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2D Steep-Slope Tunnel Field-Effect Transistors Tuned by van
der Waals Ferroelectrics

Xinrui Chen, Tiantian Jiang, Hanbin Wang, Yang Wang,* Miao Zhang, Yi Cui, Yong Wang,
Nannan Li, Xinchuan Du, Chaoyi Yan, Yuqing Liu,* and Xianfu Wang*

sPower consumption has emerged as a central concern in the realm of
complementary metal-oxide-semiconductor (CMOS) technology.
Silicon-based semiconductor devices have now approached the fundamental
thermionic limit of the subthreshold swing (SS), which is 60 mV dec−1, as
defined by the Boltzmann tyranny. Tunnel field-effect transistors (TFETs) are
considered promising low-power devices due to the band-to-band tunneling
mechanism, which effectively avoids the thermionic limit. However, TFETs
require the establishment of a staggered band alignment and currently lack
effective techniques for adjusting the band offset. Here, by harnessing the
robust ferroelectric field inherent to 2D CuInP2S6 (CIPS), a 2D WSe2/MoS2

heterojunction as well as a WSe2 homojunction TFET controlled by
ferroelectric gate are presented. The newly developed TFET achieves an
ultra-low SS of 14.2 mV dec−1 at room temperature, an on/off current ratio
exceeding 108, and a minimal hysteresis window below 10 mV. Additionally,
the device demonstrates gate tunable negative differential resistance (NDR)
characteristics with a very large peak-to-valley current ratio (PVCR) of 10.56 at
room temperature. These findings underscore the significant promise of 2D
ferroelectric tuning heterojunction and homojunction for future low-power
electronic applications.
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1. Introduction

Power consumption poses a signifi-
cant barrier to the advancement of fu-
ture CMOS chips, as it directly im-
pacts processing speed and heat dissi-
pation efficiency.[1–7] However, the sub-
threshold swing (SS), a critical indi-
cator of power consumption in con-
ventional MOSFETs, is limited to a
value of 60 mV dec−1 at room tem-
perature due to the inherent thermal
characteristics associated with carrier
injection.[8,9] Presently, there are various
types of devices, such as tunnel field-
effect transistors (TFETs), negative capac-
itance field-effect transistors (NCFETs),
cold source field-effect transistors (CS-
FET), and impact ionization field-effect
transistors (IFET), which have demon-
strated the ability to overcome the restric-
tion imposed by thermal emission.[10–13]

From the perspective of advancing car-
rier transport strategies, TFETs, featur-
ing staggered band alignment between
the source and channel to promote
carrier mobility through the tunneling

effect, demonstrate potential in overcoming this limitation.[14,15]

However, prior to its feasible integration into practical applica-
tions, several hurdles should be navigated.[10] First, the inade-
quate modulation of the electrostatic gate impedes the forma-
tion of favorable band alignment conducive to tunneling. Fur-
thermore, dangling bonds in bulk materials frequently result
in interfacial defects and lattice mismatches, which also detri-
mentally impact the SS. Therefore, the selection of appropriate
materials for TFET construction that can achieve a staggered
bandgap alignment and simultaneously enable optimal device
performance free from interface issues has indeed become a crit-
ical concern.

The advancement of 2D materials presents significant oppor-
tunities for TFETs due to their atomic-thin characteristic, allow-
ing for a potent electrostatic control.[16–22] Additionally, 2D ma-
terials exhibit unique ability to facilitate the arbitrary stacking
of various functional materials without requiring lattice match-
ing, attributable to the weak interactions known as van der
Waals forces.[23–28] Coupled with an appreciably larger surface-
to-volume ratio, these TFETs incorporating 2D materials offer
the advantage of enhanced electrostatic control from the gate,

Adv. Electron. Mater. 2024, 2400463 2400463 (1 of 9) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

http://www.advelectronicmat.de
mailto:yangwang@uestc.edu.cn
mailto:yuqing_liu@uestc.edu.cn
mailto:xfwang87@uestc.edu.cn
https://doi.org/10.1002/aelm.202400463
http://creativecommons.org/licenses/by/4.0/


www.advancedsciencenews.com www.advelectronicmat.de

increased conductivity, and excellent interface contact with the
gate insulator.[29] For example, previous researches have eluci-
dated that the substitution of traditional silicon with atomic-thin
MoS2 in the channel presents the potential to fabricate verti-
cal heterostructure MoS2/Ge TFET with exceptional electrostat-
ics and strain-free heterointerfaces, achieving an average SS of
31.1 mV dec−1.[30] Subsequently, in an endeavor to ameliorate the
issue of lower conduction current levels, researchers have devel-
oped TFETs based on black phosphorus (BP).[31] Due to the ad-
vantageous property of BP, where its thickness can spatially vary
without yielding interface-related issues, this bulk BP/monolayer
BP device exhibits a higher on-current with an average SS of
26 mV dec−1. Despite some progress, the integration of few-layer
2D materials with bulk or 3D materials is inevitably affected by ir-
regularities in the thickness and doping level of the semiconduc-
tor channel, significantly increasing the process complexity and
hindering the full exploitation of the advantages of 2D materials.
While in the case of 2D TFETs, it is essential to design the gate
to achieve control over the band alignment. Firstly, conventional
control gates are excluded from our consideration due to their re-
liance on deposition techniques, such as atomic layer deposition
(ALD) which often unavoidably introduce interface defects.[32] In
regard to 2D dielectric materials, represented by hexagonal boron
nitride (h-BN), it has been demonstrated that they are capable
of coupling with 2D channel materials, thereby providing a po-
tential approach for the design of 2D TFETs.[33] Despite success-
fully addressing interface issues inherent in the manufacturing
process, their modulation capacity falls short of realizing high-
quality TFETs. In contrast, the novel van der Waals ferroelectric
materials exhibit stable and strong polarization characteristics,
suggesting the potential to construct control gates with robust
modulation abilities while maintaining a clean interface.[34–37]

Our device design strategy incorporates CuInP2S6 (CIPS) as
the controlling gate, with WSe2 and MoS2 serving as channel ma-
terials. The objective is to enhance gate control over the electro-
statics of the tunnel junction while ensuring the clean interface.
As one of the rare room-temperature 2D ferroelectric materials,
CIPS exhibits switchable polarization at a thickness of approxi-
mately 4 nm and low leakage current. Its out-of-plane polariza-
tion has been extensively exploited in diverse nanoelectronic ap-
plications, effectively combining the robustness of ferroelectric-
ity with the flexibility of van der Waals integration.[38,39] While
for the channel materials, WSe2 and MoS2 were selected due to
their well-established processing techniques. Furthermore, ex-
periment evidence from both homojunction and heterojunction
studies confirms their ability to manifest tunneling phenomena
under gate modulation.[22,40–42] Consequently, they are consid-
ered suitable candidates for TFETs. Expanding on this ground-
work, there is still a lack of compelling evidence and exploration
concerning the integration of 2D ferroelectric gate with 2D semi-
conductor channels to create robust TFETs. This is precisely the
focal point of our work that we endeavor to elucidate.

This article presents the successful fabrication of 2D van der
Waals TFETs based on WSe2/MoS2 heterojunction as well as
WSe2 homojunction, utilizing CIPS as the ferroelectric control
gate. These devices address the thermionic limitation encoun-
tered in conventional MOSFETs, achieving a minimum SS of
28 mV dec−1 for heterojunction TFETs and an impressive SS of
14.2 mV dec−1 for homojunction TFETs. Attributable to the high-

quality and direct interaction between the ferroelectric control
gate and the channel material, our homojunction device demon-
strates even more exceptional capabilities. It not only manifests
superior attributes in terms of basic metrics of low-power devices,
such as a high switch ratio (>108) and a minute hysteresis win-
dow (<10 mV), but also exhibits substantial promise for diverse
applications related to negative differential resistance (NDR). The
demonstrated NDR phenomenon validates the underlying mech-
anism and features a gate-adjustable peak-to-valley current ratio
(PVCR) with a remarkable value of 10.56 at room temperature
(VCIPS = 1.5 V), showing the prospective employment of our de-
vice within the realm of logic circuits. Additionally, the superior-
ity of our designed concept is further confirmed through com-
parative experiments that make use of conventional h-BN as the
dielectric gate. Our research serves as a significant demonstra-
tion of low-power devices based on ferroelectric CIPS in a fully
2D configuration.

2. Results and Discussion

By employing the novel van der Waals ferroelectric material,
CIPS, as a control gate, high-quality homojunction, and hetero-
junction TFETs were constructed on the hafnium oxide (HfO2)
substrate. The process commenced with the mechanical exfoli-
ation of pristine bulk crystals including WSe2, MoS2, and CIPS
to obtain atomically thin 2D flakes. Subsequently, these materi-
als were vertically stacked layer-by-layer utilizing the dry transfer
method to create a bottom-up heterostructure.

The scanning electron microscope (SEM) images of
WSe2/MoS2 heterojunction device and WSe2 homojunction
device are presented in Figure 1a,b, with CIPS stacked above
a portion of the channel region to enable localized band mod-
ulation. The crystal structure of CIPS is classified under the
monoclinic space group, and the vertical displacement of Cu
atoms to the plane results in the generation of two different
polarization states, which plays a crucial role in our devices. The
vertical stacking structure and material thickness are defined
using high-resolution transmission electron microscopy (TEM)
in Figure S1 (Supporting Information). The thicknesses of
MoS2, WSe2, and CIPS are measured to be 4.7, 3.6, and 64.3 nm,
respectively. Figure 1c shows the Raman spectra of the mechan-
ically exfoliated CIPS, MoS2, and WSe2 flakes on the SiO2/Si
substrate at room temperature. The Raman peaks of CIPS flake
can be attributed to various vibration modes, including those
at 106 cm−1 corresponding to the displacement of P–P dimers,
317 cm−1 due to the presence of cations. Additionally, the peaks
at 264 cm−1 correspond to the 𝛿(S–P–P) mode, 375 cm−1 to the
v(p–p) mode, and 450 cm−1 to the v(P–S) mode. In the case of
WSe2 nanoflake, the Raman spectrum exhibits two typical peaks
at 250 cm−1 corresponding to the E1

2g mode and 261 cm−1 for
the A1g mode. The characteristic peaks for MoS2 are observed
at 383 cm−1 for the E1

2g peak and at 405 cm−1 for the A1g peak.
We have also provided the Raman spectra for different areas
of the heterojunction. The overlapping regions exhibit peaks
corresponding to those of the individual materials, depending
on their composition, thus confirming the effectiveness of the
heterojunction. In the characterization of ferroelectric prop-
erties, the phase signal observed in the piezoresponse force
microscopy (PFM) test of CIPS, as shown in Figure 1d, displays
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Figure 1. Characterization of heterostructures. The false-color scanning electron microscope (SEM) image of a) WSe2/MoS2 heterojunction device
and b) WSe2 homojunction device, each distinct color represents a specific type of material to differentiate the various components within the device.
c) Raman spectroscopy (using a 633 nm laser) of the mechanically exfoliated CIPS, MoS2 and WSe2 flakes as well as heterojunction area on the SiO2/Si
substrate at room temperature. d) The PFM phase and e) amplitude hysteresis loops during the switching process. f) The primary PFM phase image of
CIPS. g) The PFM phase image after written two-box patterns with reverse DC bias.

a clear 180° switch. Furthermore, the amplitude signal depicted
in Figure 1e demonstrates a distinct butterfly loop, confirming
the robust ferroelectric polarization present in the CIPS flake. To
further validate the stability and controllability of ferroelectricity
in our CIPS flake, we performed local polarization tests by
applying bias between the conductive PFM tip and the conduc-
tive gold substrate. As shown in Figure 1f,g, opposite voltages
were applied in the two designated regions marked in red and
green, with the evident phase reversal serving as confirmation
of polarization switching in CIPS.

The typical structure of TFETs, while similar to traditional
MOSFETs, features a channel with opposite doping types near
the source and drain regions. Its operational principle resembles
that of a PIN diode with a gate, which controls the band bending
in the channel region via the gate, thereby regulating band-to-
band tunneling between the source and the channel.[30,43] Once
a voltage is applied on the top control gate, the energy bands
within the channel materials undergo local modulation into a
staggered alignment. Figure 2a shows the TFET structure fea-
turing a WSe2/MoS2 heterojunction as the channel, with CIPS
stacked in the overlap region between WSe2 and MoS2. The corre-
sponding transfer curves of the devices with the individual WSe2
and MoS2 as channel exhibit bipolar and n-type transfer charac-
teristics, respectively, as shown in Figure S2 (Supporting Infor-
mation). And the output characteristics of WSe2/MoS2 hetero-
junction are depicted in Figure S3b (Supporting Information).
Given that MoS2 is an n-type material, it is imperative to modu-
late the bipolar WSe2 into a p-type using CIPS in order to achieve

a staggered band alignment in this heterostructure. To experi-
mentally investigate the actual impact of CIPS on heterojunction
channels, electrical testing of the heterojunction TFET was con-
ducted.

We systematically performed a series of transfer curves (Vds
= −1 V) under various ferroelectric gate conditions (Figure 2c),
and the corresponding extracted SS is presented in Figure 2d.
It is worth noting that during the scan process, the top gate ap-
plies a fixed voltage only to modulate the energy band of the chan-
nel, while the bottom gate serves as the actual scanning voltage.
This distinguishes it from the previously reported NCFETs in-
cluding ferroelectrics.[44,45] In our configuration, the device can
fully utilize the modulating ability of the ferroelectric gate, while
avoiding the introduction of noticeable hysteresis in the transfer
curve. The observations reveal that, despite the steepness of the
transfer curve, the corresponding SS exceeds the benchmark of
60 mV dec−1 upon setting VCIPS to zero. In contrast, when non-
zero voltages are applied to CIPS, there is a marked sharpening
of the transfer curves. Simultaneously, a breakthrough of SS be-
yond the conventional limit of 60 mV dec−1 can be achieved with
current variations in the range of two to three orders of magni-
tude, at three distinct voltages (2.5, 3, and 3.2 V). These SS data
points below 60 mV dec−1, are marked in the light red area rep-
resented in Figure 2d. The heterojunction TEFT demonstrates
optimal performance at a VCIPS of 3 V, with the minimum SS
reaching a value of 28 mV dec−1. These experimental results pro-
vide strong evidence for the pronounced modulation capacity of
CIPS on the channel.
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Figure 2. Schematic diagram and performance of heterojunction TFET. a) Schematic cross-section of WSe2/MoS2 heterojunction device. b) The upper
panel shows the side view for the crystal structure of CIPS with vdW gap between the layers with the polarization direction indicated by the arrow. The
lower panel shows the band alignment conditions for band-to-band tunneling. c) Transfer curves with VCIPS changing from 0 V to 3.2 V at Vds = −1 V. d)
Ids versus SS data extracted from the transfer curves shown in c).

The underlying mechanism was then subsequently illustrated
in Figure 2b. CIPS, with an ABC-type stacked sulfur structure
intercalated by elements such as copper (Cu) and indium (In)
along with paired phosphorus (P-P), is used to regulate chan-
nel materials. Due to the broken symmetry in the lattice, the
CIPS shows spontaneous electric polarization and ferroelectric-
ity at temperatures below the Curie point. We maintained control
over the experimental environment to ensure that the tempera-
ture remained below the Curie point of CIPS (315 K), thus safe-
guarding the unaltered ferroelectric properties of CIPS.[46] Char-
acterization techniques performed at room temperature, such as
PFM and Raman spectroscopy, provide additional evidence sup-
porting the ferroelectric properties of the CIPS material utilized
in our study. Applying an appropriate positive voltage on the top
gate results in an upward shift of the WSe2 band below CIPS.
When the valence band of WSe2 is positioned higher than the
conduction band of MoS2, a staggered alignment is formed be-
tween the energy bands of the two materials. Figure S4 (Support-
ing Information) shows the band diagram of the heterojunction
at different VCIPS values. Under such band alignment, the empty
density of states (DOS) in the valence band of WSe2 aligns with
the occupied DOS in the conduction band of MoS2. When a Vds is
applied, electrons will undergo band-to-band tunneling from the
valence band of WSe2 to the conduction band of MoS2, resulting
in the TFET being in the “on” state. It is worth noting that in the
case of lightly p-doped WSe2 with the Fermi level very close to
or slightly below the valence band, there is a significant reduc-
tion in the number of electrons capable of tunneling into the n

region. As a result, a smooth transition from tunneling current
to thermionic emission current occurs, exhibiting only a subtle
NDR trend and no breakthrough on SS. The CIPS-induced band-
to-band tunneling is further substantiated through temperature-
dependent measurements. As illustrated in Figure S5a,b (Sup-
porting Information), when the temperature is varied from 290
K to 90 K, the minimum and average SS values extracted from
the transfer curve exhibit a near-constant stability. Therefore, the
experimental results again validate the strong modulating ability
of CIPS on 2D heterojunctions.

Although the heterojunction TFET displays a lower SS that
surpasses the thermal emission limit, the construction of the
heterojunction inevitably introduces defects that hamper device
performance. To resolve this issue, we have considered replac-
ing the heterojunction with a homojunction. By utilizing a bipo-
lar WSe2 as the channel material which can be arbitrarily modu-
lated into either p-type or n-type characteristic. Homojunction de-
vices based on WSe2 typically exhibit high carrier mobility, recon-
figurable tunability, and ultrafast characteristics, making them
suitable for low-power devices.[47,48] With the implementation
of CIPS for creating a staggered band alignment, we success-
fully produced a homojunction TFET, as depicted in Figure 3a,
along with the corresponding output characteristics presented
in Figure S6a (Supporting Information). When the gate volt-
age is applied to polarize the CIPS into either an upward or
downward polarized state, the WSe2 channel beneath the con-
trolling gate can be selectively configured into a desired doping
state, thereby facilitating the formation of a homojunction. The
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Figure 3. Schematic diagram and performance of homojunction TFET. a) Schematic cross-section of WSe2 homojunction device. b) Transfer curves with
VCIPS changing from 0 V to 2.2 V at Vds = 1 V. c) Ids versus SS data extracted from the transfer curves shown in b). d) Output curves with VCIPS changing
from 0 V to 3 V. e) Output curve at VCIPS = 1.5 V with significant NDR. f) VCIPS-dependent PVCR extracted from the output curves shown in d).

corresponding band structure is shown in Figure S7 (Support-
ing Information), CIPS induces n-type or p-type doping on WSe2
when VCIPS exceeds 0 V or falls below 0 V, respectively. The mech-
anism of controlling n- and p-type doping in WSe2 using ferro-
electric CIPS is as described below. Downward polarization in
the ferroelectric domain, induced by applying a sufficiently large
positive polarizing voltage, leads to the accumulation of electrons
in WSe2, thereby achieving n-type doping as illustrated in Figure
S7a (Supporting Information). Reversely, since WSe2 is a bipo-
lar material, p-type doping can be achieved by applying a neg-
ative polarizing voltage to the CIPS, which induces upward po-
larization, as depicted in Figure S7b (Supporting Information).
The transfer characteristics of the obtained homojunction TFET
were measured under various fixed top gate voltages. As shown
in Figure 3b, a significant shift in the transfer curve is observed by
applying a non-zero top gate voltage when compared to the case
with zero top gate voltage, while maintaining an on/off ratio ex-
ceeding 108. As VCIPS increases from 0 to 2.2 V, the transfer curve
demonstrates a more pronounced steepness, a trend further sub-
stantiated by the corresponding SS (Figure 3c). Specifically, when
the voltage applied to the top gate exceeds 1.5 V, the device can
maintain an ultra-low SS of less than 60 mV dec−1 over a wide
current range of more than three orders of magnitude. The opti-
mal performance is achieved at VCIPS = 2 V, where the minimum
SS reaches 14.2 mV dec−1 and the average SS is approximately
30.3 mV dec−1. Figure S5c,d (Supporting Information) presents
the temperature-dependent measurements of the WSe2 homo-
junction, the stable SS under various temperatures verify the
band-to-band tunneling effect. The ultralow SS values demon-

strate the effectiveness of CIPS on the construction of WSe2
homojunction.

Upon further examination of the device’s output curves at var-
ious VCIPS (Figure 3d), a distinct NDR phenomenon is observed,
which is the direct evidence of carrier transport dominated by
band-to-band tunneling. When Vds is less than Vp (the voltage
at which the current reaches the peak), the filling state of the n-
region conduction band and the empty state of the p-region va-
lence band overlap, causing an increase in Ids. As Vds continues
to increase, the overlapping states between the two regions de-
crease, leading to a reduction in current toward the valley point
as Vv (the voltage at which the current reaches the valley).[19,49]

Subsequently, the current exhibits a subsequent rise again as a re-
sult of the contribution of thermionic current. This phenomenon
is particularly noticeable at VCIPS = 1.5 V (Figure 3e). Further-
more, an analysis of the peak-to-valley current ratio (PVCR) dis-
played by each curve in Figure 3d was conducted, and the PVCR-
VCIPS plot is depicted in Figure 3f. The PVCR reaches a maxi-
mum of 10.56 when VCIPS is adjusted to 1.5 V, highlighting the
capacity of CIPS to effectuate a substantial doping of WSe2. It is
of paramount importance to underscore that, in contrast to the
heterojunction TFET, the SS values of the homojunction TFET
show a remarkable downward trend and a correspondingly pro-
nounced NDR phenomenon. This can be principally ascribed to
enhanced tunneling resulting from the superior interface clean-
liness inherent to the homojunction TFET. We also investigated
the modulation capability of CIPS on the MoS2 channel (Figure
S8, Supporting Information). Regrettably, while CIPS exhibited a
certain level of influence on MoS2, the impact was not as signif-
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Figure 4. Schematic diagram and performance of FETs involved traditional dielectric gates. a) Schematic cross-section of WSe2 FET modulated by
h-BN. b) Transfer characteristics for various VCIPS of the FET shown in (a), and c) the corresponding Ids versus SS data extracted from the transfer
curves. d) Schematic cross-section of WSe2 FET modulated by both h-BN and CIPS. e) The transfer characteristics for various Vh-BN of the FET and f)
corresponding Ids versus SS data extracted from the transfer curves. g) The transfer curves with and without a dielectric layer show that the introduce
of h-BN significantly reduce hysteresis of 7.69 mV. h) Transfer curve of CIPS/h-BN/WSe2 devices with negligibly small hysteresis under different VCIPS.
i) The SS value extracted from (h) with a minimum of 29.0 mV dec−1.

icant as that for the WSe2 homojunction. Furthermore, regard-
less of the different VCIPS values, the SS consistently did not ex-
ceed the limit of 60 mV dec−1 limit. This observation aligns with
our discussion that WSe2, given its bipolar nature, can achieve
band-to-band tunneling, whereas MoS2 does not exhibit the same
behavior.

Importantly, unlike previous devices showing NDR, our device
exhibits a remarkably outstanding PVCR through the modula-
tion of CIPS.[50,51] In practical applications, this suggests an im-
provement in the ability to distinguish thresholds within mul-
tilevel logic circuits and enhanced modulation of signal fea-
tures within analog circuits. Such characteristics are essential
for integrating NDR devices into operational circuits, demon-

strating the enormous potential of our device for practical circuit
applications.

To further validate the efficacy of our adopted framework, we
also examined the scenario involving traditional dielectric gates.
Figure 4a and Figure S9a (Supporting Information) present the
schematic representation and optical image of WSe2 FET, respec-
tively, exclusively regulated by h-BN. By employing conventional
dielectric gates to apply voltage through h-BN for localized con-
trol of WSe2, the device not only manifests a reduced ON-state
current, but also consistently achieves SS exceeding 60 mV dec−1

(Figure 4b,c). This confirms that the conduction mechanism of
the device remains as the conventional thermionic emission and
is unable to surpass the Boltzmann limit. Importantly, while the
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SS did not surpass the theoretical limit, its minimum value is no-
ticeably in close proximity to 60 mV dec−1. This implies the high
quality of our device fabrication and indirectly substantiates the
reliability of our prior experimental results. In the device with
ferroelectric/dielectric joint control (Figure 4d and Figure S9b,
Supporting Information), both h-BN and CIPS are involved in
the local regulation of the channel. Observations from the trans-
fer curve (Figure 4e) and corresponding SS (Figure 4f) suggest
that the control effect is notably weaker compared to the device
solely controlled by CIPS, essentially failing to breach the limi-
tation of 60 mV dec−1. The presence of the h-BN dielectric layer
diminishes the enhancement effect of ferroelectric gate on SS
performance, as it has the potential to act as a charge isolation
layer, significantly impacting the regulation effect of CIPS on the
channel. The observed discrepancy in performance further con-
firms that the tunneling, rather than negative capacitance, is the
predominant mechanism in our device.

Additionally, h-BN effectively modulates the dielectric match
of the device, leading to a substantial reduction in the hysteresis
of the transfer curve. By appropriately tuning the thickness of h-
BN, it is possible to realize a near-hysteresis-free device, although
this may come at the expense of an increase in SS (Figure 4g,h
and Figure S10, Supporting Information). We have achieved a
minimum SS of 29.0 mV dec−1 and a hysteresis window of about
7.69 mV (Figure 4h,i). In comparison to devices utilizing other
channel materials, the integration of h-BN substantially mitigates
hysteresis. At VCIPS = 2 V, the hysteresis is observed to be neg-
ligible exclusively in the device incorporating h-BN (Figure 4h
and Figures S3d, S6b, and S8d, Supporting Information). These
results suggest that with further design and optimization, the
device shows potential for superior performance across multi-
ple metrics. In comparison with other low-power FETs based on
ferroelectric materials recently reported, as shown in Figure S11
(Supporting Information), our homojunction TFET simultane-
ously demonstrates a relatively low SS, excellent on/off ratio, and
an almost negligible minor hysteresis.[52–59] These findings sug-
gest significant potential for further development and optimiza-
tion in the field of semiconductor devices.

3. Conclusion

In summary, we have presented a comprehensive study on 2D
TFET based on the van der Waals integration of ferroelectric CIPS
with WSe2 as well as MoS2. Attributable to the effective modula-
tion induced by the CIPS ferroelectric gate, both heterojunction
WSe2/MoS2 and homojunction WSe2 are able to achieve stag-
gered band alignment, consequently facilitating the construc-
tion of low-power TFETs operating via band-to-band tunneling
mechanism. The resulting WSe2 homojunction TFET exhibits a
minimum SS of 14.2 mV dec−1 and a large on/off ratio of 108,
highlighting its potential for high-performance electronic appli-
cations. Our 2D devices effectively address the issue of defect
intrusion inherent in bulk materials. By employing innovative
2D ferroelectric materials, it exhibits optimal low-power char-
acteristics, whilst maintaining maximal simplicity in structure
and manufacturing process. The device further showcases a tun-
able PVCR with a maximum value exceeding 10, testifying to
its significant potential as an NDR device. Our findings provide
strong evidence that 2D TFETs with ferroelectric gate hold sig-

nificant potential as a paradigm for designing high-density and
low-power devices, thereby unfolding a new trajectory towards
the realization of advanced low-power apparatus.

4. Experimental Section
Device Fabrication: The MoS2/WSe2/h-BN/CIPS flakes were mechan-

ically exfoliated from bulk crystals using the tape and the polydimethyl-
siloxane (PDMS) film. For the homojunction devices, the WSe2 flakes were
transferred on the HfO2/Si substrate. To construct the heterojunction, the
bottom layer material (MoS2 or WSe2) was first transferred onto the sub-
strate. Then, utilizing the high-precision transfer platform and dry trans-
fer method, the top layer materials were successively transferred layer by
layer with the PDMS acting as a transfer supporting layer. Subsequently,
electron-beam lithography technique was used to pattern the electrodes
including source, drain, and gate. The Cr/Au (5/50 nm) electrodes were
deposited via a thermal evaporation process at the evaporation rate of 0.2
Å s−1. Finally, under the condition of 60 °C, the lift-off process took place
in a hot acetone solution for a duration of 30 min.

Characterization of 2D Materials and Heterostructures: The heterostruc-
ture was characterized by scanning electron microscope. The Raman anal-
ysis of WSe2, MoS2, CIPS, and their heterostructures was measured using
a Raman spectrometer (Horiba iHR550) with a laser wavelength of 633 nm
and spot size of ≈1 μm. The PFM measurement was carried out in a com-
mercial atomic force microscope (MFP-3D, Asylum Research, Goleta, CA)
using the dual alternative voltage resonance tracking (DART) model with
the drive voltage of 2 V. To confirm the vertical stacking of the heterojunc-
tion, focused ion beam (FIB) sectioning of the heterojunction was first
performed, followed by energy dispersive spectroscopy (EDS) and high-
resolution transmission electron microscopy (TEM) for detailed analysis.

Electrical Measurement: All electrical measurements were performed
using Keithley 4200A-SCS semiconductor parameter analyzer with a probe
station under vacuum at room temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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