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Resonant Tunneling and Negative Differential Resistance
in Black Phosphorus Vertical Heterostructures

Kai Xu, Eric Wynne, and Wenjuan Zhu*

Resonant tunneling diodes with negative differential resistance (NDR) have
attracted significant attention due to their unique quantum resonant tun-
neling phenomena and potential applications in terahertz emission/detection
and high-density logic/memory. In this paper, resonant tunneling devices,
where the carriers tunnel through a hexagonal boron nitride (hBN) barrier
sandwiched by two black phosphorus (BP) layers, are explored. The reso-
nance occurs when the energy bands of the two black phosphorus layers are
aligned. The conductive atomic force microscopy (CAFM) measurements
reveal prominent NDR peaks with large peak-to-valley ratios at room temper-
ature. It is found that the positions of the NDR peaks are very sensitive to the
amplitude and the shape of the voltage waveform used in CAFM, which can
be explained by the charge trapping effect. Furthermore, resonant tunneling
transistors are demonstrated based on BP/hBN /BP stacks in which the loca-
tions of the NDR peaks are tunable by the electrostatic gating. As compared

are lattice mismatch (and associated dis-
locations), impurity scattering, polari-
zation charges, and instability of space
charge.['®l Recently, 2D crystals have been
used in RTD devices. A symmetric tun-
neling field-effect transistor (SymFET) and
bilayer pseudo spin field-effect transistor
(BiSFET) based on two graphene layers
separated by an insulator were proposed
theoretically™2!! and graphene-based
tunnel diodes were demonstrated experi-
mentally with NDR characteristics.[?-24
However, due to zero bandgap and low
density of states in graphene, the peak-to-
valley ratios (PVRs) in graphene RTDs are
very limited (typically less than 4 at room
temperature). It is theoretically predicted

to the traditional tunneling diodes based on bulk materials, the tunneling
devices based on thin boron nitride tunneling barrier and high mobility black
phosphorus offer ultra-high-speed response. This feature, together with the
NDR characteristics, provides the potential for applications in THz oscillators

and multi-value logic devices.

A resonant tunneling diode (RTD) is a two-terminal device
based on quantum resonant tunneling with the characteristics
of fast response and negative differential resistance (NDR).[!
These devices can serve as sensitive tools for the measurement
of electron tunneling, inter-subband transition, and phonon-
assisted tunneling.”® RTDs have broad applications from
terahertz oscillators, to multi-value logic, and to resistance
switching memories.” ™ Various material stacks have been
used in RTDs, including Si, Ge, SiGe,™ group III-V,1216:17]
group II-VI, mixed crystalline, and amorphous materials.
Although much research has focused on III-V material sys-
tems, the large device-to-device variation in performance limits
their widespread application in commercial products. The key
factors that deteriorate the performance of III-V based RTDs
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that RTDs based on transition metal
dichalcogenides and black phosphorus
can provide sharper resonant current
peaks and higher PVRs.[?>2% In this paper,
we demonstrate RTD and resonant tun-
neling transistors based on BP/hBN/BP
heterostructures with prominent resonant
tunneling. The thin boron nitride layer
enables high tunneling current, while
the high-mobility black phosphorus facilitates fast response,
making these devices very promising for THz applications.

We investigated the NDR effect in the BP/BN/BP hetero-
structures using CAFM. The device structure is illustrated in
Figure 1a. The process used to create the heterostructure was
an adaptation of the “hot pick-up” technique, in which a piece
of polydimethylsiloxane (PDMS) is coated in polypropylene car-
bonate (PPC) and is then pressed against flakes of material on
a silicon substrate.[””! The black phosphorus and boron nitride
flakes were picked up from the silicon dioxide substrate and
then stacked on a gold-coated silicon wafer piece, as shown in
Figure 1a. The thicknesses of the hBN tunneling barrier, the top
black phosphorus layer, and the bottom black phosphorus layer
are =10, =55, and =150 nm, respectively, measured using atomic
force microscopy (AFM).

The resonant tunneling characteristic of a BP/hBN/BP het-
erostructure on Au/Si substrate was measured using CAFM at
room temperature in atmosphere. The CAFM tips have Cr/Pt
coating with tip radius of less than 25 nm. The sample bias, Vj,
was applied to the substrate. A frequency of 0.1 Hz was used
for all voltage waveforms during testing. A typical waveform is
illustrated in Figure 1b. The current compliance was set as 20
nA to protect the device. Figure 1c shows the IVs of a BP/hBN/
BP heterostructure measured 12 times using the waveforms
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Figure 1. CAFM measurements on RTDs based on BP/hBN/BP heterostructures. a) lllustration of a RTD for CAFM measurement. b) Schematic of a
waveform applied to the RTD. c) Overlay of 12 IV curves measured consecutively on a BP/hBN/BP heterostructure using the waveforms with the same
amplitude 2 V. d) IV curves of the same BP/hBN/BP heterostructure measured using the waveforms with various amplitudes: 2.2, 2.4, and 2.6 V. For
each type of the waveform, four IV measurements were taken. e) lllustration of the triangular and sine waveforms used in the CAFM measurements.
f) IV curves of a BP/hBN/BP heterostructure measured using the triangular and sine waveforms, both with an amplitude of 2V and a frequency of 0.1 Hz.

with the same amplitude 2 V. The most noticeable feature of
the data is the presence of pronounced peaks in the current.
Beyond the peaks, there are clear negative differential conduct-
ance regions. The peak positions are nearly the same for the 12
measurements, indicating that the measurement is repeatable
and reliable. Hystereses are clearly observed in these IVs. Then
we increase the amplitude of the waveform from 2.2 to 2.6 V,
shown in Figure 1d. As the amplitude of the voltage waveform
increases, the peaks shift to more negative direction, that is, | V|
increases. The position of the NDR peak can also be influenced
by the shape of the voltage waveform. We compared the tun-
neling current of the BP/hBN/BP heterostructure measured
using a triangular waveform and a sine waveform, as shown in
Figure 1e,f. We notice that the peak voltage |V,| tested with sine
waveform is higher than that with triangular waveform.

These phenomena can be explained by the resonant tun-
neling between the two black phosphorus layers and the band
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offsets induced by charge trapping. The IV loop of a BP/hBN/
BP heterostructure is illustrated in Figure 2a and the energy dia-
grams corresponding to points 1-4 are shown in Figure 2b—e. It
is assumed that the doping level in the top and bottom black
phosphorus are similar. At equilibrium, the conduction and
valence bands of the two black phosphorus layers are roughly
aligned, as shown in Figure 2b. When a positive voltage is
applied on the bottom black phosphorus (Vg > 0), the energy
band of the bottom black phosphorus layer is lower than that
of the top black phosphorus layer (Figure 2c). For most energy
levels, there is a large wavevector mismatch between the two
black phosphorus layers. Due to the requirement of energy and
momentum conservation, direct tunneling of the carriers from
one black phosphorus layer to the other is prohibited. There-
fore, resonant tunneling is not observed when the substrate
bias is swept from zero to a positive value. Note that when the
bottom BP is under positive bias, the conduction/valence bands

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Hypothetical mechanism of the NDR effect in BP/hBN/BP heterostructures observed in CAFM measurements. a) Illustration of the CAFM IV
characteristic of a BP/hBN/BP heterostructure when the substrate bias is swept from zero to + V,, then swept from + V, to — V,. b—e) Energy diagrams
of the BP/hBN/BP heterostructure, corresponding to the 1-4 points of the IV curve shown in (a) respectively. b) Point 1: substrate bias is zero ( Vg = 0),
Fermi level is constant and the current equals to zero. c) Point 2: the substrate bias is positive (Vp > 0). As the interface states located at the top BP/BN
interface move below the Fermi level, they tend to capture more electrons. d) Point 3: the substrate bias is swept back to zero. The remaining trapped
charges at the interface induce a small band offset between the top and the bottom BP layers. €) Point 4: the substrate bias is negative (V5 < 0). The
energy band of the bottom BP layer rises. When the energy bands between the two BP layers are re-aligned, resonant tunneling occurs, which results

in a local maximum of the tunneling current.

of the top BP bend downward, that is, more energy levels at the
BP/BN interface are below the Fermi level as compared to the
case at equilibrium. If there are gap states at the BP/BN inter-
face, more electrons will be trapped in these interface states.
When the substrate bias is swept back from the positive to the
negative value at high speed, some of the trapped charges may
not have enough time to be released by the traps. These trapped
charges can lead to a band offset between the two black phos-
phorus layers (Figure 2d). When a negative bias is applied to
the substrate, it can raise the energy band of the bottom black
phosphorus layer. When the two energy bands are brought
back to alignment (Figure 2e), the energies and momentums of
these two black phosphorus layers are matched simultaneously,
the carriers tunnel resonantly, and the current reaches a local
maximum. As the bias increases further, the two bands will be
out of alignment and the current will decrease again, leading to
the NDR regime.

As the amplitude of the voltage waveform increases, the
charges built up in the heterostructures increase, which results
in larger band offsets between two black phosphorus layers.
Consequently, larger bias is required to re-align the energy
bands of the two black phosphorus layers, that is, the peak
voltage |V;| increases. The dependence of the peak voltage |V,
on the shape of the waveform can also be explained by this
model. Notice that the shaded area of the waveform corresponds
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to the integration of the voltage over time (V(¢)dr). For a given
amplitude and frequency of the voltage waveform, the shaded
area is larger in sine waveform than in triangular waveform.
This means that the charges pumped into the heterostructure
are greater for the sine waveform than for the triangular wave-
form, assuming that the current density increases with applied
voltage. Therefore the band offset is larger and the absolute
value of the peak voltage |V;| is higher for the sine waveform
than for the triangular waveform. Note that there are multiple
peaks in the IV curves, which can be explained by the multiple
sub-bands in the thick black phosphorus layers. These multiple
resonant peaks were also observed in RTDs based on multilayer
graphene and I1I-V materials with multiple sub-bands.?8-3%
When any of these sub-bands are aligned, a sharp increase in
tunneling current occurs, creating an NDR peak.

It is well known that PVR is a key parameter for RTD. The
maximum PVR in our BP/hBN/BP heterostructure is about 4.5.
We compare it with the PVRs of the RTDs based on other 2D
heterostructures reported recently.?>243% The results are sum-
marized in Table 1. The PVR of the BP/hBN/BP heterostructure
is larger than that of other structures especially at room tem-
perature, indicating that BP/hBN/BP heterostructure has great
potential in tunneling devices.

In order to control the peak voltage electrically, three-ter-
minal resonant tunneling transistors with embedded-gates
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Table 1. Comparison of the RVRs in various RTDs based on 2D heterostructures.

Heterostructure PVR Temperature Ve Refs.
Bilayer Gr/BN/Gr 1.5 10 K 20V [23]
Bilayer Gr/BN/Gr 1.8 RT 40V [23]
Gr/BN/Gr 4 7K -60V [24]
Gr/BN/Gr 1.4 RT 50V [24]
WSe,/BN/WSe, 1.2 RT 7.4V, =19V [30]
BP/BN/BP 4.5 RT w/o Our work

Note: “Gr” stands for “graphene”. “RT” stands for “room temperature”.

were fabricated. The schematic and the optical image of a reso-
nant tunneling transistor based on BP/hBN/BP heterostructure
are shown in Figure 3a. The embedded gate was made of 5 nm
Ti/20 nm Au, and the bottom gate dielectric is 20 nm HfO,
grown by atomic layer deposition (ALD). The top and bottom
BP thickness are 18 and 19 nm, respectively. The BN thickness
is estimated to be 5 nm based on AFM. The interlayer currents
were measured as a function of interlayer bias Vi, at various
back gate voltages. Resonant tunneling and NDR are observed
clearly at 20 K, as shown in Figure 3b.

The observed NDR can be explained by the momentum
conserving tunneling. Figure 4 illustrates the energy band
diagrams of the device at various biasing conditions. When
the interlayer bias is zero (Vyp = 0), the tunneling current is
zero (Figure 4a). Note that the energy bands of the top and
bottom BP layer may have an offset, which is attributed to the
difference of the trap charge densities in the HfO, layer and
the boron nitride layer, the difference of work functions in
the embedded gate (Au) and the BP layer, and/or the adsorp-
tion of moisture on the top BP layer. Here, we assume that
the energy band of the top BP layer is higher than that in the
bottom BP layer at equilibrium. When the interlayer bias is
small and the two energy bands are misaligned, in order for
a carrier to tunnel from one BP layer to the other, its in-plane

wavevector k must change. Such a change is forbidden unless
the tunneling event is accompanied by a scattering process.
The tunneling probability is low in this case. As the inter-
layer bias increases, the energy band of the top BP layer shifts
downward (Figure 4b). When the energy bands of the two BP
layers are aligned, carriers can tunnel from one layer to the
other layer while conserving momentum and energy simul-
taneously. The resonant tunneling occurs and the interlayer
current reaches a local maximum. When the interlayer bias
V. increases further, the energy bands of the two BP layers
are misaligned again, the tunneling is off-resonance and the
interlayer current decreases.

The locations of the NDR peaks are tunable by the gate
voltage, as shown in inset of Figure 3b. As the back gate voltage
increases, the interlayer bias at resonance increases, which can
be understood as follows. A positive bottom gate voltage will
introduce more n-type doping in the bottom BP (Figure 4c).
In order to achieve band alignment between the two BP layers
for resonant tunneling, a higher Vi is required to lower the
energy band of the top BP layer (Figure 4d).

This work demonstrates the resonant tunneling and NDR
effect in BP/hBN/BP vertical heterostructures. Our devices
show pronounced NDR peaks with high PVR at room tempera-
ture. We found that the NDR peak locations are sensitive to the
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Figure 3. Resonant tunneling transistor based on BP/hBN/BP heterostructure. a) Schematic and optical image of the BP/hBN/BP resonant tunneling
transistor. b) Interlayer tunneling current as a function of interlayer bias measured at various back gate bias at 20 K. The inset shows the peak and

valley position of the resonant tunneling as a function of back gate bias.
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Figure 4. Mechanism of the NDR effect in the resonant tunneling transistors based on BP/hBN/BP heterostructures. The energy band diagrams of the
resonant tunneling transistor at various biasing conditions: a) Vgg = 0 and Vy = 0; b) Vgg = 0 and Vy_is at the voltage where the tunneling current
reaches a peak; ¢) Vg >0 and Vy = 0; d) Vg > 0 and Vq is at the voltage where the tunneling current reaches a peak.

amplitude and the shape of the voltage waveform. Unlike the
traditional double-barrier resonant tunneling diodes based on
bulk materials, these 2D tunneling diodes have only one tun-
neling barrier, which can significantly reduce the dwell time
in the quantum well and improve the response speed of the
device. Furthermore, resonant tunneling transistors based on
BP/hBN/BP heterostructures were also demonstrated. The peak
voltages can be effectively modulated via electrostatic gating in
the resonant tunneling transistors. As compared to graphene-
based tunnel diodes, the sizable bandgap of black phosphorus
can effectively reduce the valley current and further improve
the PVR ratio. These features together with the multiple
NDR characteristics will enable a broad range of applications,
including terahertz oscillators, memories, logic switches, nano-
thermometers, and “neuron-like” circuits.
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