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Abstract

The ferroelectric control of a Mott transistor is a promising strategy for non-volatile low-power
electronics. Understanding the fundamental limits of the ferroelectric-field effect is challenging,
as the relevant length scales are restricted to a few atomic planes within the interface. Here we
investigate the polarization switching process of a prototypical ferroelectric Mott transistor
combining BiFeOs, a ferroelectric material with a large polarization, and (Ca,Ce)MnOs, a
charge-transfer insulator in which a few percent of Ce doping triggers a metal-insulator
transition. While scanning probe microscopy indicates a complete switching of the ferroelectric
gate, in-depth atomic-scale polarization mapping with scanning transmission electron
microscopy reveals incomplete polarization reversal at the interface. Therefore, transport
measurements show that the electronic properties of the Mott channel are virtually unchanged
by the polarization direction. Nevertheless, in nanometer size areas where interfacial
polarization switching occurs, dramatic changes of the electronic properties of (Ca,Ce)MnO3
are revealed. These results indicate how the performance of mesoscale Mott devices is hindered,

and at the same time reveal the possibility of nanoscale energy-efficient Mott transistors.
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1. Introduction

Ferroelectrics possess a spontaneous polarization that is switchable by an electric field. These
materials can induce non-volatile electron or hole doping in an underlying semiconductor
channel, depending on the polarization direction. The amplitude of the ferroelectric-field effect
depends both on the polarization magnitude at the interface and on the charge-modulated
sensitivity of the channel material. In Mott insulators, the insulating character arises from strong
electronic correlations, opening a gap between occupied and empty d levels. Their insulating
state can be destabilized by external stimuli, such as electric fields, inducing a transition to a
metallic state. Hence, employing to Mott insulator channels is expected to increase the
resistance change associated to polarization reversal, as compared to standard semiconductor
channels.

As a channel material, we use a Ce-doped calcium manganite. In bulk, CaMnOs is a G-type
antiferromagnetic insulatorll, It crystallizes in the paraelectric Pnma orthorhombic ground-
state structure where the tilting of oxygen octahedra produces a small distortion from the cubic
structure of the perovskite. The chemical substitution of Ca%* by Ce** in orthorhombic Cai-
xCexMnO3 manganites gives two electrons in the Mn-3d (eg) band which induces a transition to
a metallic state at around x = 5% [4. Thus, the metal-insulator transition occurs at much lower
carrier concentrations in the electron-doped (Ca,Ce)MnOs than in widely investigated
hole-doped manganites such as (La,A)MnOs (A=Ca, Sr) [l This makes electron-doped
manganites very appealing in view of integrating them as channel materials in oxide-based field
effect transistors where metal-insulator transitions can be triggered by an electric field. In thin
films of (Ca,Ce)MnOs, the epitaxial strain imposed by the substrate has a profound effect on
the phase diagram of the electron-doped manganite 1. Indeed, compressive strain (-0.5% for
CaMnOs on YAIOs substrates) results in the stabilization of the metallic state at much lower

doping (x > 2%) than in the bulk [,
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As a ferroelectric gate, we focus on bismuth ferrite. BiFeOs is a room temperature multiferroic
and the ferroelectric with the largest polarization (100 uC/cm? in the bulk)®l. While bulk
BiFeOs crystallizes in a pseudocubic R3c structure, a strongly elongated polymorph can be
stabilized in thin films at large compressive strain (> 4%). This so-called tetragonal-like phase
has an even larger polarization 58], Furthermore, its relatively small in-plane lattice constant
compared with conventional oxide ferroelectrics (BaTiOs, Pb(Zr,Ti)Os, etc.) makes it
compatible with a broad range of strongly distorted orthorhombic perovskites such as

(Ca,Ce)MnOs and YAIOs.

2. Results and discussion

The X-ray diffraction 20-» scan (Supplementary Information) of the samples shows that
BiFeOs is purely in the highly-strained super-tetragonal phase. Additionally, Laue fringes of
both the BiFeO3 and Cao.06Ce0.04aMnO3 peaks are visible, attesting the coherent growth of both
films.

BiFeO3/Cao.96Ce0.04MnOs3 bilayers were patterned by optical lithography and argon ion etching
into Hall bars (Figure 1a). Piezoresponse force microscopy (PFM) indicates that the
ferroelectric polarization of BiFeOs is initially pointing downwards (towards the manganite
channel), in accordance with the imprint of the piezoelectric loop to positive bias (Figure 1b).
In order to switch the polarization of BiFeOs from downwards to upwards, we applied a positive
dc voltage to the Cao.96Ce0.04MnO3 electrode while scanning the Hall bar with the PFM tip. The
Hall bar polarization is reversed as evidenced by a clear phase contrast of 180 degrees in the
out-of-plane PFM image (Figure 1a). We probed the influence of polarization direction on the
resistance and the carrier concentration of Cao.96Ceo0.04MnOs through electronic transport

measurements. In BiFeOs/Cao.06Ce0.04MnOs3, the reversal of the ferroelectric polarization
4
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induces only tiny variations in both longitudinal (Figure 1c) and transverse (Figure 1d)
resistance measurements. The lack of a significant ferroelectric field effect was also observed
for other compositions of (Ca,Ce)MnOs with Ce doping ranging from 1 to 5% (Supplementary
Information). This negligible variation of carrier density is in stark contrast with expectations
from both the polarization of BiFeOs and the phase diagram of (Ca,Ce)MnOs. Indeed, a
polarization of 100 uC/cm? for BiFeOs would lead to an equivalent charge modulation of
1.25 x 10 cm2 in the manganite channel. Cao.9Ce0.04MnO3 contains 0.08 electrons per unit
cell corresponding to carrier densities of typically around 1.55 x 102! cm3, as confirmed by Hall
measurements (1.1-1.6 x 102 cm-3). For a film thickness of 20 nm, the sheet carrier density is
then 3.1 x 10° cm2. Polarization reversal would thus be equivalent to a change in chemical
doping from about 3% to 5%, leading in principle to significant changes in the conduction [,
The lack of transport signatures for sharp phase transition in Cao.96Ce0.04MnQO3 upon
ferroelectric switching could be related to different mechanisms. First, the large thickness of
the channel compared to the Thomas-Fermi screening length of few nanometers could lead to
a parallel conduction between a charge-modulated layer and an “unaffected” metallic channel
that would act as short circuit. Second, the full efficiency of the ferroelectric field effect is

impeded by interfacial pinning [20.111,
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Figure 1. BiFeO3/(Ca,Ce)MnOs ferroelectric field-effect devices. a) Combined topography and
PFM phase image of the Hall bar before and after switching the polarization from downwards
to upwards. The width of the Hall bar is 10 um. b) Local piezoelectric loop of the ferroelectric
device with a voltage applied to the manganite electrode. ¢) Temperature dependence of the
resistivity and d) room-temperature Hall resistivity of the BiFeO3/Cao.96Ce0.04MnO3 for the

virgin (blue) and switched (red) states.

In order to get more insights into these pending questions, we conducted Cs-corrected scanning
transmission electron microscopy (STEM) and electron-energy loss spectroscopy (EELS)
experiments to correlate structural and charge distribution for both polarization states. The
sample was ex-situ polarized by the PFM tip in 1 x 10 um? areas separated by 1 pm gap of
unswitched areas to observe different polarized states and the corresponding field effect under

the same experimental conditions. In these different areas, the writing voltage was varied from
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about one to three times the coercive field. Flat and thin lamellas were prepared using focus ion
beam (FIB) to allow the observations of the different regions. The samples were prepared at
both [110]pc and [100]pc zone axis of the YAIOs substrate. The microstructure of the epitaxial
stack was investigated in Cs corrected STEM, utilizing atomically resolved high angle annular
dark field imaging (HAADF), and annular bright field imaging (ABF), with a typical spatial
resolution of 70 pm. The corresponding interfacial chemical distribution and charge
quantification were studied by EELS spectrum imaging.

The STEM-HAADF of the heterostructure (Figure 2a) indicates that the films are epitaxial
with well-defined interfaces and that the BiFeOs is in its super-tetragonal phase (c/a =1.25 +
0.03). The atomic structure of BiFeOs can be seen in more details in Figure 2b for the initial
downwards polarization and in Figure 2c for the (switched) upwards polarization. In order to
achieve a better oxygen contrast in STEM-ABF images, the film is oriented at the [110]pc zone
axis [, Both HAADF and ABF images are shown as well as their RGB combination. The RGB
image indicates large O and Fe displacements for both polarization orientations. In the ABF
image, the off-center displacements are found to be around 0.82 A for the O anion and 0.38 A
for the Fe cation along the same direction, corresponding to polarization values in the order of
100 uC/cm? 131, This implies that the electric field applied by PFM has enabled to switch the
polarization and that the ferroelectric retention is maintained during the STEM specimen
preparation. As observed for other perovskites 13141 the ferroelectric polarization direction
appears opposite to the off-centering of the Fe cation. This means that the ferroelectric
polarization can be mapped using only the STEM-HAADF image contrast, that is quicker than

a systematic ABF/HAADF dual acquisition.
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Figure 2. a) STEM-HAADF image of BiFeO3/(Ca,Ce)MnO3 heterostructure grown on YAIO3
substrate, at the [100]pc zone axis. Insert is the fast Fourier transform (FFT) of BFO thin film
indicating a super-tetragonal structure. [110]pc zone axis STEM-HAADF, ABF and the RGB
mixture of the corresponding HAADF and ABF image for (b) downwards and (c) upwards
polarization states, respectively. The atomic models of different polarizations are overlapped

with the corresponding RGB images.

The statistical analysis of the domain distribution was realized by atomically resolved STEM-
HAADF images in regions polarized upwards by PFM. Figure 3 shows eight 64 x 64 nm?
images obtained from a single representative region polarized upwards. The upwards domains
are highlighted in red in the HAADF images. Surprisingly, the switching of polarization is
incomplete with 31% to 91% of the volume population with upwards polarization (62% in
average). The upwards domains seem to nucleate from the top surface of the BiFeOs layer and
propagate toward the BiFeOs/Cao.96Ce0.04MnOs interface. However, only 19% of the interface
is successfully switched. This statistical analysis was performed on another switched region
giving similar conclusions with an average switched volume of 65% and only 5% of switched

regions at the interface (Figure S1). The inhomogeneous domain distribution observed by
8
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STEM-HAADF is apparently inconsistent with the homogeneous PFM phase signal from
switched regions (Figure 1a). In reality, the out-of-plane PFM phase signal detected under the
tip is intrinsically binary and determined by the dominant polarization along the vertical axis of
the film, for each measurement location. An inhomogeneous distribution of polarization along
this axis would only lead to a decrease in the PFM amplitude signal. Therefore, the typical
STEM observations from Figure 3 would result in an apparently homogeneous PFM phase
signal, as long as the fraction of switched domains is larger than 50% in the volume. This
explains the very low ratio of ferroelectric field effect measured on similar heterostructures by

transport measurements (Figure 1c-d).

BiFeO,

(Ca,Ce)MnO,

20 nm

Figure 3. STEM-HAADF overview of the BiFeOs upwards polarization region defined by
PFM, the upwards domains are marked with red overprint and their volume percentage in each
image is written at the bottom right. The upwards polarization can also be observed at the

interface with the (Ca,Ce)MnQOs as, for example, marked by the red ellipse.
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The difference between the switched volume and the switched interface suggests the existence
of an interfacial barrier that limits the propagation of the upwards domains down to the
Ca0.96Ce0.04MnQO3 interface. Similarly, unswitched domains close to the interface were reported
for PbZro2Tio.O3 thin films grown on Nb-doped SrTiOs (131, Their stability is interpreted by the
electric field associated to the band bending at the interface. Furthermore, previous works have
shown that specific polar plane terminations favor one polarization state over the other due to
additional interfacial dipoles (3. For instance, BiO-FeO2-CaO-MnO2 sequences observed for
the interface between BiFeO3s and CaMnQOs are expected to favor the downwards polarization
state 1161, In addition, EELS analysis for the O-K and Fe-L evidence the presence of holes at the
BiFeOs surface for the unswitched regions (downwards polarization) (Figure S2). Therefore,
both the interface dipoles and surface charges seem to favor the downwards polarization of
BiFeOs. Nevertheless, the surface density of holes is strongly reduced in switched regions
(upwards polarization) of BiFeOs (Figure S2), in accordance with the stability of upwards
polarized domains close to the surface (Figure 3).

While the small fraction of switched polarization at the interface impedes the observation of
any field effect from BiFeOs at the micron scale, some areas did successfully switch at the
nanometer scale. We now focus on the interfacial electronic properties of the Cao.96Ce0.04MnO3
layer in these regions, where we investigate the electrostatic carrier modulation by the EELS
near-edge fine structure. Two typical defect-free interfaces with an atomically sharp termination
and opposite polarization were selected. The EELS spectrum images were collected throughout
the whole Cao.96Ce0.04MnOs layer and its interfaces with both BiFeOs and YAIOs. The RGB
image constructed from the Fe (blue), Ca (green) and Mn (red) EELS signals is shown in Figure
4a and c, for the downwards and upwards polarization states, respectively. The corresponding
zoomed in STEM-HAADF images at the BiFeO3/Cao.96Ce0.04MnO3 interface can be found in

Figure 4b and d, respectively. The off-center displacements of the Fe atoms indicate that the
10
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opposite ferroelectric polarizations are preserved down to the interface with Cao.06Ce0.04MnOs.
The interface sequence is (FeO2)-(Cao.96Ce0.040)*%"* in both cases, indicating a fix interfacial
dipole pointing toward Cao.gsCeo.0aMnO3 111,

The chemical shift of the Mn-Ls edge across the Cao.s6Ce0.04MnOs3 layer is displayed in Figure
4e for both polarization states. It reflects changes of the oxidation state of Mn upon electron
doping. The nominal Mn valence of +3.92 in stoichiometric Cao.o6Ce0.04MnQO3 is set as reference
zero in the profile. The corresponding profiles of the excess electron density (Figure 4f) are
deduced from the chemical shift of Mn-Ls edge (Figure S3), considering its correspondence
with the Mn valence?®. In the middle of the Cao.s6Ce0.04MnO3 layer, the charge profiles present
a plateau zone for around 10 nm while deviations from the nominal oxidation state are observed
near the two interfaces. Near the YAIOs interface, we observe a large electron accumulation
region of 20 unit-cells, which does not depend on polarization. This region is attributed to an
“insulating dead layer” measured in the transport properties of ultrathin films [7]. Close to the
BiFeOs interface, the excess electron density of the first 5 nm of Cao.06Ce0.04MnOs3 is strongly
dependent on the polarization direction. Once integrated within the first 13 unit-cells from the
interface, the downwards polarization leads to an electron accumulation of 2.3e in
Cao.96Ce0.04MnQOs3, while the upwards polarization generates an effective electron depletion of
0.1 e". The charge modulation is asymmetric with respect to the nominal Mn valence. Several
reasons, such as the complex hole and electron doping energetic landscape in (Ca,Ce)MnOs
[Husanu et al. 2020], an electron doping offset close to the interface, or the difference in the
BiFeOs depolarizing field for both states [Jiang et al. 2013], might explain such
asymmetry.Consequently, ferroelectric switching induces an effective charge modulation of 2.4
e~ in the manganite corresponding to a sheet carrier density variation of 17 x 104 cm™. This is
within the range of the modulation expected for super-tetragonal BiFeOs with a polarization of

the order of 130 nC.cm (i.e., 16 x 10'* cm?). These experiments demonstrate that, while only

11
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a minor fraction of ferroelectric domains switch at the interface, the ferroelectric field-effect is

very efficient at the local scale.
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Figure 4. The RGB images constructed by the atomic EELS chemical mapping of Fe-L23
(blue), Ca- L23 (green) and Mn- L2 (red) across the Cao.96Ce0.04MnQOs thin film for (a)
downwards and (c) upwards polarization states, respectively. HAADF images of the
corresponding BiFeO3/Cao.96Ce0.04MnO3 interfaces for (b) downwards and (d) upwards
polarization states, where the Bi, Fe, Ca, and Mn atoms are indicated by yellow, blue, green
and red open circles, respectively. (¢) Chemical shift of Mn-L3 edge and (f) the excess charge
per unit cell scale across the (Ca,Ce)MnOs3 layer for the downwards (black) and upwards (red)
polarization states. The zero reference of the profile is the nominal stoichiometry

Ca0.96Ce0.04MnO3 where the Mn valence is +3.92 with Mn-L3 edge at 641.31 eV.
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3. Conclusion

The ferroelectric field-effect device under focus here is based on a combination of a
ferroelectric BiFeOs and a doped Mott insulator Cao.96Ce0.04MnQs. It was investigated thanks
to the ex-situ switching of polarization at the micron scale by piezoresponse force microscopy
and subsequent STEM-EELS observations on cross-section specimens. This approach is ideally
suited to provide key information on polarization switching phenomena at interfaces and their
influence on the electronic properties of the adjacent layer. The real space and spectroscopic
observations at the atomic scale indicate that the “switched” regions actually consist of
heterogeneous configurations with various fractions of upwards/downwards polarization
domains in the volume of the ferroelectric. The striking feature is that the fraction of switched
domains is below 20% at the interface. This precludes any efficient field-effect as measured by
“macroscopic” transport experiments. Nevertheless, we demonstrate that nanoregions with
switched interfacial polarization generate large variations of the carrier concentrations in the
adjacent manganite layer, consistently with the large polarization of BiFeOs. The manganite
channel thickness affected by polarization switching is found to be about 5 nm. These results
hold promises for the practical developments of ferroelectric field-effect transistors and other

non-volatile low power devices.

4. Experimental Section

The BiFeOs/Cao.96Ce0.04MnO3 bilayers on YAIO3 (001) substrates were grown by pulsed laser

deposition using a frequency-tripled Nd:YAG laser with a wavelength of 355 nm. The YAIO3

13
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substrates were first annealed in a furnace under oxygen flow at 1000°C for 2.5 hours. 20-nm-
thick Cao.96Ce0.04MnOs epilayers were grown at 620°C under an oxygen pressure of 0.2 mbar
and a fluence of 1.45 J/cm?. Successively, we deposited the 30-nm-thick BiFeOzs layer with a
substrate temperature of 430°C, an oxygen pressure of 0.006 mbar and a fluence of 0.42 J/cm?.
Post-growth annealing was then performed at 350°C by increasing the oxygen pressure to
300 mbar for 30 minutes.

Flat and thin lamellas were prepared using focus ion beam (FIB) and Easylift technique (Scios
DualBeam, FEI). The STEM experiments were done using a NION UltraSTEM200 C3/C5-
corrected STEM, at a voltage of 100 keV, in order to limit the beam damage. EELS spectra
were collected using a in-house detector based on a ProEM EMCCD Cameras from Princeton

Instruments.

14
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Supporting Information

Figure S1. PFM phase image of BiFeO3/Ca0.96Ce0.04MnOs3 thin film and the corresponding
STEM-HAADF overview of the BiFeOs upwards polarized regions.

Figure S2. BiFeOs surface charge investigation by EELS.

Figure S3. Cao.96Ce0.04MnO3 interface charge investigation by EELS. Extracted Mn-L and O-

K spectra.
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