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ABSTRACT: Van der Waals (vdW) ferroelectric heterostructures
provide a versatile platform for exploring interfacial interactions
and advanced functionalities. Here, we report a thickness-
engineered strategy to modulate the interfacial states and
polarization switching in 2H-MoTe2/BaTiO3 (BTO) heterostruc-
tures. The interplay among band-alignment-induced charge
transfer, polarization field, and defect-related traps governs the
interfacial electronic structure. Remarkably, a two-unit-cell (u.c.)
thickness variation (from 18 to 20 u.c.) in MoTe2 induces a 0.44
eV work function shift, reversing the band alignments and
interfacial doping polarity. This transition triggers a reversal of
BTO polarization from Pup to Pdown state, enabling deterministic
and nondestructive polarization control. Electrical transport
evolves from trap-assisted space-charge-limited conduction and thermionic emission to Fowler−Nordheim tunneling under strong
polarization field, yielding robust multilevel nonvolatile memory characteristics. These results highlight thickness-controlled
interfacial states as an effective route to tailor ferroelectric switching dynamics for nonvolatile memory and neuromorphic computing
applications.
KEYWORDS: TMD/ferroelectric heterostructure, thickness modulation, interface effect, polarization switching, multistate memory

1. INTRODUCTION
Van der Waals (vdW) heterostructures enable bond-free
integration that is inherently immune to lattice mismatch
and processing constraints, opening new routes for high-
performance (opto)electronic devices with diverse function-
alities. They feature atomically sharp interfaces, tunable band
structures, and excellent electrical conductivity.1,2 When a
transition metal dichalcogenide (TMD) is coupled with a
ferroelectric film, the ferroelectric polarization offers a
nonvolatile electric field to modulate the charge in the
TMD, acting as a polarization field. The nanoscale domain
patterning further enables local tuning of its electronic and
optical properties. Conversely, the band structure and
dielectric screening of the TMD layer critically affect the
symmetry and stability of ferroelectric switching. Through the
interplay of band-alignment-induced charge transfer, polar-
ization doping, and defect-mediated states,3−5 rich physical
phenomena emerge, including moire ́ interfacial ferroelectric-
ity,6,7,9 2D superconductivity and topological states,10,11 polar
vortices,12,13 valley polarization,14−16 tunable exciton emis-
sion,17,18 and fatigue-free ferroelectricity.19 These effects have
enabled diverse device functionalities, such as high-density
memory,3,8,20 neuromorphic computing,3,21−23 reconfigurable
diodes,1,24 photodetectors,25,26 optical filtering,27 and multi-

functional in-memory sensors.10,28 Collectively, these findings
establish charge-mediated interfacial coupling in TMD/ferro-
electric heterostructures as a versatile strategy to tailor their
physical properties and realize multifunctional device applica-
tions.
Interfacial interactions in heterostructures are commonly

tuned through band-alignment engineering4,25,29 and electro-
static doping via external and local electric fields.5,30,31

Exploiting the thickness-dependent band structure of TMDs
offers a convenient, nondestructive strategy to modulate these
interactions.2 However, most thickness-dependent studies have
focused on monolayer, few-layer, or bulk TMDs due to first-
principles scaling limitations, leaving multilayer films com-
paratively unexplored.32−34 Despite extensive investigations of
TMD/ferroelectric interfaces, the effects of thickness-depend-
ent interfacial coupling and the emergence of reversed
interfacial doping have still not been well elucidated. Here,
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we systematically investigate thickness-driven interfacial states
in TMD/ferroelectric heterostructures by combining in situ
scanning probe microscopy (SPM) with COMSOL multi-
physics simulations. The study explicitly considers interfacial
states arising from polarization doping, band-alignment-
induced charge transfer, and defect-related traps.
In this work, we present a thickness-engineered approach

that utilizes 2H-MoTe2 with varying thickness to modulate
interfacial states in the MoTe2/BaTiO3 (BTO) heterostruc-
ture. A large work function difference (0.44 eV) can be
induced by 2 u.c. thickness variation (from 18 u.c. to 20 u.c.),
inverting the interfacial band alignment and the interfacial
doping. This transition drives the ferroelectric polarization
switching of the BTO layer from Pup to Pdown state, providing a
simple, effective, and nondestructive means to control the
interface states and polarization orientation. Favorable band
alignment and enhanced interfacial screening in MoTe2 (20
u.c.)/BTO yield symmetric switching with a reduced coercive
bias, whereas MoTe2 (18 u.c.)/BTO exhibits asymmetric
switching with a higher coercive bias. Electrical transport
analyses reveal a transition from trap-assisted space-charge-
limited conduction (SCLC) and thermionic emission to
Fowler−Nordheim (F−N) tunneling under a strong polar-
ization field in the MoTe2 (20 u.c.)/BTO heterostructure. The
interfacial states, arising from polarization field, band-align-
ment-driven charge transfer, and defect-related states, govern

the interfacial carrier distributions and ferroelectric switching
dynamics, enabling nonvolatile memory operation. These
results experimentally validate thickness-controlled tuning of
band alignments and interfacial states in a TMD/ferroelectric
stacked heterojunction, establishing an effective and non-
destructive strategy for polarization control and paving the way
toward interface-tunable 2D memories, reconfigurable logic,
and neuromorphic computing.

2. RESULTS AND DISCUSSION
Figure 1a shows a schematic of the MoTe2/BTO/LSMO
heterostructure. Raman spectra confirm that the MoTe2 film
maintains its semiconducting 2H phase (Figure 1b). The
morphology in Figure 1c reveals adjacent thick and thin
MoTe2 regions, and the height profile indicates that the thin
MoTe2 layer consists of two distinct thicknesses of 13.06 (18
u.c.) and 14.70 nm (20 u.c.) (Figure S1a). The associated
ferroelectric characteristics and surface potential are charac-
terized by piezoelectricity force microscopy (PFM) and Kelvin
probe force microscopy (KPFM). In PFM measurements, an
AC bias excites the inverse piezoelectric effect, allowing the
detection of the signals of the PFM amplitude (reflecting the
piezoresponse strength) and PFM phase (indicating the
relative polarization orientation). The region covered by a 20
u.c. MoTe2 layer exhibits a stronger piezo-response than that
with 18 u.c. MoTe2 (Figure 1d). Both as-grown BTO and

Figure 1. Ferroelectric characteristics of the MoTe2/BTO/LSMO heterostructure. (a) Structure schematics of the heterostructure. (b) Raman
spectra measured on bare BTO and the MoTe2/BTO/LSMO heterostructure. (c) Morphology, (d) PFM amplitude, (e) PFM phase, and (f)
KPFM surface potential images of the MoTe2/BTO/LSMO heterostructure. Zoomed-in (g) PFM amplitude and (h) PFM phase images
corresponding to panels d and e.
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MoTe2 (18 u.c.)/BTO regions exhibit Pup state polarization
(pointing away from the LSMO layer), whereas the polar-
ization of the MoTe2 (20 u.c.)/BTO region switches to the
Pdown state (pointing toward the LSMO layer) with an
increased surface potential (Vsp) (Figure 1e and f). The
zoomed-in images clearly show that, despite only a 2 u.c.
difference, the two regions possess opposite polarization
orientations and distinct piezoresponses (Figure 1g and h).

To elucidate the thickness-dependent ferroelectric switching
and interface states, detailed analyses of the ferroelectric
hysteresis loop and band alignments are presented in Figure 2.
During PFM hysteresis measurements, a DC bias applied to
the probe tip reverses the polarization, and the corresponding
PFM amplitude and phase responses are recorded (bias
sequence in Figure S2). The imprint, defined as (Vc+ + Vc−)/2,
represents the loop lateral shift and suggests the interfacial

Figure 2. Thickness-dependent polarization switching and band alignments of the MoTe2/BTO/LSMO heterostructure. (a) Morphology of the
zoomed-in region of the MoTe2/BTO/LSMO heterostructure in Figure 1g,h. (b) Corresponding KPFM surface potential and (c) its line profile
along the dark blue-dotted line in panel b. Three-cycle PFM amplitude and phase hysteresis loops measured at the position of the (d) 18 u.c.
MoTe2/BTO/LSMO heterostructure and (e) 20 u.c. MoTe2/BTO/LSMO heterostructure (test positions marked by the red crosses in panel a).
(f) XPS spectrum and (g) UPS spectrum of the bare BTO film. The intensity is plotted in counts per second (CPS). (h) Illustration of band
parameters of MoTe2, BTO, and LSMO layers. EVac, EC, EF, and EV denote the vacuum band level, conduction band minimum, Fermi level, and
valence band maximum, respectively.WF‑18 andWF‑20 indicate work functions of 18 and 20 u.c. MoTe2. χ is the affinity. Eg is band gap. TheWF and
EV of BTO are obtained via UPS and XPS, and WF of MoTe2 is obtained from KPFM. EV and Eg of the MoTe2 layer are obtained from XPS and
PL,35,36 Eg of BTO is obtained from PL,36 and WF of LSMO is obtained from the UPS test.37
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built-in field, where Vc+ and Vc− denote the positive and
negative coercive biases, respectively. Three-cycle switching
spectroscopy PFM hysteresis loops are acquired on bare BTO,
18 u.c. MoTe2, and 20 u.c. MoTe2 regions (marked by red
crosses in Figure 2a), demonstrating a high cycling stability.
The bare BTO film exhibits symmetric polarization switching
with a slight positive imprint (Vc−/Vc+: −1.70/+1.90 V, Figure
S1b). In contrast, the MoTe2(18 u.c.)/BTO heterostructure
shows an asymmetric hysteresis loop with stronger piezo-
response under negative bias and larger positive coercive
voltage (−4.95/+6.25 V), indicating a positive imprint and a
strong interfacial field stabilizing the Pup state (Figure 2d). The
MoTe2(20 u.c.)/BTO heterostructure exhibits symmetry
piezo-response and slight negative imprint (Vc−/Vc+: −3.05/
+2.95 V), demonstrating easier polarization reversal and
weaker domain pinning (Figure 2e). To confirm the stability
of this thickness-dependent polarization switching, an addi-
tional MoTe2/BTO/LSMO heterostructure was fabricated
(Figure S3). The 8 u.c./18 u.c. MoTe2 layer exhibits Pup state
polarization, while the 30 u.c. MoTe2 layer shows Pdown state
polarization (Figure S3a−c). Corresponding KPFM mapping
shows Vsp comparable to bare BTO for the 8 and 18 u.c.
samples and a pronounced enhancement for the 30 u.c.
MoTe2/BTO region (Figure S 3d). The hysteresis switching
characteristics are also consistent with those in Figure 2d and e
(Figure S3f and g).
To quantitatively determine the band alignment of the

MoTe2/BTO/LSMO heterostructures, the band parameters of
the BTO film are extracted from X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectrosco-
py (UPS) measurements. The work function (WF) of BTO is
3.53 eV from the secondary electron cutoff energy in the UPS

spectrum (Figure 2g), and the valence band maximum (EV) is
6.08 eV based on a 2.55 eV separation between the Fermi level
and EV in the XPS spectrum (Figure 2f). In KPFM
measurements, Vsp is defined as (ϕtip − ϕsample)/e, where ϕtip
and ϕsample represent WF of the conductive tip and sample,
respectively, and e is the elementary charge. Accordingly, an
increase in Vsp corresponds to a lower sample WF (upward
Fermi-level shift) and reduced electrostatic potential. As shown
in Figure 2b and c, the 20 u.c. MoTe2 region exhibits a 424.31
mV increase in Vsp relative to BTO, whereas the 18 u.c. MoTe2
region shows a slight decrease of 17.62 mV. These band
alignments arise from the polarization field and the pristineWF
alignment. To quantify their contributions, the Vsp of MoTe2
films with different thicknesses on the SiO2 substrate is
measured (Figure S4). The Vsp difference of 121.69 mV was
observed between thinner and thicker MoTe2 films, with
thicker MoTe2 exhibiting a higher Vsp. As for the Vsp difference
between thinner MoTe2 and BTO, several tens of millivolts
with a downward shift are observed on various MoTe2/BTO
heterostructures (Figures 2b and S3d). These results indicate
that despite the relatively small pristine thickness-dependent
Vsp variation, the opposite Vsp alignment of MoTe2 with
different thicknesses relative to BTO reverses charge-transfer
characteristics and polarization preference, thereby enabling
polarization switching in the 20 u.c. MoTe2/BTO hetero-
structure and the pronounced Vsp enhancement of 441.93 mV.
All of the band parameters of the MoTe2/BTO/LSMO
heterostructures are summarized in Figure 2h, revealing the
opposite band alignments for MoTe2 (20 u.c.)/BTO and
MoTe2 (18 u.c.)/BTO interfaces.
Based on the aforementioned thickness-dependent polar-

ization characteristics, the MoTe2 (≥20 u.c.)/BTO/LSMO

Figure 3. Electrical transport characteristics and band structure of the 20 u.c. MoTe2/BTO/LSMO heterostructure. (a) Vertical I−V curves
measured under different voltage sweep ranges. Vertical I−V curves (b) under a ±3 V sweeping bias and (c) under a ±8 V sweeping bias, with
fitted conduction mechanisms. Schematics of the ideal band structure (d) for MoTe2(18 u.c.)/BTO/LSMO and (e) for MoTe2(20 u.c.)/BTO/
LSMO heterostructures. Schematics of the excited-state band structures of MoTe2(20 u.c.)/BTO/LSMO (f) upon applying a +8 V bias on the
LSMO film to switch the polarization of BTO to the Pup state and (g) upon applying a −8 V bias on the LSMO film to switch the polarization of
BTO to the Pdown state.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c05685
Nano Lett. 2026, 26, 2493−2501

2496

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c05685/suppl_file/nl5c05685_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05685?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05685?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05685?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c05685?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c05685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


heterostructure exhibits more favorable band alignment and
symmetric polarization switching with smaller coercive biases.
Thus, its ferroelectric domain switching, electrical transport,
band structure, and memory performance were further
investigated. As shown in Figure S5, the ferroelectric domains
in the MoTe2(20 u.c.)/BTO/LSMO heterostructure can be
switched using −8 V/+6 V scan bias, accompanied by
corresponding changes in Vsp. The similarity between the Vsp
distribution induced by the intrinsic interface effects and by
external bias indicates that interface coupling provides a
deterministic and nondestructive route for polarization control.
We further investigated the electrical transport behavior of

the MoTe2 (20 u.c.)/BTO/LSMO heterostructure using the
conductive atomic force microscope (CAFM) (Figure 3). The
vertical I−V loops under different sweeping biases are shown
in Figure 3a. With increasing bias amplitude, the hysteresis
width expands and the loop orientation reverses between
clockwise and counterclockwise, indicating different interfacial
states and transport mechanisms under ±3 V and ±8 V biases
(Figure 3b and c). To clarify the conduction mechanisms, the
I−V curves were fitted by using models of trap-free space-
charge-limited conduction (TF-SCLC), exponentially distrib-
uted trap SCLC (EDT-SCLC), Schottky emission, Frenkel−
Poole (F−P) emission, and Fowler−Nordheim (F−N)
tunneling (Section S3). Under ±3 V bias, EDT-SCLC,
Schottky emission, and F−P emission dominate the on-state
current, while the off-state current is primarily governed by TF-
SCLC, Schottky emission, and F−P emission. These results
indicate that space-charge formation at the interface controls
the current flow, while trap filling leads to EDT-SCLC in the
on-state. Since the polarization cannot be switched under ±3

V, the interface field determined by the band alignment
dominates the transport behavior (Figure S6). Under ±8 V
bias, F−N tunneling induced by the polarization field emerges,
producing expanded and reversed hysteresis loops. The
enhanced electric field also promotes trap filling, resulting in
EDT-SCLC dominating both on- and off-state currents. The
trap density, which is proportional to the critical voltage (Vc)
marking the transition from Ohmic conduction to EDT-SCLC,
is higher in the on-state due to its larger Vc (Figure S7).
Opposite diode responses observed under ±3 V and ±8 V
biases arise from the large F−N tunneling current induced by
the Pdown polarization field, which surpasses the Schottky
emission contribution. In situ current mappings of the pristine
state and under +6 V/−6 V bias further confirm the
bidirectional transport behavior (Figure S8).
To analyze the interfacial states under different conditions,

the pristine band structures governed by WF alignments and
polarization field are illustrated in Figure 3d and e. The small
WF difference observed between 18 u.c. MoTe2 and BTO
induces slight downward band bending in MoTe2, leading to
limited electron accumulation that stabilizes the Pup state
polarization. In contrast, the larger WF difference for 20 u.c.
MoTe2 produces strong upward band bending and substantial
hole accumulation, stabilizing the Pdown state polarization. The
WF difference between MoTe2 and LSMO determines the total
built-in potential (Vbi), which modulates the band bending in
MoTe2 and the band tilt in BTO. The excited-state band
structures under external bias are shown in Figure 3f and g.
The positive external bias (+3 V) applied to the LSMO layer
reduces Vbi and thus exhibits the on-state current in Figure 3b.
Under +8 V bias, further reduction of Vbi lowers the interfacial

Figure 4. Nonvolatile memory characteristics of the 20 u.c. MoTe2/BTO/LSMO heterostructure. (a) Pulse scheme for the data writing and
reading processes. (b) Readout I−V curves after ±4 V writing pulses. (c) Readout I−V curves after ± 8 V writing pulses. (d) Conductance
evolution after incremental programming pulses, demonstrating nonvolatile multilevel memory behavior. Schematics of the equilibrium state band
structure after switching the BTO polarization to (e) the Pdown and (f) the Pup states, respectively.
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barrier, enabling electrons accumulated at the MoTe2/BTO
interface to overcome or tunnel through the barrier, giving rise
to a measurable current (Figure 3f). Under −8 V bias, the
polarization field aligns with the contact field, generating
stronger band bending and a larger Vbi at the interface. The
resulting steep upward band bending in MoTe2 and band tilt in
BTO trigger F−N tunneling, producing the on-state current
(Figure 3g). At high biases, the EDT-SCLC contributed by the
thermally excited carriers from the trap centers also
contributed to the current.

Owing to its robust ferroelectric switching behavior, the
MoTe2/BTO/LSMO heterostructure can function as a
nonvolatile memory. The data writing and reading processes
are illustrated in Figure 4a. Positive (negative) pulses applied
to the LSMO layer switch the polarization to the Pup (Pdown)
state for data writing, and the stored state is read by a small
voltage sweep. The readout characteristics after applying ±4 V
and ±8 V writing pulses are shown in Figure 4b and c. A
pronounced on−off ratio is obtained with ±8 V writing pulses,
confirming that the polarization field strongly modulated the

Figure 5. Multiphysics simulation of the interface states of the MoTe2/BTO/LSMO heterostructure with different MoTe2 thickness. Distribution
of electron concentration (Ne) and hole concentration (Nh) of the 20 u.c. MoTe2/BTO heterostructure (a) under the pristine state, (b) under the
bias-induced Pdown state, and (c) under the bias-induced Pup state, respectively. Distribution of electron concentration (Ne) and hole concentration
(Nh) of the 18 u.c. MoTe2/BTO heterostructure (d) under pristine state, (e) under bias-induced Pdown state, and (f) under bias-induced Pup state,
respectively. Simulated electrostatic potential line profiles of the heterostructure along the white dotted lines in Figure S12 for (g) the pristine state
with 20 u.c. MoTe2, (h) bias-induced Pdown state with 20 u.c. MoTe2, (i) pristine state with 18 u.c. MoTe2, and (j) bias-induced Pup state with 18
u.c. MoTe2, respectively.
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interfacial barrier. The conduction mechanisms in the high-
conductance state (Figure S9) reveal that Schottky emission
and F−N tunneling jointly dominate the readout current.
Beyond binary operation, multilevel storage is demonstrated by
applying incremental programming pulses (Figure S10). After
each pulse, conductance was read using a +1 V bias, producing
conductance−voltage loops with six well-resolved memory
levels and an ∼12 V memory window (Figure 4d). The on−off
ratios enhance with the increase of pulse width. Figure 4e and f
schematically illustrate the equilibrium band structures for the
Pdown and Pup states. The polarization field induces a substantial
barrier height difference between these two states, resulting in
a lower interfacial barrier and on-state current dominated by
Schottky emission and F−N tunneling in the Pdown state.
To elucidate the interfacial electronic states of the MoTe2/

BTO/LSMO heterostructures with different MoTe2 thick-
nesses, we analyzed the cross-sectional carrier density and
electrostatic potential distributions under three representative
polarization configurations: the pristine interface-induced
polarization state, the bias-induced Pup state, and the bias-
induced Pdown state. These distributions were obtained using
COMSOL Multiphysics simulations based on the Poisson
equation and steady-state carrier transport equations (Figure
5). The employed band parameters correspond to those in
Figure 2h, and the geometrical models are shown in Figure
S11. BTO was modeled as an intrinsic wide-bandgap
semiconductor, and the ferroelectric polarization field was
incorporated via adding surface charge layers.
According to the WF difference between MoTe2 (20 u.c.)/

BTO and MoTe2 (18 u.c.)/BTO interfaces (measured by
KPFM in Figure 2c), a strong interfacial field is generated at
the MoTe2 (20 u.c.)/BTO interface that drives substantial hole
accumulation and switches the polarization of BTO to the
Pdown state (Figure 5a). In contrast, the small WF mismatch at
the MoTe2 (18 u.c.)/BTO interface leads to a weak interfacial
field and a nearly uniform carrier distribution in MoTe2,
yielding a Pdown polarization state comparable to that of the
bare BTO film (Figure 5d). Under the bias-induced Pdown state
in the MoTe2 (20 u.c.)/BTO heterostructure, the cooperative
action of the ferroelectric polarization field and the large WF
difference leads to pronounced electron depletion and massive
hole accumulation at the MoTe2/BTO interface, which results
in strong interfacial hole doping in the MoTe2 layer (Figure
5b). Conversely, in the Pup state, the large polarization field
induces substantial electron accumulation at the MoTe2/BTO
interface (Figure 5c). For the MoTe2 (18 u.c.)/BTO
heterostructure, the bias-induced polarization field dominates
the interface states, attracting holes/electrons assembled at the
MoTe2/BTO interface to stabilize the Pdown/Pup state of BTO.
Due to the thinner MoTe2 layer and its associated band-
structure characteristics, the carrier density in MoTe2 (18 u.c.)
is intrinsically lower than that of MoTe2 (20 u.c.), resulting in
reduced screening capability and a larger Vc required for BTO
polarization switching (Figure 5e and f).
To visualize the electrostatic potential and verify the band

alignment, the electrostatic potential profiles are extracted
along the white dashed lines in the simulated potential maps
(Figure S12). Under the combined influence of the pristineWF
alignment and ferroelectric polarization field, carriers accumu-
late at the MoTe2/BTO interface, producing band tilting/
bending and a potential discontinuity across the interface. For
the MoTe2 (20 u.c.)/BTO heterostructure, substantial hole
accumulation stabilizes the Pdown polarization state, yielding a

pronounced potential gradient across the MoTe2 layer and a
clear interface potential step at the interface (Figure 5g).
Applying additional bias further enforces the Pdown state, and
this downward polarization field drives even stronger hole
accumulation, which further lowers the electrostatic potential
(equivalently, increases the electron potential energy) at the
interface (Figure 5h). In contrast, the pristine MoTe2 (18
u.c.)/BTO heterostructure exhibits only a weak carrier
gradient due to its small WF mismatch, producing slight
electron accumulation and a subtle increase in electrostatic
potential that marginally stabilizes the Pup state (Figure 5i).
Under bias-induced Pup polarization, the upward polarization
field drives substantial electron accumulation, markedly
enhancing the interface electrostatic potential and stabilizing
the Pup configuration (Figure 5j). Comparison of pristine and
bias-induced potential profiles reveals consistent trends,
confirming that interface coupling enables deterministic and
nondestructive polarization control. Moreover, the electrostatic
potential profiles of the bias-induced Pdown and Pup states clearly
show that the MoTe2/BTO interface barrier is reduced under
the Pdown polarization state and enhanced under the Pup state
(Figure 5h and j). This polarization-controlled barrier
modulation produces the large on−off ratio observed in the
nonvolatile memory functionality. To rationalize these
observations, the comparison of interfacial-effect-induced
polarization characteristics, Vsp difference, WF alignments,
and simulated carrier and electrostatic potential distributions
between MoTe2 (20 u.c.)/BTO and MoTe2 (18 u.c.)/BTO
heterostructures is summarized in Table S1.

3. CONCLUSION
This work demonstrates a robust and nondestructive interfacial
engineering strategy in MoTe2/BaTiO3 heterostructures by
exploiting the intrinsic thickness-dependent band alignments
and polarization field. By systematically combining SPM
characterization and finite element simulations, we reveal
that a modest two-unit-cell increase in MoTe2 thickness
produces a significant 0.44 eV work function shift, which
inverts the interfacial doping polarity and drives ferroelectric
polarization switching in the BTO layer. This discovery
highlights the critical role of thickness-controlled charge
redistribution in governing ferroelectric switching behavior.
Thicker MoTe2 layers (>20 u.c.) provide enhanced interfacial
screening and favorable band alignment, enabling symmetric
and low-bias polarization switching. Thinner MoTe2 layers
(<18 u.c.) exhibit asymmetric switching with a higher energy
barrier. Electrical-transport analyses further reveal a bias-driven
transition from trap-mediated SCLC and thermionic emission
to F−N tunneling under a strong ferroelectric polarization
field, supporting reliable nonvolatile memory operation.
Collectively, these findings establish a new paradigm for
interface-driven device design, demonstrating that atomic-scale
thickness engineering can precisely tailor electronic structure
and ferroelectric switching dynamics. Beyond the MoTe2/BTO
system, this strategy is broadly applicable to other 2D/
ferroelectric platforms.
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