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Abstract

Multilayers based on quantum materials (complex oxides, topological insulators,
transition-metal dichalcogenides, etc) have enabled the design of devices that could

revolutionize microelectronics and optoelectronics. However, heterostructures incorpo-
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rating quantum materials from different families remain scarce, while they would im-
mensely broaden the range of possible applications. Here we demonstrate the large-scale
integration of compounds from two highly-multifunctional families: perovskite oxides
and transition-metal dichalcogenides (TMDs). We couple BiFeOs, a room-temperature
multiferroic oxide, and WSes, a semiconducting two-dimensional material with poten-
tial for photovoltaics and photonics. WSes is grown by molecular beam epitaxy and
transferred on a centimeter-scale onto BiFeOgs films. Using angle-resolved photoemis-
sion spectroscopy, we visualize the electronic structure of 1 to 3 monolayers of WSes
and evidence a giant energy shift as large as 0.75 eV induced by the ferroelectric polar-
ization direction in the underlying BiFeO3. Such a strong shift opens new perspectives

in the efficient manipulation of TMDs properties by proximity effects.

Transition metal dichalcogenides (TMDs) constitute a class of materials that have gath-
ered a tremendous interest from the solid-state physics community focusing on two-dimensional
(2D) materials. Schematically, TMDs of general formula MX, present a X-M-X configura-
tion, where a metal is covalently bonded to two chalcogens (M = Mo, W; X = S, Se, Te).
In TMDs, the global structure is made of several MX, planes bonded to one another by van
der Waals (vdW) interactions. They hold promise for numerous applications in photonics

and electronics®?®

owing to their large exciton binding energies,®® a theoretical ambipolar-
ity originating from the X-M-X stacking and a transition from an indirect to a direct band
gap when the material reaches the monolayer limit.”!¥ They also exhibit a strong spin-orbit

coupling 4

and a nonlinear and anisotropic Rasbha spin splitting has been predicted by ab
initio calculations™® which are promising properties for spintronics. Owing to their ultrathin
character, their electronic properties are easily tunable by proximity effects or any external
stimuli. The engineering of the electronic and spin properties of TMDs is currently a very
dynamical research area. Various methods based on strain engineering,*® hybrid TMDs het-
erostructures, hybrid dimension (2D/3D) heterostructures, or the exploitation of the twist
T6HI0

degree of freedom have been reported to substantially modify their band structure.

Until recently, most studies on TMDs have focused on micrometer-sized flakes exfoliated



from bulk samples.”%#! Extensive efforts are beginning to enable the growth of wafer-scale
TMD single-crystal films.?*4 Yet, a remaining challenge is the transfer of these films onto
wafers based on functional materials, notably from different structural and chemical families.
A particularly appealing direction consists in coupling TMDs with electrically polarized
materials such as ferroelectrics. This would enable a remanent modulation of their electronic
properties and pave the way towards non-volatile memory devices such as ferroelectric field
effect transistors (FeFET) with giant OFF /ON ratios.

Since most technologically-relevant ferroelectrics are perovskite oxides such as BaTiOj
(BTO), Pb(Zr, Ti)O3 (PZT) and BiFeO3 (BFO), there have been attempts to combine
TMDs with such materials, albeit almost exclusively using exfoliated flakes. Several exper-
iments showed a dependence of the photoluminescence (PL) response on the ferroelectric
polarization direction in MoSy/PZT* or MX,/BTO.4"* Chen et al. also defined a p-n
homojunction on micron-sized WSe, flakes deposited on a BFO film with pre-poled up and
down polarization domains.” However, these studies could not bring insight into the influence
of ferroelectricity on the electronic structure of the TMD.

In this work, we present a direct measurement of the modulation of the electronic band
structure of a TMD by ferroelectric polarization using angle-resolved photoelectron emis-
sion spectroscopy (ARPES). We work with high-quality WSe; grown by molecular beam
epitaxy (MBE) and transferred using chemical methods onto BFO films grown by pulsed
laser deposition (PLD) with different as-grown polarization states. First, we demonstrate
that the single crystalline character of WSe, layers are preserved after transfer on BFO.
Then, we show that 1 to 3 monolayers of WSe, exhibit a giant rigid band shift (ca. 750 meV
for a trilayer) when deposited on upward vs downward polarized BFO. This unprecedented
value offers new opportunities to manipulate the electronic properties of TMDs by proximity
effects.

Epitaxial thin films of BFO (001) were prepared by PLD on (110),-oriented DyScOj

(DSO) (the "o" subindex indicates orthorhombic notation) covered with bottom electrodes



of StRuO3 (SRO) or Lag 7Srg3sMnO3 (LSMO). Following Yu et al.,*! the choice of the bottom
electrode sets the direction of the out-of-plane component of the ferroelectric polarization of
the BFO film. Fig. presents piezoresponse force microscopy (PFM) phase images of the
out-of-plane piezoresponse signal. In the virgin state, the contrast was homogeneous for both
samples and could be switched reversibly by applying dc voltages higher than the coercive
voltages (cf. concentric square patterns). Before switching, the piezoresponse occurred in
phase with the excitation for the LSMO sample and with a phase shift of 180° for the SRO
samples, indicating that the out-of-plane component of the polarization was pointing up and
down, respectively.

To circumvent the temperature incompatibility for the direct growth of good quality
WSe, films on BFO, we first grow WSe, films on mica substrates.®"#% Reflection high-energy
electron diffraction (RHEED) indicates the epitaxial growth on the single-crystalline mica
substrate (Fig. [Ip). For the trilayer sample (3L), the atomic force microscopy (AFM) image
of Fig. sample reveals a continuous coverage with 22% of the surface corresponding to
3 ML (trilayer), 70% to 2 ML (bilayer) and 8% to 1 ML (monolayer). The area fraction of
uncovered mica substrate (0L) is negligible. The line profile extracted on Fig. |Id shows that
the layers are 0.7 nm thick as expected for bulk WSey. For the bilayer sample (2L), AFM
images (see Supplementary Information) give a composition of 71% 1 ML and 29% 2 ML.

The WSe, films were then wet-transferred on the BFO samples.®" In the case of the 3L
sample, the whole surface was covered (cf. Fig. [If). X-ray diffraction before and after the
transfer shows that the WSey keeps its crystalline properties, i.e. the substrate does not
induce additional strain or defects in the layer. The in-plane lattice parameter for WSes; on
BFO is a = 0.3284 nm, compared to a = 0.3272 nm on mica. A value of a=0.3282 nm for
bulk WSe; is reported in Ref.” This implies a 0.06% strain for WSe, on BFO comparatively
to a 0.3% strain on mica, meaning that the WSe, layer is nearly relaxed on BFO. Azimuthal
X-ray diffraction demonstrates that the WSe; was grown with little angular dispersion and

was transferred in exact conformity as only a little fraction of misoriented grains indicated



by black arrows are detected before and after the operation as shown in Fig. (note that
the diffraction intensity is in log-scale). PFM also confirmed that the BFO keeps its same
polarization orientation after being covered by WSes (see Supplementary Information).
The first two stacks studied by ARPES are schematically shown in Fig. [2h and consist in
3L WSe, transferred on DOWN and UP BFO respectively. X-ray photoemission spectroscopy
(XPS) of We 4f and Se 3d core levels are displayed in Fig. . For both, we observe a single
pair of peaks: 4f7/ and 4f5/; for W and 3ds5/, and 3ds/; for Se with no evidence of secondary
phase like WO, or SeO,. Moreover the spin-orbit splittings (2.15 eV for W and 0.82 eV for
Se) are in good agreement with tabulated value.®¥ The only difference between DOWN and
UP BFO polarities is a rigid energy shift of core level peaks by -0.6 €V which is characteristic
of the electrostatic doping effect. In Fig. [2k, the constant energy contours 500 meV below the
valence band maximum (VBM) show the two opposite valleys K and -K as well as the I" zone
center at the bottom right of the image. WSe, clearly exhibits a single crystal orientation.
At this energy, the lowest I' band already deviates from the radial symmetry to conform
to an hexagonal one. The two nested bands at K and -K show the characteristic trigonal
warping due the crystal symmetry. We conclude that the 3L WSe, transfer on BFO fully
preserves the electronic structure and single crystalline character of WSey grown by MBE.
Figure |3 displays ARPES measurements of the 3L films transferred on BFO and on a
reference graphene substrate. Fig. and present the I'-K slices of 3. WSe; on UP
and DOWN BFO showing the features of the band structure from the top of the valence
band down to 4 eV below the Fermi energy. Considering AFM images, black the observed
band structure corresponds to the superposition of those of 3 ML, 2 ML and 1 ML of WSe,.
As a comparison, we provide in Fig. the same ARPES data for 3L WSe, transferred
on graphene/SiC. In the valence band we see the two spin-splitted bands at K joining and
separating into a threefold band at I". One I' branch culminates to define the VBM. The
general shape of these I'-K slices corresponds to the band structure predicted and experimen-

tally measured for WSe,.®* After Laplacian normalization, the bands are greatly sharpened



showing clearly the aforementioned characteristics (Fig. , and ) The splitting at K
is consistent with what can be found in the literature®™=7 and equal to Ag_p =460 meV
for WSe; on DOWN BFO, 475 meV on UP BFO and 480 meV on graphene. Comparing
the band shifts for the three samples 3L, WSe, on DOWN BFO, UP BFO and Gr/SiC we
find that the VBM is located -0.215 eV, -0.985 eV and -1.222 eV below the Fermi energy,
respectively. The overall band structure of 3L WSe, is the same on BFO and graphene
(the additional band appearing in the bottom left of Fig. corresponds to the graphene
Dirac cone) and the principal effect of ferroelectric polarization is a rigid shift of the band
structure, expected from electron accumulation (UP) or depletion (DOWN) from the BFO.
Owing to the similar Pauling electronegativities of the metals Mo and W as well as the
chalchogens S and Se, we follow the argument in Ref.*® On UP BFO, (BiO)" termination
would transfer electrons to the WSey since x(Bi) < x(Se) while on DOWN BFO (FeO,)~
termination would deplete the layer since x(Se) < x(O). We measure an average rigid shift
between the two samples of ~ 750 meV. This is the major result of this study since this shift
value is significantly higher than the 450 meV step measured by Kelvin force microscopy in
Ref.,” which attests of the better coupling between the ferroelectric and the TMD in our
samples. We note that it is also close to the value predicted from density functional theory
for MoS, /BiFeO3."8

Fig. [4] shows the ARPES measurements of 2L WSe, on DOWN and UP BFO in a I'-K
slice. As expected from AFM images, the data share similarities with the band structure
of a standard 1L sample®? in particular near I'. A comparison between the data for the
DOWN and UP samples again reveals a sizeable energy shift, here corresponding to 640
meV, slightly lower than but consistent with the value found for the 3L sample, confirming
the influence of the BFO polarization direction on the electronic structure. By enhancing
the image contrast or changing the photon energy (see Supplementary Information), the
ARPES data reveal features characteristic of 2 ML of WSe,. In particular, a second I'" band

appears at higher energy. When comparing this additional band with the one reported in



Ref.®* for 2 ML of WSey, we notice that it appears flatter (corresponding to an apparent
effective mass m* = 0.95m, vs. m* = 0.75m, in Ref.*¥). Interestingly, this flattening of the
band (absent in the case of 3L sample) is also visible in Ref.** under the application of an
electric field. One possible explanation for this band flattening could be the existence of a
Rashba splitting induced in the WSe,; by the BFO in our case and by the applied electric
field in Ref."** Indeed, Rashba spin-orbit coupling would split the bands along k which, in the
absence of a high enough energy resolution (also due to the slight in-plane misorientation of
the grains), would appear as a single, flatter band. Though beyond the scope of the present
paper, this point would clearly deserve deeper investigation using for instance spin-resolved
ARPES measurements.

In summary, the measurements on both 2L and 3L WSe,/BFO large-scale heterostruc-
tures have proven that the band structure is rigidly shifted in dependence with the ferroelec-
tric polarization. The atomic and electronic structures of WSes remain essentially the same.
We experimentally report the highest energy shift ever observed in TMD /3D ferroelectrics
systems close to the theoretically predicted value. This giant shift is due to the formation of
a dipole at the interface of the TMD and the ferroelectric since UP (DOWN) BFO presents
positive (negative) charges at its surface. KPFM measurements have indeed shown that the
work function of TMD flakes could be modulated by oppositely polarized domains result-
ing in resistive switching behaviour.?#®3% Qur results represent a clear step forward in the
development of hybrid 2D /3D systems where proximity effects can efficiently modulate the

electronic properties of the 2D material.

Growth of BFO thin-films by PLD. DOWN(UP) BFO samples were grown on DSO(110)
substrates on top of a SRO(LSMO) electrode. The SRO(LSMO) electrode was epitaxially
grown to 5nm thickness on the DSO substrate by PLD under a pressure of 0.2 mbar(0.4
mbar), a laser frequency of 2Hz at 650°C. The BFO was epitaxially grown to 40 nm thickness

on the electrode by PLD under a pressure of 0.4 mbar, a laser frequency of 5 Hz at 700°C. The



samples were then cooled slowly to room temperature (-10°C/min). For both polarization
states the RMS roughness was typically under 1 nm with visible atomic steps (not shown).
Growth of WSe, films by MBE. The 15x15 mm? mica substrates from Ted Pella Inc.
are first exfoliated mechanically using scotch tape to obtain a clean surface right before the
introduction into the ultrahigh vacuum (UHV) growth chamber where the base pressure is
kept in the low 107° mbar. The substrates are then outgassed in the MBE chamber at
700°C for 5 minutes to remove all the contaminants. The growth temperature as given by
a thermocouple in contact with the sample holder is 920°C.%% WSe, layers are grown by
co-evaporating W from an e-gun evaporator at a rate of 0.15 A /min and Se from an effusion
cell. The Se partial pressure measured at the sample position is fixed at 1075 mbar. In-situ
reflection high energy electron diffraction (RHEED) is used to monitor the WSes crystal
structure during the growth.

Wet-transferring of the WSe, films. To transfer the WSe, layers from mica to BFO,
we use a wet transfer method starting from the spin coating of a varnish on the sample.
After evaporation of the solvent, the varnish film becomes solid and ensures the mechanical
stability of the layers during the transfer process. The sample is then dipped into deionized
water where the water penetrates at the interface between WSe, and mica. It progressively
lifts off the varnish/WSe, stack which floats at the water surface. The floating stack is then
gently fished using the target BFO substrate. The transferred layers are finally baked out
on a hot plate at 80°C for few minutes.

X-ray diffraction. X-ray diffraction analysis was done with 5-axis Smartlab Rigaku diffrac-
tometer. The source was a Copper rotating anode (K, = 1.54 A operated at 45 kV and 200
mA). It is followed by a parabolic mirror and a parallel in-plane collimator resolving up to
0.5°. They constitute the primary optics, a second parallel collimator is used on the other
side. All measurements were performed using a Kz filter.

Piezoresponse force microscopy. The experiments were conducted with an atomic force

microscope (Nanoscope V multimode, Bruker) and two external lockin detectors (SR830,



Stanford Research) for the simultaneous acquisition of in-plane and out-of-plane responses.
An external ac source (DS360, Stanford Research) was used to excite the bottom electrode
at a frequency of 35 kHz while the conducting Pt-coated tip was grounded.

Surface preparation for ARPES. The samples were mounted on Tantalum Omicron
plates and electrically connected from the top with Molybdenum plates i.e. grounded to the
manipulator. The samples stayed a few hours in UHV in order to degass as much surface
contaminants as possible. We did not perform any kind of annealing prior to photoemission
measurements for the WSe, on BFO samples to avoid damaging the BFO and its ferroelectric
domain structure.

Angle-resolved photoelectron emission spectroscopy. Unless specified otherwise we
used horizontally polarized photons with energy hry = 50 eV at the Cassiopee beamline.
The electron detector was a Scienta R4000 hemispherical Analyzer used at pass energy 20
eV, with an angular resolution of 0.1° and instrumental energy resolution of 18 meV. The
analyzer slits were vertical and curved. The Fermi energy Er was measured using a gold
sample in equilibrium with the manipulator. The manipulator was at room temperature
to prevent charging effects due to the semiconducting properties of both WSe, and BFO.
We checked that the charging effect due to the beam flux was negligible. In the 3L sample,
ARPES measurements correspond to the combination of the band structures of 3 ML (22%),
2 ML (70%) and 1 ML (8%). Similarly, in the 2L sample, ARPES measurements correspond
to the combination of the band structures of 2 ML (29%) and 1 ML (71%). The 3L and
2L labels were attributed on the basis of the number of visible bands at I, three for the 3L
sample (cf. Fig. |3) and two for the 2L sample (cf. Supplementary Information).

ARPES data analysis. The ARPES data was all analysed using the homemade CASSIOpy
software available at: https://gitlab.com/SLZ_Raph/cassiopy/. The band profiles were
extracted iteratively from the EDC of the second derivatives of the measured ARPES slices
by fitting a gaussian curve around the prominent peaks intensity points. The second deriva-

tives images were calculated taking into account inhomogeneous units or steps?” after an


https://gitlab.com/SLZ_Raph/cassiopy/

appropriate gaussian smoothing. We cut all the values below zero: V2f < 0 := 0. Large
angular range slices are produced from a set of three acquisitions is measured with tilt an-
gles -10,0,10° and merged into one spectrum. The overlapping regions are the average of
all spectra at a given coordinate. Merging discontinuities are fully corrected with a linear

correction.
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Figure 1: (a) PFM phase of DOWN BFO grown on SRO (blue square) and UP BFO grown
on LSMO (red square). White arrows represent the UP out-of-plane electric polarization,
black arrows represent the DOWN out-of-plane electric polarization. (b) RHEED patterns
of 3L WSe, along the directions [210] (azimuth ¢ = 30°) and [100] (azimuth ¢ = 0°). (c)
AFM image of MBE grown 3L WSes. (d) AFM depth profile of 3L WSe, taken between
the points A and B of the AFM image. The layers are 0.7 nm thick. (e) Crystal structure
of WSes, the vector a is the [100] direction, the vector b is the [010] direction. The violet
balls represent the W atoms and the yellow balls the Se. The in-plane lattice parameter
a is indicated. (f) Diagram of the transfer of MBE grown WSe, onto BFO (reproduced
from®) (g) Top: azimuthal XRD intensity in log-scale before and after transfer on opposite
polarized BFO substrates. The black arrows indicate the intensity from disoriented WSe,
regions, invisible in linear scale. Bottom: In plane radial § — 260 scan of XRD intensity in
log-scale before and after transfer on oppositf polarized BFO samples.
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Figure 2: (a) Schematics of the 2D /3D system under study. Left: 3L WSe, transferred on
down polarized BFO and right: 3. WSe, tranferred on up polarized BFO. In the following
DOWN BFO is marked with a blue square and UP BFO by a red square. (b) XPS of 3L
WSe; on DOWN BFO (blue) and UP BFO (red) showing the W 4f (top) and Se 3d (bottom)
core levels. The photon energy was 500 eV. (c) Top: constant energy slice of ARPES data
for 3L WSe; on DOWN BFO at E - Ex = -0.89 ¢V. Bottom: second derivative of the slice.
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Figure 3: (a) ARPES raw data and (b) second derivative of I' — K slice of the valence band
of 3L WSe; on DOWN BFO. (¢) ARPES raw data and (d) second derivative of I' — K slice
of the valence band of 3. WSe, on UP BFO. (e) ARPES raw data and (f) second derivative
of I' — K slice of the valence band of 3L WSe, transferred on graphene/SiC.
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Figure 4: (a) ARPES raw data and (b) second derivative of I' — K slice of the valence band
of 2L WSe; on DOWN BFO. (¢) ARPES raw data and (d) second derivative of I' — K slice
of the valence band of 2L WSe; on UP BFO. The ARPES was measured with hvy = 50 eV

and linear horizontal polarization.
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