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ABSTRACT: Resonant tunneling, with energy and momentum

conservation, has been extensively studied in two-dimensional van der

Waals heterostructures and has potential applications in band structure

probing, multi-valued logic, and oscillators. Lattice alignment is crucial

in resonant tunneling transistors (RTTs) for achieving the negative

differential resistance (NDR) with a high peak-to-valley ratio (PVR)

because twist angle-induced momentum mismatch can break the resonant

tunneling condition. Here, we report anisotropic resonant tunneling in

twist-stacked ReSe2/h-BN/ReSe2 RTTs, where the PVR exhibits a strong

dependence on the twist angle between the two ReSe2 layers, reaching a

maximum at the twist angle of 102°. Theoretical calculations suggest that

the twist angle modulates the joint density of states of the two anisotropic

bands in ReSe2 layers during the tunneling process, significantly
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suppressing the valley current and thereby enhancing the PVR. Double

NDR peaks were observed in twist-stacked RTTs, which are attributed to

the interband resonant tunneling. Moreover, our twist-stacked RTTs are

utilized in multi-bit inverters and adjustable self-powered photodetectors,

shedding light on the design of high-performance RTTs and

photodetectors via twist-stacked engineering.

Keywords: two-dimensional material, anisotropic band, resonant

tunneling transistor, van der Waals heterostructure, negative differential

resistance, peak-to-valley ratio
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INTRODUCTION

Resonant tunneling (RT), which involves particle tunneling through

a barrier with energy and momentum conservation, exhibits a negative

differential resistance (NDR), which can be applied in steep-slope

switches, oscillators, high-frequency amplifiers, multi-valued logic

(MVL), and low-power devices.1-6 Traditional three-dimensional (3D) RT

devices with double-barrier quantum well structure face challenges such

as lattice mismatch, impurities, and complex sub-bands,7,8 which

constrain the peak-to-valley ratio (PVR). In contrast, two-dimensional

(2D) RT devices present several advantages for fabricating ideal device

structures, such as atomically flat transport channels, clean interfaces

without covalent bonds, and the feasibility of material selections,

ensuring superior performances in RT devices.9-12 Consequently, the PVR

of 2D resonant tunneling transistors (RTTs) was theoretically predicted to

be several orders of magnitude higher than that of 3D RT devices.13

However, the PVR in reported 2D RTTs14,15 remains relatively low due to

high valley current induced by band tail states, with a maximum of ~9

observed in twisted black phosphorus (BP) homostructure via the

quantum well tunneling mechanism.16 Therefore, further efforts are

required to improve PVR by facilitating device quality and exploring

novel RT mechanisms.17

Lattice orientation plays a critical role in determining the intrinsic
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properties and performances of 2D twistronic devices. Modulating the

twist angle through stacking engineering in 2D van der Waals (vdW)

heterostructures has led to significant advancements in superconductivity,

ferromagnetism, and ferroelectricity.18-20 However, the large twist angle is

typically avoided in RTTs because they can introduce momentum

mismatch, necessitating compensation through phonons, photons, or

plasmons.21-26 For example, precise alignment of lattice orientations

between the top and bottom layers is required to achieve NDR in

MoS2-based RTT.27 A small twist angle is typically introduced in

graphene/h-BN/graphene devices to observe the NDR peak at a certain

voltage.28,29 Although NDR has been investigated in twisted BP, the PVR

in this device is independent on the twist angle.16Actually, the twist angle

provides an additional degree of freedom to precisely control interlayer

coupling and band alignment, which has not been thoroughly explored in

RTTs.

RT in 2D RTTs provides a valuable means to probe the intrinsic

properties of 2D materials and develop advanced applications as band

alignments and carrier densities of 2D materials can be easily modulated

by electric field and light illumination.30-33 For instance, quantum states

and chirality of graphene can be explored by manipulating lattice

orientations in RTTs.34,35 Furthermore, multiple NDR peaks caused by RT

can be leveraged for information storage with multiple logic states,36,37
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highlighting the potential of RTTs for advanced storage and

photodetection applications.

In this study, we fabricated twist-stacked RTTs (TS-RTTs) based on

ReSe2/hexagonal boron nitride (h-BN)/ReSe2 vdW heterostructures with

various twist angles between the top and bottom ReSe2 layers. Unlike

traditional 2D RT devices, our TS-RTTs devices exhibit twist

angle-dependent anisotropic resonant tunneling (ART) with a maximum

PVR of 3.2 at a twist angle of 102°. Theoretical calculations reveal that

the band alignment between anisotropic bands generates twist

angle-dependent joint density of states (JDOS), suppressing the valley

current and improving the PVR. The NDR behavior is also significantly

influenced by temperature and light illumination. Additionally, double

NDR peaks were observed in TS-RTTs, which is attributed to RT between

multiple anisotropic sub-bands of ReSe2. Furthermore, we developed a

ternary inverter for MVL and a tunable self-powered photodetector based

on the TS-RTTs.

RESULTSAND DISCUSSION

Anisotropic Resonant Tunneling.

Momentum conservation in vdW heterostructure can be effectively

manipulated by altering the lattice orientation through the twist angle,

providing an additional degree of freedom to modulate RT conditions. In

distorted 1T rhenium diselenide (1T’-ReSe2), rhenium atoms form
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Re-chains along the a-axis, resulting in an in-plane anisotropy (shown in

Figure 1a). Theoretical calculations indicate that the conduction bands of

1T’-ReSe2 exhibit significant band anisotropy, consistent with the C2

symmetry of the T’ phase ReSe2 (see Figure 1b). The anisotropy shows a

40° angle difference between the first conduction band (CB-1) and the

second conduction band (CB-2) at Gamma (Γ) point. This unique

anisotropic band structure enables precise tuning of momentum matching

and interband tunneling by designing vdW heterostructures with tunable

twist angles.

ReSe2 is an n-type semiconductor with electron mobility of ~5.66

cm2V-1S-1 (see Figure S1) where the conduction band minimum is located

at the Γ point (shown in Figure 1c). In ReSe₂/h-BN/ReSe₂ vdW

heterostructure, electrons near the Γ point can maintain momentum

conservation even at a large twist angle of two ReSe₂ layers, enabling a

RT. Simultaneously, the momentum mismatch significantly reduces the

JDOS in other regions of momentum space, leading to a decrease in

valley current (as shown in Figure 1d). Therefore, it is theoretically

feasible to enhance the PVR in some specific TS-RTTs via precise control

of the twist angle.
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Figure 1. ART based on the anisotropic bands of 1T’-ReSe2. (a) Top view

of the atomic structure of 1T’-ReSe2, exhibiting the anisotropic lattice

orientations. (b) Calculated band maps of the first conduction band (CB-1,

left) and the second conduction band (CB-2, right), clearly demonstrating

the strong in-plane anisotropy. (c) Band structures of monolayer ReSe2,

showing the conduction band minimum at the Γ point. (d) Schematic

band alignments of the ReSe2/h-BN/ReSe2 RTTs with 40° (top left) and

108° (top right) twist angles. The JDOS in the 108° TS-RTT (red points

in bottom right) is lower than that in the 40° TS-RTT (red shadow in

bottom left). ART is expected in the TS-RTT with a specific twist angle

by suppressing the valley current.

Negative differential resistance in a 102° TS-RTT.

To investigate ART, we prepared a twist-stacked ReSe2/h-BN/ReSe2
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vdW heterostructure with a twist angle of 102° (device 1). The schematic

of TS-RTT is shown in Figure 2a, where a bias voltage is applied to the

bottom ReSe2 layer and a back gate voltage is used to tune the carrier

densities and Fermi levels of both the top and bottom ReSe2. The TS-RTT

is composed of two ReSe2 flakes and a four-layer h-BN flake (see the

optical image in Figure 2b). The twist angle of the TS-RTT was

determined to be 102° by measuring the polarization-dependent Raman

spectra of 127 cm-1 mode (shown in Figure 2c and Figure S1). Figure 2d

shows the cross-section image of transmission electron microscopy

(TEM), indicating the twist-stacked order between the top and bottom

ReSe2 layers, and the top and bottom ReSe2 layers were identified to

consist of approximately 5 layers and 4 layers, respectively. Monolayer

and bilayer ReSe2 are not working well in our experiments which may be

due to the instability of ReSe2 and interfacial disorders.

Clear NDR peaks are observed in the 102° TS-RTT at various gate

voltages of 20 V, 40 V, 60 V, and 80 V at 10 K (shown in Figure 2e). The

positions of these NDR peaks shift to smaller bias voltages with

increasing gate voltage (as shown in Figure 2g). This trend is further

evident in the conductance map as a function of bias and gate voltage,

illustrated in Figure 2f. Notably, the PVR improves with increasing gate

voltage, as summarized in Figure 2g.

It is noteworthy that the NDR behavior in our TS-RTT exhibits a
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strong dependence on temperature (shown in Figure 2h), while it is

weakly affected by temperature in the previously reported RTTs (Figure

2i).15,27 Figure 2h shows that NDR peaks progressively weaken and

eventually disappear with increasing temperature from 10 K to 300 K at a

fixed Vg of 40 V. Moreover, both the tunneling current and NDR are

influenced by light illumination with a 520 nm laser, which is displayed

in Figure 2j at various laser powers of 0.6 W, 6.1 W, and 18.2 W at

10 K. The sensitivity of NDR peaks to temperature and light illumination

suggests that the NDR behavior is associated with the specific band

alignment and the twist angle-induced momentum mismatch. The applied

bias voltage drives the Fermi level of the conduction band in the top

ReSe2 to align with the corresponding conduction band in the bottom

ReSe2, producing a RT. As the bias voltage increases, band misalignment

and momentum mismatch occur in the TS-RTT, leading to a sharp

decrease of the PVR.
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Figure 2. Negative differential resistance in a 102° twist-stacked RTT. (a)

Schematic of the ReSe2/h-BN/ReSe2 TS-RTT, where a bias voltage is

applied to the bottom layer of ReSe2 and RT occurs at the overlapping

region (shown in the red region). (b) Optical image of the 102° TS-RTT

(device 1), with orange and green pentagons indicating the locations for

Raman testing. Two ReSe2 layers are separated by a few-layer h-BN (blue

dashed line). (c) Polarization-dependent Raman intensity of both top

(orange circles) and bottom (green circles) ReSe2 layers at Raman shift of

127 cm-1. Fitted lines (orange and green lines) of Raman data show that

the twist angle between the two ReSe2 is about 102°. (d) TEM

cross-section image of the TS-RTT, showing the relative lattice

orientation of two ReSe2. (e) Tunneling current as a function of bias
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voltage at different gate voltages with T=10 K, clearly demonstrating the

gate-dependent NDR. (f) Conductance map of the 102° TS-RTT with

T=10 K, showing a trend of NDR peak with gate voltage. (g) Summary of

PVR and NDR peak positions as a function of gate voltage with T=10 K.

(h) Tunneling current as a function of bias voltage at various temperatures

with Vg=40 V, showing that NDR is sensitive to temperature. (i)

Comparison of temperature-dependent PVR between the TS-RTT with

Vg=80 V and an untwisted RTT based on monolayer MoS2. (j) Tunneling

current as a function of bias voltage under 520 nm light illumination with

various laser powers at Vg=40 V and T=10 K.

Double NDR Peaks in TS-RTT.

Based on the ART between anisotropic conduction bands in ReSe2,

multiple NDR peaks in TS-RTTs are expected. TS-RTTs with various

twist angles were fabricated and double NDR peaks were observed

(device 2 and device 3). Twist angles of device 2 and device 3 are

determined to be 87° (Figure S2) and 37° (Figure S4) by

polarization-dependent Raman spectra. In contrast to device 1, both

device 2 and device 3 exhibit two gate-dependent NDR peaks (as shown

in Figures 3a and 3d) and distinguishable NDR regions (Figures 3b and

3e) at 10 K. Although the NDR peaks weaken with increasing

temperature in Figure 3c at a fixed gate voltage of 80 V, it is worth noting

that the second NDR peak decays faster than the first, suggesting the
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different origins between the two peaks (more information of devices 2

and 3 can be found in Figures S3 and S5). Similar to device 1, double

NDR peaks and conductance of devices 2 and 3 show a strong

dependence on gate voltage, temperature, and light illumination.

Capacitance-voltage (C-V) measurement is also an efficient tool to probe

NDR peaks as RT-induced conductance variation affects the capacitance

of vdW heterostructure. Even though only two NDR peaks were observed

in the I-V measurement in device 3, three NDR peaks were observed in

the C-V measurement at 10 K (Figure S5g), suggesting that C-V

measurement is a more sensitive tool to identify the conduction band of

ReSe2.

The observed double NDR peaks can be attributed to the RT

between different conduction bands of ReSe2. There are several

conduction bands at the Γ point according to our theoretical calculations

(Figure 1c). The second NDR peak arises from the band alignment

between CB-1 in the top layer and CB-2 or the higher conduction bands

in the bottom layer (shown in Figure 3f). The band dispersion relation

determines the RT condition, resulting in the NDR peaks being sensitive

to temperature and light illumination. Specifically, the second NDR peak

in the RTT with the twist angle of 37˚ is attributed to the 40° anisotropic

angular difference between the first and second conduction bands of

ReSe2. The double peak observed at twist angle of 87° might originate
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from RT between the first conduction band at the Γ point of one ReSe2

layer and other conduction bands (like the third conduction band) of the

other ReSe2 layer, which needs further investigation.

Figure 3. Double NDR peaks in TS-RTTs. (a) Tunneling current as a

function of bias voltage at different gate voltages in an 87° TS-RTT with

T=10 K, showing double NDR peaks. (b) Conductance map of the 87°

TS-RTT with T=10 K, showing NDR peaks change with gate voltage. (c)

Tunneling current as a function of bias voltage for the 87° TS-RTT at

different temperatures with Vg=80 V, exhibiting that the second peak is

more sensitive to temperature. (d) Tunneling current as a function of bias

voltage at different gate voltages for a 37° TS-RTT with T=10 K,

showing similar double NDR peaks. (e) Summary of PVR and NDR peak

positions as a function of gate voltage for the 37° TS-RTT with T=10 K.

(f) Schematic of the band alignment, explaining the origin of the double
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NDR peaks.

Twist Angle Dependent PVR.

Interestingly, NDR is also observed at 10 K in TS-RTTs with various

twist angles, including 1.8° (Figures S9 and S10), 31° (Figures S12 and

S13), 45° (Figures S14 and S15) and 158° (Figures S6-S8) shown in

Figures 4a-d. More devices encapsulated with h-BN were also fabricated

including twist angles of 7.5° (Figure S16 and S17), 10° (Figure S18 and

S19), 140° (Figure S20 and S21), and 160° (Figure S22 and S23). The

thicknesses of ReSe2 in those devices are around 4~5 layers, which is

similar to that of device 1 (see the AFM images in the supporting

information). NDR of all devices exhibits a strong dependence on gate

voltage, temperature, and light illumination.

We can see that the tunneling current of 1.8° TS-RTT is the largest

(Figure 4a), which can be attributed to the largest JDOS with momentum

conservation. It is clear that PVR strongly depends on the twist angle and

reaches a maximum of 102° by summarizing PVR values of TS-RTTs

with different twist angles (shown in Figure 4e). Note that the absolute

value of tunneling current decreases by two orders of magnitude when a

large twist angle is introduced. However, the valley current decreases

faster than the peak current, resulting in an enhancement of PVR.

To simulate the tunneling current through the h-BN layer, we

calculated the tunneling probability between the top and bottom ReSe2



15

layers of a 108° device as shown in Figure 4f (see details in methods).

The external electric field drives the Fermi level to the second conduction

band, leading to the appearance of the second NDR peak, which agrees

very well with double NDR peaks observed in the experimental results

(Figure 4e). Further, we calculated the tunneling probability by varying

the twist angle between the top and bottom ReSe2 layers (shown in

Figures S24 and S25), where the valley current is determined by the

tunneling probability of all conduction bands between the top and bottom

ReSe2 layers. Due to the anisotropy of the ReSe2 structure, the tunneling

probability depends not only on the energy matching condition but also

the twist angle-induced momentum matching condition. The bands

between the top and bottom ReSe2 layers can reach the largest (smallest)

momentum mismatch when the anisotropic angle is about perpendicular

(parallel) to each other. For example, the PVR reaches a maximum when

the valley current reaches its minimum value at the twist angle of 108° as

JDOS is lowest (shown in Figure 4g and Figure S26), which qualitatively

agrees well with our experimental results.

PVR in our tunneling devices is determined by both the peak and

valley currents. Due to the nature of the Γ point (k=0), the momentum of

electrons near the Γ point is insensitive to the twist angle so that we can

observe RT at the Γ point even with a large twist angle between the two

layers of ReSe2 (Figure S27). The high PVR is attributed to the
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suppression of valley current via twist angle-induced momentum

mismatch and twist angle-dependent JDOS between the top and bottom

layers. In addition, two bands are predicted to be the largest mismatch at

the twist angle of 18° which can also result in the smallest valley

tunneling probability and a large PVR. However, the PVR in

experimental devices around 18° is not greatly improved, which might be

attributed to the high valley current produced by the RT from other

momentum spaces. The quantitative mismatch between experimental and

theoretical results at smaller twisting angles close to 0° might be

attributed to interfacial scattering-induced direct tunneling and large

leakage current. Moreover, the momentum match in all momentum space

in the RTT with a 1.8° twist angle increases the tunneling probability of

electrons, resulting in a large valley tunneling current and the mismatch

between experimental and theoretical results.
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Figure 4. Summary of NDR at various twist angles at 10 K. (a-d)

Tunneling currents as a function of bias voltage for TS-RTTs with twist

angles about 1.8° (a), 31° (b), 45° (c), and 158° (d), respectively. (e)

Summary of PVR as a function of twist angle, showing that PVR is

enhanced in the TS-RTT with a large twist angle. The green dashed line is

for guidance. (f) Calculated tunneling probability as a function of energy

shift for TS-RTT with a twist angle of 108°. (g) Calculated PVR as a

function of twist angle, which is consistent with the experimental results

in (e).

Ternary MVL and Photo Response of TS-RTTs.

MVL has garnered significant attention due to its potential for

storing more data in smaller spaces compared to binary logic. In

gate-controlled RT devices, negative transconductance can be achieved

through NDR. Interestingly, the transfer curve of device 4 (with a twist

angle of 158°) exhibits anti-bipolarity at 10 K (as shown in Figures S8a

and S8b). Inspired by this, we constructed a ternary inverter with three

logic states as depicted in Figure 5a to achieve MVL applications.

The ternary inverter consists of a ReSe2 field-effect transistor (FET)

and our TS-RTT (device 4) in series. A bias voltage is applied to the

ReSe2 FET which is connected in series with the bottom ReSe2 layer of

the TS-RTT, and the top ReSe2 layer is grounded as the source. The input

voltage (Vin) serves as the back gate for device 4, and the output voltage
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(Vout) is measured at the shared electrode between ReSe2 FET and device

4. The input-output characteristic (Vout versus Vin) of the inverter is

shown in Figure 5b. As Vin varies from 0 V to 60 V, Vout exhibits three

distinct states: (i) Vout is 5 V when 0 V < Vin < 10 V (State “2”), (ii) Vout is

4.5 V when 20 V < Vin < 35 V (State “1”), and (iii) Vout is 0 V when 55 V

< Vin < 60 V (State “0”). The inset in Figure 5b depicts the input-output

voltage equivalent table for our ternary inverter. Figure 5c plots the

corresponding gains of the inverter at different bias voltages. Two peaks

are clearly observed, corresponding to the voltage gains from logic “2” to

“1” and “1” to “0”. Notably, the gain of the TS-RTT increases with bias

voltage, indicating its potential applications in storage and computing.

However, due to the low output voltage, our inverter is not scalable. To

drive the next logic gate, the output voltage of the inverter must be

amplified. Therefore, improving the output voltage of the inverter will be

our focus in the future.

Since light illumination significantly affects the negative resistance

peak position and PVR, our TS-RTTs are also promising in

photodetection applications. We conducted a detector of photo response

and photovoltaic response of device 5 (1.8 ° ) at room temperature. The

photocurrent increases with increasing the laser power at an applied gate

voltage of -40 V, with an on/off ratio of ~106 and responsivity of 1.2

mA/W at P = 13.8 W (shown in Figure 5d and Figure S11). It is worth



19

noting that our device shows a responsivity that gradually increases with

increasing laser power, which is different from typical photodetectors. We

believe this is due to the presence of the h-BN barrier in our tunneling

device, which makes it difficult for photoelectrons to be collected at low

optical power. Only when the optical power increases to a level where

enough photoelectrons are generated can they overcome the barrier and

be collected by the device’s source-drain electrodes. Furthermore, the

increased optical power may also lead to a more significant photothermal

effect, which could be another reason for the higher responsivity.

Additionally, we found that the device has a tunable photovoltaic effect

which can be adjusted by changing gate voltage as shown in Figure 5e.

The adjustable photovoltaic current can also be confirmed by endurance

measurement under periodic illumination at Vg = ± 40 V (shown in

Figure 5f), showing its potential applications in self-powered

optoelectronic devices, real-time imaging and artificial synapses, etc.
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Figure 5. MVL inverter and adjustable self-powered photodetector

applications of TS-RTTs. (a) Schematic of a ternary inverter composed of

a 158° TS-RTT and a ReSe2 FET. (b) Output voltage as a function of

input voltage for the inverter at 10 K, demonstrating the recognition of

ternary values. (c) Gain as a function of input voltage. (d)

Power-dependent photocurrent as a function of bias voltage for a 1.8°

TS-RTT. (e) Gate-dependent photovoltaic current, showing the tunability

of the self-powered photodetector. (f) Endurance measurement of

photovoltaic current at ±40 V gate voltages.

CONCLUSIONS

In summary, we reported the ART in ReSe2/h-BN/ReSe2 TS-RTTs

with various twist angles between the two ReSe2 layers in terms of the

in-plane anisotropy of ReSe2. Due to the band anisotropy of ReSe2, our

devices exhibited distinct NDR peaks and improved PVR by modulating
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the twist angle. This enhancement of PVR is attributed to the suppression

of valley current within the tunneling process with a specific twist angle

of 102°, achieved through unique band alignments and JDOS decrease, as

corroborated by our theoretical calculations. Furthermore, we

demonstrated that our TS-RTTs have potential applications in MVL

inverters with three logic states and in adjustable self-powered

photodetectors. Our findings not only introduce a twist-stacking

technique to improve the performance of RTTs through twist angle and

momentum matching, but also demonstrate its potential applications in

programmable optoelectronics and neuromorphic devices.

METHODS

TS-RTTs Fabrication. ReSe2/h-BN/ReSe2 twist-stacked

heterojunctions were prepared using a dry transfer technique. The bottom

ReSe2 was mechanically exfoliated using 3M scotch tape on flake blocks

onto a silicon/silicon dioxide (285 nm) (Si/SiO2) substrate for optical

microscopy examination (Olympus). Subsequently, h-BN was

mechanically exfoliated and transferred onto the bottom ReSe2 to serve as

the barrier layer. Poly (Bisphenol A carbonate) (PC) film coated on

polydimethylsiloxane (PDMS) was used to pick up h-BN flakes and

release them at 180°C. The PC was prepared by dispersing 1 g of

polycaprolactone in 10 mL of chloroform (Aladdin Tech. Co.). The PC
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was then removed by soaking in chloroform for 5 minutes. Finally, the

top ReSe2 was mechanically exfoliated and transferred onto the h-BN

layer. The entire device was fabricated through a step-by-step transfer

method from bottom to top and the edge of the top ReSe2 layer is rotated

with respect to the edge of the bottom ReSe2 layer to ensure a twist angle

between two layers. Use electron-beam lithography technology (Zeiss

supra 55 and Raith ELPHY Quantum) to pattern the electrons of the

device, and deposit Cr/Au (5 nm/50 nm) with thermal evaporation in a

high vacuum of 10−5 Pa by a thermal evaporation coater (Chinese

Academy of Sciences Shenyang Scientific Instruments Co.).

Optical Measurement. The thickness of materials was performed

using atomic force microscopy (Dimension Icon, Bruker). Raman and the

polarization-dependent Raman spectra measurements were characterized

using confocal Raman microscopy (WITec). The TEM image was

obtained by an FEI Themis Z with double aberration correctors, and the

data was processed by the Velox software.

Photoelectronic Measurement. Photoelectric measurements were

performed in a probe (CRX-6.5K, Lakeshore) using a semiconductor

analyzer (Keysight B1500A). 520nm laser (NBeT) was introduced

directly into the probe shore cavity through an optical fiber and the light

intensity was measured by a power meter (THORLABS GmbH).

DFT Calculation Details. The calculations of electronic properties
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were carried out based on the density functional theory (DFT). We used

the PAW pseudo potential38 and PBE exchange-correlation functional,39

as implemented in the Vienna ab initio simulation package (VASP).40 To

avoid the interaction between slabs, we introduced a vacuum layer larger

than 15 Å along the z direction. Considering vdW interactions between

ReSe2 layers, we applied the DFT-D3 functional when calculating

multilayer ReSe2 systems. To obtain accurate electronic band structures

where free carriers are located, we chose 0.4 × 0.4 reciprocal patch with

respect to reciprocal vectors centered around the Γ point with a 7 × 7 × 1

k-mesh. The lattice parameters were chosen as a=6.64 Å , b=6.77 Å ,

c=38.96 Å, α=90.0°, β=90.0°, and γ=118.9°.

Tunneling current simulations: To simulate the tunneling current

between the top and bottom ReSe2 layers through the middle insulating

h-BN layers. We calculated the tunneling probability between the

electronic states of these two ReSe2 layers under different electric fields

and rotational angles. For simplicity, we consider only the conduction

band and tunneling between the same wave vectors. Given that the free

carriers are mainly located at the bottom of the conduction band, which is

centered around the Gamma (Γ) point, we focused on a small 0.4 × 0.4 k

patch. We shifted the chemical potential of the top layer electronic states

to simulate the gating field. Furthermore, under the large gating field, we

assumed that when the energy of electronic field equals the energy
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difference between the two conduction bands, electrons will tunnel from

the first conduction band to the second conduction band. As the top and

bottom layers are widely separated by the large-gap insulating layer, the

lattice rotation-induced interlayer coupling is neglected, which results in

only the rotation of the k-space electronic band structure. To obtain the

direct tunneling probability, we calculate the energy difference between

the top and bottom layer electronic states (first and second conduction

bands) with the same k points. The tunneling probability reads

� �� =
1

� ��
� −��

� −�� /��� + 1

where we take T=300 K, kB is the Boltzmann constant, ΔE is the electric

field strength, and ��
� , ��

� denote the energy of different bands for the

top and bottom ReSe2 layers, respectively. For example, for the

monolayer case, i = 1, 2 correspond to the first and second conduction

bands.
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ToC image

ToC caption: An anisotropic resonant tunneling transistor based on

anisotropic ReSe2 is reported, where peak-to-valley ratio exhibits a strong

dependence on the twist angle between the two ReSe2 layers, reaching a

maximum at the twist angle of 102° due to the modulation of the joint

density of states and suppression of the valley current.


