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Two-dimensional layered semiconductors present a promising material platform for band-to-band-tunneling devices given their homogeneous band edge

steepness due to their atomically flat thickness. Here, we experimentally demonstrate interlayer band-to-band tunneling in vertical MoS,/WSe, van der

Waals (vdW) heterostructures using a dual-gate device architecture. The electric potential and carrier concentration of MoS, and WSe, layers are

independently controlled by the two symmetric gates. The same device can be gate modulated to behave as either an Esaki diode with negative differential

resistance, a backward diode with large reverse bias tunneling current, or a forward rectifying diode with low reverse bias current. Notably, a high gate

coupling efficiency of ~80% is obtained for tuning the interlayer band alignments, arising from weak electrostatic screening by the atomically thin layers.

This work presents an advance in the fundamental understanding of the interlayer coupling and electron tunneling in semiconductor vdW heterostructures

with important implications toward the design of atomically thin tunnel transistors.

KEYWORDS: transition metal dichalcogenide - electron tunneling - negative differential resistance - TFET - steep - 2D

tor field-effect transistors (MOSFETs) in

the IC industry for over 5 decades and
16 technology nodes has been driven in
parallel with the reduction of the operating
voltage to balance out the power dissipa-
tion and consumption of the electronic
systems. The inadequate scaling of operat-
ing voltage, Vpp, with increasingly diminish-
ing technology node, however, has led to
power consumption issues recently as the
MOSFETs approach their minimal Vpp,
which is governed by their switching mech-
anism. Specifically, the carrier injection in
MOSFETs is based on thermionic emission

S caling of the metal-oxide-semiconduc-
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over the energy barrier at the source, which
theoretically limits the MOSFETs' subthresh-
old swing to SS ~ 60 mV/dec at room
temperature and places a floor for threshold
voltage scaling as well. In order to maintain
a minimum Jon/lore of ~10°, the supply
voltage is thus limited to about 6 x 60 mV,
corresponding to Vpp &~ 360 mV in the most
optimistic case. In reality, SS for state-of-the-
art MOSFETs is larger than the theoretical
limit, and furthermore, to obtain sufficiently
high ON-state currents for fast switching
operations, a higher Vpp needs to be ap-
plied. This supply voltage limitation of
MOSFETs represents an important challenge

* Address correspondence to
ajavey@eecs.berkeley.edu.

Received for review December 19, 2014
and accepted January 18, 2015.

Published online
10.1021/nn507278b

© XXXX American Chemical Society

ACINT AN
VOL. XXX = NO.XX = 000-000 = XXXX A@@L%ﬂ\j {\)

WWwWW.acsnano.org

A



facing the IC industry given the continued increase in
transistor density. Therefore, exploring new switching
mechanisms is of fundamental interest for future
energy-efficient electronics. One promising alternative
switch to a MOSFET is a tunneling field-effect transistor
(TFET), where carrier injection is governed by band-
to-band tunneling (BTBT) of electrons, which does
not depend on thermal processes.! Thus, in principle,
SS < 60 mV/dec should be achievable with TFETs. To
date, significant progress has been made in exploring a
wide range of TFET device architectures using carbon
nanotubes® and Si>® Si—Ge* and Ill-V semicon-
ductors.>~” Both homojunction and heterojunction
device configurations have been explored, with the
heterojunction devices exhibiting higher ON-state cur-
rent densities due to the ability to obtain sufficiently
small (or even zero) tunneling barrier heights by using
materials with proper band alignments.® Despite tre-
mendous advancements in the field, to date a TFET
with SS < 60 mV/dec over multiple current decades and
high ON-state current densities has not been demon-
strated experimentally. Various studies have shown
that the band edge roughness of the explored semi-
conductors in combination with the trap states at the
surface and heterojunction interfaces are limiting the
switching steepness of the experimental devices.’
Specifically, imperfections at the tunneling interface
due to lattice mismatch and spatial inhomogeneity in
thickness and composition can reduce the sharpness
of the band edges. In addition, doping is known to
further reduce band edge sharpness given the random
distribution of the dopant atoms in the lattice. To
overcome these fundamental limitations, exploration
of new material systems is required. For instance,
transition metal dichalcogenides (TMDCs), a family of
two-dimensional layered materials, show promise to-
ward obtaining steep band edge tunneling devices,
since they intrinsically exert atomic level flatness due
to their layered crystal structure.'®'" The ability to stack
one two-dimensional material onto another can create
an atomically sharp interface, without any unwanted
atomic diffusion or dislocation propagation due to
lattice mismatch.'? The absence of dangling bonds
and a surface native oxide (for the TMDCs investigated
in this work)">~'° allows for the formation of ultrathin
vertical heterostructures with minimal trap states.
Sharpness of the band edges in MoS, and WSe,
monolayers as well as MoS,/WSe, heterobilayers has
been previously reported by using photoluminescence
measurements. A nearly identical inverse slope of
30 mV/dec was reported from the analysis of the band
tails of monolayers and heterobilayers, signifying that
sharp band edges can be experimentally obtained in
van der Waals (vdW) heterostructures.'® Given this
measured optical band edge sharpness, it is feasible
to envision that tunneling devices with SS =~ 30 mV/dec
should be, in principle, possible when using vdW
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heterostructures. However, before the realization of
tunnel transistors using TMDC heterostructures, band-
to-band tunneling and its fundamental properties in
these vdW materials need to be explored.

Electronic and optoelectronic properties of vdW
heterostructures, based on graphene, h-BN, and
TMDCs have been studied extensively in the recent
past. For instance, graphene—insulator—graphene
heterostructures have exhibited interlayer tunneling
with negative differential resistance (NDR).'®"” While
demonstrating the feasibility of vertical tunneling of
electrons in vdW heterostructures, graphene-based
tunnel devices cannot be effectively turned off due
to the lack of an intrinsic band gap. In the past year,
significant research has been carried out on MoS,/
WSe, heterostructures.'®'®2" Artificially stacked ex-
foliated monolayer MoS,/WSe, heterostructures exhi-
bit a Stokes-like shift in the photoluminescence peak
and the lowest absorption peak, suggestive of a spa-
tially direct absorption and spatially indirect emission
in a type Il band alignment with strong interlayer
electronic coupling.’®?' These heterostructures exhibit
rectifying diode behavior, with rectification of 4 orders
of magnitude in the forward bias current, which can be
gate controlled.”®?' However, a detailed study to
investigate vertical BTBT in TMDC-based heterojunc-
tions has not been reported, and it is yet unknown as to
whether an efficient BTBT current density can be
obtained in TMDC vdW devices. In theory, by electro-
statically tuning the band alignment from type Il to
type lll (broken gap), vertical tunneling of electrons
from the valence band of one layer to the conduction
band of another can be initiated.? Tunneling junctions
and the realization of a Zener diode, whose reverse
bias breakdown is caused by BTBT, are the first steps
toward eventual fabrication of a TFET. In addition to
their use as the building block of TFETs, Zener diodes
are commonly used in analog circuits due to their high
nonlinearity. Thus, exploration and characterization
of Zener diodes based on TMDC heterostructures is
of tremendous scientific and technological interest.

In this work, dual-gated MoS,/WSe, heterostructure
tunnel diodes and transistors are examined experi-
mentally and theoretically. The electrostatic potential
and carrier concentration of MoS, and WSe; layers are
independently controlled by two separate gate elec-
trodes. Symmetric dual-gate device architecture is
essential, compared to single-gate or asymmetric
dual-gate structures, in order to effectively control
the band alignment at the vertical heterojunction by
independently modulating the electric potential in
both top and bottom layers. In the case of single-gate
or asymmetric dual-gate structures, the electric field
from one gate dominates the potential of both layers,
resulting in poor controllability of the heterojunction.
Selective electron and hole contacts are made to MoS,
and WSe; layers, respectively. By using this device
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Figure 1. Device structure. (a) Optical microscope images and (b) corresponding schematics (not to scale) for the fabrication
process steps of a representative dual-gated MoS,/WSe; diode. (i) Local bottom gate electrode with Ni as the metal electrode
and ZrO, as the gate dielectric. (i) MoS, and WSe, layers dry-transferred onto the bottom gate and etched to form a
rectangular heterostructure. (iii) Metal contacts to MoS, (Ni) and WSe, (Pd) deposited, as source and drain electrodes,
respectively. (iv) Top-gate stack with ZrO, as the gate dielectric and Ni metal as the electrode. Scale bar = 10 um in all optical
images. (c). Three-dimensional schematic of the device (not to scale). (d) Cross-sectional TEM image of a representative device
showing the symmetric dual-gate structure. (e) High-resolution STEM image of the same heterostructure, consisting of
4 layers of MoS, and WSe;. (f) EDS mapping of the heterostructure.

structure, Zener tunneling is observed in the reverse
bias, when the two gates are biased at opposite
polarities such that the MoS, and WSe, layers are in
strong electron and hole accumulation modes, respec-
tively. Under such a circumstance, the device resem-
bles an n+/p+ diode with a large built-in potential,
Vi, operating as a backward diode. Some of the
devices also exhibit negative differential resistance
in the forward bias, indicative of Esaki diode character
and a broken gap (type lll) band offset. When the same
device is subjected to lower gate fields, the band
offset at the heterojunction is changed to a staggered
gap (type Il), resulting in lower reverse bias tunneling
currents and higher forward bias diffusion current due
to reduced Vy,;. Thus, the same device is shown to
behave in various diode regimes, merely by tuning
the gate voltage, a phenomenon unseen in covalently
bonded semiconductor material systems. This con-
trollability of the diode operation regime was ob-
served in six fabricated devices, with nearly identical
thickness of MoS, and WSe, components ranging
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from 2 to 8 layers. In conventional semiconductor
devices, the same device cannot behave as both
forward rectifying and backward/tunnel diodes, since
they require different chemical doping conditions.
Another fundamental difference in the material prop-
erties of vdW heterostructures compared to con-
ventional semiconductor heterostructures is in the
bonding at the tunneling interface. Heterostructures
of llI-V compounds and Si—Ge have covalent bond-
ing at the interface that pins the band offsets at the
tunneling interface, irrespective of the doping level
and the applied voltage, unless an insulator layer is
grown in between the layers. In contrast, in the vdW
heterostructures, potential can be dropped across the
vdW gap, thus allowing the bands of the two material
components to freely move with respect to each
other at the junction by the applied drain voltage or
electrostatic doping by the two gates. Therefore, vdW
heterostructures provide a new degree of freedom in
terms of modulation of the band offsets at the tunnel-
ing interface.
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Figure 2. Gate tunability of a representative dual-gated device at 77 K. MoS, is 8—10 layers in thickness, and WSe, is 6—8
layers thick as confirmed from AFM measurements. (a) Ip—Vp with varying Vgate-wse2; VGate-Mos2 = 3 V- (b) Ip—Vp with Vgate-wse2
varied with 0.1 V increments from —2 V to —0.9 V; Vgate-mos2 = 2 V. (c) Tunneling onset voltage vs Vgate.wse2, With the slope

representing the gate coupling efficiency 7.

Figure 1 shows the fabrication process and cor-
responding optical images of a dual-gated MoS,/
WSe, tunnel diode. A local back gate was fabricated
(see Methods), as shown in Figures 1a(i) and b(i). MoS,
flakes were mechanically exfoliated onto a Si/SiO,
carrier chip. The carrier chip was spin coated with
PMMA. The MoS, flake of interest was dry-transferred
onto the targeted local back gate using a previously
reported pick and transfer process.?*> The sample was
annealed at 180 °C for 2 min to ensure proper adhesion
of the flake to the substrate. The PMMA layer was
removed by using dichloromethane, leaving the flake
attached to the local back gate. A WSe, flake was
transferred on top of the MoS, layer using the same
transfer method. WSe, was aligned over MoS, in such a
way as to avoid overlap in the edge regions, in order to
allow for selective electrical contacts to each layer. The
heterojunction (i.e., overlap region) is therefore only in
the middle of the flake. The rectangular heterostruc-
ture shape was defined via electron beam lithography
and etched using XeF, gas.>* This shape formation is
important for eliminating unwanted current paths
such as those from nonoverlapping MoS,/WSe, re-
gions along the width of the device (Figure 1a(ii) and
b(ii)). Ni electrodes were patterned as electron contacts
to MoS,. Special attention is drawn to the fact that
Ni does not contact WSe, or the heterostructure. Pd
electrodes were then patterned to act as hole contacts
to WSe,. The fabricated structure with the contacts is
shown in Figure 1a(iii) and b(iii). A top gate stack was
then patterned on the heterostructure area. The device
is designed such that the bottom and top gates overlap
the heterostructure area in the middle of the device.
The bottom gate also overlaps the electron contact to
the MoS, layer, while the top gate overlaps the hole
contact to WSe, in order to minimize the parasitic
resistances in the device. Figure 1a(iv) shows the
optical image of a representative dual-gate MoS,/
WSe, device. The heterostructure area is defined by
the overlapped region of the bottom and the top gates,
as shown in the schematic of Figure 1b(iv). Figure 1c
shows the corresponding three-dimensional schematic
of the complete device. A cross-sectional transmission
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electron microscope (TEM) image of a representative
device is shown in Figure 1d, clearly depicting the
symmetric dual-gate structure. The high-resolution
scanning TEM (STEM) image of the MoS,/WSe, hetero-
structure (Figure Te) shows a sharp and clean inter-
face between MoS, and WSe,, with each material
being ~4 atomic layers in thickness. Figure 1f shows
the energy-dispersive X-ray spectroscopy (EDS)
mapping of the heterostructure. The top 4 layers are
composed of W and Se, while the bottom layers are
composed of Mo and S. Figure S1 shows the Raman
spectra from the MoS,/WSe, heterostructure in a dual-
gated device.

RESULTS AND DISCUSSION

The fabricated devices were electrically character-
ized at different temperatures and under different
drain and gate voltages. Figure 2a shows the operation
of a dual-gated MoS,/WSe, heterostructure diode at
77 K. The MoS,/WSe, heterostructure for this device
consists of 8—10 layers of MoS, and 6—8 layers of WSe,
as measured by atomic force microscopy (AFM). The
MoS,/WSe, heterostructure area is 2.8 um?. The Ip—Vp
of the diode is shown as a function of varying WSe,
gate voltage, Vgate-wse2, While keeping the MoS, gate
voltage, Vgate-mos2, constant at 3 V (Figure 2a). At
VGate-mos2 = 3V, the MoS, layer is electrostatically
rendered highly n-type, due to strong accumulation
of electrons. When Vgate-wse2 = —2 V, the WSe; layer
can be assumed to be in a condition of weak accumu-
lation of holes. The device resembles an n+/p diode
with a staggered gap band offset. Under this condition,
the diode demonstrates the expected rectification in
the forward bias due to diffusion current, with low
reverse bias current limited by the noise floor of the
measurement setup. A forward to reverse current
rectification of 7 orders of magnitude is observed.
When Vgate-wsez is decreased to —2.5 V, the WSe; layer
is further accumulated with holes. In this situation, Vj,;
of the diode increases, resulting in lower forward bias
current for the same drain voltage conditions as in the
previous case. A significant reverse bias current arises
at Vp < —0.5 V and is due to Zener tunneling of
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electrons in the valence band of WSe, to the conduc-
tion band of MoS.,. Upon further decrease of Vate-wse2
to —3 V, the accumulation of holes in WSe, increases
further. In this case, the device resembles an n+/p+
diode, and the forward bias current diminishes below
the noise floor of the measurement setup, due to
increased V,,;, for the same drain voltage range (1 V)
used in the previous two cases. The reverse bias current
is increased and is 4 orders of magnitude larger than
the forward current, which is at the noise level. The
device behaves like a backward diode, where the
reverse bias current due to Zener tunneling is larger
than the forward bias current for the applied drain
voltage range of —0.75 to 1 V. Thus, we demonstrate a
four-terminal diode whose operation regimes are
highly controllable by its dual gates, without the
application of any physical dopant. Similar tunability
of operation regimes of a MoS, (bilayer)/WSe, (bilayer)
device is shown in Figure S2.

It is important to understand the efficiency of gate
control in moving the band edges of MoS, and WSe; at
the heterointerface. In order to elucidate the gate
control electrostatics on the device behavior,
Figure 2b shows the tunability of the same device at
VGate-wse2 Varying from —0.9 to —2 V with an increment
of 100 mV at 77 K. Vgate-mos2 i kept at a constant
voltage of 2 V, resulting in the accumulation of elec-
trons in MoS,. The device exhibits Zener tunneling
(marked “BTBT” in Figure 2b) in the reverse bias, and
the tunneling onset voltage shifts to more negative Vp
as Viate-wse2 is made less negative. Simultaneously, the
minority carrier drift current, often referred to as
the reverse bias saturation current, I, increases as
VGate-wse2 IS made less negative. This behavior is
expected since the minority (majority) carrier concen-
tration in WSe, is decreased (increased) as higher gate
fields are applied to WSe,. The device operates like a
classical diode when the chemical doping concentra-
tions of the two components are changed. Here, more-
over, the same device can be readily modulated to
exhibit different carrier concentrations by tuning the
two gate voltages. Figure 2c shows the reverse bias
tunnel onset voltage (ie, tunneling breakdown
voltage), Viunnerr @s @ function of Vgate-wsez- Viunnel 1S
defined as the voltage at which a tunnel current of
107" A is measured. The slope of Viunner VS Vgate-wse2
gives the gate coupling factor or the gate efficiency 5
(Figure 2¢). It signifies that for each volt applied to the
gate, the Fermi level can be moved by 0.84 V. This high
gate efficiency arises from the use of high-k gate
dielectrics and thin MoS, and WSe; layers. We observe
saturation in the reverse bias tunneling current and the
forward bias current due to the large parasitic resis-
tance of the contacts, especially for WSe,, since the
contact regions were not doped.?> 2’ This large para-
sitic resistance also lowers the steepness of the BTBT
current in our fabricated diodes. In the future, doping
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of contacts needs to be explored for lower parasitic
resistances.

A phenomenological device model is developed to
further understand the gate-bias-dependent diode
characteristics (Figure 3). Electrostatic potential for
each TMDC layer is obtained by solving the carrier
statistics equations self-consistently with the Poisson
equation in the form of a capacitance model, which is
described in a previous work on vertical tunneling
transistors.”® Then, two mechanisms are taken into
account in source—drain current calculation for inter-
layer carrier transport. The first one is an elastic process
at the interface, including the direct tunneling and
thermionic emission, which is shown as path | in
Figure 3b. The current generated by this process can
be described by'®

QU
Jo = ?" / Diios, (E — QVanos,)Dwse, (E — GViuse,)
% [fivse, (E) — fios, ()] AE (1)

where Dyx is the density of state (DOS) for each TMDC
and fuyx, is the source/drain Fermi level. Vys> and
Viwsez are electrostatic potentials of the MoS, and WSe,
layer, which account for both gate and drain bias and
can be solved self-consistently as described before. A is
the reduced Planck's constant, g is electron charge, and
a is a fitting parameter that is related to the elastic
transport time as 7, = A/(0Dux,). For simplicity, the
DOS in the conduction or valence band is assumed to
be constant, which is similar to previous studies on
tunneling devices.'* The band tail states whose DOS
exponentially decay as a function of the difference
between the energy E and the band edge energy are
included in the band gap.

Besides this elastic process, there is also an inelastic
interlayer carrier recombination process. Different
from a conventional PN junction, the atomically thin
junction does not have any depletion region in the
vertical direction. Thus, the majority of holes in WSe,
are in direct contact with the majority of electrons
in MoS,, separated by only a vdW gap. As a result,
the interlayer majority carrier recombination is pro-
nounced.”®?' This inelastic process can be either
photon or phonon assisted. We refer to this inelastic
process as current path Il as illustrated in the schematic
of Figure 3b. Simply, we adapted a second transport
time of the carrier, 75, which is the interlayer recombi-
nation lifetime, to account for the inelastic process, so
that the current can be estimated by

np —nNopo

-Iine =q rz(ner)

()

where n and p are the electron and hole density of
adjacent MoS, and WSe; layers, and ng and p, are
electron and hole density at equilibrium conditions.
As described in a previous study,?' eq 2 assumes the

WWwWW.acsnano.org

E



10?
3 10°
8 Forward rectifying
_o Zener diode: _o 10° diode:
10 Veatewse2 = -3 V Vgate-wse2 = -2 V
Veate-mos2 =3V Veate-mos2 =3 V
\ } T 107031 1 T
-0.2 0.0 0.2 0.4 -0.2 0.0 0.2 0.4
Vv, (V) V, (V)
MosS. Wse Mos, WSe,
2 2 3 /- [ ) E
Bf — T Er
______ E¢ Ec - ==
] = Ev ¢ —_—5
== === BTBT e
v
o
Ev
Path |
Ec
E;
Ey

Figure 3. (a) Simulated Ip—V}, characteristics of a MoS,/WSe; (2 layers each) diode at Vgate mos2 = 3 V and Vgate.wse2 = —3 V, at
77 K. (b) Corresponding qualitative band diagrams at forward and reverse biases. (c) Simulated Ip—V characteristics of the diode
at Vgate-mos2 = 3 V and Vgate.wse2 = —2 V, at 77 K. (d) Corresponding qualitative band diagrams at forward and reverse biases.

Shockley Read Hall (SRH) mechanism for interlayer
majority carrier recombination, and an assumption of
the Langevin mechanism results in a different quanti-
tative equation but does not change the qualitative
conclusions. Finally, the total current conducted by the
PN junction is the addition of these two processes, J =
Jo + Jine. Figure 3a and c show the simulated Ip—Vp
characteristics of a bilayer/bilayer diode under two
different gate voltage conditions, with 7,/7; = 1. At
high gate overdrive voltages (Figure 3a), both the MoS,
and WSe, layers remain accumulated even when a
moderate reverse bias is applied. As a result, Zener
tunneling takes place through band edge states or the
band tail states in the band gap region very close to the
band edge. The reverse bias current is contributed by
Zener tunneling and is nonsaturating. In comparison,
at a lower top gate overdrive voltage (Figure 3c),
the WSe; layer becomes depleted as a reverse bias is
applied. The depletion leads to a saturated reverse
bias current. The results indicate that the operation
modes of the diode can be modulated by the applied
gate voltage, qualitatively consistent with the experi-
ment. The quantitative difference can be attributed
to us ignoring the parasitic resistance and noise in
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simulations and the uncertainty of the material and
device parameters. The following parameters were
used in the simualtions: in Figure 3a, ng = 1.01 x
10" m~3, pp = 291 x 10" m~3, while in Figure 3c,
no = 3.15 x 10" m™3, with ny > p,. Figure S3a,b show
the simulated band diagrams for a MoS; (bilayer)/WSe,
(bilayer) device, indicating the influence of the gate on
each layer.

We measured the diode characteristics as a function
of temperature in order to further analyze the dual-
gated MoS,/WSe, heterostructure (Figure 4). Here,
the device consists of a MoS,/WSe, stack with each
material being 2 layers in thickness. The MoS,/WSe,
overlap area is 18 um?. To obtain backward diode char-
acteristics, the device was biased with Vgate-mos2 = 3.5V
and Vgateewse2 = —4 V, and the corresponding
Io—Vp characteristics are shown in Figure 4a. The
tunnel current onset voltage shifts positively with
increasing temperature, which is a characteristic of
the Zener tunneling processing due to the change in
the band gap (and band tail states) with temperature.
The tunnel current onset voltage, Viunnel is defined as
the voltage with the reverse bias tunnel current of
107" A. The slope of Viunner Vs T is the temperature
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Figure 4. (a) Temperature dependence of the tunnel current at Vg,te-mos2 = 3.5 V and Vg,ie wse2 = —4 V of a device. MoS; and
WSe, are 2 layers each in thickness for this device. (b) Tunneling onset voltage vs temperature at Vgate-mos2 = 3.5 V and
VGate-wse2 = —4 V. () Temperature dependence of the forward diode current at Vgate-mos2 = 3.5 V and Vgate-wsea = —2 V.
(d) Inverse slopes of the BTBT current (Vgate-mos2 = 3.5 V and Vgate-wse2 = —4 V) and forward bias current (Vgate-mos2 = 3.5 V and

VGate-wse2 = —2 V) vs inverse temperature.

coefficient of tunneling breakdown, 6, in the MoS,/
WSe, materials system, which is measured to be
—4.8 mV/K (Figure 4b). This temperature coefficient is
similar in value to a typical Si Zener diode, which has a
reported coefficient of —2 to —3 mV/°C.*° The tem-
perature dependence of the forward rectifying char-
acteristics, corresponding to lower applied gate fields,
of the same device is shown in Figure 4c. The built-in
potential, V,;, decreases with increasing temperature,
and the slope of the forward bias current decreases
slightly with temperature. The reverse bias current for
this diode configuration increases with temperature
as the recombination—generation current increases.
Figure 4d shows the inverse slope, in mV/dec, of the
tunnel current for the backward diode configuration
and the forward current for the forward-rectifying diode
configuration as a function of inverse temperature. The
inverse slope of the tunnel current remains nearly
constant with temperature, as expected for Zener tun-
neling. The inverse slope of the forward current de-
creases slightly with inverse temperature. This is in
contrast to a covalently bonded p—n junction, where
the forward bias current is dominated by diffusion of
majority carriers with its inverse slope changing linearly
with T. The lack of strong temperature dependence in
the forward bias current suggests that an inelastic
current mechanism (path Il in Figure 3b) dominates
the forward bias current over the diffusion current. This
is consistent with previous photoluminescence studies,
where the main exciton recombination was shown to be
spatially indirect arising from the recombination of
electrons in MoS, with holes in WSe,.'>?!

ROY ET AL.

The carrier transport time, 7,, described earlier for
this inelastic process can vary across samples, due to
the quality of the interface during device fabrication. If
7, is long compared to 7;, the elastic tunneling (i.e.,
BTBT) process can dominate over the inelastic recom-
bination process in the forward bias. Figure 5 shows
the electrical characteristics of another dual-gated
MoS,/WSe, device. The stack consists of 4 MoS, layers
and 4 WSe, layers, with an overlap area of 4.6 um?>.
When Viate-mos2 = 3 Vand Vigate-wse2 = —3 V, the device
exhibits negative differential resistance in the forward
bias, as shown in Figure 5a, thus behaving like an Esaki
diode. Both the NDR peak position and peak-to-valley
ratio are controlled by the applied gate voltages. As
Viate-wse2 is made more negative, the NDR peak posi-
tion shifts to higher positive voltage and the peak-to-
valley ratio increases. The peak of the NDR signifies the
position when the conduction band edge of MoS, is
aligned with the valence band edge of WSe,. By
varying Vgate-wse2, the drain bias at which the MoS,
conduction band edge and WSe, valence band edge
are aligned is varied. Thus, the voltage position of the
peak of the NDR as a function of Vgaewsez iS an
indicator of the gate coupling efficiency. A gate cou-
pling efficiency of ~80% is obtained (Figure 5b), which
is consistent with the previous devices. It is worth
noting that no correlation of observation of NDR with
the flake thicknesses (for the explored thickness range
of up to 10 layers) was observed in our experiments. A
detailed investigation of device characteristics as a
function of flake thicknesses and the corresponding
band structures should be carried out in the future.
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Figure 5. (a) Ip—Vp at Vgate-mos2 = 3 V and Vgaie wse2 Varied. MoS, and WSe, are 4 layers each in thickness for this device.
Negative differential resistance is observed at forward bias. (b) Voltage at which NDR peak occurs vs Vgate-wsea. (€)
Temperature dependence of the NDR at Vgate-mos2 = —VGate-wse2 = 3 V. (d) Simulated temperature dependence of NDR at
VGate-Mos2 = —VaGate-wse2 = 3 V, by assuming a lifetime ratio of 7,/7,; = 100. (e) Qualitative band diagrams corresponding to
points | (NDR peak) and Il (NDR valley) in (d). (f) Simulated NDR peak-to-valley current ratio (PVCR) vs inelastic to elastic carrier

transport time ratio (7,/74).

Figure 5¢ shows the temperature dependence of the
NDR at Vgate-mos2 = 3 V and Vgate-wse2 = —3 V. The NDR
diminishes after 175 K due to thermionic current
suppressing the tunneling current in the forward bias.
Figure 5d shows the simulated Ip—Vp characteristics
at different temperatures, under a bias condition of
Vgate-mos2 = 3 V and Viate-wse2 = —3 V. A lifetime ratio
of 75/7; = 100 is assumed. The results show clear NDR
behaviors at low temperature. At a low forward bias
near equilibrium, an elastic carrier transport path, corre-
sponding to BTBT, contributes to the current. As the
applied forward bias increases, the elastic carrier trans-
port path is closed with the overlap of the band edges
diminishing, leading to an NDR characteristic. Similar to
experiments, NDR is only observed at low temperatures.
The simulated NDR is much more pronounced com-
pared to the experimental Ir—Vp, even by considering a
nonideal band edge with a decaying band gap state of
30 meV/decade.'® To explain the lower peak-to-value
ratio observed in the experiment, we further examine
the role of the inelastic transport denoted as path Il in
Figure 3b. Decrease of the interlayer recombination
time results in a more efficient path Il, as shown in
Figure 5e and increase of the valley current. As shown in
Figure 5f, the simulated peak-to-valley current ratio is
sensitive to the ratio of the carrier transport times of the
inelastic interlayer transport process, 7, and the elastic

METHODS

Device Fabrication. The bottom gate was fabricated using
electron-beam lithography, with 50 nm Ni contact thermally

ROY ET AL.

interlayer carrier transport process, 7;. A low peak-to-
valley ratio of the NDR characteristics in the experimen-
tal device is, therefore, due to efficient interlayer major-
ity carrier recombination.

CONCLUSION

In conclusion, we have demonstrated band-to-band
tunneling current in vertical MoS,/WSe, heterostruc-
tures by using a symmetric dual-gate device architec-
ture. The same device can be operated as an Esaki
diode, a backward diode, or a forward rectifying diode
by tuning the applied gate voltages, making the device
highly versatile. Notably, a high gate coupling effi-
ciency of ~80% is demonstrated for tuning the band
offsets at the MoS,/WSe, vertical interface. Theoretical
simulations confirm that the diode operation modes
can be easily modulated by the two gates due to weak
electrostatic screening by the 2D layers. Both experi-
ments and theory depict the importance of inelastic
current transports in vdW vertical heterostructures in
the forward bias operation mode, arising from lack of a
charge depletion region along the vertical direction.
The demonstration of 2D-to-2D tunneling is an impor-
tant finding in semiconducting layered materials. This
work establishes the possibility of using vdW semicon-
ductor heterostructures in tunnel transistors for future
low-power electronics.

evaporated, followed by 20 nm ZrO, deposited by atomic layer
deposition at 110 °C. MoS,/WSe, flakes were patterned next. Ni
(50 nm) was thermally evaporated as contact to MoS,, and
50 nm of Pd was e-beam evaporated as contact to WSe,. For the
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top gate stack, SiO, (~1 nm) was evaporated as nucleation layer
for atomic layer deposition of ZrO, (20 nm) deposited at 110 °C
as the gate dielectric. Ni (50 nm) was then evaporated as the top
gate contact.

Electrical Measurements. The MoS,/WSe, heterostructure
devices were electrically characterized under vacuum in a
Lakeshore cryo-probe station. Devices were measured using
an Agilent B1500A semiconductor parameter analyzer.
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Raman spectroscopy of MoS2/WSe; heterostructures

Figure S1 shows the Raman spectrum of a MoS2/WSe, heterostructure in a dual-gated
device. The MoS; and WSe: in this device are each two layers thick. The optical image of the
device is shown in Fig Sla. The Raman spectrum (Fig. S1b) was taken at the red mark on the
heterostructure (Fig. Sla), using a depolarized laser with the wavelength of 532 nm. The
spectrum was collected and averaged over 10 exposures, each of 10 s duration. The spot size of
the laser was 1 um in diameter (Gaussian). In Fig S1b, the characteristics Raman peaks of WSe;
and MoS; can be distinctly observed. WSe; shows the Ezq peak at 251 cm™. The Ezq peak of

MoS:; is observed at 384 cm™ and the Axg peak occurs at 407 cm™.
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Figure S1. (a) Optical image of a dual-gated MoS,/WSe; heterostructure device. Scale bar =
10 pum. (b) Raman spectrum of the MoS2/WSe; heterostructure taken at the point marked in

(a) with a red circle.
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Gate tunability of diode operation in MoS» (bilayer)/ WSe; (bilayer) device

Figure S2 shows the backward diode to forward rectifying operation regimes of a dual-gated

MoS,/WSe; heterojunction device at 77 K, with MoS; and WSe; each being 2 layers thick.
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Figure S2. Tunability of diode operation regimes of a MoS; (2L)/ WSe> (2L) device.

S3



Simulated band diagrams for a MoS> (2L)/ WSe; (2L) device

In the simulation, the density of states (DOS) in the conduction or valence band is assumed to be
constant, and the band tail states whose DOS exponentially decay as a function of the difference
between the energy E and the band edge energy are included in the bandgap. The bandgap values

used are 1.46eV and 1.445eV for bilayer MoS; and bilayer WSe, respectively.!

Figure S3a-b show the band diagrams from the device model shown in main text for a MoS;
(bilayer)/ WSe, (bilayer) heterostack device. The influence of gate on each layer of the

heterojunction is clearly manifested.
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Figure S3. Simulated band diagrams for MoS; (2L)/ WSez (2L) device at (a) Vcate-wse2 =

-3V, Vaate-Mos2 = 3 V, and (b) Veate-wse2 = -2 V, VGate-mos2 = 3 V.
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Simulated band diagrams for MoS, (2L)/ WSe, (2L) device under conditions for resonant

tunneling

Figure S4 shows the band diagrams of a simulated MoS>/WSe> device with each being two

atomic layers thick. The lifetime ratios of carriers are chosen such that resonant tunneling is

observed at forward bias.
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Figure S4. Simulated band diagram of MoS: (2L)/WSe: (2L) under conditions for resonant

tunneling. Bias | and |1 are the same as shown in Fig. 5d of main text.
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