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Devices that rely on a band-to-band tunnelling (BTBT) mech-
anism and exhibit negative differential resistance (NDR) 
are of potential use in radiofrequency oscillators and multi-

value logic applications1–6. In such tunnel devices, the carriers tunnel 
through a barrier in the same direction as the total output current, 
and the tunnel current contributes directly to the overall current. 
High-quality interfaces and sharp energy band edges are desirable 
for the development of tunnel devices7,8, and two-dimensional (2D) 
van der Waals heterostructures can thus provide unique opportuni-
ties9–13. In these structures, different 2D materials and thin insulators 
can be stacked on top of each other, without the lattice mismatch 
constraints typical of conventional heterostructures, due to the weak 
van  der Waals interaction between layers. Moreover, the energy 
band at the interfaces in the structure can change abruptly with a 
sharp band edge, forming high-quality quantum wells or barriers 
with thickness down to a monolayer. The availability of numerous 
different 2D materials—with a variety of different band structures, 
from semi-metals to semiconductors to insulators—also makes 
it possible to assemble unique materials with well-designed band 
alignments7,8,14,15. A range of NDR and steep switching devices have 
been reported, including graphene/boron nitride (BN) resonant 
tunnel diodes16–18, molecular electronic devices19,20, amorphous-car-
bon quantum-well devices21, transition metal dichalcogenide-based 
tunnelling devices22–25 and hybrid 2D/3D tunnel devices based on 
MoS2/Ge (ref. 26). However, such devices are typically based on a 
conventional Esaki diode or resonant tunnel diode structure and 
have similar transport behaviour.

To achieve high tunnelling efficiency there are two key factors: 
(1) the ability to tune the density of states with Fermi-level align-
ment and (2) momentum conservation from the source to end in 
the momentum space, without involving phonons. In this regard, 
2D black phosphorus (BP), which has a narrow bandgap of ~0.3 eV 
in multilayer thin films, has the potential to provide improved tun-
nel devices23,25,27–29. In particular, its direct bandgap can enhance the 

probabilities of band-to-band tunnelling efficiency because both 
the valence band maximum (VBM) and the conduction band mini-
mum (CBM) are always located around the Γ point in the Brillouin 
zone, regardless of the layer thickness30,31. Moreover, few-layer BP 
shows satisfactory ambipolar electronic behaviour, with relatively 
high hole and electron mobilities, and its density of states can be 
controlled electrostatically28–35.

In this Article, we report an efficient tunnelling device made 
from a 2D BP/Al2O3/BP sandwich structure. Unlike a conventional 
tunnel diode, the tunnelling carriers in this structure move in the 
transverse direction with respect to the drive current, and the elec-
trostatic effect induced by the tunnelling carriers can significantly 
modulate the channel carrier density through the insulating layer, 
resulting in a giant NDR with a peak-to-valley ratio exceeding 
100 at room temperature16–18,22–25. Furthermore, the tunnel struc-
ture enables an abrupt switching with a body factor (the relative 
change in gate voltage with respect to that of the surface potential) 
that is one-tenth of the thermionic limit in a wide temperature  
range (70–360 K).

Device structure and basic characterization
A schematic of the van  der Waals structure device is shown in 
Fig. 1a. Layered BP flakes were first mechanically exfoliated onto 
a HfO2/Si substrate. The 30 nm-thick HfO2 layer was deposited by 
atomic layer deposition (ALD) at 300 °C on a p++ silicon wafer. 
The insulating region was patterned by electron-beam lithography, 
then a 2 nm aluminium seed layer was deposited by electron-beam 
evaporation (this is spontaneously oxidized into a thin Al2O3 layer 
on exposure to air). Next, another BP flake was deterministically 
transferred onto the top of the existing structure, with careful align-
ment. Considerable attention should be taken here to avoid any 
contact with the bottom BP layer (to avoid unwanted conduction 
paths in the device). Finally, 20/50 nm Ni/Au metal electrodes were 
deposited as contacts. A scanning transmission electron microscopy  
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(STEM) image of the device is shown in Fig. 1b. The vertical sand-
wich structure contains two crystalline BP films separated by an 
amorphous thin alumina layer. The bottom right panel in Fig. 1b 
shows high-resolution energy-dispersive X-ray spectroscopy (EDX) 
mapping, where two sheets containing phosphorus element are 
clearly separated by the middle layer of Al. Figure 1c,d presents typi-
cal topography and layer thicknesses of the device, obtained using 
atomic force microscopy (AFM). The blue and red dashed frames 
represent the top and bottom BP flakes, respectively, and the white 
dotted line shows the edge of the sandwiching Al2O3 layer (left of this 
is the region capped by Al2O3). More characterizations are provided 
in Supplementary Fig. 2. Direct current (d.c.) transfer characteris-
tics of the individual BP field-effect transistors of the top and bot-
tom layer (and their operating schematic diagrams) are presented in  
Fig. 1e,f, respectively. The minimal current point Vmin in the ambi-
polar transfer curves is located at Vc_0 = 0.1 V and Vg_0 = 0.6 V for the 
top and bottom BP, respectively (Supplementary Fig. 12). The differ-
ence between the two minimal points arises from the unintentional 
doping by the different dielectrics of the two layers; this creates a 
Fermi-level difference of ~30 meV, which plays an important role at 
the energy band edges, facilitating band bending for both BP layers, 
and is critical for the following tunnelling process.

NDr behaviour and transport mechanism
Figure 2a–d depicts the Id–Vd output characteristics under four dif-
ferent Vg and Vc bias conditions, which create four different combi-
nations of doping conditions for the two BP layers: PN, NN, PP and 
NP. When the bottom BP layer is p-doped under negative Vg – Vg0, 
as listed in Fig. 2a and Fig. 2c, both output curves show a mono-
tonic increase with drain voltage regardless of the doping conditions  

of the top BP layer, with a current level on the order of 10 μA.  
The bottom BP layer is n-doped under positive Vg – Vg0, as listed in 
Fig. 2b and Fig. 2d. The drain current shows a monotonic increase 
at Vc > Vc_0 in the range of a few μA when both layers are doped 
n-type in Fig. 2b. However, a striking difference emerges in Fig. 2d, 
where Vc < Vc_0, meaning the top BP layer is p-doped while the bot-
tom BP layer is n-doped. There is remarkable NDR behaviour where 
the drain current decreases abruptly from 19 μA to 0.7 μA within a 
narrow window of ΔVd = 0.1 V. In this NDR region, note that the 
drain current is more than 103 times larger than the gate leakage 
current Ig or collector current Ic, indicating that the NDR occurs 
in a much more magnified manner relative to the tunnelling cur-
rent, which is fundamentally different from conventional tunnelling 
devices where the tunnelling current typically equals the change in 
drain current. The currents at other terminals of this device, under 
different bias conditions, are presented in Supplementary Fig. 3.

To qualitatively analyse the NDR behaviour, Fig. 2e–j shows the 
energy band diagrams of the device. Note that the voltage drop on 
the contacting BP area and related series resistance results in less 
efficient gate coupling of Vc compared with Vg. When the bottom 
BP layer is electrostatically n-doped by gate voltage Vg and the 
top BP layer is electrostatically p-doped by collector voltage Vc, 
the energy band alignment in this vertical structure forms a type 
III broken gap where the VBM of the p-type channel is very close 
to the CBM of the n-type layer. The extra band bending from the 
original Fermi-level difference will further shift energy bands in 
opposite directions and create a broken-gap structure while intro-
ducing heavily doped regions near the vicinity of the Al2O3 tunnel 
barrier, meeting the band alignment requirement for efficient band-
to-band tunnelling (Supplementary Fig. 5), while the efficiency can 
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be increased with assisting traps from the interface and inside the 
Al2O3 (Supplementary Fig. 9). On the other hand, instead of con-
tributing directly to the output current, transverse carrier tunnel-
ling will act as a positive virtual gate to change the potential of the 
top channel, which further reduces the p-doping level of the top BP, 
as shown in Fig. 2j (for more details see Supplementary Fig. 16). The 

current of the top BP channel will be reduced dramatically via this 
tunnelling process.

Systematic studies on the tunability of the dependence of NDR on 
the back gate voltage Vg and collector voltage Vc were carried out as 
shown in Fig. 3a,b. A sweep rate of ~35 ms per point (201 points per 
single curve sweep) was mainly used for the measurements. Figure 3a  

0 0.5 1.0 1.5
0

10

20

30

Vg = 0 V, bottom BP: p-type

Vc = 0.5 V, top BP: n-type

Vg = 0 V, bottom BP: p-type

Vc = –0.5 V, top BP: p-type

I d
 (

µA
)

0

10

20

30

I d
 (

µA
)

0

10

20

30

I d
 (

µA
)

0

10

20

30

I d
 (

µA
)

Vd (V)

0 0.5 1.0 1.5

Vd (V) Vd (V)

Vd (V)

0 0.5 1.0 1.5

Vg = 1.5 V, bottom BP: n-type

Vc = 0.5 V, top BP: n-type

0 0.5 1.0 1.5

Vg = 1.5 V, bottom BP: n-type

Vc = –0.5 V, top BP: p-type

Vg – Vg0 < 0

PN

PP

NN

NP

a b

c d

x

zy

SourceDrain

Collector

Ec

Ev Top 
BP

Bottom
BP

B
T

B
T

e–

HfO2

Trap 
states

Ev

Ec

Bottom BP

Top BP
Vc < 0 Vd > 0 Vs = 0

Ec

Ev
Ef_B

Ef_T

Vg > Vg0

Ec

Ev Top
BP

Bottom

BP

Al2O3
Al2O3

HfO2

Vd

Top
BP

fe g

ih j

z z z

x

Itunnel

Top BP
Bottom BP

Id

Vg – Vg0 > 0

V
c – V

c0 <
 0

V
c – V

c0 >
 0

Ec

Ev

HfO2

Bottom
BP

Al2O3

Fig. 2 | Four-terminal tunnel device with NDr. a–d, Id–Vd curves under different Vg and Vc bias conditions (shown in a–d). NDR appears only when the 
bottom BP is n-doped and top BP is p-doped. e–i, Structure and energy band diagrams of the device under bias conditions for NDR, showing band alignment 
conditions for band-to-band tunnelling: structure of the devices (e); three-dimensional (3D) energy band diagram (f); 2D energy band diagram (g); energy 
band diagram slices of the drain region (h) and channel region (i). j, The positive virtual gating effect changes the channel potential causing NDR.

NATure eLecTroNicS | www.nature.com/natureelectronics

http://www.nature.com/natureelectronics


Articles Nature electroNics

shows the output characteristics, Id–Vd, of the tunnel device, with 
Vc changing from 0 V to −1.4 V at fixed Vg = 1.5 V. The collector 
voltage can effectively modulate the channel Fermi level such that 
the drain current increases with Vc when NDR occurs. In the NDR 
region, the position of peak voltage Vp increases with larger nega-
tive Vc, and this trend persists over the entire voltage sweep range. 
This can be attributed to the larger negative Vc further pulling up the 
energy band of the top BP channel; under this condition, the criti-
cal condition for band-to-band tunnelling requires larger positive 
Vd to pull down the band edge near the junction to meet the Fermi-
level alignment. Figure 3b presents the output characteristics of the 
same device with Vg increasing from 0.1 V to 1.5 V at a fixed Vc of 
−1 V. The drain current shows a steep drop of about two orders of 
magnitude within 70 mV of drain voltage at high current densities, 
which indicates that a vital parameter, the inverse slope (IS, defined 
in a similar way as subthreshold slope, SS), is very low. This small 
IS value can be used to cause a very small SS below the thermionic 
limit, together with other parameters that are unique to this device 
structure. Similarly, for the back gate voltage, the peak voltage Vp 
also shows a right shift as Vg increases. This is because, under larger 
positive Vg, the energy band of the bottom BP will be pulled down. 
To meet the critical condition of Fermi-level alignment, more posi-
tive Vd is needed to pull down the band edge of the top BP layer. 
The currents of other terminals of this device under different bias 
conditions are presented in Supplementary Fig. 13.

For technologically relevant applications, the peak-to-valley 
current ratio (PVR) and the peak current magnitude are typically 
considered the two most important parameters. As summarized 
in Fig. 3c, the PVR can be tuned continuously by the gate voltage 
over a wide range, up to a huge PVR of 130 at room temperature. 
Another important parameter, the peak current, was extracted from 
Fig. 3b and is plotted versus PVR along with values for other similar 
devices in Fig. 3d. The peak current can be modulated over a wide 
range (more than two decades) and can reach hundreds of μA (for a 

device channel width of ~10 μm), much higher than in previous 2D 
devices. The PVR of 130 at room temperature is also higher than in 
any 2D-based tunnel device investigated so far, with almost 20 times 
improvement over previous results16–18,22–25. This large PVR benefits 
from the large peak current from the top BP layer before tunnel-
ling and the low valley current, which is dominated by the effective 
modulation of carrier density after tunnelling from the electrostatic 
control of the virtual gating effect. Measurements from four other 
representative devices with NDR are presented in Supplementary 
Fig. 14. All devices, with different BP channel layer thicknesses, are 
presented and summarized in Supplementary Figs. 10, 11 and 14 
and Supplementary Table 1.

To better understand the mechanisms of this unique tunnelling 
structure, we compared the classical Esaki diode with those oper-
ated based on this principle. The p+n+ junctions were created by 
heavily doping in opposite polarities and forming type III homo- 
or heterojunctions, where the CBM in the n-side meets or becomes 
lower than the VBM in the p-side, whereby sufficient band-to-
band tunnelling can occur under reverse bias or small forward 
biases. As the forward bias increases, the energy band in the p-side 
will be pulled down and the overlap region, which determines the 
available states for tunnelling, becomes smaller and eventually 
diminishes once reaching the critical voltage point where the cur-
rent reaches the valley point. In essence, the band-to-band tunnel-
ling dominates the whole region before the valley point, and NDR 
occurs where tunnelling probability starts to decrease because 
of the band alignment, and thermal current dominated by high 
energy tail states starts to take over in the higher bias region. The 
apparent difference in our structure, which we call transverse tun-
nelling (TT), lies in the fact that, before the critical point of NDR, 
the drive current in the channel operates like a conventional field-
effect transistor, following the diffusion-drift model, without any 
tunnelling process. When Fermi-level and band-edge alignment 
modulated by the gate voltages meets the band-to-band tunnelling  
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condition, efficient tunnelling occurs, and the carriers tunnel 
through the insulator between the two BP layers at the peak posi-
tion. These positively charged carriers in the bottom BP layer also 
act as a virtual gate to reduce the hole doping density in the top 
channel, which in turn drastically reduces the drive current elec-
trostatically at the valley position.

Conventional real space transfer devices demonstrate NDR 
phenomena via thermal emission transport over the top of the bar-
rier from channel to collector36. In such transistors, the onset of 
NDR is triggered by dynamical channel depletion by hot carriers 
(as described in detail for negative resistance field-effect transistor 
(NERFET) and charge injection transistor (CHINT) devices)37,38. In 
tunnel FETs and the Esaki diode, the output current typically equals 
the tunnelling current before the valley position of NDR behaviour, 
until the BTBT current diminishes and thermal current takes over39. 
It should also be noted that, unlike conventional tunnel FETs where 
tunnelling current contributes directly to the output current, the 
carrier tunnel direction in the TT-FET is transverse to the output 
current flow and serves as a virtual gating effect, and the gate volt-
age can efficiently control energy band alignment for the onset of 
carrier tunnelling (Supplementary Fig. 8).

Abrupt switching properties
We also analysed the dependence of the position of peak voltage 
on gate voltage in the NDR behaviour (Fig. 4a, left axis). The linear 
fitting line shows the gate-to-drain control efficiency (η = 2.12). It 
should be noted that this positive larger-than-unity efficiency indi-
cates that the gate control can effectively shift the critical condition 
of band-to-band tunnelling where a larger drain voltage needs to be 
applied to compensate for the shift. This linear relationship shows 
the direct link between the occurrence of NDR and the doping level 
in the bottom BP layer, and the extra doping effect offsetting the 

back gate electrostatic doping can only originate from BTBT car-
riers via the virtual positive gating effect. Another critical factor is 
the IS, corresponding to the steepness of the NDR region, where 
current undergoes a sharp decrease. Figure 4a (right axis) also 
shows the IS exhibiting a decreasing trend from ~100 mV dec−1 then 
quickly reaching a value as low as ~20 mV dec−1 as Vg increases. 
These small IS values under various gate voltages show the ultra-
efficient control of the transverse electric field and current con-
duction in the lateral channel. As a result, on combining these two 
parameters together, there is a region where current can rise quickly 
from a valley to the next peak with a small increase in gate voltage, 
as shown in the neighbouring two curves under different gate volt-
age illustrated in Fig. 4b, and this rise can be steep enough to beat 
the thermionic limit if the ratio of IS to η is small enough (for details 
see Supplementary Fig. 7).

To verify the above theory, transfer characteristic Id–Vg curves 
were measured at different Vc, as shown in Fig. 4c for gate voltage 
steps of 5 mV (to obtain reliable data). All the curves show abrupt 
switching of less than 25 mV dec−1, with a step change of current 
from 10 μA to 100 μA. The simple equation SS = IS/η, as predicted 
in Fig. 4b, was used to fit the experimental data from Fig. 4c, and 
the best fitting parameter, η = 2.3, was obtained as shown in Fig. 4d. 
This is very close to the experimental value of η = 2.4 extracted from 
the drain voltage change at peak current in the NDR behaviour 
(Supplementary Fig. 6). This further confirms that the SS below the 
thermal limit can only be obtained from a combination of small IS 
and larger gate-to-drain control efficiency η for these NDR devices. 
Furthermore, the steep switching in Id–Vd or Id–Vg plots shows little 
dependence on sweep direction and hysteresis loops (Supplementary 
Fig. 4). With a faster sweep rate during measurements, the knee 
point of NDR shows a slight shift to the right, resulting in a higher 
peak current and valley current (Supplementary Fig. 15). However, 
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the average IS and the η factor are almost the same with different 
sweep rates, proving that the prediction of SS in Fig. 4d is reliable.

Negative drain-induced barrier-lowering (DIBL) effects, usu-
ally associated with NDR, have been predicted and demonstrated 
in negative-capacitance FETs due to the drain-coupled negative 
capacitance effect40,41. Similarly, the Id–Vg characteristics at different 
Vd of TT-FETs at 300 K and 70 K are presented in Fig. 5a,b; negative 
DIBL with a steep slope is shown at both room temperature and low 
temperature, which is a signature effect of NDR and fundamentally 
different from the behaviour of previous tunnelling FETs. To further 
investigate the transport mechanism, the temperature-dependent 
current–voltage characteristics of these devices were investigated. 
Id–Vg curves under the same voltage bias Vd = 1.5 V and Vc = −1.8 V 
at various temperatures are shown in Fig. 5c. The devices exhibit 
very consistent abrupt switching at various temperatures, with the 
SS below the Boltzmann limit for a wide temperature range from 
360 K to 70 K. Body factor analysis is shown in Fig. 5d; this cor-
responds to the relative change in gate voltage with respect to the 
change in surface potential (Supplementary Note 1). The lower limit 
of body factor for conventional thermionic transport is m = 1, cor-
responding to the limit of carrier transport at the high energy tail 
in Boltzmann statistics from the Fermi–Dirac distribution. Body 
factor values less than 1 have become the primary goal for tunnel 
FETs39,42,43 and negative-capacitance transistors44,45. In our TT-FETs, 
an extremely small body factor of m = 0.1 is achieved across a wide 
temperature range from 360 K to 70 K, demonstrating the ultra-
efficient electrostatic control of this tunnelling dominant transport, 
surpassing previous tunnelling transistor structures.

conclusions
We have shown that a vertical van der Waals tunnel structure, in 
which the tunnelling carriers are in the transverse direction with 

respect to the drive current, can offer a tunable NDR with a PVR of 
up to 130. In these TT-FETs, the critical transport conditions can 
be tuned by an electric field and the transverse tunnelling carriers 
exhibit efficient electrostatic control over the drive current. The 
high efficiency in gate control can lead to an abrupt switching with 
a body factor that is only one-tenth of the Boltzmann limit, across a 
broad temperature range of 70–360 K.

Methods
Device fabrication. Few-layer BP flakes were first mechanically exfoliated from 
commercially available bulk BP crystal (Smart Elements) and transferred onto 30 nm 
HfO2 by atomic layer deposition on a Si substrate in a glove box, with the oxygen and 
water contents kept below 0.1 ppm. Hf[N(CH3)(C2H5)]4 and ozone (O3) were used 
as precursors for Hf and oxygen sources. The estimated equivalent oxide thickness 
was ~7 nm. The insulating region was patterned by electron-beam lithography and a 
2 nm aluminium seed layer was deposited by electron-beam evaporation, which was 
spontaneously oxidized into a thin Al2O3 layer on exposure to air. Next, another BP 
flake was transferred on top of the existing structure with careful alignment on top 
of the insulating layer, without any contact of the bottom BP layer to avoid potential 
in-series or in-parallel conduction paths in the device. Finally, 20/50 nm Ni/Au metal 
electrodes were separately deposited as the ohmic contacts on the top channel and 
floating gate. The entire device fabrication process is shown in Supplementary Fig. 1.

STEM images. A cross-sectional specimen of the device was prepared by using a 
lift-out process in a dual-beam FEI Quanta 3D FEG focus ion beam (FIB) system. 
The STEM images of the sample were then obtained using a Titan G2 60–300 high-
resolution transmission electron microscope.

D.c. characterizations. The device was placed inside a Lakeshore cryogenic 
probe station in vacuum (<2 × 10−4 mbar) during all electrical characterizations. 
Electrical measurements were carried out using an Agilent B1500A semiconductor 
parameter analyser.

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