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ABSTRACT: Optical modulation through interface doping offers a Bias ZA 5 gaTi% 5

convenient and efficient way to control ferroelectric polarization, : . Po bbb

thereby advancing the utilization of ferroelectric heterostructures in }(}(Oxox ° L _n=3— olololo
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nanoelectronic and optoelectronic devices. In this work, we fabricated

heterostructures of MoTe,/BaTiO;/Lay,Sry;MnO; (MoTe,/BTO/ ' M N N
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polarization switching behaviors depending on the varied thicknesses e s e o N BaTiO,

of MoTe,. The thickness-dependent band structure of MoTe, film 03037070¢0 0303030
Its in interface doping with ite polarity in th tive 2" oot BRARE
results in interface doping with opposite polarity in the respective N A A A A olololo

heterostructures. The polarization field of BTO interacts with the 1w

Py

interface charges, and an enhanced effective built-in field (E,) can I — "° 191919
trigger the transfer of massive UV light-induced carriers in both MoTe, > o % o é o ? o

and BTO films. As a result, the interplay among the contact field of UV illumination

MoTe,/BTO, the polarization field, and the optically excited carriers

determines the UV light-induced polarization switching behavior of the heterostructures. In addition, the electric transport
characteristics of MoTe,/BTO/LSMO heterostructures reveal the interface barrier height and E,; under opposite polarization states,
as well as the presence of inherent in-gap trap states in MoTe, and BTO films. These findings represent a further step toward
achieving multifield modulation of the ferroelectric polarization and promote the potential applications in optoelectronic, logic,
memory, and synaptic ferroelectric devices.
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1. INTRODUCTION

Ferroelectric materials possess switchable spontaneous polar-
izations below a critical temperature. An electric field is the
most common method to switch polarization, while other
external stimuli, such as stress field,' ™ chemical cloping,(”7 and
light,"'* also have been reported to modulate ferroelectric
polarization. Among those methods, optical modulation is one
of the most convenient and flexible ways to interact with the
polarization order. Their interaction can be classified as a
thermoelectric effect induced by high-intensity laser illumina-

studies investigated interface photovoltaic effects in ferro-
electric heterostructures and exploited their applications in
optoelectronic memories,*'***™** optoelectronic detectors,*®
neuromorphic devices,'”””** and even single-chip micro-
processors,” indicating the widespread applications in nano-
electronic and optoelectronic devices. Nevertheless, the
interface photovoltaic effects of many ferroelectric hetero-
structures with various band alignment conditions still have
much room to be explored.

2D van der Waals transition metal dichalcogenides (TMDs)

tion,'""* bulk photovoltaic effect owing to the noncentrosym-
metric crystal structure,">'* and interfacial photovoltaic effect
induced by interface doping.”'>~'® Optical-induced polar-
ization switching based on the thermoelectric effect is always
irreversible and destructive. A former research'’ achieved
reversible control of ferroelectric polarization based on the
bulk photovoltaic effect, while that occurs only with certain
crystal orientation or light polarization. The interface photo-
voltaic effect is a nondestructive and universal method for all
two-dimensional (2D) heterostructures, which can be
modulated by the number of atomic layers, electrostatic
doping, surface modulation, and band alignment.lg_21 Some
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7 ACS Publications

have been considered promising semiconductors for next-
generation nanodevices mainly because of their thickness-
dependent band structure and intriguing electronic and
optoelectronic features. When TMDs form heterostructures
with ferroelectric films, a contact field is induced at the
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Figure 1. Electrically induced ferroelectric polarization switching on a MoTe,/BTO/LSMO heterostructure. (a) Schematic of the PFM
measurement setup integrated with UV light illumination. PEM amplitude and phase images after switching the polarization of MoTe,/BTO to the
(b) Pyoun state and (c) P, state by exerting an electric pulse of (+4 V, 1 s) and (=6 V, 1 s), respectively, on the surface of the MoTe, film.
Schematics show the band alignment of MoTe,/BTO/LSMO heterostructures after switching the polarization of BTO to (d) P4y, and (e) Py Ec,
Eg, and Ey represent the conduction band edge, Fermi level, and valence band edge, respectively. E,;; and E,;, are the total built-in fields near
MoTe,/BTO and BTO/LSMO interface, respectively. Bare green “+” and “—” signs indicate the mobile screening charges near the MoTe,/BTO
interface, while circled green “+” and “—” indicate the bound charges inside the BTO film.

interface to match their work functions. Additionally, the
polarization field of ferroelectric films attracts mobile charges
of TMDs accumulated at the TMDs/ferroelectric interface to
screen the bound charge, which stabilizes the polarization and
leads to a nonvolatile interface electrostatic doping of
TMDs.**™* Moreover, light-induced carriers also alter the
density of screening charges and can even switch the polarity of
the interface doping under an appropriate electronic band
offset. Based on the polarization- and light-dependent interface
doping, studies achieved optical-induced polarization switching
from P, to Py, states based on the MoS,/BaTiO;
heterostructure® and recently realized the optoelectronic
synapse and neuromorphic vision sensor based on its electrical
and optical tuning memory functions.'® In the study,” the
optical-induced polarization switching occurred when major
carriers in MoS, were depleted; however, only unidirectional
optical-induced polarization switching was achieved.

In this work, we use bipolar MoTe, with different
thicknesses as the top electrode on ferroelectric thin films,
the polarity of which can be easily switched by interface
doping, and its band structure can be modulated by thickness.
Opposite optical-induced polarization switching has been
realized in a MoTe,/BaTiO;/La,,SrosMnO; (MoTe,/BTO/
LSMO) heterostructure with different MoTe, thicknesses.
Specifically, UV-induced polarization switching from Pg,, to
Py, states is achieved using MoTe, films with a thickness range
of about 5—8 nm, while the switching from P, to Pgq,, states
is observed when the thickness of MoTe, is reduced to about
2.15 nm. The thickness-dependent band structure of MoTe,
can result in an opposite interface contact field when the
heterostructure is formed. Additionally, the ferroelectric
polarization field has the opposite effect on interface doping
(ie, to enhance or weaken the effective Ey;). Only the
enhanced effective E,; motivates the transfer of the UV light-

induced carriers in both MoTe, and BTO films, enabling the
change of the polarity of interface doping and resulting in the
switching of the polarization of the BTO film. Furthermore,
lateral and vertical electric transport characteristics of the
MoTe,/BTO/LSMO heterostructures indicate that in-gap trap
states inherently exist in MoTe, and BTO films, which may
decelerate the process of UV-induced polarization switching.
These results provide more possibilities for optical modulation
of polarization orientation, and interface doping can be an
appropriate and universal method for all semiconductor/
ferroelectric heterostructures to modulate the performance of
electronic and optoelectronic devices.

2. RESULTS AND DISCUSSION

To switch the polarization orientation of the BTO film to the
Pyown (or P,,) state electrically, we grounded the bottom
LSMO electrode and applied a positive (or negative) bias on
the top MoTe, layer through a conductive probe. When
performing in situ photoelectric measurements, UV light was
applied through the sample bottom using an illuminating
system integrated with a piezoresponse force microscope
(PFM). The schematic of PFM measurement on a MoTe,/
BTO/LSMO heterostructure is shown in Figure la. The
electrical-induced polarization switching of the heterostructure
is shown in Figure 1b,c, where PFM amplitude represents the
piezoresponse strength and ~180° PFM phase contrast
manifests the opposite polarization orientation of the ferro-
electric layer. The electric pulse-induced reversible polarization
switching of the entire area of MoTe,/BTO/LSMO
heterostructure suggests a bipolar transport characteristic of
the MoTe, film, in which both sufficient holes and electrons
can be accumulated at the MoTe,/BTO interface to stabilize
the polarization of the BTO film. The ferroelectric hysteresis
loops measured on the heterostructure are shown in Figure S1,
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Figure 2. UV light-induced ferroelectric polarization switching from Py, to P,

states on a MoTe,/BTO/LSMO heterostructure. (a) Morphology

p
of the heterostructure. The inset is the height profile along the red line indicating that MoTe, is about 12-ML. Phase and amplitude hysteresis loops

were obtained at (b) the bare BTO/LSMO region and (c) the MoTe,/BTO/LSMO regions. (d) PFM and KPFM images after the polarization
switching to Py, by +7 V bias scanning within the blue dotted square. A +8 V DC scanning was conducted on the bare BTO/LSMO region (dark
square in the phase image) to work as a reference state with Py, state. (¢) PFM and KPFM images of the heterostructure after applying 20 min of
UV illumination.

where the loops measured on bare BTO surface and MoTe,/
BTO showed the opposite imprints and asymmetric amplitude
responses. In the MoTe,/BTO/LSMO heterostructure, the
space charges and injected charges under strong electric fields
tend to gather at the MoTe,/BTO interface and an E;
pointing toward the BTO/LSMO interface can be induced.
To understand the interface conditions in the MoTe,/BTO/
LSMO heterostructure, we systematically studied the band
structure of MoTe,, BTO, and LSMO before and after their
contacts. When forming a heterostructure, charges can transfer
from MoTe, to BTO, and from BTO to LSMO due to band
alignment, leading to —E,; (along the Py, direction) at the
MoTe,/BTO and BTO/LSMO interfaces. This Ey; is
contributed by the contact field (as shown in Figure S2ab)
and the excitation state band diagrams upon applying a positive
or negative bias on the surface of MoTe, film are also exhibited
in Figure S2¢,d. This band structure modulation induced by an
external electric field is specifically illustrated in Section S2.
When the polarization of BTO has been switched to the Py,
state after applying a positive bias on the surface of MoTe,,
due to the same direction between the contact field and the
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external electric field, the effective E,; and band bending at the
MoTe,/BTO interface is enhanced and massive holes
accumulated at the interface that stabilized the Py, state of
the BTO film (Figure 1d). In contrast, when the polarization of
BTO has been switched to the P, state by applying a negative
bias on the surface of the MoTe,, the external electric field
possesses an opposite direction compared with the direction of
the contact field. Therefore, the effective E,; and band bending
decrease and can even be switched to an opposite direction. In
this case, electrons can transfer and gather at the MoTe,/BTO
interface under the effect of an external bias, which can act as
screening charges to switch and stabilize the P, state of the
BTO film (Figure le). Based on the band alignment in Figure
1, we expect that MoTe,, acting as a good top electrode, can
transfer sufficient carriers into the MoTe,/BTO interface to
mutually switch and stabilize the opposite polarizations of the
BTO film. Hence, both p-type and n-type interface doping of
MoTe, can be realized when switching the polarization of
BTO film to the Py, or P, state, which implies that opposite
effective E,; can be induced at the MoTe,/BTO and BTO/
LSMO interfaces by the polarization field.
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Figure 3. UV light-induced ferroelectric polarization switching from P,

to Pyoun states on the 3-ML MoTe,/BTO/LSMO heterostructure. (a)
Morphology of the heterostructure. Inset is the height profile along the red line, indicating that the thinnest MoTe, is 2.15 nm thick. Phase and
amplitude hysteresis loops were obtained at the (b) bare BTO/LSMO region and (c) MoTe,/BTO/LSMO region. (d) PEM and KPFM images
when the polarization orientation of the heterostructure was switched to the P, state by applying a (=4 V, 1 s) pulse bias at the position marked by
the red dot. (¢) PFM and KPFM images of the heterostructure after applying UV illumination for 19 min.

Subsequently, we investigated the light effect exerted on the
MoTe,/BTO/LSMO heterostructure. Since crystal defects
significantly impact the transport phenomena of the photo-
induced carriers, we conducted X-ray diffraction (XRD)
characterization for the BTO film and MoTe, crystal, as well
as the Raman spectrum on the MoTe,/BTO/LSMO
heterostructures. The results confirm that the films are high-
quality single-crystals and the crystallographic directions of
BTO and 2H-MoTe, are along <100>,. and <001>,
respectively (Figures S3a and S4). Moreover, to select a
suitable wavelength of light to illuminate the heterostructure,
we conducted photoluminescence (PL) measurements of the
BTO film and MoTe, crystal and found that the band gaps of
the BTO film and MoTe, crystal are 3.70 and 1.11 eV,
respectively (Figure S3b). Therefore, we selected blue light
(450 nm wavelength, ~2.76 eV) and UV light (continuous UV
light with a peak at 250 nm wavelength, ~4.96 eV) to study
photoinduced polarization switching behavior in the MoTe,/
BTO/LSMO heterostructure.

Figure 2a shows the morphology image of a MoTe,/BTO/
LSMO heterostructure, with the line profile showing a MoTe,
thickness of ~7.89 nm (12-ML) in the inset. The hysteresis
loops obtained from bare BTO/LSMO and MoTe,/BTO/
LSMO regions are shown in Figure 2b,c, with the latter
showing a strong negative imprint. When 450 nm light is
illuminated on this sample, only carriers in MoTe, can be
excited and the light needs to couple with an electric bias to
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switch the polarization of BTO (Figures SS and S6). On the
contrary, when UV light is used to excite the sample, we
observed pure light-induced polarization switching from Py,
to P, in the MoTe,/BTO/LSMO heterostructure, as shown in
Figure 2d,e. Here, we first switched the polarization orientation
of the MoTe,/BTO/LSMO heterostructure to the Py, state
by applying +7 V bias scanning within the blue dotted square
in Figure 2d. Then, a UV light was illuminated from the
backside of the sample and the PFM phase image showed that
the polarization of BTO film was switched to the P, state after
20 min of UV illumination (Figure 2e). The entire switching
process under different illumination durations is illustrated in
Figure S7. To further confirm the UV-induced polarization
switching behavior, we conducted Kelvin probe force
microscopy (KPFM) to measure the surface potential
distribution of the heterostructure. If UV light-induced carriers
are not stimulated or trapped by some defects, they will not
transport under an Ey; of the heterostructure, and thus the
surface potential will remain constant. The KPFM images in
Figure 2d,e manifest a potential decrease of the MoTe,/BTO/
LSMO region after UV illumination and corroborate the UV-
induced polarization switching behavior of the heterostructure.
Compared to the MoS,/BTO heterostructure, the polarization
of which is switched from P, to Py, under UV illumination,®
in the MoTe,/BTO heterostructure, UV illumination caused
an opposite direction of polarization switching from Pg,, to

P, as described above.
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Figure 4. Electronic transport characteristic curves of MoTe,/BTO/LSMO and BTO/LSMO heterostructures. (a) In-plane I;—V,, curve
measured on the surface of the MoTe,/BTO/LSMO heterostructure, where 0 V bias was applied to the LSMO gate electrode. The inset is the
morphology of the test region where the thickness of MoTe, is 7.04 nm and the scale bar is 10 ym. (b) Vertical I-V curve of the MoTe,/BTO/
LSMO heterostructure under the voltage range of 200 mV, where the red dotted fitting line indicates Ohmic conduction dominates in this voltage
range. The inset is the schematics of the CAFM test, where the SPM probe is grounded and the voltage is applied to the bottom LSMO electrode.
The thickness of MoTe, in this heterostructure is 4.49 nm. (c) Vertical I-V curve of MoTe,/BTO/LSMO heterostructure under the voltage range
of +2 V, where different conduction mechanisms are labeled and separated by red spots. (d) Vertical I-V curve of the bare BTO/LSMO

heterostructure under the voltage range of +8 V.

We also conducted the same experimental measurements on
another MoTe,/BTO/LSMO heterostructure with much
thinner MoTe, (~2.15 nm, 3-ML) as the top electrode
(Figure 3a). The hysteresis loop obtained at the MoTe,/BTO/
LSMO region in this sample (Figure 3c) exhibits nearly zero
imprint value compared with the loop shown in Figure 2c,
which indicates the existence of a potentially opposite built-in
field. In this heterostructure, when we applied a positive bias to
the MoTe, to switch the polarization direction to Py, and
then illuminated a UV light on the sample, we did not observe
the polarization switching (Figure S8) as described in the
heterostructure with thicker MoTe, (Figure 2). Nevertheless,
when we applied a negative electric pulse on MoTe, to switch
the polarization of BTO to P, first (Figure 3d), the
polarization of BTO film was switched to Py, after 19 min
of UV illumination (Figure 3e). Here, we observed an opposite
UV light-induced polarization switching behavior from the P,
to Py, States by using a thinner MoTe, film. Correspond-
ingly, the KPFM images (Figure 3d,e) clearly revealed the UV
light-induced surface potential enhancement of the MoTe,/
BTO/LSMO heterostructure when the polarization was
switched from P, to Py, To further investigate the effect
of MoTe, thickness, we conducted PFM and KPFM
measurements on the MoTe,/BTO heterostructure with the
thickness of MoTe, at 3.22 nm. The results show that the

13251

polarization orientation is not switched either way after 18 min
of UV illumination, which indicates that both UV light-induced
polarization switching is not observed with this MoTe,
thickness (Figure S9).

The band alignments of MoTe,/BTO/LSMO heterostruc-
tures with 3-ML MoTe, under different conditions are
illustrated in Figure S10. In comparison, the opposite electron
transfer direction can be generated due to the different band
alignments between 3-ML and 12-ML MoTe, with BTO.
Therefore, an opposite contact field is generated along the P,
direction and promotes electron accumulation at the MoTe,/
BTO interface, which is also corroborated by the imprint
behavior of hysteresis loop measurements (Figure 3c). As the
contact field is along the P, direction, stronger band bending
and enhanced effective E,; is present at the MoTe, (3-ML)/
BTO interface when a negative bias (V_) is exerted on the
MoTe, film to switch the polarization to the P,, state (Figure
$10d,f). Conversely, a positive bias (V,) applied to MoTe, film
results in a weakened effective E,; due to the opposite direction
between the contact field and polarization field (Figure
S10ce).

To gain further insight into the electronic property of the
MoTe,/BTO/LSMO heterostructure, we conducted lateral
and vertical electrical measurements. It is a common practice
to estimate the polarity of a semiconductor by measuring the
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Figure S. Mechanisms of UV light-induced opposite polarization switching of MoTe,/BTO/LSMO heterostructure with MoTe, of different
thicknesses. (a) Line profiles of surface potential of 3-ML MoTe,/BTO and 12-ML MoTe,/BTO. Calculated work functions of (b) 3-ML and (c)
12-ML MoTe, by first-principles calculations, where the inset are schematics of Fermi level alignments between MoTe, and BTO. (d) Electron
concentration (left image) and hole concentration (right image) simulated by COMSOL Multiphysics at the 3-ML MoTe,/BTO interface when
—S Vg was applied to the conductive tip to switch the polarization of BTO to the P, state. (e) 12-ML MoTe,/BTO interface when +5 V. was
applied to the conductive tip to switch the polarization BTO to the Py, state. Schematics of the UV-illuminated band structure of (f) 3-ML
MoTe,/BTO/LSMO heterostructures when the polarization of BTO is electrically switched to P, and (g) 12-ML MoTe,/BTO/LSMO
heterostructure when the polarization of BTO is electrically switched to Py,,,. The E,; here indicates the effective built-in field in the BTO film.
The orange and purple e” and h* indicate UV light-induced carriers in the MoTe, and BTO film, respectively. The images indicate the transfer
characteristics of these optically induced carriers under effective E;. The gray circles with a line section schematically illustrate the in-gap trap
states.

transfer characteristic curves in the form of a field effect
transistor (FET). We fabricated two Au/Ti electrodes on the
surface of the MoTe,/BTO/LSMO heterostructure as the
source and drain electrodes, and LSMO film serves as the
bottom gate electrode. As shown in Figure 4a, the current—
voltage (I3—Vy,) curve under 0 V gate bias shows a perfect
linear characteristic, which indicates ohmic contact and good
in-plane ambipolar conductivity of the MoTe, flake, whose
resistance is about 40 k€. This characteristic of I3,—Vy, curve
implies that many unintentional dopants and in-gap states may
exist in the MoTe, film. Many other works*®*™** also reported
that the exfoliated MoTe, film with several nanometer
thicknesses possesses ambipolar transport behavior. The
polarity of MoTe, was sensitive to the in-gap trap states
induced by intrinsic Te defects”””” and the interface trap state

13252

caused by the adsorption/desorption of polar molecules and
contaminants,*’ which also apply to our MoTe,/BTO/LSMO
heterostructures.

In addition, we obtained the vertical carrier transport
behavior of MoTe,/BTO/LSMO and BTO/LSMO hetero-
structures by measuring the vertical I-V curves and analyzing
the conduction mechanisms (Figure 4b—d and Section S9).
The inset in Figure 4b—d schematically depicts the conductive
atomic force microscope (CAFM) measurements where the
SPM probe is grounded, and the bias is applied to the bottom
LSMO electrode, opposite to the PFM and KPFM tests.
Therefore, the positive (negative) bias here will switch the
polarization of the BTO film to the P, (Pgown) state. Figure 4b
is the vertical I-V curve measured through the MoTe,/BTO/
LSMO heterostructure under a small voltage range of +200
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mV. Compared to Figure 4a, a linear I-V relation persists,
while the resistance is distinctly increased to 1 M€ due to the
existence of the insulating BTO film. The nonzero current at a
small voltage indicates that BT O film possesses some intrinsic
free carrier that can be thermally excited. When the voltage
range is expanded to +2 V (Figure 4c), the -V curve exhibits
a nonlinear shape, and its conduction mechanism can be
analyzed by fitting the I—V relation according to the expression
of different conduction processes. Ohmic conduction, space-
charge-limited conduction (SCLC), Schottky emission,
Frenkel—Poole (F—P) emission, and Fowler—Nordheim (F—
N) tunneling are considered in this work, and the specific
analysis process is performed in Section S9. The I-V curve in
Figure 4c¢ can be divided into six sections according to different
conduction processes. Under positive bias, the current initially
follows ohmic conduction under a small electric field, followed
by dominant Schottky emission and trap-assisted F—P
emission (fitting details in Figure S11). In the negative bias
range, the conduction mechanisms are similar to that in the
positive bias range, except that SCLC dominates the current
conduction in the bias range of —0.71 to —1.26 V (fitting
details in Figure S12). This phenomenon follows the feature of
strong effective Ey; as explained in Figure 1d in comparison
with the situation under the P, state (Figure le). Meanwhile,
the mechanism of F—P emission indicates that many trap
states are in the band gap of BTO film and can be activated
under a strong electric field. Those in-gap trap states not only
lead to vertical conduction under large electric bias but also
significantly influence the photoelectric behavior of the
MoTe,/BTO/LSMO heterostructure.

In general, a low resistance state was observed under positive
bias, and a high resistance state was observed under negative
bias (Figure 4c). Compared with holes, electrons are more
likely to transport through heterostructure layers because the
barrier height in the conduction band (AE,) is significantly
lowered than that in the valence band (AE,) (Figure 1d,e).
When positive bias is applied to the LSMO film, electrons
transport from the MoTe, film to the LSMO film, and the
barrier height at the MoTe,/BTO interface (AE, in Figure 1d)
is relatively low to overcome. However, the electrons need to
overcome a higher barrier height at the BTO/LSMO interface
(e®d,, in Figure le) to transport under a negative applied bias.
This asymmetric potential barrier results in the asymmetric
conductive behavior.

To clarify the role of MoTe, in the heterostructure
conduction, we also measured vertical I-V curves of the
bare BTO/LSMO, where the Pt-coated SPM probe serves as
the top electrode (Figure 4d). The curve exhibits a rectification
behavior and the low resistance state is obtained under
negative bias. The measured current is much smaller than that
obtained from the MoTe,/BTO/LSMO heterostructure. From
the conduction mechanism analysis presented in Figure S13,
we inferred that Schottky emissions, F—P emissions, and F—N
tunneling may all contribute. In the Pt/BTO/LSMO
heterostructure, a larger and opposite barrier height asymmetry
presents under positive and negative biases, leading to a classic
rectification behavior. Therefore, MoTe, improves the overall
conductivity of the heterostructure significantly through
appropriate band alignment with BTO.

In the MoTe,/BTO/LSMO heterostructures described
above, we observed UV light-induced polarization switching
from Py, to P, with about 5—8 nm thickness of MoTe,, and
conversely from P, to Py, with 2.15 nm MoTe,. The PFM

hysteresis loops of the two types of heterostructures (Figures
2c and 3c) demonstrated an opposite imprint direction and
amplitude asymmetry, which manifested inversed effective E;
and varied screening charge density in the corresponding
heterostructure. Such a discrepancy may be attributed to the
change in the band structure of MoTe, with film thickness.
Thus, we conducted KPFM tests of pristine 3-ML MoTe,/
BTO and 12-ML MoTe,/BTO heterostructures (Figure S14
and Figure Sa). The obtained surface potential (V,,) is defined
as (¢gp = Psample) /&, Where g, and @,y are work functions
of the SPM tip and sample, respectively, and e is the electronic
charge. Therefore, the work function has the relation of
Da1-MoTer > Prr0 > Dra1-Mote2 Dased on the KPEM data, and an
opposite direction of charge transfer and reversed band
alignments can occur at the 3-ML and 12-ML MoTe, with
the BTO interface, respectively. We also verified the work
function of 3-ML and 12-ML MoTe, by first-principles
calculations, and an increased work function has been obtained
with the reduction of MoTe, thickness, in accordance with the
KPFM results (Figure Sb,c). Therefore, an inverse contact field
and different carrier concentration states occur at the 3-ML
MoTe,/BTO and 12-ML MoTe,/BTO interfaces, leading to
the opposite UV-induced polarization switching behavior when
the thickness of MoTe, is thinned from 12 to 3 ML. In
addition, some works*”*" indicated that MoTe, is sensitive to
hydrogen and oxygen adsorptions due to its intrinsic Te
defects, especially for monolayer MoTe,. Therefore, 3-ML
MoTe, may also adsorb polar molecules and cause extra
doping of the MoTe, film. As discussed earlier, when the
polarization field aligns with the contact field, the effective E;
will be increased and massive carriers can be accumulated at
the MoTe,/BTO interface. Simulations using COMSOL
Multiphysics were conducted to calculate the carrier
concentrations at the MoTe,/BTO interface after applying a
positive or negative bias, the geometrical model of which is
shown in Figure S15a. As depicted in Figure Sd,e, only
electrons are gathered at the 3-ML MoTe,/BTO interface
when —5 V. bias was applied to switch the polarization of
BTO to the P, state, and more holes are accumulated at the
12-ML MoTe,/BTO interface under +5 V. bias (BTO in the
P state). These massive space charges offer enhanced
effective E,; to facilitate the transferring of the photoinduced
carriers after UV illumination, thus switching the polarity of
screening charges and the polarization direction of BTO film.
The schematics of the band structure under UV light are
shown in Figure Sf,g. Under UV light illumination, carriers in
both MoTe, and BTO films can be excited and transferred
under Ey;, and Ey;,. The possible in-gap states in the MoTe,
and BTO film (manifested by a gray cycle with a line in Figure
5f,g) probably trap some photoinduced carriers and decelerate
the process of UV light-induced polarization switching. In
general, Ey; in ferroelectric heterostructures is an effective field
involving multiple effects, including the contact field, polar-
ization field, screening conditions,*” and interface pinning
effects.

On the contrary, if the polarization field is in the opposite
direction to the contact field, the effective E,; will be reduced
and even be switched to the reversed direction. In Figure S15b,
although more holes are gathered at the 3-ML MoTe,/BTO
(Pgown state by +5 V. bias) interface, the carrier concentration
difference is lower than that at the 3-ML MoTe,/BTO (P,
state by —5 V,. bias) interface. Therefore, the enhanced
effective Ey, is still obtained when a +5 V bias is applied. For
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the 12-ML MoTe,/BTO heterostructure, the opposite effect
applies (Figure S16a). The space charges generated weakened
the effective E,;, and only a few photoinduced holes of MoTe,
and BTO films are transferred to the MoTe,/BTO interface,
which cannot compensate the existing polarization charge and
thus cannot switch the polarity of BTO polarization.
Therefore, no UV-induced polarization switching behavior
under this type of heterostructure was observed, as shown in
Figures S15¢ and S16b. In summary, the overall band diagrams
under UV illumination, including 3-ML MoTe,/BTO(Pyu,)/
LSMO, 3-ML MoTe,/BTO(P,,)/LSMO, 12-ML MoTe,/
BTO(P,,,,)/LSMO, and 12-ML MoTe,/BTO(P,,)/LSMO
are demonstrated in Figure S17 to explicitly manifest the
mechanism of UV light-induced polarization switching
behavior.

3. CONCLUSIONS

In this work, we fabricated MoTe,/BTO/LSMO hetero-
structures and conducted a comprehensive investigation into
their electrically induced and optically induced polarization
switching behavior, as well as the electric transport behaviors.
We observed that UV light was capable of inducing
polarization switching from Py,,, to P, states with thicker
MoTe, (around 5—8 nm) in the heterostructure, and
conversely from P, to Py, states with thinner MoTe,
(around 2 nm). We attribute these behaviors to the
thickness-dependent band structure of MoTe, films, which
generates an opposite contact field upon the formation of
MoTe,/BTO/LSMO heterostructures. This is further sup-
ported by the imprint behavior observed in PFM hysteresis
loops, the work function calculations by DFT, and the interface
carrier concentration calculated by COMSOL Multiphysics
simulation. When the polarization field of BTO is aligned with
the contact field, enhanced effective E,; was observed,
motivating the transfer of UV-induced carriers in both
MoTe, and BTO films. This facilitated the switching of the
polarization orientation of BTO film by changing the type of
interfacial charges. The coherent modulation of the effective
E,; by the contact field, polarization field, and optically excited
carriers was identified as the key factor for the observed UV-
induced polarization switching in the heterostructure.
Furthermore, electric transport measurements of the MoTe,/
BTO/LSMO heterostructures revealed the magnitude of the
interface barrier height and E,; under different polarization
states of BTO (P, or Pyg,,). We also verified the presence of
numerous in-gap trap states inherently in MoTe, and BTO
films, which can have the effect of decelerating the process of
UV-induced polarization switching. The observations in this
work provide an advancement in the development of multifield
modulation of ferroelectric polarization, and pave the way for
potential applications based on the heterostructures formed by
2D materials and ferroelectric thin films in the field of
nanoelectronic and optoelectronic devices.

4. EXPERIMENTAL SECTION

4.1. Preparation of MoTe,/BaTiOs/Lay;Sro3:MnO; Hetero-
structures. The BTO/LSMO films were grown epitaxially on
SrTiO5(STO) by pulsed laser deposition (PLD) using a XeCl
excimer laser (1 = 308 nm) with a fluence of 1.75 J cm™ and a
repetition rate of 2 Hz. The thickness of the BTO layer is 36 u.c.
(about 15 nm). The MoTe, layer with a thickness spanning from 2 to
8 nm was prepared by mechanical exfoliation method from a 2H-
MoTe, single crystal. The MoTe, film was first exfoliated using

commercial PDMS and then transferred to the target substrate BTO/
LSMO/STO wusing a mechanical transfer platform. To ensure
interface cleanliness, the heterostructure was prepared under an N,
atmosphere, and the substrate BTO/LSMO/STO was cleaned first.

4.2. Crystal Structure Measurement. The crystal structures of
the BTO/LSMO/STO substrate and 2H-MoTe, single crystal were
characterized by X-ray diffraction and photoluminescence spectrom-
etry. X-ray diffraction was tested on Bruker D8 Advance equipment
with the parameters of 40 kV, 40 mA, and Cu target K,1 radiation.
Photoluminescence spectrometry was carried out on an FLSPP20
steady state and lifetime fluorescence spectrometer with 270 nm
excitation wavelength. Due to the similar binding energy between 2H-
MoTe, and 1T'-MoTe,, the Raman spectrum of MoTe,/BTO/
LSMO heterostructure was measured to ensure the phase of the
MoTe, film, and the wavelength of excitation light was 532 nm.

4.3. PFM Measurements. The ferroelectric domain structures
were obtained by using a commercial scanning probe microscopy
system (MFP-3D, Oxford Instruments, USA). The dual AC resonance
tracking piezoresponse force microscopy (DART-PFM) technique
was used to track the contact resonance frequency in real-time and
maintain a high signal-to-noise ratio in PFM images. A conductive
probe with a nanoscale sharp tip (PPP-EFM, NANOSENSORS,
Switzerland, with a Pt coating and around 25 nm tip radius) was in
contact with the surface of the sample while applying an AC bias
during the scan. According to the inverse piezoelectric effect,
mechanical oscillation of the piezoelectric material was induced and
detected by the probe as well. In PEM measurements, the amplitude
signal indicates the strength of the piezoresponse, which is
proportional to the piezoelectric constant, and the phase signal
provides information on relative polarization orientations. PFM can
also perform switching spectroscopy mode in which the amplitude
loop and phase loop manifest the local polarization switching process
under a DC bias sweep.

4.4. KPFM Measurements. Kelvin probe force microscopy
(KPFM) is the technique to obtain the surface potential or work
function of materials via a dual-pass method. In this work, during the
first pass, surface morphology was required, whereas, in the second
pass, an AC bias was applied to a conductive tip to produce an
electrostatic force between the tip and sample while maintaining a
constant separation (~40 nm) between them. Meanwhile, a DC bias
was applied to the conductive tip to null the first-order component of
the tip—sample interaction force. In this case, the DC bias equaled the
potential difference between the tip and sample and gave the relative
surface potential distribution of materials.

4.5. CAFM Measurements. Conductive atomic force microscopy
(CAFM) is a technique to measure the local conductivity of a sample
based on contact mode, and both surface current mapping and
vertical current—voltage curves can be obtained. In the CAFM test
used in this work, the probe tip was grounded and a bias was imposed
on the bottom electrode of the sample to form a vertical electrical
field. To maintain good contact and low contact resistance between
the probe and sample, it is critical to exert a suitable loading force on
the probe (about 250 nN in this case).

4.6. Device Fabrication and Electrical Measurements of
MoTe, Film. To acquire the lateral conductivity of MoTe, film in this
research, we fabricated two 50 nm Au/S nm Ti electrodes on the
surface of MoTe,/BTO/LSMO heterostructure as the source and
drain electrodes. The electrodes were fabricated by the process of
ultraviolet lithography and ultrahigh vacuum electron beam
deposition. Keithley 4200 semiconductor characterization system
combined with a probe station was used to measure the lateral
current—voltage (I3—Vj,) curves of MoTe, film when 0 V gate bias
was applied on the LSMO bottom electrode.

4.7. In Situ Photoelectric SPM Measurements. A commercial
scanning probe microscopy system (MFP-3D, Oxford Instruments,
USA) equipped with an open modular optical design was used to
provide bottom-side sample illumination. The optical path can adjust
the focus of light illuminating a sample and can easily accommodate
external light sources. In this case, a stabilized deuterium UV light
source (SL S204, Thorlabs Inc., a strong and continuous light at the
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wavelength of 200—400 nm for UV illumination) and xenon
broadband light source (7ILX500, SOFN Instruments Co. Ltd., for
450 nm illumination) were used to motivate the photoelectric
coupling effect of MoTe,/BTO/LSMO heterostructures. A double
grating scanning spectrometer (7ISW151, SOFN Instruments Co.
Ltd.) was coupled with a xenon broadband light source to obtain a
monochromatic light with an accurate 450 nm wavelength. The power
density of UV light illuminated on the surface of the heterostructure is
4.96 mW cm™2, and that of 450 nm light applied on the surface of the
sample is 3.37 mW cm™ In situ PFM and KPFM tests can be
achieved when light is shined on the sample.

4.8. First-Principles Calculation. First-principles calculations
were carried out within the DFT formalism, as implemented in the
Vienna ab initio simulation package (VASP).** The Perdew—Burke—
Ernzerhof (PBE)** realization of the generalized gradient approx-
imation (GGA) was used for the exchange—correlation functional
with a projector augmented-wave (PAW)** pseudopotentials, treating
the Mo 4p Ss 4d and Te Ss Sp as valence electrons. The projector-
augmented wave method was employed to model the ionic potentials.
The energy cutoff was set to 400 eV for all calculations. A vacuum
space of 60 A was introduced to avoid interactions between the image
structures. The Grimme’s method (DFT-D3)* van der Waals
correction was adopted. All the atoms are allowed to relax until the
calculated forces are less than 0.01 eV A™!, while the electronic
minimization was applied with a tolerance of 10™° eV. The
Monkhorst-pack k-point*” sampling was used for the Brillouin zone
integration: 15 X 15 X 1 for relaxation and self-consistent calculations.

4.9. COMSOL Multiphysics Simulation. The three-dimensional
carrier distribution of the MoTe,/BTO heterostructure is modeled
using the static transport equation in the semiconductor module of
COMSOL Multiphysics simulation, and the geometrical model is
shown in Figure S14a. A pyramid conductive tip (Pt coating) contacts
the surface of the MoTe, layer, and the LSMO bottom electrode is set
beneath the BTO layer. An external bias V4. was applied on the tip,
and the bias of the LSMO layer was always set as 0 V. A continuous
quasi-Fermi level model is used at the MoTe,/BTO interface, and the
interfaces of tip/MoTe, and BTO/LSMO are installed as an ideal
Schottky semiconductor-metal contact. An insulation boundary
condition was imposed on all other interfaces. All of the simulation
parameters are performed in Table S2.
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