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ABSTRACT: Two-dimensional (2D) sliding ferroelectrics promise an
ultrathin, fatigue-free platform for reconfigurable electronics, but their
development has been hindered by a strict requirement for lattice matching,
which limits the material choice and functionality. Here, we overcome this
limitation by demonstrating room-temperature sliding ferroelectricity in a
lattice-mismatched semiconducting MoS2/ReS2 heterobilayer. This van der
Waals semiconductor displays robust switchable resistive states with
submicrosecond dynamics and an endurance exceeding 105 cycles. Building
on these properties, we developed a ferroelectric field-effect transistor-based
biosensor (bio-FeFET) for label-free detection of 8-hydroxy-2′-deoxy-
guanosine (8-OHdG), a key biomarker for oxidative DNA damage. The
polarization-induced field enhances electrostatic enrichment of negatively
charged aptamers, achieving high sensitivity and an ultralow limit of detection (LoD). Importantly, polarization reversal enables a
reconfigurable “write−read−erase” operation, thereby allowing the electrical regeneration of the sensing interface without chemical
treatment. These findings not only broaden the material horizon for sliding ferroelectrics but also support the development of high-
sensitivity, reconfigurable bioelectronic interfaces for logic-integrated sensing.
KEYWORDS: two-dimensional, semiconductor, heterojunction, ferroelectricity, biosensing

■ INTRODUCTION
The recent discovery of sliding ferroelectricity in stacked
transition metal dichalcogenides (TMDCs) has established a
new class of ferroelectric semiconductors.1−3 These materials
uniquely integrate spontaneous polarization with gate-tunable
transport, thereby redefining the application landscape for two-
dimensional (2D) semiconductors beyond conventional field-
effect transistors (FETs) to include reconfigurable electronics,
nonvolatile memory, and ferroelectric photovoltaics.4−6

However, the practical realization of this phenomenon is
currently constrained by stringent material requirements. To
date, sliding ferroelectricity has been predominantly observed
in homobilayers or few-layer systems composed of identical
materials, such as 3R-MoS2

7,8 and InSe,9−11 with the exception
of the MoS2/WS2 heterobilayer that exhibits near-perfect
lattice matching (mismatch <0.3%).12 This critical dependence
on lattice alignment severely limits the selection of available
material combinations, thereby restricting both the material
diversity and the tunability of interfacial properties. Fur-
thermore, the applications of sliding ferroelectricity have been
largely limited to device prototypes such as ferroelectric
tunneling junctions (FTJs)9,13,14 and ferroelectric FETs
(FeFETs)8,15,16 for nonvolatile, reconfigurable logic. Beyond
these applications, the reversible polarization of sliding
ferroelectrics provides a means to modulate surface charge

states, presenting unexplored opportunities for high-sensitivity,
reconfigurable, and reliable bioelectronic interfaces. In such
interfaces, the adsorption and desorption of charged
biomolecules can be actively programmed by polarization,17

enabling dynamic control over sensing processes.
To expand the material systems and biosensing applications

of 2D sliding ferroelectric semiconductors, we designed a
lattice-mismatched MoS2/ReS2 semiconducting heterobilayer
guided by density functional theory (DFT) calculations. The
atomic structures and the ferroelectricity of the bilayer were
comprehensively characterized by scanning transmission
electron microscopy (STEM), second-harmonic generation
(SHG), and piezoresponse force microscopy (PFM). Electrical
measurements revealed reliable bistable resistive switching with
an ultrafast response (<1 μs) and high endurance (>105
cycles), demonstrating robust, fatigue-free operation. Leverag-
ing these properties, we fabricated a bio-FET with the bilayer
for the label-free detection of 8-hydroxy-2′-deoxyguanosine (8-
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OHdG), a biomarker for oxidative DNA damage.18,19 The
operation of the device is governed by the built-in polarization
field within the bilayer, which enhances the adsorption of
charged biomolecules. This mechanism not only significantly
improves the detection sensitivity but also enables a
reconfigurable “write−read−erase” functionality for the re-
generation of the sensing interface. Our findings thus expand
the material space for sliding ferroelectrics and establish a
paradigm for high-sensitivity, reconfigurable bioelectronic
interfaces applicable to logic-integrated and adaptive bio-
medical applications.

■ RESULTS AND DISCUSSION

Design and Construction of a Lattice-Mismatched Sliding
Ferroelectric

We explore the extension of sliding ferroelectricity to
nonlattice-matched 2D semiconductors by investigating the
MoS2/ReS2 heterobilayer as a model system. First-principles
calculations were performed on its parallel-aligned (0° twist)
configuration, which features two energetically comparable
stacking registries: AA-down and AA-up (Figure 1a). These
two states are connected by the canonical sliding path, a one-
third unit-cell translation along the armchair direction (Figure
S1), which breaks the interfacial mirror symmetry. This
symmetry breaking induces a switchable out-of-plane polar-
ization, as supported by a finite interfacial dipole moment in
differential charge density (DCD) analysis (Figure S3). DFT
calculations reveal that the transition between AA-down and
AA-up states involves a low energy barrier of ∼6.2 meV per
formula unit, comparable to that of established sliding
ferroelectrics such as bilayer hBN (Figure S2).20 The
spontaneous polarization emerges from the charge redistrib-

ution induced by this registry change, with the polarization
direction switching between upward and downward as the
system slides between the two configurations. Importantly, the
inherent lattice mismatch between MoS2 and ReS2 (1.40%
along the a-axis and 2.32% along the b-axis) in this
heterostructure introduces interfacial strain that modulates
the sliding potential, potentially enhancing the stability of the
bistable states (Figures S4 and S5). The low switching barrier,
combined with minimal ionic displacement and reduced
charge trapping at the interface, suggests strong potential for
fatigue-resistant ferroelectric performance.
To experimentally verify our theoretical predictions, we

fabricated a van der Waals heterostructure by dry-transferring a
high-quality chemical vapor deposition (CVD)-grown mono-
layer of ReS2 onto a CVD-grown monolayer of MoS2 (Figures
S6 and S7). The resulting heterostructure was subsequently
characterized by using a combination of microscopic and
spectroscopic techniques to assess its structural quality and
stacking alignment. High-angle annular dark-field (HAADF)-
STEM imaging revealed the atomic structure of the
heterojunction, displaying periodic moire ́ fringes that arise
from the lattice mismatch between MoS2 and ReS2 (Figure 1c
and Figure S9). The obtained images directly indicate high-
quality stacking with a well-defined interlayer registry. The
corresponding electron diffraction pattern (Figure 1d) further
confirmed the 0° stacking configuration and high crystallinity,
showing two sets of sharp, well-aligned diffraction spots
corresponding to the individual layers. To probe the interlayer
coupling, we conducted Raman and photoluminescence (PL)
spectroscopic measurements on both the monolayer and
heterojunction regions. In the heterobilayer region, the Raman
spectrum of MoS2 showed an increased peak separation of 20
cm−1 between the E2g1 and A1g modes, compared to 18 cm−1 in

Figure 1. DFT calculations on the polarization and structural characterizations of the MoS2/ReS2 heterojunction. (a) Schematic illustration of
polarization reversal in the MoS2/ReS2 heterojunction. AA-down and AA-up stackings create out-of-plane ferroelectric polarization in opposite
directions, which can be switched by the interlayer sliding motion. The central panel shows the intermediate sliding process. Molybdenum,
rhenium, and sulfur atoms are displayed in purple, magenta, and yellow, respectively. (b) Typical Raman spectrum collected on the bilayer MoS2/
ReS2. Inset: corresponding Raman mapping of a MoS2/ReS2 heterojunction, scale bar: 10 μm. (c) Representative HAADF-STEM image of the
MoS2/ReS2 bilayer, scale bar: 2 nm. Inset: corresponding optical image of the bilayer, scale bar: 10 μm. (d) Diffraction patterns of the MoS2/ReS2
heterojunction obtained through fast Fourier transform (FFT) analysis of the STEM image, scale bar: 5 1/nm. The white box marks the region
where diffraction spots from the two lattices are perfectly aligned, indicating a 0° rotational alignment between the monolayers. The enlarged inset
in the lower left corner provides a closer view of the overlapping diffraction spots, with magenta and white arrows indicating lattice spots
corresponding to ReS2 and MoS2, respectively.
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the monolayer MoS2,
21 suggesting enhanced interlayer

coupling and charge redistribution.22 Additional peaks
characteristic of ReS2 were also observed (Figure 1b).

23,24

PL measurements revealed a significant blueshift and
quenching of the emission peak in the heterobilayer region
(Figure S8), compared to its prominent peak at 682 nm (1.82
eV) in the monolayer region.25 This suppression of radiative
recombination suggests efficient electron−hole separation at
the interface driven by interlayer charge transfer.26,27

Room-Temperature Ferroelectricity of MoS2/ReS2
Heterojunction

To investigate the structural basis for potential sliding
ferroelectricity, we carried out SHG measurements on the
stacked heterobilayer (Figure 2a). As expected, monolayer
MoS2 (D3h symmetry, noncentrosymmetric) exhibited a strong
SHG response,28 whereas centrosymmetric monolayer ReS2
(Ci symmetry) showed a negligible SHG signal (Figure S10).

29

The MoS2/ReS2 heterojunction displayed a pronounced SHG
with sharp boundaries (Figure 2b,c). The SHG intensity

exhibited a quadratic dependence on excitation power,
confirming its second-order nonlinear origin (Figure S12).
Polarization-resolved SHG measurements further revealed
identical 6-fold petal patterns for both monolayer MoS2 and
the MoS2/ReS2 heterojunction, suggesting a well-aligned,
twist-free stacking (Figure 2d).30,31 Notably, the SHG intensity
in the heterojunction region exhibited a pronounced SHG
signal with distinct angular anisotropy, indicating symmetry
breaking and interlayer coupling at the interface (Figure
S11).32 Collectively, these SHG results demonstrate the
breakdown of spatial inversion symmetry at the interface of
the bilayer, a critical structural prerequisite for sliding
ferroelectricity. We then directly probed the ferroelectric
properties of the heterojunction by using PFM (Figure 2g and
Figure S15). As shown in Figure 2h,i, clear polarization
switching was observed in the heterojunction through
reversible phase and amplitude contrast under tip bias voltages
of ±8 V, with no associated morphological changes (Figure
S16). This ferroelectric response is intrinsic to the interface, as
no switching was detected in the individual monolayer MoS2

Figure 2. Ferroelectricity characterization of the MoS2/ReS2 heterojunction. (a) Schematic diagram of the SHG characterization setup. (b) SHG
intensity mapping image of MoS2/ReS2 heterojunction, scale bar: 20 μm. (c) SHG spectra of monolayer MoS2 (red line) and the MoS2/ReS2
heterojunction (blue line). (d) Polarization-resolved SHG intensity for monolayer MoS2 (blue dashed line) and the MoS2/ReS2 heterojunction
(red dashed line). (e) C-AFM current mapping of the Pt/MoS2−ReS2/Pt device. The dashed lines outline the MoS2 and ReS2 regions, scale bar: 5
μm. (f) I−V curves from C-AFM measurements of the Pt/MoS2−ReS2/Pt device. (g) Upper: schematic diagram of the PFM measurement setup;
lower: optical image of the sample used for PFM measurements; scale bar: 20 μm. (h) PFM amplitude and (i) out-of-plane (OOP) phase images of
the MoS2/ReS2 heterojunction after electrical poling. The white box-in-box patterns were written by applying −8 V and +8 V poling voltages, scale
bars: 2 μm.
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or ReS2 (Figure S17). Furthermore, the stability of the written
domains ruled out nonferroelectric artifacts such as electro-
static charging (Figure S16),33,34 confirming the intrinsic
ferroelectric nature of the MoS2/ReS2 heterojunction.
Polarization-Mediated Electrical Transport in the Sliding
Ferroelectric Heterojunction

Having established the intrinsic ferroelectricity of the MoS2/
ReS2 heterojunction, we then investigated the polarization-
induced electrical transport characteristics in the hetero-
junction. To this end, we employed two complementary
techniques: conductive atomic force microscopy (C-AFM) for
nanoscale probing and FTJ devices for device-level assessment.
Both methods rely on the same physical mechanism: tunneling
conduction modulated by polarization-induced variations in
the interfacial potential profile. At the nanoscale, C-AFM
measurements on a Pt/MoS2−ReS2/Pt stack directly con-
firmed the ferroelectric switching behavior (Figure S13). C-
AFM mapping under a small readout bias showed uniformly
suppressed current in the MoS2/ReS2 region compared with
individual monolayers, evidencing interfacial modulation of
conductance (Figure 2e). As shown in Figure 2f and Figure
S14, current−voltage (I−V) sweeps revealed a pronounced
counterclockwise hysteresis, with reversible transitions be-
tween a high-resistance state (HRS) and a low-resistance state
(LRS) at coercive voltages of approximately +4.0 V and −3.0
V. This observation validates the nonvolatile, out-of-plane
polarization switching at the local interface. To assess device-
level functionality, we fabricated FTJ devices by integrating a
MoS2/ReS2 heterojunction between a graphene bottom
electrode and a Cr/Au top electrode (Figure 3a and Figure
S18). Electrical measurements revealed a pronounced counter-
clockwise hysteresis in the I−V characteristics under DC bias

sweeping (Figure 3b). Upon reaching a DC bias of 4.0 V,
which corresponds to the coercive field of the MoS2/ReS2
heterojunction, the current underwent an abrupt transition
from 18.1 to 134.9 μA, indicating a shift from the HRS to the
LRS. Conversely, reversing the bias beyond −3.5 V induced
the opposite transition, from LRS back to HRS. To confirm its
nonvolatile behavior, the FTJ was poled with ±5 V for 10 s and
subsequently read at a low-bias sweep (−0.5 to 0.5 V) or at a
fixed 0.1 V, revealing two distinct resistance states that were
stable for over 105 s (Figure 3c,d). We next investigated the
dynamic switching and fatigue characteristics by applying
voltage pulses with varying widths (1 μs to 10 ms). Reliable
polarization reversal was achieved even with 1 μs pulses, with a
tunneling electroresistance (TER) ratio of up to 10.4 (Figure
3f and Figure S19). Furthermore, endurance tests over 105
cycles maintained well-separated HRS and LRS states with no
observable wake-up effect (Figure 3e), demonstrating robust
fatigue resistance in the MoS2/ReS2 bilayer.
Sliding-Ferroelectric-Driven Field-Effect Biosensor

Building on the fast, reversible, and robust polarization
switching demonstrated above, we implemented the MoS2/
ReS2 heterojunction as the active channel in a ferroelectric
field-effect transistor-based biosensor (bio-FeFET), creating a
high-sensitivity, reconfigurable bioelectronic interface (Figure
4a). In this biosensor, polarization-induced fields can electro-
statically enrich charged biomolecules and tune the interfacial
charge distribution in situ. As a proof-of-concept, we fabricated
a bio-FeFET for the label-free detection of 8-OHdG, an
oxidative DNA damage biomarker, by functionalizing the
channel with its specific aptamer. The sensing operation
follows a “write−read−erase” logic, mirroring classical ferro-

Figure 3. Tunneling current characterization of the FTJ device. (a) Schematic illustration of an FTJ based on the MoS2/ReS2 heterojunction. (b)
I−V characteristics of the FTJ device demonstrate tunneling electroresistance between the LRS and HRS states, which are set by applying +4.0 V
and −3.5 V poling voltages, respectively. The arrows indicate the direction of the current change. Inset: the corresponding optical image, where the
black dotted line delineates the bottom graphene electrode and purple and white dotted lines delineate ReS2 and MoS2, respectively. (c)
Polarization-dependent tunneling current versus the applied DC field through the FTJ device. (d) Retention properties of the bistate after applying
+5 V and −5 V poling voltages. (e) Fatigue analysis of the FTJ over 105 switching cycles with a 10 ms pulse width. (f) Current of HRS and LRS
under varying pulse widths (1 μs, 10 μs, 100 μs, 1 ms, and 10 ms) with the same read voltage applied.
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electric memory and enabling programmable biosensing
(Figure 4e).
During the “write” phase, a positive gate voltage exceeding

the coercive field induces upward polarization of the MoS2/
ReS2 heterojunction. This generates an out-of-plane electric
field that attracts negatively charged aptamers to the channel
surface. This polarization-driven aptamer enrichment was
directly visualized by time-of-flight secondary ion mass
spectrometry (TOF-SIMS). Compared to a MoS2-only

control, the MoS2/ReS2 device exhibited significantly stronger
and more uniform nitrogen (N) and phosphorus (P) signals,
key elemental markers of the aptamer backbone (Figures S20
and S21). Quantitative analysis further confirmed it, showing
higher mean N (159 vs 99) and P (78 vs 57) counts in the
heterobilayer (Figure 4b). The enhanced surface coverage of
aptamers was further corroborated by complementary
spectroscopic techniques. PL and Raman spectra exhibited a
more pronounced PL blueshift and a redshift of the Raman A1g

Figure 4. Prototype bio-FeFET platform for detecting 8-OHdG. (a) Schematic illustration of the biological origin of 8-OHdG and its detection
using a bio-FeFET. (b) TOF-SIMS-based statistical comparison of nitrogen (N) and phosphorus (P) ion intensities in MoS2/ReS2 bio-FeFET and
MoS2 bio-FET devices, extracted from the first 100 s of ion sputtering. (c) Transfer characteristics of a representative MoS2/ReS2 bio-FeFET under
exposure to increasing concentrations of 8-OHdG (100 fM to 1 μM). Inset: a corresponding optical image of the MoS2/ReS2 bio-FeFET, scale bar:
40 μm. (d) Sensitivity plot of normalized source-drain current change (|ΔI/I0|) versus logarithmic 8-OHdG concentration for both MoS2/ReS2
bio-FeFET and MoS2-only bio-FET. (e) Reconfigurable “write−read−erase” operation of the MoS2/ReS2 bio-FeFET, with schematic insets
highlighting each stage. During the write stage, upward polarization electrostatically attracts negatively charged aptamers to the channel surface,
establishing a new baseline current. During the read stage, stepwise decreases in Ids correspond to successive additions of 8-OHdG bound to the
aptamers; each addition is followed by a 30 s I−t measurement to monitor the real-time current response. During erase stage, reversing polarization
and rinsing remove the aptamer−analyte complexes, restoring the current close to its initial level. (f) Specificity response of the MoS2/ReS2 bio-
FeFET toward nontarget molecules including guanine, cytosine, uric acid, urea, glucose, and glutathione; each potential interferent is tested over
the 100 fM to 1 μM concentration range.
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mode in the polarized bio-FeFET, consistent with the expected
effects of higher aptamer density and the associated p-type
doping (Figures S22 and S23). This charge modulation was
manifested directly in the electrical characteristics of the
device. Coverage with the enriched aptamers resulted in a
decreased drain current and a positive shift in the threshold
voltage (Figure S24), which are electrical signatures of p-type
doping induced by the negatively charged biomolecules.
Following aptamer immobilization, the device was operated

in the “read” phase with a gate voltage below the coercive
threshold. Upon exposure to 8-OHdG, the aptamer underwent
a conformational change into a compact G-quadruplex
structure, drawing its negative charge centers closer to the
MoS2 surface.

35,36 This enhanced the local electrostatic
coupling and introduced additional p-doping, resulting in a
further reduction in the drain current. As shown in Figure 4c,
the drain-source current (Ids) decreased systematically from
2.52 to 0.95 μA as the 8-OHdG concentration increased from
100 fM to 1 μM. The sensor response, defined as |ΔIds/I0|
(where I0 is the baseline current after aptamer adsorption), was
plotted against the logarithmic concentration of 8-OHdG
(Figure 4d).37−39 A linear calibration was obtained as |ΔIds/I0|
= 0.1257 log10C+1.6122 with a high correlation coefficient.
The corresponding sensitivity (12.57% per decade) was ∼1.5-
fold higher than that of a MoS2 only control device (8.31% per
decade). Based on a 3σ criterion with σ = 0.025, the LoD was
estimated to be 5.6 × 10−13 M, underscoring the critical role of
the MoS2/ReS2 ferroelectric heterobilayer. Furthermore,
current−time (I−t) measurements demonstrated reproducible
and stable responses (Figure 4e), confirming the operational
robustness of the bio-FeFET.
The “erase” operation was realized by applying a negative

gate voltage that reverses the ferroelectric polarization
direction. This induced an upward internal electric field,
electrostatically repelling the negatively charged aptamers and
promoting their desorption from the MoS2 surface. Subsequent
rinsing restored the device to its baseline electrical state,
enabling new detection cycles. As shown in Figure S25, the
device exhibited good reusability over 10 consecutive write−
read−erase cycles, consistently recovering over 80% of its
initial current. Consistently, the PL response after the erase
step also approached the initial state (Figure S26). This
electrical regeneration eliminates the need for harsh chemical
surface treatments and enables cost-effective and repeatable
biosensing. Such reusability is particularly advantageous for
point-of-care diagnostics and longitudinal health monitoring,
where rapid turnaround and minimal device consumption are
required.40,41

To evaluate the specificity of the MoS2/ReS2 bio-FeFET, we
performed control experiments using a panel of potential
interferents, including structurally similar nucleobases (guanine
and cytosine) and common electroactive interferents in
physiological fluids (uric acid, urea, glucose, and glutathione).
Compared to the pronounced response toward the target 8-
OHdG, these nontarget analytes induced negligible signal
variation (Figure 4f and Figures S27−S32). The high
specificity stems from the high binding affinity and structural
selectivity of the aptamer toward 8-OHdG, further confirming
the reliability of the bio-FeFET.

■ CONCLUSIONS
In summary, this work reports the discovery of sliding
ferroelectricity in a lattice-mismatched MoS2/ReS2 hetero-

bilayer. Through comprehensive structural, spectroscopic, and
electrical characterizations, we confirmed the emergence of
robust out-of-plane polarization featuring an ultrafast switching
speed of 1 μs and an exceptional endurance of 105 cycles,
establishing the system as an ideal candidate for constructing
reconfigurable electronic interfaces. Leveraging these proper-
ties, we developed a bio-FeFET based on the MoS2/ReS2
heterobilayer for label-free and sensitive detection of 8-OHdG,
an oxidative DNA damage biomarker. The device operates by
harnessing the polarization field to electrostatically enrich
negatively charged aptamer−analyte complexes at the interface.
Our prototype device demonstrated a high sensitivity, a broad
linear detection range spanning 5 orders of magnitude, and
high specificity. Crucially, the fully electrical “write−read−
erase” capability enables in situ biomolecule enrichment and
interface regeneration, ensuring good reusability without the
need for chemical regeneration. This work not only expands
the material library for 2D sliding ferroelectrics but also
establishes a versatile and scalable platform that seamlessly
integrates high-speed logic operations with reconfigurable
biochemical sensing for next-generation adaptive bioelec-
tronics.

■ METHODS

Theoretical Calculations
First-principles calculations based on density functional theory (DFT)
were performed using the Vienna Ab initio Simulation Package
(VASP). The exchange-correlation interactions were treated within
the generalized gradient approximation (GGA) using the Perdew−
Burke−Ernzerhof (PBE) functional, and the long-range van der Waals
interactions were included through dispersion corrections. The
interactions between valence electrons and ionic cores were described
using the projector-augmented wave (PAW) method with a kinetic
energy cutoff of 600 eV. All atomic positions were relaxed using the
conjugate-gradient scheme until the residual force on each atom was
below 0.01 eV Å−1, and the total energy convergence threshold was
set to 10−7 eV. Brillouin zone sampling was carried out with a 7 × 5 ×
1 Monkhorst−Pack k-point grid. A vacuum spacing of >15 Å was
applied along the out-of-plane direction to eliminate interlayer
interactions. To avoid spurious electrostatic coupling between
periodic images, a planar dipole correction was added at the center
of the vacuum layer, as implemented in VASP.
Material Preparation
Monolayer MoS2 and ReS2 were synthesized separately via CVD.
MoS2 monolayers were grown on SiO2/Si substrates following our
previously reported procedure.42 For ReS2 growth, ReO3 (∼3 mg)
was mixed thoroughly with molecular sieves to ensure a slow and
uniform vapor release. Two fluorophlogopite mica substrates were
arranged face-to-face, forming a confined space for growth. The
system was heated under a flowing Ar atmosphere (100 sccm) to 200
°C over 10 min and held for 60 min. The temperature was then
ramped to 850 °C over 23 min with Ar flow reduced to 70 sccm,
maintaining this temperature for 10 min to enable the growth of
monolayer ReS2 (Figure S6). The parallel-stacked MoS2/ReS2
heterojunctions were assembled by using a polydimethylsiloxane-
assisted dry transfer method under optical alignment. Monolayer
MoS2 was aligned on top of ReS2 to ensure a near-zero twist angle. All
transfer processes were performed in ambient conditions, and the
stacked heterojunctions were annealed in Ar at 300 °C for 1 h to
improve interfacial coupling without damaging the vdW interface
integrity.
Microscopic and Spectroscopic Characterizations
Optical images were captured using a BX 51M microscope
(Olympus). Raman and PL spectroscopic measurements were
conducted with a HORIBA−Jobin−Yvon system utilizing a 532 nm
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laser at 1 mW power. AFM measurements were performed with a
Dimension Icon instrument (Bruker) in tapping mode. TOF-SIMS
measurements were carried out on an IONTOF M6. The HAADF-
STEM images were obtained by using an aberration-corrected
transmission electron microscope (Spectra 300, ThermoFisher
Scientific Inc.) operated at 300 kV.
SHG Measurements
Optical SHG signals were collected using an inverted confocal
microscope (Nikon, A1) with a femtosecond laser source (Coherent
Co., Chameleon; a pulse width of 140 fs, a repetition rate of 80 MHz,
and an output wavelength range of 700−1060 nm). The laser was
modulated by laser power attenuation. After the attenuation plate was
adjusted to regulate the laser power and the Galvano scanner, the
beam entered the microscope and was focused onto a spot with an
objective lens (40×, NA 0.95). The signal generated by the sample
was collected through the same microscope objective, transmitted
through a low-pass filter, and then entered the spectral detector unit
with 32 channels. The wavelength detection range was 400−650 nm,
with a wavelength resolution of 2.5 nm. Angle-dependent SHG signals
were collected by using a Stanford SR830 DSP Lock-In Amplifier,
which was coupled to a Light Conversion PHAROS femtosecond
laser. The excitation source was ultrafast pulsed light at ∼1030 nm. A
20× objective lens was used to focus the laser, producing a spot
diameter of about 5.5 μm. The sample was fixed, while the
polarization of the incident light was rotated in 6° increments to
obtain spectra at various angles.
PFM Measurements
Ferroelectric polarization of the MoS2/ReS2 heterojunction was
examined using piezoresponse force microscopy (Bruker Dimension
Icon) at room temperature. Measurements were carried out in
resonance-enhanced mode using conductive Pt/Ir tips with a spring
constant of 3 N/m. The resonance frequency for OOP measurement
was set at ∼300 kHz. PFM hysteresis loops were recorded by applying
a tip bias of ±8 V to the samples.
C-AFM Measurements
C-AFM measurements of the MoS2/ReS2 heterojunction were
conducted by using a Cypher atomic force microscope at room
temperature. Measurements were carried out in ORCA-AFM mode
with a grounded holder using the HQ: NSC18/Pt tips with a spring
constant of 2.8 N m−1. The Ti/Pt film with a thickness of 10 nm/40
nm was deposited on SiO2/Si using an electron-beam evaporator.
MoS2/ReS2 samples were transferred to the conductive substrate by
poly(methyl methacrylate) (PMMA)-assisted transfer method (Figure
S13).
Fabrication and Measurements of FTJ Devices
Monolayer graphene was mechanically exfoliated onto a SiO2/Si
substrate. Following this, a MoS2/ReS2 heterojunction was placed on
top of the graphene with the aid of PMMA and PDMS using a fixed-
point transfer setup. PDMS and PMMA were subsequently removed
from the bilayer by being heated at 85 °C and soaked in acetone,
respectively. Finally, a 10 nm Cr/30 nm Au electrode was fabricated
on the MoS2/ReS2 heterojunction using EBL, thermal evaporation,
and lift-off, resulting in a ferroelectric tunnel junction device, with the
MoS2/ReS2 heterojunction serving as the vertical channel, and
graphene and metal electrode serving as the bottom and top
electrodes, respectively. The electrical transport properties were
measured in a probe station equipped with a Keysight B1500A
semiconductor analyzer under vacuum (10−5 mbar) at room
temperature. The fatigue analysis was measured in a probe station
equipped with a Keysight B1530 semiconductor analyzer at room
temperature.
Construction and Modification of Bio-FeFET Devices
Graphene was exfoliated onto SiO2/Si substrates with prefabricated
markers, followed by the deterministic transfer of hexagonal boron
nitride (hBN) onto the graphene bottom electrode. Subsequently,
ReS2 and MoS2 flakes were sequentially transferred to hBN using the
same transfer setup. Finally, a 10 nm In/30 nm Au electrode was

fabricated on the MoS2/ReS2 bilayer using EBL, thermal evaporation,
and lift-off, resulting in a bottom-gated ferroelectric-based bio-FET
with MoS2/ReS2 serving as the channel, and graphene and In/Au
electrode as the bottom gate and source/drain electrodes,
respectively. The 8-OHdG aptamer−ssDNA43 was diluted to 10
μM with 10 mM Tris-HCl buffer (pH 7.4). To fold the aptamer into
its functional secondary structure, the solution was heated at 95 °C
for 5 min and cooled slowly to room temperature. Next, 2 μL of the
aptamer solution was dropped onto the polarized channel surface,
followed by rinsing with PBS and drying with nitrogen gas to remove
nonelectrostatically bound aptamers. After drying with nitrogen, the
formed sensing surface was further incubated with 1 μL of 8-OHdG
solution (MedChemExpress, 10 fM to 10 μM), and the transfer
characteristics were recorded.
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