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Resonant tunnelling diodes (RTDs) are quantum-well het-
erostructures that typically consist of a semiconductor layer 
between two physical barriers. Electrons or holes tunnelling 

through the discrete quantum-well states (QWSs) of the RTD results 
in non-monotonic current–voltage characteristics, such as negative 
differential resistance (NDR)1–3. The devices are also capable of 
high-speed operation because tunnelling is, in principle, a very fast 
process. As a result, RTDs are of use in high-frequency devices such 
as oscillators4, mixers5,6 and high-speed switches1. Van der Waals 
(vdW) heterostructures made from two-dimensional (2D) materi-
als, including tunnel devices based on transition-metal dichalco-
genides7–11 and hybrid tunnel devices based on black phosphorus 
(BP)12, can also exhibit NDR current–voltage characteristics. The 
physical mechanisms of the NDR characteristics in these devices are 
typically the result of Esaki diodes9 and type-III broken-gap junc-
tions13,14 (Supplementary Table 1). NDR has also been observed in 
graphene/boron nitride/graphene heterostructures15,16 where the 
effect is due to the resonant tunnelling of carriers, resulting from 
the matching of the electron energy momentum phase space at 
the two graphene electrodes. However, owing to the presence of 
a highly resistive physical barrier, RTDs based on vdW hetero-
structures currently show suppressed peak-to-valley current ratios 
(PVCR < 4)10,11,16,17 and limited charge current.

Highly anisotropic layered BP18–20 exhibits a direct and narrow 
bandgap of 0.39 eV with excellent transport properties (carrier 
mobilities of up to 103–104 cm2 V−1 s−1)21,22. The sp3 bonding between 
phosphorus atoms causes the puckered structure of BP (Fig. 1a) and 
the large electronic band anisotropy. The non-planar sp3 bonding is 
also responsible for the much larger interlayer coupling in BP com-
pared to the planar sp2 bonding in graphene23,24. BP, as prepared, 
is generally a degenerate semiconductor for thicknesses above 
~50 nm (refs. 14,25). For example, the carrier density increases from 

2.1 × 1011 cm−2 to 7.5 × 1013 cm−2 when the BP thickness is increased 
from 4.5 nm to 90 nm, respectively (Supplementary Fig. 1).

In this Article, we show that a twisted trilayer structure that  
consists of a thin non-degenerate BP layer (7–14 atomic layers) 
sandwiched between two thicker (>50 nm) degenerate BP flakes 
(Fig. 1a,b and Supplementary Fig. 2) can exhibit NDR behaviour 
with a large tunnelling conductance and PVCR (up to 9 at 4.8 K). 
The orthogonally stacked homostructure exhibits weak inter-
layer coupling strength, and the electronic decoupling between 
the twisted BP layers—the amount of which depends on the twist 
angle—leads to well-resolved QWS within the sandwiched multi-
layer, as well as demonstrating an approach to creating RTDs where 
the NDR effect is controllable by the twist angle between layers of 
the same material. Resonant tunnelling occurs when the energy and 
momenta of the top and bottom BP match those of the QWS due to 
energy and momentum conservation. We examine these resonant 
states as a function of applied bias and thicknesses using electrical 
transport measurements.

BP trilayer homojunctions
We fabricated BP trilayer structures using a standard polydimethyl-
siloxane (PDMS) stamping technique by stacking 7–14-layer (L) BP 
multilayers between two degenerate BP flakes, both with thickness 
of >50 nm (Methods). These top and bottom degenerate BP flakes 
are denoted t-BP and b-BP, respectively. The middle-BP (m-BP) 
flake is twisted 90° with respect to the t-BP and b-BP flakes (Fig. 1a).  
Figure 1b presents cross-sectional high-resolution transmission 
electron microscopy (HRTEM) images of our measured devices 
based on a 90° twisted trilayer BP homostructure (trilayer orthogo-
nal homojunction hereafter). We observed high-quality interfaces 
in our devices, and the different crystal orientations at t-BP/m-BP 
or b-BP/m-BP junctions could also be distinguished in scanning  
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transmission electron microscopy (STEM) images, which clearly 
show the atomic armchair arrangement in t-BP and zigzag arrange-
ment in m-BP (Fig. 1b). As a control experiment, we fabricated a 
trilayer BP homojunction where the t-BP, m-BP and b-BP were 
intentionally aligned linearly with a high degree of precision and 
with rotational stacking faults of only 2–5°, as demonstrated in the 
HRTEM and STEM images, which show similar atomic arrange-
ments in the t-BP (b-BP) and m-BP layers (Fig. 1b). The crystal 
direction was also confirmed by calculating the lattice parameters 
from a selected area electron diffraction pattern acquired on a t-BP 
flake, as shown in the inset of Fig. 1b. The lattice constants were 
found to be 0.45 nm (armchair) and 0.32 nm (zigzag), respectively. 
These lattice parameters are in excellent agreement with previous 
reports26,27.

The Brillouin zone of monolayer BP with its high symmetry 
points is shown in Fig. 1c. Owing to the band anisotropy of BP, the 
Fermi surface is described by an ellipse, with the long axis along 
the zigzag crystal direction. For the 90° twisted bilayer BP, the 
Fermi surfaces of the two BP flakes are misoriented, as depicted 
in Fig. 1d. The mismatch in the Fermi surfaces plays an impor-
tant role in the vertical transport across the layers. We carried out 
first-principles calculations using the Perdew–Burke–Ernzerhof 
(PBE) functional (Methods) on bilayer BP with twist angles of 90° 
(Fig. 1e) and 0° (Fig. 1f). Clearly, the band dispersions of the twisted 
and non-twisted bilayer BP display isotropic and anisotropic elec-
tronic dispersions, respectively. Additionally, the singly degener-
ate conduction band minima (CBM) and valance band maxima 
(VBM) states in non-twisted bilayer BP are a consequence of the 
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Fig. 1 | Device and band structures of BP homojunctions with twist angles of ~90° and 0°. a, Schematic of a trilayer orthogonal homojunction device. 
The zoomed-in region shows that the middle-BP (m-BP) flake is twisted by 90° compared to the top-BP (t-BP) and bottom-BP (b-BP) flakes. b, HRTEM 
and STEM images of the trilayer orthogonal homojunction (top) and trilayer linear homojunction (bottom). Individual flakes are labelled. Selected area 
electron diffraction patterns taken from the t-BP region (insets). The STEM image was acquired near the t-BP/m-BP interface. The appearance of armchair 
(AC) and zigzag (ZZ) directions for the t-BP and m-BP, respectively, in the STEM image of one of the measured trilayer orthogonal homojunction devices 
is direct evidence of the 90° twisted BP structures. Dashed arrows in the HRTEM images indicate the junctions between flakes. Scale bars, 1 nm (b, main 
panel) and 2 nm−1 (insets). c, The Brillion zone of monolayer BP. d, The Brillouin zone corresponding to 90° twisted BP bilayers. The elliptical Fermi surface 
has also been schematically illustrated within the first Brillion zone (kx, ky and kx′, ky′ are the momentum wave vectors). e,f, First-principles calculations for 
band structures of 90° twisted BP bilayers (e) and naturally (AB) stacked BP bilayer (f). The Fermi level (EF) is shown as dotted horizontal lines. Different 
colours (blue and red) in the valence-band features in e indicate different BP layers. For the AB-stacked BP bilayer, ZZ and AC directions in real space are 
labelled, corresponding to the G–X and G–Y directions, respectively. However, 90° twisted BP layers exhibit isotropic features, that is, a combination of ZZ 
and AC directions along G–X and G–Y.
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strong interlayer interaction, which splits the previously degener-
ated CBM (VBM) states of decoupled bilayer BP28. However, the 
symmetries of the VBM states of BP monolayers give rise to negli-
gible interlayer couplings in the bilayer structure at the twist angle 
of 90°. Subsequently, hole states from the two layers disperse inde-
pendently, as also revealed by the localization of charge density on 
the individual layers29. Moreover, the relaxed interlayer separation 
of the AB-stacked bilayer BP is 3.1 Å, which is increased by ~0.2 Å 
in 90° twisted bilayer BP. This is consistent with previous theoreti-
cal reports, and the interlayer distance has similar values among 
the different vdW corrections available (Supplementary Table 2). 
Although the interlayer distance is not the only parameter that can 
affect interlayer coupling, it is highly probable that the increased 
interlayer distance results in a weak interlayer interaction and vice 
versa. Indeed, a recent study30 has shown weaker interlayer cou-
pling in the twisted bilayer BP. It is worth emphasizing that, in real 
devices composed of mechanically stacked orthogonal BP struc-
tures, the actual interlayer distance would most probably be larger 
than that predicted in first-principles calculations, which provide 
the lower-bound estimate of interlayer distance.

It is worth mentioning that the PBE generalized gradient approx-
imation (GGA)31 calculation is known to underestimate the band-
gap of semiconductors as a result of the self-interaction error32,33. 
However, this does not affect the main findings of our work because 

the energy bandgap in BP has a relatively weak thickness depen-
dence when the the number of layers is greater than 5–6 L (ref. 28). We 
stress that the BP thickness in our devices is always >6 L for the nar-
rower m-BP region, indicating that the energy bandgap (~0.39 eV) 
is similar across the t-BP/m-BP/b-BP layers. Moreover, while mod-
elling the current–voltage characteristics in trilayer orthogonal 
homojunction devices, we utilized a tight-binding model obtained 
from the Wannierization of a self-consistent density functional 
theory-Green’s function (DFT-GW) calculation of multilayer BP, 
instead of the PBE functional (Methods and Supplementary Section 
3). This model predicts an energy bandgap very close to the experi-
mental values28.

Transport measurements on BP homojunctions
Two-terminal current transport measurements were performed on 
both the twisted and non-twisted BP stacked devices. The drain 
current–voltage (ID–VD) characteristics of the BP bilayer homo-
structure with zero twist angle show ohmic behaviour at room tem-
perature, similar to what one would expect for pristine BP of similar 
thickness (Fig. 2a and Supplementary Section 4). The negligible gate 
dependence is due to the residual doping and the thickness, which 
is larger than the electrostatic screening length34. However, the 
counterpart orthogonally twisted BP bilayer device exhibits non-
linear ID–VD characteristics. This non-ohmic transport behaviour 
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is attributed to the much weaker interlayer interaction between the 
twisted BP layers, and the transport is much akin to carrier tunnel-
ling across an ultrathin vacuum layer, as is further elaborated in the 
following.

Next, we performed two-terminal measurements on trilayer 
orthogonal homojunction devices (as illustrated in Fig. 1a) with 
m-BP thickness varying between 4.5 nm and 7.8 nm. The respec-
tive thicknesses of the BP flakes in trilayer orthogonal homojunc-
tion devices are provided in Supplementary Section 5. Electronic 
transport in these devices differs distinctively, as they all exhibit 
NDR behaviour with maximum PVCR ≈ 3 at T = 300 K (Fig. 2d). 
Moreover, the NDR peaks in the ID–VD characteristics shift to 
higher bias with decreasing m-BP thickness. The appearance of 
NDR and the evolution of peak position with m-BP thickness, as 
observed in trilayer orthogonal homojunction devices, suggest sig-
natures of resonant tunnelling of carriers through bound states in 
the m-BP35,36. On the other hand, our control device where m-BP 
has almost zero twist angle was found to exhibit typical linear ID–VD 
characteristics (Fig. 2c).

Quantum transport simulation
To elucidate the physics of our experimental findings in more 
detail, we performed quantum transport simulations based on 
the non-equilibrium Green’s function approach (Methods and 
Supplementary Section 3). The electronic structure of multilayer BP 
is described within the tight-binding model28,37–39. In this approach, 
a multilayer BP system is described as a series of BP layers con-
nected to adjacent neighbours via interlayer interactions. The 
in-plane dynamics of low-energy electrons and holes within each 
monolayer, as well as the nearest-neighbour interlayer couplings, are 
well described by two-band block Hamiltonians, H0(k||) and Hc(k||), 
respectively. The in-plane momentum k|| is written in the general 
form as kjjðθÞ ¼ kx cos θ � ky sin θ

� �
x þ kx sin θ þ ky cos θ

� �
y

I
, 

where θ is the twist angle between the BP layers.
Here we simulate the trilayer orthogonal homojunction structure 

by considering the system sketched in Fig. 3a. The device consists of 
N layers of BP with θ = 90° in the middle region, that is, m-BP (repre-
sented by blue atoms) connected to semi-infinite BP leads (t-BP and  
b-BP) with θ = 0° (represented by red atoms). The interaction between 
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adjacent layers within each disconnected region is well described by 
the AB-stacking interlayer coupling Hc(k||(θ)) with the appropriate 
choice of θ. However, the interaction connecting twisted regions, 
Htwisted(k||), is more challenging due to the complicated arrange-
ment of phosphorus atoms and the larger unit cell29,40. Nonetheless, 
first-principles calculations reveal a weaker and isotropic inter-
layer interaction in 90° twisted bilayer BP (Fig. 1e and refs. 29,40).  
Thus, we parametrize Htwisted(k||) = α[Hc(k||(0°)) + Hc(k||(90°))], 
where α is an adjustable numerical parameter smaller than ½, to 
ensure a twisted interaction weaker than the regular AB-stacking 
interlayer interaction.

We display in Fig. 3b the local density of states (LDOS) at the 
zone centre, for multilayer m-BP with N = 9 twisted layers sand-
wiched between two semi-infinite leads. The two solid vertical 
white lines highlight the interface between the twisted regions. The 
results clearly show the existence of quantized states in the m-BP 
layers, where we denote the discrete energy levels as Ei (with i = 1, 
2, 3, …). It is worth emphasizing that these QWSs originate from 
the confinement of the electronic wavefunction due to the much 
weaker interlayer interaction between twisted m-BP and t-BP and 
b-BP, as we explained in Fig. 1. However, unlike conventional RTDs, 
which rely on physical barriers, the physics here is controlled by 
the twist angle between the identical materials. Propagating modes 
injected from the semi-infinite leads are partially reflected back 
and transmitted due to the discontinuity at the twisted interface. 

The interference between the reflected and incident electron wave-
function causes Friedel oscillations of the electronic density inside 
the semi-infinite leads, as shown in Fig. 3b. Additionally, multiple 
reflection of the partially transmitted states take place inside the 
m-BP, leading to quantized confined states with standing-wave 
nodal patterns (Fig. 3b).

In the left panel of Fig. 3c, we show the evolution of the quantized 
energy states as a function of the number of layers N in the m-BP 
region at zero applied voltage. We found that the best fit goes as 
1/N2 for all levels, corroborating a quantum-well-like nature of these 
quantized states. Hence, one anticipates a resonant tunnelling effect, 
similar to double-barrier RTDs, where the number of resonant peaks 
within a given voltage range is determined by N. The right panel of 
Fig. 3c shows the voltage dependence of the current density consider-
ing trilayer orthogonal homojunction devices with a varying number 
of layers in the m-BP. In these results, we have assumed the applied 
voltage to drop linearly across the twisted m-BP, with α = 0.05 and 
T = 300 K. This assumption is based on the consideration that the 
semi-infinite leads are degenerately doped (Supplementary Sections 
1 and 3). We observe NDR for all cases, in agreement with our exper-
imental measurements. In addition, the results indicate that the peak 
voltage decreases with N. This is attributed to the evolution of the 
quantized energy states with m-BP thickness.

A detailed analysis of the tunnelling mechanism is presented in 
Fig. 3d, where we display the voltage-dependent current density for 
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the device with N = 9 and the k-resolved transmission probability at 
the Fermi level at three different applied voltages denoted V1, V2 and 
V3, as indicated in Fig. 3d. The shaded ellipses show the Fermi sur-
face of the t-BP/b-BP, whereas the dashed ellipse contours show the 
k-resolved quantized states available in the m-BP. Resonant tunnel-
ling takes place for those injected modes with energy and momenta 
matching with those of the QWSs due to energy and momentum 
conservation. In the absence of any mode-matching, direct tunnel-
ling from left to right leads (that is, t-BP to b-BP) can take place, but 
with a much smaller transmission probability. With applied voltage 
V1, where the first current peak occurs, there is a finite region in 
the in-plane Brillouin zone at the vicinity of the zone centre with 
available QWSs with energy and momenta matching those of the 
leads, as shown by the high-intensity transmission. We observed 
that the ‘valley’ in the current–voltage characteristics occurs around 
V2, when the available QWSs with energy and momentum match-
ing those of the leads have larger in-plane momenta. Qualitatively, 
the transmission probability through a barrier (in our case, a 
twisted interface) is highest for normally incident modes and falls 
rapidly as the incidence angles (or in-plane momenta) increase. 
This can be understood by considering free-electron models, 
where the transmission probability is proportional to e−κd, where 

κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2jj þ kðEFÞ2

q

I

 and k(EF) is some function of the Fermi energy. 

For modes with non-vanishing in-plane momenta, that is, k|| ≠ 0, the 
effective penetration length, 1/κ, is smaller, leading to much smaller 
transmission probabilities. At voltage V3, the third QWS becomes 
available, with modes matching those of the injected states closer 
to the zone centre, leading to an additional increase in tunnelling 
current, and hence completes the NDR characteristics. The simula-
tion results clearly show that the peak and valley currents in the 
trilayer orthogonal homojunction depend on the mode-matching 
condition between available momentum states at the Fermi energy 
in t-BP/b-BP and the QWS in m-BP.

Because the NDR effect occurs due to the weak interlayer cou-
pling between adjacent layers, one can anticipate that the twist 
angle variation will influence the NDR phenomenon. To address 
this conjecture, we fabricated additional trilayer BP homojunction 
devices with m-BP twisted at θ = 30°, 45° and 60° in relation to t-BP 
and b-BP (Supplementary Fig. 5). Devices with m-BP twisted at 
θ = 30° and 60° exhibit NDR characteristics, that is, RTD behaviour 
similar to the trilayer orthogonal BP homostructures. By contrast, 
akin to the trilayer linear BP homojunction (θ ≈ 0°), ohmic current 
transport is observed in devices with m-BP twisted at θ = 45°. Such 
non-monotonic twist angle-dependent interlayer resonant tunnel-
ling is non-trivial and could be explained by periodic variation in 
the interlayer coupling energy of BP bilayers with varying twist 
angles30 (Supplementary Section 6). This result further corroborates 
the underlying mechanism for the NDR effect whereby the inter-
layer interaction determines the tunnelling between adjacent layers.

Temperature-dependent resonant tunnelling behaviour
In addition, one could expect that the quality factor of the reso-
nant feature will be most well resolved if the thermal smearing of 
electrons is sufficiently smaller than the QWS energy difference. 
Temperature-dependent ID–VD measurements were carried out 
down to 4.8 K on trilayer orthogonal homojunction devices with 
m-BP thickness of 7 L and t-BP/b-BP thicknesses of >50 nm (Fig. 4a).  
Three observations can be made from Fig. 4a: (1) the peak (valley)  
current increases (decreases) with decreasing temperature, (2)  
the resonance peak shifts to higher voltage at reduced temperatures 
and (3) the second resonance peak starts to appear at T ≤ 25 K. As a 
consequence of the decrease in valley current, the PVCR increases to 
9 at T = 4.8 K (Fig. 4b). Such behaviour could be explained by consid-
ering the temperature dependence of the Fermi–Dirac distribution of 
injected electronic states in equilibrium with the reservoirs (t-BP or 

b-BP). Figure 4c shows the simulated temperature-dependent ID–VD 
characteristics for a system composed of N = 9 twisted BP layers. For 
example, at voltage V2, where we observe the first current valley, the 
smearing of the distribution function due to thermal broadening41 
increases the occupation of states closer to the resonance energies, for 
example, E1 and E2 (Fig. 3d). Therefore, the valley current is expected 
to increase. At voltage V1, where we observe the first current peak, 
the smearing of the distribution function decreases the occupancy 
of states at the resonance energy, which leads to a small drop in peak 
current at higher temperatures. The combined effect results in a 
PVCR that increases with decreasing temperature (Fig. 4d).

A discrepancy between experiment and theory is apparent in 
the temperature-dependent current–voltage characteristics. The 
robust NDR behaviour versus varying α shows the exponential 
decay of current density with varying twisted interlayer interaction 
(Supplementary Fig. 6). Hence, because of our choice of α in the 
transport simulations, we expect a quantitative mismatch between 
the experimental and simulated current densities. Furthermore, 
the shift of peak voltage with temperature is most probably due 
to the temperature-dependent contact/sheet resistance of the 
non-overlapped region in the trilayer orthogonal homojunction 
device, or the phonon contribution, both of which are not included 
in the simulation. The difference in the voltage, ∆V, between peak 
and valley current is ~40 meV and the PVCR is ~1.2 (T = 4.8 K) for 
the second resonance peak that appears below 25 K. Phonon scat-
tering would serve to alleviate the mode-matching requirement 
between the leads' states and QWSs, as it offers additional pathways 
to satisfy energy–momentum conservation. As elucidated in Fig. 3, 
the mode-matching constraint plays an important role in the peak 
and valley features in the NDR effect. Hence, relaxing this constraint 
through phonon excitations would, on the one hand, increase the 
valley current42–44, but, on the other hand, results in diminishing 
peak–valley feature (PVCR → 1) at T ≥ 50 K. Moreover, as shown 
in the inset of Fig. 4a, the resonance peak width (that is, the qual-
ity factor) decreases with decreasing temperature, which is another 
validation of this effect44,45.

Conclusions
We have reported interlayer resonant tunnelling in a twist-controlled 
vdW homojunction that consists of a trilayer structure of anisotro-
pic BP. An orthogonally twisted thin BP multilayer is sandwiched 
between two degenerate BP terminals, leading to weaker interlayer 
coupling and electronic decoupling between the twisted layers. This 
results in well-resolved QWSs in the thin BP multilayer, through 
which resonant tunnelling occurs. Unlike RTD heterostructures, 
which use a barrier layer, here the twist angle controls the inter-
layer coupling strength and the physics of the NDR effect, and the 
absence of a physical barrier allows higher current densities and 
improved PVCRs to be achieved. Further experimental and theo-
retical work may lead to novel transport phenomena in twisted vdW 
junctions with 2D anisotropic materials.

Methods
Fabrication of the BP homostructures and measurement. BP flakes were 
exfoliated on 300-nm-thick SiO2/Si substrates using the mechanical exfoliation 
method. Individual BP flakes were then transferred on top of each other using 
the standard PDMS stamping technique. Specifically, to fabricate the trilayer 
orthogonal homojunction devices after exfoliation of BP flakes on the SiO2 
substrate, a thin BP flake was chosen and picked by a PDMS film. Next, we rotated 
the PDMS film by 90° and stacked onto a relatively thick BP flake supported 
on the SiO2 substrate (a similar procedure was followed for 30°, 45° and 60° 
rotations). A thick BP flake was again stacked in the direction almost parallel 
to the bottom flake. Exfoliation and stacking were performed in a glove box 
with H2O:O2 < 1 ppm. After fabricating the BP homostructures, electrodes were 
defined using electron-beam lithography followed by metal deposition using 
electron-beam evaporation at a base pressure of 10−7 mbar. During the fabrication 
process, we avoided long exposure of our samples in ambient to protect the BP 
flakes from degradation. After device fabrication, all room-temperature data 
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were recorded under vacuum (10−3 mbar) at a probe station (MStech) with a 
Keithley source meter (2634B). Low-temperature measurements were carried out 
in a closed-cycle helium refrigerator and the temperature was controlled using a 
Cryocon temperature controller. Current transport was monitored using a Stanford 
Research Systems lock-in amplifier and a Keithley-2400 source meter.

Atomic force microscopy/Kelvin probe force microscopy measurements. Atomic 
force microscopy/Kelvin probe force microscopy (KPFM) measurements were 
performed with an SPI 4000 microscope (SII Nano Technology) in non-contact 
mode. To obtain the work-function values of the BP flakes, a KPFM tip (Pt/Ir-coated 
Si tip) was calibrated on a highly oriented pyrolytic graphite flake and the contact 
potential difference values between the tip and individual flakes were measured.

Electron microscopy to probe the interface morphology of BP homostructures. 
In the first step, trilayer orthogonal homostructures and trilayer linear 
homostructures were fabricated on SiO2/Si substrates using a standard procedure, 
as already described. Focused ion beam milling was used to isolate a small portion 
of the homojunction, which was then transferred to a TEM grid for cross-sectional 
HRTEM/STEM imaging. The acceleration voltage for TEM measurements was 
200 keV.

First-principles calculation of band structures. The electronic structure 
calculation was performed using the Vienna Ab initio Simulation Package (VASP) 
with projector augmented wave (PAW) pseudopotentials. The plane-wave cutoff 
energy was set to 400 eV and the Brillouin zone was sampled with a 15 × 11 × 1, 
15 × 11 × 4 and 3 × 3 × 1 Γ centred Monkhorst–Pack grid for the monolayer, the 
bulk and the bilayer BP, respectively. The vacuum spacing was 10 Å to clear out the 
interaction between adjacent layers. The exchange-correlation functional described 
by the PBE GGA was utilized. The vdW correction was obtained through Grimme’s 
DFT-D2 method implemented in VASP. The relaxed cell guaranteed that the force 
on each atom was less than 0.01 eV Å−1 and the total energy was converged to 
10−5 eV. The calculated lattice constants of the relaxed BP are a = 3.32 Å, b = 4.42 Å 
and c = 10.46 Å, in good agreement with the experimental values (a = 3.2 Å, 
b = 4.5 Å and c = 10.4 Å).

Quantum transport simulation. Coherent electronic transport is captured by the 
system’s Green’s function and broadening function ΓLðRÞ ¼ i

P
LðRÞ �

Pþ
LðRÞ

 

I

 
for left (L) and right (R) leads defined in terms of the self energies P

LðRÞ ¼ HSlglHls

I
, where gl is the surface Green’s function of lead l = L, R 

and HSl is the coupling matrix describing the interaction between the middle 
region and lead l. The transmission probability, current density and LDOS are 
T Eð Þ ¼

R dkk
2πð Þ2Tr GΓLGþΓRð Þ

I

, J ¼ 2e
h

R
dE fL � fRð ÞT Eð Þ

I
 and LDOS ¼ � 1

π ImTrG
I

, 
respectively, where fL(R) is the Fermi–Dirac distribution of the left (right) reservoir 
(Supplementary Section 3).

We note that the tight-binding model adopted in our calculations is a 
well-established approach for describing the dynamics of low-energy carriers. In 
fact, this model has shown good agreement with experiment, even in the large-bias 
regime46 for a multilayer system when screening is taken into account, and is 
expected to agree well for reasonable electric-field magnitudes, even when screening 
is not considered47. In our transport results, we have assumed a maximum bias 
voltage of ~0.4 V across an m-BP composed of N = 9 monolayers. This is equivalent 
to an energy difference between adjacent layers of only ~0.05 eV, which is inside 
the bias window where our model is accurate. Thus, for describing the qualitative 
coherent transport features and the NDR behaviour of the twisted homojunction, 
large biases beyond values our model can support were not considered.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors upon reasonable request.
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