changes under optical excitation [235].
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Figure 12. (a) Reciprocal space map for a PbTiOs/SrTiOs superlattice (SL) around the SrTiOs (002) peak.
The intensity profile around the main superlattice peak (bottom) for varying electric fields shows a
decreasing satellite peak intensity with increasing electric field due to domain wall motion. Reprinted
with permission from [113]. Copyright 2010 by the American Physical Society. (b) SHG transients
measured on a Ba(Sr,Ti)Os films during and after the application of positive (top) and negative (bottom)
electric field pulses. From [233]. Reprinted with permission from AIP Publishing. Copyright 2003. (c)
lllustration of a synchrotron X-ray diffraction setup to investigate the effect of light irradiation on the
domain structure in BaTiOs crystals (top panel). The (200)/(002) peaks (bottom panel) show a reversible
increase of the c-domain contribution under 532 nm illumination as a result of light-induced domain wall
motion. From [236]. Reprinted with permission from Springer Nature Photonics. Copyright 2017.

Finally, when the ferroelectric switching driving force is implemented remotely, one can consider the
combination of in-situ and operando investigations. Light-induced polarization changes in ferroelectric
materials have been reported, where mechanisms can involve local heating [237] , screening by photo-
induced charge carriers [238], photo-induced flexoelectric effect [237], bulk photovoltaic effect [239,240],
or photostriction [241]. Figure 12(c) shows the optically-induced reorientation of in-plane and out-of-plane
oriented domains in BaTiOs single crystals [236]. Using light to act on ferroelectrics in situ during the
growth, we envision the investigation of light-matter interactions in ferroelectric films right where the
functionality is coined, with the deposition of the first few unit cells. Such operando in-situ characterization
during thin film design would capture the evolution of the functionality as function of thickness with unit

cell accuracy and improve our understanding of the evolution of the ferroelectric properties directly from
the growth chamber.
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