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ABSTRACT: The development of multifunctional device architectures ‘ Viy
capable of integrating logic, analog, and optoelectronic functions is critical ? Voo LT Lo 6o
for overcoming the scaling and energy efficiency limitations of conventional ‘ Vour

CMOS technologies. Antiambipolar transistors (AATs), with their non- i
monotonic transfer characteristics and central A-shaped region, provide an

attractive platform for implementing multivalued logic operations, compact I\ !l
frequency multipliers, and photodetectors. Here, we present a high-

performance W-shaped AAT based on an h-BN/MoTe,/BP van der Waals Vo
heterostructure. The device exhibits four discrete conductance states and a
symmetric A-region centered at V,; = 0 V, with a high on/off current ratio
exceeding 10° and peak currents in the microampere range. These properties Vi
enable the implementation of a ternary inverter with uniformly spaced 20 V GO

logic windows and excellent operational stability over 200 switching cycles.

In addition, the symmetric A-region facilitates bias-free frequency doubling,

providing a low-power solution for analog signal processing. Furthermore, the device functions as a gate-tunable photovoltaic
photodetector with dynamically reversible photocurrent polarity. It achieves a rectification ratio ranging from 107> to 103 a
dark current below 0.5 pA, a photoresponsivity of 0.29 A/W, an external quantum efficiency (EQE) of 69.4%, and a fast
response time of 100 pus. These results position W-shaped AATs as a potential platform for next-generation nanoelectronic and
optoelectronic systems requiring reconfigurability, energy efliciency, and high integration density.

KEYWORDS: antiambipolar transistor, multivalued logic, frequency doubling, van der Waals heterostructure, 2D materials

INTRODUCTION

As traditional CMOS technology approaches its scaling and
energy efficiency limits, the development of device architec-
tures that can support higher integration density, lower power
consumption, and greater functional complexity has become
imperative for next-generation electronics.' Among emerging
device concepts, The Antiambipolar Transistor (AAT)—a
type field-effect transistor exhibits nonmonotonic transfer
characteristic with prominent A-shaped region’ >—has

functionally multiplexed architectures—an important trend for
future semiconductor technologies.

The defining feature of an AAT lies in its sharp
transconductance reversal, where positive and negative trans-
conductance transitions occur within a narrow gate voltage
range, this A-region can evolve into more complex profiles,
such as N-,?** N’ or W-shaped transfer curves. Two-
dimensional (2D) semiconductors offer a promising platform
for realizing AATs due to their atomic thickness, excellent gate

attracted growing interest for its potential in multivalued
logic operations,”~” signal processing,'’~'* and optoelectronic
applications."*™" Unlike conventional frequency multipliers
that require complex CMOS circuits, a single AAT can
inherently perform frequency doubling,lo’13 significantly
simplifying circuit design. Furthermore, ternary inverters
based on AATs can reduce system complexity by up to
63.1%,”*" enhance information density, and streamline
interconnect structures. The same device structure can
simultaneously enable multivalued logic, frequency multi-
plication, and photodetection, highlighting the potential of
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control, and strong light—matter interaction. Importantly, the
2D material family includes both p-type and n-type semi-
conductors, allowing the creation of van der Waals
heterostructures without lattice-matching constraints. To
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Figure 1. (a) Schematic illustration of the MoTe,/BP heterojunction device fabricated on a Si/Si0,/h-BN substrate. (b) Optical microscope
image of the device, with D1, D2, S1, and S2 indicating the drain and source electrodes contacting MoTe, and BP, respectively. (c) Raman
spectra of MoTe,, BP, and the MoTe,/BP junction region. (d) Energy band diagram of the MoTe,/BP heterojunction, showing the electron

affinities and bandgaps of the constituent materials.

date, a wide range of 2D heterostructures—such as WSe,/
MoS,,”**** WSe,/SnS,,”>** WSe,/InSe,”® WSe,/ Graphene,”’
BP/MoS,,”%* BP/ReS,,>*' MoTe,/MoS,,"*** MoTe,/
InSe,'> MoTe,/Bi,Se;,”® MoTe,/CrOCL** GeSe/SnS,,*
Ta$S,/MoS,**—have demonstrated antiambipolar behavior,
supporting applications in ternary logic, frequency multi-
plication, gate-tunable rectification, and photodetection.

Despite this progress, several fundamental challenges
remain. First, the realization of W-shaped AATs with four
distinct conductance states is still rare and typically unstable,
even within the same material system. Most reported devices
exhibit N-shaped characteristics with only three conductance
states, requiring precise alignment when constructing ternary
logic gates. In contrast, W-shaped AATSs inherently offer
greater flexibility and fault tolerance, as any three of the four
conductance states can be mapped to ternary logic levels and
are, in principle, capable of enabling quaternary logic
operation.”” Second, the ability to precisely control the key
parameters of the A-region—its position, width, and
symmetry—remains limited. These characteristics critically
impact logic level separation and frequency multiplication
performance. A poorly controlled A-region can result in
uneven logic windows or require large signal amplitudes for
analog processing. A symmetric A-region centered around Vi,
= 0 V enables bias-free frequency doubling, which is
advantageous for reducing power consumption.'”*® Third,
while gate-tunable photodetection has been demonstrated in
some AATSs, dynamic and reversible photocurrent polarity
switching has not yet been achieved.” This capability is
essential for the development of intelligent, reconfigurable
optoelectronic devices and would significantly expand the
application space of AATS.

To address these challenges, we demonstrate a high-
performance and multifunctional W-shaped AAT based on
an h-BN/MoTe,/BP van der Waals heterostructure. By
tailoring the thickness of MoTe, and BP, we modulate the
degree of bipolarity and shift the minimum conductance point,
thereby enabling a symmetric A-region centered around Vi, =
0 V and achieving a stable W-shaped transfer characteristic.
The device exhibits a peak current in the microampere range
and an on/off ratio exceeding 10°, outperforming most
previously reported AATSs. Leveraging these features, we
construct a ternary inverter by connecting the AAT in series
with an N-FET, achieving uniform 20 V logic windows across
all states and maintaining less than 10% variation over 200
switching cycles. In addition, bias-free frequency doubling is
realized due to the symmetric A-region, enabling low-power
analog signal processing. Finally, benefiting from the favorable
band alignment between MoTe, and BP, we develop a
photovoltaic-type rectifying photodetector exhibiting gate-
tunable and reversible rectification polarity and photocurrent
direction. The device achieves a rectification ratio spanning 6
orders of magnitude (107°—10%), a dark current below 0.5 pA,
a photoresponsivity of 0.29 A/W, an external quantum
efficiency (EQE) of 69.4%, and a response time of 100 us,
with less than 3% performance degradation after 1000 light
on/off cycles. These results establish h-BN/MoTe,/BP based
W-shaped AATs as highly promising building blocks for
multifunctional, reconfigurable, and energy-eflicient nano-
electronic systems.

RESULTS AND DISCUSSION

The working principle of the AAT device based on a lateral
heterojunction composed of h-BN, MoTe,, and BP is
illustrated in Figure la, where h-BN functions as a flat
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Figure 2. (a) Transfer characteristics of individual MoTe, (real lines) and BP (dash lines) transistors. (b,c) Transfer characteristics of the
MoTe,/BP heterojunction under forward (b) and reverse (c) drain—source voltage (V) ranging from 0.5 to 2 V in steps of 0.5 V. (d) Peak
current (I,,), left/right valley currents (Ip.q/Inig), and peak-to-valley current ratios (PVCRy./PVCRyz,) of the heterojunction. (e)
Comparison of the heterojunction’s Ip.y, PVCRy g and PVCRpgpe- (f) Comparison of the left and right cutoff voltages (Vy ¢/ VRight) and the

symmetry degree (SD) of the heterojunction.

substrate to enhance device performance. Unlike the conven-
tional SiO, substrate, which often exhibits surface roughness
and a high density of trap states and impurities, h-BN
effectively suppresses interfacial charge trapping and carrier
scattering, thereby improving carrier mobility.”~** The
detailed fabrication procedures are provided in the Exper-
imental Section. Figure 1b shows the optical microscope image
of the fabricated device, where MoTe, and BP are outlined by
blue and green dashed lines, respectively. The yellow
electrodes indicate that BP and MoTe, serve as the drain
(D1, D2) and source (S1, S2), respectively, forming a lateral
P—N junction. Atomic force microscopy (AFM) measure-
ments, shown in Supplementary Figure S1, reveal that the
thicknesses of h-BN, MoTe,, and BP are approximately 28, 7.3,
and 8.6 nm, respectively. Few-layer MoTe, and BP exhibit
pronounced ambipolar characteristics and excellent gate
tunability,’>** making them ideal candidates for AAT device
fabrication. Figure 1c shows the Raman spectra of the device.
For MoTe,, characteristic peaks appear at 170 cm™ (Ayp), 229
cm™! (E%g), and 286 cm™! (Bég), confirming that material
adopts the hexagonal 2H phase. BP exhibits distinct Raman
modes at 359 cm™' (A,y), 439 em™' (B,,), and 467 cm™' (A}).

35703

These peaks are clearly observed in the MoTe,/BP
heterojunction region without any significant shifts, indicating
good crystallinity, minimal strain, and the absence of phase
transition at the interface. Figure 1d illustrates the energy band
alignment of MoTe, and BP, with respective electron affinities
of 3.9 and 4.1 eV, and bandgaps of 0.9 and 0.3 eV.*"*
Figure 2a presents the transfer characteristics of individual
MoTe, (S1 as source and S2 as drain) and BP (D1 as source
and D2 as drain) field-effect transistors (FET) measured under
various drain-source voltages (Vg ranging from 0.5 to 2V,
with a gate-source voltage (V,,) swept from —60 to 60 V. The
MoTe, and BP FETSs exhibit predominantly n-type and p-type
ambipolar transport behaviors, respectively. The conductance
minimum points are located at —28 V for MoTe, and 29 V for
BP. The corresponding on/off ratios reach ~10° (from ~107"°
to 107°) for MoTe, and ~10* (from ~107% to 10™*) for BP.
Increasing Vy, enhances electric field across the channel,
promoting carrier drift and resulting in elevated drain current
and an overall upward shift of the transfer curves. As shown in
Figure S2, the output characteristics of both MoTe, and BP
exhibit nearly symmetric behavior under both forward and
reverse Vy, without noticeable rectification, suggesting the
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Figure 3. (a) Transfer characteristics of the AAT (red) and the N-FET (blue) at Vg = 1 V. (b) Schematic diagram of the ternary inverter
composed of an AAT (Device A) and an n-type FET (Device B) connected in series. (c) Voltage transfer curve and voltage gain (inset) of the
ternary inverter at V,, = 1 V. (d) Voltage transfer curves of the ternary inverter at Vi, = 1 V after 200 cycles, showing the first and last
measurements; inset: difference between the two curves. (e) Schematic illustration of the frequency multiplier based on the A region of the
AAT. (f) Measured input (purple) and output (yellow) waveforms of the frequency multiplier.

formation of near-ideal ohmic contacts with low contact
resistance.

Figure 2b displays the transfer characteristics of the MoTe,/
BP heterojunction device (measured with S1 as source and D2
as drain) under forward bias (Vg > 0), exhibiting a typical
antiambipolar behavior. The curve presents a W-shaped
profile, consisting of a pronounced central A-shaped
conduction peak flanked by two low-conductance regions.
Taking V4, = 2 V as an example, the curve is divided into four
distinct regions. In Region I (—60 to —27 V), both MoTe, and
BP operate in the p-type conduction, and the heterojunction
accordingly exhibits typical p-type transistor behavior with hole
transport dominating. As the MoTe, becomes increasingly
depleted, the drain current gradually decreases. At V,, = —27
V, the current reaches a first local minimum (~5 X 107'' A),
defined as the left cutoff voltage (Vi.4). In Region II (—27 to
—1 V), MoTe, transitions from p-type to n-type conduction,
leading to a rapid increase in drain current with positive
differential transconductance. The peak current (~4 X 107° A)

35704

defines the A-region apex. In Region III (—1 to 28 V), the
decreasing hole conduction in BP dominates over the increase
electron conduction in MoTe,, leading to negative differential
transconductance and a second local minimum (~3 X 1078 A)
at Vi, = 28 V, defined as the right cutoff voltage (Vyign,)- In
Region IV (28—60 V), BP transitions to n-type conduction
resulting in a rise in drain current as both channels are
conductive. As shown in Figure S3a, the transconductance
undergoes a sharp polarity reversal at antiambipolar peak.
Under reverse bias (V4 < 0), the transfer curve (Figure 2c)
reveals enhanced current in Region I but suppressed
conduction in Regions II and III, significantly weakening the
antiambipolar behavior. The device instead exhibits a more
conventional ambipolar response. This phenomenon can be
attributed to the reversal of the built-in electric field direction
within the heterojunction. Specifically, in Regions II and III,
BP and MoTe, form a P—N junction with a built-in electric
field directed from MoTe, to BP. Under reverse bias, the
external electric field aligns with the built-in field, further
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suppressing carrier transport across the junction and reducing
the current level, thereby weakening the antiambipolar effect.
In contrast, in Region I, BP and MoTe, constitute a P*—P~
junction, with the built-in field oriented from BP to MoTe,.
Under reverse bias, the external electric field opposes the built-
in electric field, effectively reducing the total field strength and
facilitating carrier transport, leading to an enhanced current in
this region. This reversal of the built-in electric field direction
not only accounts for the bias-dependent modulation of
antiambipolar behavior, but also underlies the observed
reversals in rectification ratio and photocurrent polarity, as
further discussed in Figure 4.

Due to its W-shaped profile, the AAT exhibits three
transconductance polarity inversion points. To quantify
antiambipolar behavior, we define two peak-to-valley current
ratios PVCRy . and PVCRyyyp, as the ratio of the peak current
(Iea) to the left and right valley currents (Inep, Inighe)
respectively. Figure 2d shows the evolution of L,e Iiefy Iright
and PVCR as functions of V. Forward bias pulls down the BP
energy band, reduces the energy barrier, and enhances the peak
current, thereby improving PVCR.”*® At V4 = 2 V, PVCR 4
and PVCRy;g, reach 10° and 107, respectively—outperforming
most previously reported AATs (Figure 2e). Although a few
devices in literature show slightly higher PVCRyp,, their peak
currents are significantly lower, which limits their actual load-
driving capability. The combination of ultrahigh switching ratio
and large peak current endows our device with excellent logic
state distinguishability and driving performance.

To achieve low-power frequency doubling, the A-region
should ideally be symmetric around Vy, = 0 V requiring IV gl
R |Vpignd and Vpey & 0 V. Figure 2f compares the cutoff
voltages in previously reported AATS, introducing a symmetry
deviation (SD) coefficient defined as SD = 2 X [Vpo — Vieenter/
(Vright - VLeft)) Vcenter = (Vright + VLeft)/Z' A smaller SD
indicates greater A-region symmetry. Our device, located near
the [V gl = Vg line in Figure 2f, achieves an SD of 0.0SS,
outperforming most prior reports. This is further confirmed by
the linear-scale transfer curve (Figure S3b). The symmetry
arises from matched cutoff voltages and balanced transfer
characteristics of MoTe, and BP around V,, = 0 V (Figure
S3c), facilitating full antiambipolar response at low gate bias.

The nonoverlapping channel lengths of MoTe, and BP also
influence the current in Regions I, II, and Regions III, IV,
respectively. As shown in Figure S3a,d shorter channel
generally increases the current in its respective region of
influence. Notably, a short-channel MoTe, effectively enhances
the current in Region I and enables the heterojunction to
exhibit a W-shaped profile, which is suitable for constructing a
ternary inverter in series with an N-FET. Other samples also
confirmed this phenomenon (Figure S4a,b). In contrast, prior
work using strongly n-type MoS, and BP could only form N-
shaped AAT, even with short channels—hi§hlighting the
advantage of employing ambipolar MoTe,.”**”

In addition, when the BP electrode is directly fabricated on
the overlapping heterojunction region (Figure S4c), the
junction transitions from a lateral to a vertical configuration,
and the antiambipolar behavior disappears (Figure S4d). This
is because, in the vertical configuration, the thickness of BP
becomes its effective channel length. Compared to lateral
transport, where carriers must traverse longer in-plane
distances, vertical transport spans only the material thickness,
resulting in significantly reduced resistance.”’ Consequently,

the overall transfer characteristic is dominated by the resistance
of the laterally connected MoTe, segment.

As discussed above, the three transconductance polarity
inversion points in the AAT transfer curve correspond to the
conductance minimum points of MoTe, and BP, as well as the
intersection of their transfer curves. In order to stably
implement W-shaped AATSs, we systematically measured the
transfer characteristics of MoTe,, BP, and heterojunctions with
varying thicknesses (summarized in Figure SSi). When the
thicknesses of both MoTe, and BP are confined to 8—15 nm
(Figure SSa—c), both materials exhibit pronounced bipolar
behavior with symmetric cutoff voltages producing a
symmetric A-region and a W-shaped AAT.

For thicker flakes, gate control weakens, resulting in
increased threshold voltages and weakened bipolar character-
istics. If one material is significantly thicker than the other, the
A-region in the AAT curve shifts markedly (Figure S5d,e) and
the antiambipolar behavior severely deteriorates (Figure S5f,g).
When both channels are excessively thick, complete depletion
cannot be achieved, leading to the disappearance of
antiambipolar characteristics (Figure SSh).

By comparing the transfer characteristics of the AAT and the
N-FET (Figure 3a), three distinct regimes can be identified in
which the conductance of the AAT is lower than, comparable
to, or higher than that of the N-FET as the gate voltage varies.
Leveraging this relationship, we propose a ternary inverter
architecture comprising an AAT and an N-FET that reliably
achieves stable three level logic output. Figure 3b illustrates the
device configuration and operating principle. One terminal of
the AAT is connected to the supply voltage (Vpp), while the
other is linked to the N-FET, forming a shared output node
(Vour)- The remaining terminal of the N-FET is grounded
(GND). The input voltage (Vyy) is applied simultaneously to
the gates of both the AAT and the N-FET, controlling the
logic state of the inverter.

The ternary logic output of this architecture originates from
the conductance matching between the AAT and the N-FET
across different Vi regions. Figure 3c shows the voltage
transfer characteristics of the ternary inverter. In the Vi range
from —20 to 0 V, both AAT and MoTe, exhibit comparable
conductance, leading to nearly equal voltage division across
them and an output voltage of Vour & Vpp/2, corresponding
to State 2 (intermediate level) in Figure 3c. From —60 to —40
V, the AAT is in a low-resistance conducting state, while the
N-FET remains in a high-resistance state. Consequently, most
of the voltage falls on the N-FET, and the output is pulled up
by the conducting AAT to a high voltage level (Voyur & Vpp),
corresponding to State 1. Conversely, in the range of 30—60 V,
the AAT transitions into a high-resistance state, whereas the N-
FET is turned on, pulling the output down to a low level
(Vour & 0 V), corresponding to State 3. The inset of Figure 3¢
shows the voltage gain with two distinct peaks. The lower gain
can be optimized by using a high-k dielectric substrate.**
Figure S6a shows the voltage transfer curves and gains of the
ternary inverter under various Vpp, all showing well-defined
ternary logic levels. To evaluate the device stability, 200
consecutive switching cycles were performed, with results
summarized in Figure S6b. Figure 3d compares the voltage
transfer curves from the first and final cycles, and the inset
highlights their difference to estimate error margins. All
variations in output levels remain within 10%, with no
noticeable level shift or degradation, confirming excellent
operational stability during repeated state transitions.
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Figure 4. (a—c) Output characteristics of the heterojunction under different Vs ranges: (a) =60 to —30 V, (b) —20 to 10 V, and (c) 20—60
V. (d) Rectification ratio (IF/IR) of the heterojunction as a function of V,,. The inset shows the forward (V4 = 1 V) and reverse (V4= —1V)
current as a function of V. (e) Carrier density and carrier type of MoTe, (blue) and BP (red) as a function of V. (f) Fermi level positions
of MoTe, (blue) and BP (red) as a function of Vg with the green curve representing the difference in Fermi levels between the two
materials. (g—i) Energy band diagrams of the MoTe,/BP heterojunction under different V,,, corresponding to (g) P*~P~ junction, (h) P-N

junction, and (i) N—N junction.

Furthermore, the input voltage windows corresponding to
the three logic states maintain a width of approximately 20 V,
providing a broad tolerance margin that helps reduce error
rates. To further verify the general applicability of this device
architecture, a ternary inverter was fabricated on additional
sample and tested. The results, shown in Figure S6¢,d, display
the transfer characteristics of AAT and N-FET and the
corresponding ternary inverter voltage transfer curve, all
demonstrating stable ternary logic responses, confirming the
reproducibility of the design.

Owing to the symmetric transfer characteristics of the AAT
in the A-region, the device exhibits excellent frequency
multiplier capability without requiring additional bias voltages.
Figure 3e illustrates the operating principle of the frequency
multiplier based on the AAT. As shown in the inset, a
sinusoidal input signal is applied to the gate (Vyy) via a signal
generator, and the output signal (Voyr) is monitored using an
oscilloscope. During one-half-cycle of the input signal (from
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point A to point C), the output signal completes a full cycle,
indicating a successful frequency doubling. Figure 3f presents
the experimental results under Vi, = 2 V. When a 100 Hz
sinusoidal signal with a 10 V peak-to-peak voltage is applied as
the input, the output exhibits a doubled frequency of 200 Hz,
confirming the device’s ability to achieve low-power frequency
multiplication without external bias and the potential of the
AAT-based device for energy-efficient analog signal processing
applications. By employing thinner SiO, layers or high-k
dielectrics, the required input voltage window can be
effectively reduced, further increasing switching speed and
reducing dynamic power consumption.

In addition to the versatile functionalities enabled by the
transfer characteristics, the output curves also exhibit
pronounced rectifying behavior, with the rectification polarity
reversibly tuned by V. Specifically, when the Vi is in the
range of —60 to —30 V (Figure 4a), the reverse current (IR) is
higher than the forward current (IF), indicating strong
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incident power of 6.72 mW/cm?. (e) Extracted dark current values from rows 76 to 81 in (d). (f) Time-resolved photocurrent of the device

under 520 nm laser illumination at V,, = 0 V.

rectification. Between —20 and 10 V (Figure 4b), IF increases
rapidly and exceeds IR, resulting in a reversal of the
rectification direction. As the Vj, is further increased to the
range of 20—60 V (Figure 4c), IF and IR gradually become
comparable, and the rectification effect is significantly
diminished.

To more intuitively illustrate this tunable rectification
behavior, we extracted the IF and IR at Vg = +1 V from
Figure 4a—c and plotted them along with rectification ratio
(IF/IR) as a function of Vi, in Figure 4d. As Vi, increases from
—60 to 20 V, the rectification ratio undergoes a polarity
reversal. Notably, the ratio changes dramatically by 6 orders of
magnitude (from 10~ to 10*) within a narrow Vi, window of
—35 to —15 V, demonstrating exceptional gate-tunable
rectification performance.

As previously analyzed, near-ohmic contacts are formed
between electrodes and channel materials, indicating that the
observed rectification behavior primarily originates from the
built-in potential at the heterojunction interface. Ideally, this
built-in potential is determined by the Fermi level difference
between the two materials before contact. As the V, varies, the
relative positions of the Fermi levels of the constituent
materials shift accordingly, modulating both the direction and
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magnitude of the built-in potential. These changes ultimately
influence the magnitude and polarity of the rectification ratio.

To intuitively explain the Fermi level shifts, we first establish
the relationship between carrier density and Vi, using the
following formula:

CGn/gs - ‘/thl
n/ny = —————
qt

Here, n, and n, represent the density of electrons and holes,
respectively, g is the elementary charge, ¢ is the thickness, and
Vi, is the threshold voltage. C; denotes SiO, and h-BN series
capacitance. The calculated results are shown in Figure 4e.
Subsequently, the Fermi level positions of MoTe, and BP
under different Vgs are calculated using the following
equations:

n
EC + kBTIIl Fe

C
Ep =

n
Ey — kgTln —-
NV

where E; and Ey denote the conduction band minimum and
valence band maximum, kg is the Boltzmann constant, T is the
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temperature, N and N, are the effective density of states in the
conduction and valence bands, respectively. The detailed
calculations for carrier density and Fermi level positions are
provided in S7.

Figure 4f shows the Fermi levels of MoTe, and BP, along
with their differences, as a function of V. Near the
conductance minimum points, even slight variations in Vi,
can significantly shift the Fermi level of the materials, causing
them to rapidly traverse the bandgap and approach either the
conduction band minimum. This leads to pronounced
variations in both the magnitude and sign of the Fermi level
difference between MoTe, and BP. Notably, this phenomenon
closely corresponds to the polarity reversal of the rectification
ratio observed in two gate voltage regions (—30 to —20 V and
10—30 V) in Figure 4d, further confirming that the relative
Fermi level alignment is the underlying mechanism driving the
rectification polarity reversal.

In conjunction with the schematic energy band diagrams
shown in Figure 4g—i, it is evident that when the Vi ranges
from —60 to —30 V, the Fermi levels of both MoTe, and BP lie
near their respective valence band maximum, indicating p-type
conduction in both materials. BP exhibits a higher hole
concentration and stronger p-type behavior and the hetero-
structure forms a P*—P~ junction, with a built-in electric field
directed from BP to MoTe,. As the V,, increases to the range
of —20 to 10 V, the Fermi level of MoTe, rapidly shifts toward
the conduction band minimum, resulting in n-type conduction.
This transition forms a P—N junction with the still p-type BP.
Due to the relative shift in Fermi level, the built-in electric field
reverses direction, now directed from MoTe, to BP. Under
reverse Vg bias, the external electric field aligns with the built-
in field, enhancing the interfacial barrier and suppressing
carrier transport across the junction. Consequently, IR
decreases and becomes smaller than the IF, leading to a
reversal in the rectification ratio. When the V, further
increases above 20 V, the Fermi level of BP also approaches
its conduction band minimum, and both MoTe, and BP
exhibit n-type behavior, forming an N—N junction. With
comparable carrier concentrations in both materials, no
significant carrier density gradient exists at the interface,
resulting in the disappearance of the built-in potential. As a
result, the heterojunction no longer shows prominent
rectification behavior.

From a functional perspective, the device can be regarded as
a polarity-tunable 2D diode, with rectification primarily
originating from the MoTe,/BP heterojunction region. The
rectification polarity can be effectively modulated by the V..
This device features a simple architecture, achieving rapid
rectification polarity switching within a relatively narrow Vi,
range using a single gate. This eliminates the need for complex
fabrication processes and redundant control required by
conventional dual-gate structures,”” making it a promising
candidate for high-density, low-power multifunctional elec-
tronic applications.

The direction of the built-in electric field also determines the
drift direction of photogenerated carriers, enabling the device
to exhibit a polarity-switchable photoresponse under different
Vg, Figure Sa,b show the photocurrent response of the device
under 520 nm laser illumination with varying incident power at
Vge = 0 and —40 V, respectively. In both cases, the absolute
value of the photocurrent increases with increasing incident
power. At V,, = 0 V, the heterostructure forms a P—N junction,
with the built-in electric field pointing from MoTe, to BP.

Photogenerated electrons and holes drift toward MoTe, and
BP, respectively, resulting in a negative photocurrent (Figure
5a). In contrast, at Ve =—40V, the structure transitions to a
P*—P~ junction, with the built-in electric field pointing from
BP to MoTe,. In this case, electrons and holes drift toward BP
and MoTe,, respectively, yielding a positive photocurrent
(Figure Sb).

Under an incident power of 6.72 mW/cm?, the device
achieves a maximum photoresponsivity of 0.29 A/W and an
external quantum efficiency (EQE) of 69.4%. The output
characteristics under different incident powers and gate
voltages are shown in Figure S8. At V,; = —40 V, the device
exhibits a negative open-circuit voltage and a positive
photocurrent (Figure S8a,c), while at Vg = 0V, a positive
open-circuit voltage and negative photocurrent are observed
(Figure S8b,d). Furthermore, Figure S9 illustrates the
dependence of both rectification ratio and photocurrent on
Vo revealing that their reversals occur nearly simultaneously.
Combined with the analysis of the rectification mechanism,
this observation further confirms that the variation in gate
voltage alters the relative Fermi level positions of MoTe, and
BP, thereby reversing the direction of the built-in electric field,
which is the fundamental cause of the polarity switching in
both rectification ratio and photocurrent.

To further demonstrate the potential of this device for
practical applications, we designed imaging experiments based
on its photoelectric response characteristics. Figure Sc
illustrates the schematic of the photoelectric imaging system.
The device was illuminated with a 520 nm laser at an incident
power of 6.72 mW/cm* and a mask was moved between the
laser source and the device to produce an 81 X 246-pixel
image, as shown in Figure S5d. The left and right parts of the
image were obtained under Vi, = 0 and —40 V, respectively.
Four distinct characters, “Tianjin University’, can be clearly
observed, indicating good consistency in photocurrent
response under the same Vg,

Figure Se shows the extracted dark current values from rows
76 to 81 in Figure 5d, with values consistently below 0.5 pA,
corresponding to a signal-to-noise ratio of up to 10° The time-
resolved photoresponse of the device is shown in Figure 5f,
with response and recovery times of approximately 100 and
130 pus, respectively. To evaluate the device stability, we
performed cyclic illumination tests using the 520 nm laser at
6.72 mW/cm? As shown in Figure S10, the device exhibited
less than 3% variation over 1000 cycles, demonstrating
excellent operational stability of the photoresponse.

CONCLUSION

In summary, we have demonstrated a high-performance W-
shaped antiambipolar transistor (AAT) based on an h-BN/
MoTe,/BP vdWs heterostructure, offering a multifunctional
platform that simultaneously supports logic, analog, and
optoelectronic operations. By tailoring the thickness of
MoTe, and BP, we engineered a symmetric A-region centered
at Vi, = 0V, enabling a stable four-state transfer characteristic
with a high on/off current ratio exceeding 10° and micro-
ampere-level peak currents. Leveraging these properties, we
successfully implemented a ternary inverter with uniformly
spaced 20 V logic levels and robust operation across 200
switching cycles. The symmetric A-region further facilitated
bias-free frequency doubling, providing a low-power solution
for analog signal processing. In addition, we realized a
photovoltaic-type rectifying photodetector with gate-tunable
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and reversible photocurrent polarity, exhibiting a rectification
ratio spanning 6 orders of magnitude, sub-pA dark current, fast
response, and high EQE. This work not only overcomes key
limitations in conventional AATs—including poor stability,
asymmetry, and lack of optoelectronic reconfigurability—but
also establishes a viable approach for integrating multivalued
logic, analog frequency conversion, and intelligent photo-
detection within a single device. The demonstrated architec-
ture highlights the potential of W-shaped AATSs in energy-
efficient, reconfigurable, and densely integrated nanoelectronic
systems, paving the way for future multifunctional electronics
based on 2D material heterostructures.

METHODS

Device Fabrication. Bulk h-BN, MoTe,, and BP crystals were
purchased from HQ Graphene. The heterostructures were fabricated
using a dry transfer method. First, h-BN flakes were mechanically
exfoliated from the bulk crystal and transferred onto a 285 nm SiO,/n
+ doped Si substrate. Subsequently, a MoTe, flake was transferred
onto the h-BN layer, followed by the stacking of a BP flake on top of
the MoTe,, forming a van der Waals heterostructure. The entire
operation process is completed in the glovebox. Electrodes were
defined using electron beam lithography (EBL) with a positive
electron-beam resist. After exposure and development, a 15/60 nm
Cr/Au metal stack was deposited via electron-beam evaporation. The
fabrication process was completed with a standard lift-off procedure.

Characterization and Test. We used a commercial Raman
spectrometer (Renishaw, Inc.) to perform the Raman spectroscopy
with a 532 nm laser source. The AFM images were taken with Bruker
Dimension Icon. The electrical properties were measured with an
Agilent BISO0A semiconductor parameter analyzer in vacuum. The
photoelectric performance of the device was tested using the Metatest
E2 photoelectric testing system from Nanjing Metatest Optoelec-
tronics Co., Ltd. The photovoltaic properties were performed with a
laser 520 nm in wavelength, the power of which can be tuned
continually. We used an optical power meter of PM100D to measure
the power of the light and calculated the incident light power on the
devices according to their area.
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