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Giant tunnel electroresistance through a Van
der Waals junction by external ferroelectric
polarization

Guangdi Feng1,2,3,6, Yifei Liu1,2,6, Qiuxiang Zhu 1,2,6 , Zhenyu Feng1,2,
Shengwen Luo1,2, Cuijie Qin1,2, Luqiu Chen1,2, Yu Xu1,2, Haonan Wang1,2,
Muhammad Zubair1,2, Ke Qu1,2, Chang Yang 1,2, Shenglan Hao1,2,
Fangyu Yue 1,2, Chungang Duan1,2,4, Junhao Chu1,2,5 & Bobo Tian 1,2,3

The burgeoning interest in two-dimensional semiconductors stems from their
potential as ultrathin platforms for next-generation transistors. Nonetheless,
there persist formidable challenges in fully obtaining high-performance
complementary logic components and the underlying mechanisms for the
polarity modulation of transistors are not yet fully understood. Here, we
exploit both ferroelectric domain-based nonvolatilemodulation of Fermi level
in transitional metal dichalcogenides (MoS2) and quantum tunneling through
nanoscale hexagonal boron nitride (h-BN). Our prototype devices, termed as
vertical tunneling ferroelectric field-effect transistor, utilizes a Van der Waals
MoS2/h-BN/metal tunnel junction as the channel. The Fermi level of MoS2 is
bipolarly tuned by ferroelectric domains and sensitively detected by the direct
quantum tunneling strength across the junction, demonstrating an impressive
electroresistance ratio of up to 109 in the vertical tunneling ferroelectric field-
effect transistor. It consumes only 0.16 fJ of energy to open a ratio window
exceeding 104. This work not only validates the effectiveness of tailored tunnel
barriers in manipulating electronic flow but also highlights a new avenue for
the design flexibility and functional versatility of advanced ferroelectric
memory technology.

The MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transis-
tors) undeniably serve as the foundational building blocks of the
contemporary information society, playing an indispensable role
in the realm of microelectronics. Although silicon-based MOSFET
has made significant progress over the past few decades, suc-
cessfully advancing to the sub-10 nm process level, continuous
miniaturization is facing challenges due to physical limitations
and technical obstacles, such as increased leakage current, power

control issues, and manufacturing costs1. To overcome these
existing bottlenecks, both the scientific community and the
commercial industry are exploring novel materials and technol-
ogies. Two-dimensional (2D) semiconductors, with their unique
layered van der Waals architecture, absence of interlayer binding
constraints, and remarkable mechanical resilience, have emerged
as highly promising candidates for next-generation semi-
conductor technology. These materials offer precise atomic-level

Received: 23 July 2024

Accepted: 2 November 2024

Check for updates

1Key Laboratory of Polar Materials and Devices, Ministry of Education, Department of Electronics, East China Normal University, Shanghai 200241, China.
2Shanghai Center of Brain-inspired Intelligent Materials and Devices, Shanghai 200241, China. 3Chongqing Key Laboratory of Precision Optics, Chongqing
Institute of East China Normal University, Chongqing 401120, China. 4Collaborative Innovation Center of Extreme Optics, Shanxi University, Shanxi 030006,
China. 5Institute of Optoelectronics, Fudan University, Shanghai 200433, China. 6These authors contributed equally: Guangdi Feng, Yifei Liu, Qiuxiang Zhu.

e-mail: qxzhu@clpm.ecnu.edu.cn; bbtian@ee.ecnu.edu.cn

Nature Communications |         (2024) 15:9701 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-3515-315X
http://orcid.org/0000-0002-3515-315X
http://orcid.org/0000-0002-3515-315X
http://orcid.org/0000-0002-3515-315X
http://orcid.org/0000-0002-3515-315X
http://orcid.org/0000-0002-1380-9533
http://orcid.org/0000-0002-1380-9533
http://orcid.org/0000-0002-1380-9533
http://orcid.org/0000-0002-1380-9533
http://orcid.org/0000-0002-1380-9533
http://orcid.org/0000-0002-3153-6022
http://orcid.org/0000-0002-3153-6022
http://orcid.org/0000-0002-3153-6022
http://orcid.org/0000-0002-3153-6022
http://orcid.org/0000-0002-3153-6022
http://orcid.org/0000-0002-4251-2755
http://orcid.org/0000-0002-4251-2755
http://orcid.org/0000-0002-4251-2755
http://orcid.org/0000-0002-4251-2755
http://orcid.org/0000-0002-4251-2755
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54114-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54114-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54114-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54114-3&domain=pdf
mailto:qxzhu@clpm.ecnu.edu.cn
mailto:bbtian@ee.ecnu.edu.cn
www.nature.com/naturecommunications


control opportunities that can improve integration capabilities,
reduce power consumption, and enhance device performance2–5.

MoS2 stands out as one of the extensively investigated 2D semi-
conductors due to its exceptional properties, boasting well-defined
bandgap, stability in ambient conditions, and relatively high charge
carrier mobility6. These unique attributes position MoS2 at the fore-
front of modern electronics and optoelectronics, encompassing
memories and photodetectors based on field-effect transistors
(FETs)7,8. Significant progress has been made in the research of MoS2
FETs. Radisavljevic et al. fabricated a planar FET based on monolayer
MoS2, offering intriguing possibilities for realizing interband tunnel
FET with lower power dissipation9. To scale down the gate length,
Desai et al. demonstrated a prototype of a junction-less MoS2 transis-
tor with a physical gate length of 1-nm using a metallic single-wall
carbon nanotube as the gate electrode10. Ren et al. further decreased
the gate length to sub-1 nm by designing side-wall 2D transistors gated
with the edge of graphene11.Most of these advancements have focused
on the development of n-type transistors. However, achieving pro-
grammable ambipolar operationwithin the sameMoS2 FET remains an
elusive goal. The polarity of FET critically depends on injecting either
electrons or holes into the semiconductor channel. Conventionally,
metal-semiconductor interfaces determine polarity through Schottky
barrier heights for electron and hole transport, where a small Schottky
barrier height to conduction or valence band facilitates n-type or
p-type behavior, respectively12. However, previously reported MoS2
devices utilizing high work function metal palladium (Pd) contacts
exhibit n-type instead of p-type behavior, usually ascribed to Fermi-
level pinning (FLP) at the interface13. MoOx nanoparticle/buffer layer
with an ultrahigh work function potential (~6.1 eV) has been explored
as contacts for efficient hole injection in ambipolar MoS2 FETs14,15.
Efforts have alsobeendevoted to achieving ambipolar FET and tunable
rectifying behavior in MoS2 homojunction through chemical doping
and MoS2 heterostructures coupled with other materials such as car-
bon nanotube films16. Doping control by an electrostatic gate in MoS2
FETs has provided significant opportunities. To date, hole transport in
MoS2 has been reported using insulator engineering (e.g., SiO2

17),
albeit with limited tuning capability, via ionic electrolyte gating, which
often induces electrochemical reactions18–20, or van der Waals contact
engineering21. A highly desirable alternative approach to reversible
ambipolar MoS2 FETs on the same chip without intrinsic/extrinsic
doping or complex processing steps is sought.

Theutilizationof a ferroelectric gate hasdemonstrated its efficacy
as a powerful tool for electrostatic modulation. On the one hand, fer-
roelectric polarization generates an intense electric field of GV/m,
enabling substantial modulation of carrier concentration and band
structure within the channel region7,22–24. On the other hand, ferro-
electric hysteresis endows electronic devices with memory function-
ality that has found applications in neuromorphic devices25–30 and
reconfigurable lateral p-n junctions23,24. Herein, we propose a vertical
tunneling ferroelectric FET (FeFET) in which the MoS2/h-BN/metal
tunnel junction rather than a single semiconductor is designed as a
channel. The ambipolar behavior ofMoS2 is achieved by a ferroelectric
electrostatic field, and the change of Fermi level within the MoS2
electrode is read out through quantum tunneling currents across the
atomic-thin h-BN layer. Since the direct quantum tunneling strength is
extremely sensitive to the barrier shape that is co-defined by MoS2
band alignments, the vertical tunneling FeFET exhibits a record-high
ON/OFF ratio of up to 109. Through comparison among symmetric/
asymmetric Schottky-contacted MoS2-FeFETs and the vertical tunnel-
ing MoS2-FeFET, the decisive role of electrode contact interface for
electronic behaviors is reinforced. The large tunnel electroresistance
through the Van der Waals junction by external ferroelectric polar-
ization offers a platform as either a precise Fermi-level detection
technique for physical research or a new block of memory commu-
nities for storage applications.

Results
Structure and electrical transport properties of vertical
tunneling FeFET
We fabricated various MoS2-based FETs featuring distinct contact
interfaces. Organic ferroelectric poly (vinylidene fluoride) and tri-
fluoroethylene (P(VDF-TrFE)) were employed as gate layers, with Al as
the gate electrode. Graphene (Gr) layers are introduced at the large-
area source electrode end to achieve ohmic contact31,32. h-BN layers are
introduced at theDrain 1 end to establish a tunneling contact, while the
Cr/Au electrode makes direct contact with the MoS2 channel at the
Drain 2 end. A novel ferroelectric memory with MoS2/h-BN/metal
tunnel junction as channel is prepared when Drain 1 is employed,
referred to as vertical tunnelingMoS2-FeFET. An asymmetric Schottky-
contacted MoS2-FeFET is obtained when Drain 2 is utilized. The
detailed device fabrication process is presented in the “Methods”
section and Fig. S1. Figure 1a, b show schematics and optical images of
the device, respectively. The h-BN and graphene are highlighted by
black and blue dashed lines, respectively, while MoS2, spanning the
entire electrode, is labeled with an orange dashed line. The source
electrode measures 5μm in width, whereas the drain electrodes on
both sides have a width of 2μm. The boundaries among MoS2, gra-
phene, and h-BN were checked using the cross-sectional TEM techni-
que. As shown in Fig. S2, both h-BN/MoS2 and Gr/MoS2 contacts show
clear and sharp interfaces.TheMoS2films are constitutedby 3–4 layers
with a thickness of ~2.5 nm. The BN films consist of 11–12 layers with a
thickness of ~4 nm. The Gr films are made up of 13–14 layers with a
thickness of ~4.5 nm. Figure 2c illustrates the Raman spectra of the
MoS2/h-BN and MoS2/Gr structures at room temperature. The E2g and
A1g characteristic peaks of 2H-MoS2 are situated at 383.2 cm−1 and
407.5 cm−1, respectively. The difference between E2g and A1g modes is
24.3 cm−1, demonstrating that the exfoliated MoS2 is multilayer33. The
characteristic peak of h-BN is positioned at 1366.5 cm−1. Additionally,
the Raman characteristic G and 2D peaks of graphene are located at
1582 cm−1 and 2724 cm−1, respectively. All the characteristic peaks of
the heterostructures are in good agreement with the previous reports,
implying that the sample is of high quality34.

The ferroelectric gate layer of P(VDF-TrFE) is another key factor
determining the device’s performance. The P(VDF-TrFE)films on theAl
electrode exhibit good flatness and homogeneity with a root mean
square (RMS) roughness of 2.470 nm (Fig. S3a). The ferroelectric nat-
ure of the P(VDF-TrFE) thin films is confirmed by the butterfly-shaped
amplitude loop and rectangular-shaped phase loop with 180° reversal
(Fig. S3c), achieved by applying a stepwise voltage using piezo-
response forcemicroscopy (PFM) tip (Fig. S3b). The reproducibility of
ferroelectric domain switching is verified by the out-of-plane PFM
images. The “ECNU”-shaped ferroelectric domain features were writ-
ten by alternately applying +30V and −30V biases to the PFM tip while
grounding the Al bottom electrode. A clear 180° phase contrast is
observed between adjacent domains (Fig. 1d), with the amplitude
values minimized at the domain walls (Fig. 1e). The ferroelectricity of
the P(VDF-TrFE) thin film is further corroborated by the polarization
versus voltage (P–V) hysteresis loops and polarization reversal-based
peaks within the transient current curves of the Al/P(VDF-TrFE)
(~280nm)/Al capacitor (Fig. 2f). Multiple internal hysteresis loops can
be obtained by gradually changing the amplitude of the scanning
voltage (Fig. S3d).

Figures 1g and 1h present the transfer curves of asymmetric
Schottky-contacted MoS2-FeFET and vertical tunneling MoS2-FeFET at
VDS = ±0.3 V on a semi-log scale, respectively. During the transfer
curve measurement, the drain-to-source voltage (VDS) remains con-
stant while gate voltage (VGate) sweeps from −22 V to 22 V and subse-
quently retraces its path back to −22 V. For the asymmetric Schottky-
contacted MoS2-FeFET, it’s evident that VDS exerts a substantial influ-
enceon transfer characteristics.WhenVDS is −0.3V, bipolar behavior is
observed. In contrast, at VDS = 0.3 V, the device displays typical n-type

Article https://doi.org/10.1038/s41467-024-54114-3

Nature Communications |         (2024) 15:9701 2

www.nature.com/naturecommunications


characteristics. Additionally, the transfer curves exhibit clockwise and
counterclockwise hysteresis loops for the hole and electron currents
regime, respectively, emphasizing that ferroelectric switching serves
as the dominant mechanism for resistive switching. The transfer
curves of the vertical tunneling MoS2-FeFET clearly reveal ambipolar
features for both polarities of VDS. Interestingly, when VDS is positive,
the device demonstrates a more pronounced p-type behavior, con-
trasting with the tendency of asymmetric Schottky-contacted MoS2-
FeFET, which shows n-type characteristics under positive VDS. More-
over, the vertical tunneling MoS2-FeFET achieves an ultrahigh current
switching ON/OFF ratio of up to 109 (Fig. 2h) and realizes 22 distinct
conductance states with minor variation over a period of 103s except
the gradual rising in the ultralow conductance state (Fig. 2i), indicating
possible potential for robust multi-bit memory and neuromorphic
computing applications.

The critical role of interface contacts on ambipolar behavior
Since the same MoS2 flake was used in the asymmetric Schottky-
contacted MoS2-FeFET and vertical tunneling MoS2-FeFET, the differ-
ence in electrical transport properties is reasonably attributed to the
different interface contacts. To comprehensively understand the
underlying reason for alteration between n-type unipolar and ambi-
polar behaviors in MoS2-FETs, we also fabricated a symmetric

Schottky-contacted MoS2-FeFET using symmetric Cr/Au (50nm)
electrodes as shown in Fig. S4. The device features a similar channel to
that of the asymmetric FeFETs. As shown in Fig. 2d, g, the transfer
curves reveal a prototypical n-type unipolar FeFET at both VDS = −0.3V
and VDS = 0.3 V, aligning with prior observations in most MoS2
FeFETs7,28,29,35. For clarity, the transfer curves of asymmetric Schottky-
contactedMoS2-FeFET and vertical tunneling FeFET atVDS = ± 0.3 V are
presented in Fig. 2e, h and Fig. 2f, i, respectively. Evidently, the elec-
trode contacts significantly influence the electronic properties of
MoS2-FeFETs, suggesting interfacial effects are paramount in govern-
ing device performance.

Figure 3 presents a series of color maps of transfer curves under
different VDS settings for MoS2-FeFETs utilizing different contact
configurations, with the data derived from Figs. S5–7. Specifically,
Fig. 3a–c depict the process of ferroelectric polarization state per-
sisting and gradually turning from downward to upward around
negative coercive voltage (~ − 15 V) as VGate scans from +22 V to −22 V,
while Fig. 3d–f reflect the reverse process with the polarization per-
sisting and switching from upward to downward around positive
coercive voltage (~15 V) as VGate sweeps from −22V to +22 V. The two-
dimensional color plot of IDS for symmetric Schottky-contacted MoS2-
FeFET (Fig. 3a and Fig. 3d) vividly portrays the ON states occurring
under both positive and negative VDS in scenarios dominated by
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Fig. 1 | Device characterization. a Schematic of MoS2-FeFET with P(VDF-TrFE) as
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b Optical microscope photograph of the device. The red, black, and blue dashed
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tip. Scale bar: 4μm. f Polarization versus voltage (P–V) and transient current versus
voltage (I-V) curvesmeasured forAl/P(VDF-TrFE)/Al capacitor. The test frequency is
100Hz.g,hTransfer curvesof asymmetric Schottky-contactedMoS2-FeFET (g) and
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electron conduction, whereas the channel switches OFF when hole
conduction prevails. In the case of asymmetric Schottky-contacted
MoS2-FeFET (Fig. 3b, e), it is discernible that once VDS falls below a
critical threshold value of −0.1 V, the device reverts to exhibiting
ambipolar transfer characteristics. Above this threshold, the transfer
curves display a typical n-type unipolar field effect. Moreover, the
current profile exhibits symmetry in response to VDS polarity in the
positive VGate regime yet dissipates into asymmetry in the negative
VGate range. The color mappings of the IDS for vertical tunneling MoS2-
FeET (Fig. 3c, f) show a prominent ambipolar transfer behavior, with
the ON state visible on both electron and hole regimes. An important
observation here is the manifestation of opposite asymmetries in
current values with respect to VDS polarity. Specifically, the current is
bigger at negative VDS (Fig. 3c) in the electron conduction regime,
while it is higher at positive VDS (Fig. 3f) in the hole conduction regime.
This differs from the behavior in an asymmetric Schottky-contacted
MoS2-FeFET with larger currents at negative VDS (Fig. 3e) in the hole
conduction regime.

To delve into the underlying mechanisms of our findings, hall
measurements were performed on a MoS2 flake that is covered by

ferroelectric polymer films. The hall measurements provide informa-
tion on carrier type and density, reflecting the influence of ferro-
electric polarization on the energy band alignment of MoS2. The
dominant carrier ofMoS2 is electron with a density of 1.2 × 1018/cm3 for
the pristine ferroelectric state, hole with a density of 6.7 × 1015/cm3

for the upward ferroelectric state, and electron with a density of
4.5 × 1018/cm3 for the downward ferroelectric state, respectively
(Table S1). Based on the energy band model, the Femi level of MoS2
nearly overlaps the conduction band edge for the downward polar-
ization state and is 0.18-0.3 eV above the valence band edge for the
upward polarization state, according well with previous reports36.
Figure 4 plots the line cuts of the IDS-VDS profile along fixed VGate = −3 V
from the black dashed lines marked in Fig. 3, along with their asso-
ciated energy band diagrams. As VGate sweeps from positive to nega-
tive values, the ferroelectric polarization remains towards MoS2 at
VGate = −3 V. For symmetric Schottky-contacted MoS2-FeFET, the cur-
rents are dominated by electrons injection from negatively-biased
terminal (i.e., the Schottky junction in reverse-bias mode) into the
MoS2 channel, regardless of the polarity of VDS. Given that MoS2 is an
inherent n-type semiconductor, the strong local electric field induced
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by the downward ferroelectric polarization of P(VDF-TrFE) effectively
prompts n-type (or highly n-type doping) behavior in MoS2 and nar-
rows Schottky barrier (upper left panel for negative VDS and upper
right panel for positive VDS in Fig. 4a), thus vastly facilitating electron
transport and resulting in a substantial currentmagnitude (lower panel
in Fig. 4a). Conversely, upon reversing the sweeping direction of VGate
from negative to positive values, the ferroelectric polarization points
away from MoS2 at VGate = −3 V. The electrons in MoS2 are depleted,
concurrently accompanied by hole accumulation, with the Fermi level
approaching the top of the valence band and lightly p-type doping
characteristic in MoS2. Under these circumstances, holes become the
primary charge carriers, and the currents are dominated by hole
injection from a positively biased terminal (i.e., the Schottky junction
in reverse-bias mode) into the MoS2 channel. However, the lightly
p-type doping gives a much wider hole Schottky barrier (upper left
panel for negativeVDS andupper right panel for positiveVDS in Fig. 4d),
yielding a considerably diminished current level (lower panel
in Fig. 4d).

The carrier injection in asymmetric Schottky-contacted MoS2-
FeFET is determined by the Schottky barrier established at the MoS2/
Au interface on the drain side. In lower panel of Fig. 4b, we observe a
bidirectional opening conductivity feature, with a remarkable current
of 1.5 µA recorded at VDS = ± 0.3 V. This can be understood by the
highly n-type doping under the downward polarization statewhere the
Schottky barrier for electrons becomes so thin that enables unin-
hibited electron transmission under either positive or negative biasing
(upper left panel for negativeVDS andupper right panel for positiveVDS
in Fig. 4b). The IDS-VDS curve taken from Fig. 3e at VGate = −3 V
demonstrates negative-pass behavior for upward polarization (lower
panel in Fig. 4e). In this scenario, the negative (positive) VDS would
forward (backward) bias the hole Schottky barrier (upper left panel for
negative VDS and upper right panel for positive VDS in Fig. 4e), ratio-
nalizing the rectifying trend of current curve (lower panel in Fig. 4e).
Additionally, the current value of 0.35 µA at VDS = −0.3 V in Fig. 4e is
notably diminished compared to the corresponding value in Fig. 4b, in
full agreement with the increased Schottky barrier width that

effectively impedes hole conduction under upward polarization. More
detailed information about the output curves of asymmetric Schottky-
contacted FeFETs can be found in Fig. S8 and Fig. S9, clearly demon-
strating full-pass, OFF to negative-pass transition during the VGate
sweeping from +22 V to –22 V (Fig. S8) and reversed process (Fig. S9),
respectively.

In the case of vertical tunneling MoS2-FeFET, the carrier transport
properties are governed by asymmetric Van der Waals MoS2/h-BN/
metal tunnel junction. According to Fermi’s golden rule, the tunneling
current is proportional to the density state at energy E in one elec-
trode, the probability of state at E in the other electrode being empty,
and the transfermatrix determining the transition probability between
two electrodes. When the ferroelectric polarization aligns towards
MoS2, electron tunneling through ultrathin h-BN dielectrics becomes
the dominant transport mechanism. A negative VDS encourages a
substantial electron flow from the metal to MoS2 (upper left panel in
Fig. 4c), engendering a large conduction current. While for a positive
VDS, tunneling of electrons from the semiconductor to the metal
(upper right panel in Fig. 4c) is significantly impededby the disparity in
electron concentrations, i.e., a lower concentration of electrons in the
semiconductor relative to the metal electrode, yielding minimal cur-
rent flow. Consequently, the output curves behave as typical negative-
pass rectification (lower panel in Fig. 4c). Of particular interest is the
observation that the diode behavior is inverted by switching the fer-
roelectric polarization direction (lower panel in Fig. 4f). With the fer-
roelectric polarization pointing away fromMoS2, hole tunneling plays
a leading role.WhenVDS is positive, a surge in holes tunneling from the
electrode toMoS2 (upper right panel in Fig. 4f) significantly boosts the
current. On the contrary, under negative VDS conditions, the tunneling
current of holes from the semiconductor into the electrode (upper left
panel in Fig. 4f) is drastically curtailed due to the difference in the
density of states for holes between MoS2 and metal electrodes. Upon
switching the ferroelectric polarization, the output levels of vertical
tunneling MoS2-FeFET demonstrate negative-pass, OFF to full-pass
transition during the VGate sweeping from +22 V to –22 V (Fig. S10) and
full-pass, positive-pass, OFF tonegative-pass transition during theVGate

d

a

e

b c

f

0 8 16

0.0

0.1

0.2

0.3

VGate (V)

V
D

S
)V ( 0.2

0.6
1.0
1.3

IDS ( A)

0 8 16

0.0

0.1

0.2

0.3

VGate (V)

V
D

S
)V( 0.2

0.6
1.0
1.3

IDS

0 8 16

0.0

0.1

0.2

0.3

VGate (V)

V
D

S
) V( 0.9

2.6
4.4
6.1

IDS ( A)

0 8 16

0.0

0.1

0.2

0.3

VGate (V)

V
D

S
)V( 0.9

2.6
4.3
6.0

IDS ( A)

0 8 16

0.0

0.1

0.2

0.3

VGate (V)

V
D

S
)V( 0.8

2.1
3.4
4.4

IDS

0 8 16

0.0

0.1

0.2

0.3

VGate (V)

V
D

S
)V( 0.8

2.1
3.4
4.4

IDSVGate: -22 V 22 V VGate: -22 V 22 V VGate: -

VGate: - VGate: - VGate: -

Fig. 3 | Colormapping of IDS with evolution ofVGate and VDS. a–c Colormapping
of transfer curves at different VDS for symmetric Schottky-contacted MoS2-FeFET
(a), asymmetric Schottky-contacted MoS2-FeFET (b), and vertical tunneling MoS2-
FeFET (c), with VGate sweeping from 22V to −22V. d–f Color mapping of transfer

curves at different VDS for symmetric Schottky-contacted MoS2-FeFET (d), asym-
metric Schottky-contacted MoS2-FeFET (e), and vertical tunneling MoS2-FeFET (f),
with VGate sweeping from −22V to 22V.

Article https://doi.org/10.1038/s41467-024-54114-3

Nature Communications |         (2024) 15:9701 5

www.nature.com/naturecommunications


sweeping from −22 V to +22 V (Fig. S11). This intriguing polarity switch
underscores the profound influence of ferroelectric polarization and
tunneling effect on the device’s electronic performance.

The simple band alignment model in Fig.4 clarifies the output
curves ofMoS2-FeFETswith all-kind contacts verywell. Thismodel also
effectively elucidates the striking difference in polarity behavior
between the transfer curves of asymmetric Schottky-contacted MoS2-
FeFET and vertical tunneling MoS2-FeFET. In asymmetric Schottky-
contacted FeFETs, despite that a negative VDS would reverse-bias
Schottky barrier for electrons and forward-bias Schottky barrier for
holes, appreciable current can still be observed even for downward
polarization due to the relatively narrow width of the electron
Schottky barrier, resulting in ambipolar behavior at VDS = −0.3V. By
contrast, a positive VDS enhances electron flow by forward-biasing
electron Schottky barrier and simultaneously suppresses hole con-
duction through reverse-biasing hole barrier, causing the transfer
curve to exhibit thebehavior akin to that of ann-type FeFET. Regarding
tunnel-contacted counterpart, because the carriers’ density in the
metal is much higher than that in the MoS2, at VDS = 0.3 V, the current
for electrons tunneling from MoS2 to the electrode is significantly
diminished relative to the tunneling current of holes in the reverse
path, thereby tilting the transfer curve towards more pronounced
p-type characteristic. Conversely, when VDS is −0.3 V, the situation is
reversed, with the n-type behavior being more evident due to the
dominant tunneling of electrons from the electrode into the MoS2
channel. This dual nature of the transfer curves highlights the

effectiveness of the tunneling junction as a channel and accentuates
the pivotal role of VDS polarity in dictating the operative regime of the
semiconductor, thereby dynamically steering the device between
n-type and p-type conduction modes.

The mechanism for enhanced switching ratio of vertical
tunneling FeFET
The transfer curve of vertical tunnelingMoS2-FeFET depicted in Fig. 1h
discloses an impressiveON/OFF ratio reachingup to 109whenVDS is set
as −0.3 V, more than five orders of magnitude larger than that of
asymmetric Schottky-contactedMoS2-FeFET. The band alignments for
theON-state with the Fermi level ofMoS2 residing near the conduction
band (left panel) andOFF-statewith the Fermi level ofMoS2 positioned
in the middle of the bandgap (right panel) are shown in Fig. 5a, b,
corresponding to asymmetric Schottky-contacted MoS2-FeFET and
vertical tunneling MoS2-FeFET, respectively. As the thickness of two-
dimensional semiconductors shrinks to the nanoscale or even atomic
level, challenges arise from large OFF-state current, consuming addi-
tional standby power and suppressing the switching ratio. Inserting
insulator layers, such as Al2O3 and h-BN, has been validated to be an
effective strategy to mitigate OFF-state current37,38. However, this
mitigation often comes at the cost of reducing the ON-state current.
Intriguingly, in the case of our vertical tunneling MoS2-FeFET, the
insertion of an h-BN interlayer between the MoS2 and metal electrode
results in a uniformband potential across the entireMoS2, leaving only
a very thin tunneling barrier21. The tunneling injection intensity of
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carriers passing through this thin tunneling layer is significantly
greater than the injection intensity across the Schottky barrier of a
metal/MoS2 contact. This accords well with previous report39. Thus,
here the insertion of tunnel h-BN layer achieves a dual advantage: it
suppresses the OFF-state current while simultaneously boosting the
ON-state current, thereby significantly enhancing the switching ratio.

For a comprehensive assessment of FET performance, a com-
parison chart in Fig. 5c summarizes the ON/OFF ratio and ON-state
current density per unit area extracted from previous studies35,40–54. A
significant ON/OFF ratio is pivotal for achieving low-power consump-
tion and high-density integration of devices, while a high ON-state
current enables faster access speeds. Our novel ferroelectric memory,
utilizing a vertical tunnel junction channel, showcases notable per-
formance characteristics compared to other 2D channel FETs, includ-
ing a high ON/OFF ratio and a robust ON-state current density. Such
features lay the groundwork for novel advancements in futurememory
and logic devices.

Memory characteristics of vertical tunneling FeFET
As a potential memory device, key memory characteristics such as
operating speed, energy consumption, and endurance behavior are
tested for vertical tunneling MoS2-FeFETs. The device is programmed
to OFF states by applying constant negative VGate pulses (−14 V, 5ms)
and to ON states by applying positive VGate pulses with amplitudes
ranging from 14 V to 31 V and pulse widths between 1ms and 500ns.
Each programming voltage is followed by a constant Vd = −0.2 V to
verify the conductance state of the VanderWaals junction. As shown in
Fig. 6a, despite the increasing voltage amplitude, the ON/OFF ratio
gradually decays with the decrease of operating voltage pulse width.
The vertical tunneling MoS2-FeFET achieves a switching speed as fast
as 500ns by a 31 V pulse, while still maintaining an ON/OFF ratio of
more than 104.

The energy consumption is calculated using the formula E =UIt,
where U, I, and t are the operating voltage amplitude, the leakage
current, and the operating speed, respectively. The gate leakage cur-
rent of the vertical tunneling MoS2-FeFETs is at the picoampere level,
as seen in Fig. S12. The energy consumption for opening an ON/OFF
ratio of more than 104 by the 22 V (1 µs) and 31 V (500 ns) operations is
~0.22 fJ and ~0.16 fJ, respectively. Note that this is the record low
energy consumption of memory devices to the best of our knowledge.
The cycling tests are conducted to check the endurance behavior of
vertical tunneling MoS2-FeFETs. To avoid the disturbance of the joule
heating effect by high channel currents during the cycling tests, a low
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VDS of only 0.02 V is used. The transfer curve is checked after 10, 103,
105, and 107 cycles of voltage triangle wave with an amplitude of 30V
and frequency of 10 kHz and compared with the pristine one (Fig. 6b).
These transfer curves, characterized by a huge ON/OFF ratio of ~7
orderswith theultralowVDS = 0.02 V, exhibitsminimal variationduring
all cycling tests, implying that the device still works well after 107

cycles.
A lower operating voltage is preferable from the view of practical

application. This can be obtained by reducing the thickness of the
ferroelectric layer in the vertical tunneling MoS2-FeFET device. As
shown in Fig. S13, the operating voltage decreases from 20V for the
device with a 200nm-thick ferroelectric layer to 10 V for the device
with a 100nm-thick ferroelectric layer. It should be noted that the
voltage scaling is not always linear with decreasing thickness when the
thickness approaches nanoscale. The interfacial strain and electro-
static boundary conditionsmayplay an increasinglydominant role and
can even increase the fields required for switching. Further work is
needed to optimize the ultrathin and high-quality ferroelectric films to
achieve operating voltages low enough for compatibility with mature
complementary metal-oxide-semiconductor (CMOS) technology. The
ultrathin hafnium-based ferroelectrics, present promising alternatives
that warrant further exploration in this novel memory structure.

It is worth comparing the vertical tunneling FeFET with the Fer-
roelectric Tunneling Junction (FTJ), which takes advantage of the
direct quantum tunneling effect through the ferroelectric layer. An FTJ
device typically requires the ferroelectric layer to be only a few nan-
ometers. However, the coercive electric field in nanoscale ferroelectric
thin films is significantly higher than that in bulky films, suffering from
poor fatigue performance in FTJs (<106 cycles)55. Unlike FTJs, the fer-
roelectric layer in vertical tunneling FeFETs does not function as a
tunneling layer but as a third control terminal, that is, the tunnel
electroresistance through the below Van der Waals junction is
achieved bymodulating the Femi level of 2D semiconductor electrode
by anexternal ferroelectric gate. This removes the thickness constraint
imposed by quantum tunneling, effectively mitigating the fatigue
issues associated with FTJs. As shown in Fig. 6b, the vertical tunneling
MoS2-FeFET still works well after 107 cycles. Besides, the leakage cur-
rents in a vertical tunneling FeFET that pass through thick and insu-
lative ferroelectric gates are much lower than the inevitable tunneling
currents in FTJ, pioneering energy consumption as low as 0.16 fJ per
operation.

In summary, we have demonstrated a novel device architecture, a
vertical tunneling FeFET in which the Van der Waals MoS2/h-BN/metal
tunnel junction is the channel. The Fermi level of MoS2 was bipolarly
tuned by ferroelectric domains and can be sensitively detected by the
direct quantum tunneling strength across the junction. The device
incorporating ~4 nm h-BN tunneling layer shows not only an ultralow
OFF-state current but also a high ON-state current, yielding a striking
ON/OFF ratio up to 109. It requires only 0.16 fJ of energy to achieve an
ON/OFF ratio greater than 104. This ingeniously devised structure
effectively exhibits ambipolar behavior and gate-tunable operation
states of output level, including positive-pass, OFF, negative-pass, and
full-pass modes. A free-moving band alignment model is powerful
enough to elucidate the decisive roleof the electrode contact interface
for all these electrical properties. This work paves the way for future
applications ingate-tunable logic devices adopting 2D semiconducting
as the electrode for tunnel junction channels.

Methods
Device fabrication
Firstly, the electrode patterning was completed on a silicon wafer
with a 300 nm-thick SiO2 layer through electron-beam lithography.
Cr/Au (10/50 nm) was then deposited through thermal evaporation.
The h-BN, MoS2, and graphene flakes were directly exfoliated into
Polydimethylsiloxane (PDMS) with Scotch tape from single crystals

purchased from HQ Graphene, Netherlands. The h-BN flake on the
PDMS stamp was first stuck on a silicon wafer and picked up with
polyvinyl alcohol (PVA). The h-BN flake on the PVA stamp was
inverted and aligned onto Drain 1 using a micro-manipulator, fol-
lowed by immersion of the sample in deionized water for 2 h to
remove the PVA. Graphene from PDMS was transferred onto the
Source terminal to form Ohmic contact. The MoS2 flake on PDMS,
covering Drain 1, Drain 2 and Source, was transferred on top of the
device. Next, P(VDF-TrFE) (70:30 in mole ratio) was spin-coated as
the gate dielectric layer, which was thermally annealed at 135 °C for
4 h to promote the formation of ferroelectric β-phase. Finally,
50 nm thick Al electrodes were prepared by thermal evaporation to
complete the gate electrode.

Characterization method
Raman spectraweremeasured using a Raman system (Renishaw inVia)
with an excitation wavelength of 532 nm. Transmission electron
microscopy (TEM) analysis was conducted using a JEM-2100F field
emission TEM (JEOL, Tokyo, Japan). P–V hysteresis loops of P(VDF-
TrFE) were tested using a ferroelectric analyzer (TF Analyzer 3000).
Piezoelectric forcemicroscopy (Asylum Research Cypher) was applied
to confirm the ferroelectricity of P(VDF-TrFE) films. The electrical
properties of the devices prepared in this paperweremeasured, unless
noted otherwise, under ambient conditions using a Keithley 4200A-
SCS parameter analyzer with remote preamplifiers. The Hall effect
measurements ofMoS2 were performedwith the Linseis HCS 1 system.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The codes that support the findings of this study are available from the
corresponding author upon reasonable request.
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