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S
ince the 1970s, resonant tunneling
transistors have attracted significant
attention for their potential in a variety

of applications including low multivalued
logic, high-frequency radar and communi-
cation systems, analog-to-digital conver-
sion, and signal processing.1 Devices such
as the Esaki diode,2�4 the resonant tunnel-
ing diode (RTD),5�9 and the resonant
tunneling transistor10�12 have all been pro-
posed. The defining property of these
devices is negative differential resistance
(NDR) in the current�voltage (I�V) charac-
teristics. The presence of NDR creates a peak
in the I�V characteristics that is defined
by the ratio between the peak current and
the current beyond the NDR region (valley
current), known as the peak-to-valley ratio
(PVR). However, despite intensive research
efforts exploring a range of material sys-
tems, including Si/SiGe7,8 and III�V quan-
tum well systems,5,9 the obtained PVR has
been limited. A limited PVR degrades the
performance of digital, high-frequency, and
power systems with integrated resonant
devices.1,13,14

The valley current in conventional 3D
semiconductor resonant devices has three
primarymechanisms. First, 3D semiconductor

quantum wells have multiple longitudinal
sub-bands due to quantization.15 Each sub-
band produces a distinct NDR peak, and
the overlapping contributions to the current
from each sub-band increase the valley
current. Furthermore, the transverse disper-
sion relations for the sub-bands are typically
not identical.15,16 Therefore, at voltages
above the primary resonance, the nonzero
transverse momentum states of the sub-
bands are more strongly coupled, increasing
the number of tunneling channels that
contribute to the current.15,17 Second, the
need for lattice matching during epitaxy
limits the range of barrier materials and
achievable band offset of the barrier. The
lower band offset can result in thermionic
emission, which contributes to the valley
current.17,18 Optimized AlGaN-based reso-
nant devices with larger band offset barriers
improve the valley current.17 However, valley
current in AlGaN is still limited by transport
associated with higher sub-bands. Finally,
the resonant states are effectively broadened
due to a variety of possible scattering
mechanisms. This broadening increases
with energy so that the contribution of
valley current due to higher sub-bands is
enhanced.16,17,19
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ABSTRACT Tunneling transistors with negative differential resistance have

widespread appeal for both digital and analog electronics. However, most attempts

to demonstrate resonant tunneling devices, including graphene�insulator�
graphene structures, have resulted in low peak-to-valley ratios, limiting their

application. We theoretically demonstrate that vertical heterostructures consisting

of two identical monolayer 2D transition-metal dichalcogenide semiconductor

electrodes and a hexagonal boron nitride barrier result in a peak-to-valley ratio

several orders of magnitude higher than the best that can be achieved using

graphene electrodes. The peak-to-valley ratio is large even at coherence lengths on the order of a few nanometers, making these devices appealing for

nanoscale electronics.
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Vertical heterostructures consisting of two-
dimensional (2D) materials such as graphene, hexago-
nal boron nitride (h-BN), and transition-metal dichal-
cogenides (TMDs) have a variety of properties that
can potentially overcome some of the limitations
of epitaxial 3D semiconductor heterostructures for
resonant tunneling devices. 2D materials do not have
additional longitudinal sub-bands that can contribute
to valley current. Also, the van der Waals bonding
between 2D materials in vertical heterostructures al-
lows for a wider range of materials. For example, h-BN
with a large band gap can be used for the tunneling
barrier, limiting valley current associated with thermio-
nic emission. Beyond the potential for improved
performance, devices fabricated with 2D materials
can be transferred to arbitrary substrates, permitting
direct integration with other technologies such as in
the back-end of a CMOS process.20,21 Finally, the peak
current of resonant devices depends exponentially on
the barrier thickness, and the peak voltage depends on
the quantization associated with nanometer thickness
of the quantumwells. Whilemolecular beam epitaxy of
3D semiconductors has matured to improve thickness
control and uniformity, obtaining reproducible device
characteristics still remains a challenge.22 The lack of
covalent bonding between layers of 2D materials can
potentially lead to monolayer thickness control and
improved reproducibility.
Recently, the graphene�insulator�graphene sym-

metric field effect transistor (symFET) has been pro-
posed as a novel device exhibiting NDR.23�26 For two
identical (symmetric) 2D materials separated by an
insulator, a peak in the tunneling current occurs when
the transverse energy bands in one 2D material align
completely with the other. The peak is a result of two
mechanisms: (1) the entire density of states of both
layers align, resulting in maximum overlap, and (2) the
identical dispersion relations for the bands ensure a
minimum of the difference in momentum of tunneling
carriers (enhanced momentum conservation). As the
bands become misaligned, the current decreases
because the momentum difference of the tunneling
carriers increases. For the graphene�insulator�
graphene symFET, the resonant peak occurs approxi-
mately when the Dirac points of the graphene
sheets align. Due to this interesting behavior, a great
deal of recent theoretical and experimental work
has explored the tunneling characteristics of vertical
graphene�interlayer�graphene structures.23�28 NDR
behavior at room temperature has been demonstrated
in devices that were carefully chosen to be free from
contamination.26 More recently, layered TMDs such as
MoS2

29 have received considerable attention due to
their intriguing thickness-dependent electrical and
optical properties and the presence of an intrinsic band
gap.30,31 Recent progress in large-area, uniform growth
of MoS2,

32,33 as well as controlled doping of MoS2

devices,34 brings more complex device geometries
such as heterostructures within reach. Vertical stacks
of different TMDs have been theoretically investi-
gated,35,36 predicting steep subthreshold swings.
Surprisingly, negative differential resistance in vertical
heterostructures consisting of TMDs has not been
explored. In this work, symFETs incorporating TMDs
as the electrodes are theoretically studied and com-
pared to those having graphene electrodes. A strongly
enhanced PVR in TMD heterostructures compared to
graphene is observed due to the significant differences
in the band structure of the materials.

RESULTS AND DISCUSSION

Figure 1 shows the device structure and band dia-
gram of a 2D-to-2D symFET. Operation of the device
relies upon tunneling between the top and bottom
electrodes, composed of 2D materials, through a thin
insulator. A voltage (VDS) is applied to the top electrode
relative to the bottom to align the bands. The top
and bottom gates, VTG and VBG, are used to adjust the
carrier concentrations in the layers. The relationships
between the oxide voltages (VBOX, VIOX, and VTOX),
carrier concentrations, and terminal voltages are
described in the Supporting Information.
Unlike previous reports that expressed the current

density in wave-vector space,24,25,35 we use an energy
space formulation that is also derived using the
Bardeen transfer Hamiltonian37�39 as described in
the Supporting Information. The energy space formu-
lation permits a more natural energy band description
of the differences in current�voltage characteristics
between graphene and TMD symFETs.
The energy space equation for the current density is

where e is the electron charge and p is the reduced
Planck's constant. |MB0| is a prefactor associated with
the matrix element that describes the transfer of elec-
trons between the electrodes. In the following simula-
tions, we assume a value for this prefactor, as it affects
only themagnitude of the current, not the shape of the
current�voltage characteristic.35 The exponential term
in eq1 captures thedecayof the electronwave function
upon tunneling through the barrier, where d is the
interlayer thickness and κ is a decay factor. θ is the
angular difference between the wave-vector of
the tunneling carrier in the top and bottom layers.
There are three portions of eq 1 that contribute to the
shape of the tunneling current�voltage characteristics
(labeled R, β, and γ in eq 1). Part R is the product of the
density of states in the top (gT(E)) and bottom layers
(gB(E)). To calculate the density of states, a parabolic
dispersion relationship is assumed, which is valid for
the energies involved in tunneling near the conduction
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band minimum.35 Part β, the difference between the
two Fermi functions (fB� fT), sets a restriction on which
of the overlapped states are available for tunneling,
as electrons (holes) require an empty (filled) state to
tunnel into. Part γ, SF(jqBj), represents the power spec-
trum of the scattering potential for tunneling carriers
that depends on the magnitude of the difference
in momentum of the top and bottom states (jqBj).
One general form of this spectrum is given by

SF(jqBj) ¼ LC
2

1þ jqBj
qC

 !2
2
4

3
5
n (2)

This form for SF(jqBj) arises due to short-range dis-
order within the material,40,41 including electron�hole
puddles causing potential fluctuations,42 point defects,
phonon scattering, and rotational misalignment be-
tween the 2D materials, creating moiré patterns.43�45

Furthermore, while the calculation considers only
elastic scattering, the form of this power spectrum is
generally applicable to any scattering process. LC is the
coherence length,24 which represents the lateral decay

constant of disorder-induced scattering.26,46 We
assume that qC and LC are related by LC = qC

�1. For
carriers in a structurally perfect 2D material with low
scattering rate, LC is the square root of the device
area.24 In the case of perfect rotational alignment
between the top and bottom electrodes (see Support-
ing Information for the case of misalignment), jqBj has
the form

jqBj ¼ (jkTjsin θ)2 þ (jkTjcos θ � jkBj)2 (3)

and describes the momentum difference between the
starting and ending states, where |kT| and |kB| are the
magnitude of the wave-vector in the top and bottom
layers, respectively, and θ represents the angular dif-
ference between the states. The value of the exponent
n in eq 2 depends on the detailed scattering mechan-
isms assumed and affects how quickly SF(jqBj) decays
as the momentum difference increases. Recent theo-
retical simulations of 2D heterostructures have used
n values of 1.5,35,36 2,26 or 3.24,25 In order to obtain a
resonance peak, SF(jqBj) must decay as the difference in
momentum (jqBj) increases,26 which is the case for the
form of SF(jqBj) given in eq 2, independent of the value

Figure 1. (A) SymFETdevice structure, consistingof two sheets of 2Dmaterials separatedby an interlayer tunnelingdielectric.
(B) Band diagram for the symFET with a negative top gate (VTG) and positive bottom gate (VBG) applied. These cause n- and
p-type doping in the top and bottom layers, respectively. The applied source�drain bias (VDS) controls the alignment
between the band structures of the two layers to cause resonant tunneling. EF,MT(MB) represents the Fermi level of the top
(bottom) gate, and EF,T(B) represents the Fermi level in the top (bottom) electrode. VIOX, VBOX, and VTOX are the voltages across
the interlayer, top, and bottom dielectrics, respectively. The dashed line represents the vacuum level, and the dotted line
represents the zero bias Fermi level.
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for n assumed.While the value of ndoes affect the peak
current density, peak width, and PVR, it does not
change the overall trends observed in this paper.
Figure 2 compares the tunneling behavior of sym-

FETs using graphene (A), MoS2 (B), andMoTe2 (C) as the
top and bottom layers, with two layers (0.6 nm) of h-BN
as the interlayer tunneling barrier. In each case, we
consider equivalent top and bottom gate dielectrics
with a capacitance of 3 μF/cm2, and the top gate
voltage is fixed at �1.5 V for each of the sweeps.
Because there is a difference in the values of VTG and
VBG, the carrier concentrations in the top and bottom
layers are unequal. Therefore, at VDS = 0 V, there is an
offset between the band edges in the two electrodes,
which we refer to as the zero bias offset.
For all threematerials, the NDR peak shifts to higher

VDS values as the bottom gate voltage increases,
depending on the zero bias offset between the top
and bottom layers. Because the zero bias offset can be
tuned by using the gate voltages to adjust the carrier
concentrations, the location of the NDR peak is gate-
tunable. As well, because the band gap determines
the maximum value of the zero bias offset, it is
expected that the position of the NDR peak will have
a dependence on the band gap of the electrode
material.
To examine the effect of the band gap on the NDR

response of TMD symFETs, simulations were performed
for ZrSe2 and HfSe2. To ensure equivalent electrostatic
conditions for each material, the work functions of the
top and bottom gates were adjusted for each material
to ensure the same offset between the gate work
functions and the conduction band of the material.
Figure 3 shows the results of these simulations.
As predicted, decreasing the band gap of the TMD

causes the NDR peak to shift to lower voltages. In these
simulations, the gate conditions ensure that the top
layer is p-type, while the bottom layer is n-type. As
a result, the Fermi level in the top layer is near the
valence band, while the Fermi level in the bottom layer
is near the conduction band so that the zero bias offset
is approximately equal to the value of the band gap.
Consequently, the source�drain bias required to cause

alignment of the conduction and valence bands is
lower for the materials with a smaller band gap.
In addition to the band gap effect, Figure 3 shows

that the width of the NDR peak depends on the
material. Specifically, MoS2 has the narrowest peak,
while HfSe2 has the widest peak, due to the difference
in the density of states in the materials. The density of
states affects how quickly the current decays on the
higher bias side of the NDR peak, causing a narrower
peak in materials with a larger density of states. In
addition, the density of states also affects the magni-
tude of the current density in symFETs (term R in eq 1).
According to eq S8, the density of states in TMDs
depends on the effective mass of charge carriers in
the TMD. Therefore, the desired current�voltage re-
sponse of symFETs can be tailored by choosingmateri-
als based on band gap and effectivemass to determine
the position and shape of the NDR peak.
Figure 4 shows the effect of coherence length on the

tunneling current in graphene versus MoS2 symFETs,
with a value of VTG =�1.5 V and VBG = 1.5 V. Comparing
the J�VDS characteristics with varying coherence
lengths, it is clear there are two main differences
between the twomaterials. First, for a given coherence
length and value of n, there is a much higher PVR in

Figure 2. Simulated J�VDS characteristics for (A) graphene, (B) MoS2, and (C) MoTe2 symFETs. There is no doping in either layer
of the devices. Each curve represents a different back-gate voltage, ranging from�0.2 to 1 V in 0.2 V steps. The top gate remains
fixed at�1.5 V. The top and back gates are 4 layers of h-BN, with a capacitance of 3 μF/cm2. The interlayer consists of two layers
of h-BN (0.6 nm), with a capacitance of 6.2 μF/cm2. We assume |MB0| = 0.01 eV, κ = 3.8� 107 cm�1, n = 1.5, and qC

�1 ≈ 10 nm.

Figure 3. Simulated J�V characteristics of ZrSe2, HfSe2,
MoTe2, and MoS2. Simulations were performed with VTG =
�1.5 V, VBG = 1.5 V, and CTOX = CBOX = 3 μF/cm2. The work
functions of the top and back gates were adjusted for each
material so that the difference between the gate work
function and the conduction or valence band was equiva-
lent. The interlayer consists of two layers of h-BN (0.6 nm),
with a capacitance of 6.2 μF/cm2. We assume |MB0| = 0.01 eV
and κ = 3.8 � 107 cm�1.
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MoS2 than in graphene. At large coherence lengths,
the PVR in MoS2 approaches 109, while the PVR in
graphene is limited to a few hundred. The NDR peak in
MoS2 is present at smaller coherence lengths than in
graphene, suggesting that MoS2 symFETs could be
scaled to smaller device sizes than graphene symFETs.
Second, at small coherence lengths, the voltage at
which the peak occurs for graphene shifts significantly,
whereas the peak in MoS2 shifts minimally.
To further explain the differences in behavior for

TMD symFETs compared to graphene symFETs, we
explore how each of the components of the tunneling
current changes as a function of source�drain bias
(terms R, β, and γ in eq 1). First, we consider the case of
graphene. Figure 5A�C compares the density of states
(dashed lines) and Fermi level difference (solid line)
contributions to the graphene tunneling current for
source�drain bias conditions less than the peak (A),
at the peak (B), and greater than the peak (C). The dark
shaded areas in each graph represent the density of
states at each energy that are available for tunneling
(the product of the R and β terms in eq 1). As the
source�drain bias increases, the dark shaded area in
Figure 5A�C increases nonlinearly, causing the back-
ground current to increase nonlinearly.
Figure 5D�F show the evolution of SF(jqBj) with

source�drain bias for graphene (black curve). The
red-shaded area represents the current density at a

Figure 4. (A, B) Tunneling current density in graphene and
MoS2 with varying coherence lengths qC

�1. (C) Comparison
of the PVR dependence on coherence length in graphene
and MoS2 symFETs. Valley currents were measured 0.2 V
above the NDR peak because the background current
increases as a function of VDS. (D) Comparison of the shift
inNDRpeak position (referenced to 100 nmvalue) at varying
coherence lengths. There is almost no shift for MoS2, while
the graphene peak position has a large shift at small
coherence lengths. Simulations were performed with VTG =
�1.5V,VBG=1.5V, andCTOX=CBOX=3μF/cm

2. The interlayer
consists of two layers of h-BN (0.6 nm), with a capacitance
of 6.2 μF/cm2. We assume |MB0| = 0.01 eV and κ = 3.8 �
107 cm�1.

Figure 5. Different contributions to the tunneling current in graphene symFETs. (A�C) Density of states of the top (gtop) and
the bottom layer (gbot) and the Fermi function overlap of both layers (|fbot� ftop|) versus the energy, referenced to the bottom
layer Dirac point. The dark shaded area shows the portion of states capable of tunneling. (D�F) Spectrum of the scattering
potential (solid line, left axis) and the contribution to the current density at each energy (red shaded area, right axis). The
integral of the red-shaded area (

R
JdE) gives the current density at a given bias voltage. (A, D) At low source�drain voltages,

there is a small overlapbetween theFermi functions in an areawith lowdensities of states and a small valueof SF(jqBj), causing a
low tunneling current. (B, E) As the source�drain voltage reaches theNDRpeak, the contribution due toband alignment grows
and there is a highprobability of tunneling, causing the current to reach amaximum. (C, F) Increasing the source�drain voltage
increases the band alignment contribution but decreases the probability of tunneling, causing the current to decrease.
Simulations were performedwith VTG =�1.5 V, VBG = 1.5 V, and CTOX = CBOX = 3 μF/cm2. The interlayer consists of two layers of
h-BN (0.6 nm), with a capacitance of 6.2 μF/cm2. We assume |MB0| = 0.01 eV, κ = 3.8 � 107 cm�1, n = 1.5, and qC

�1 ≈ 10 nm.
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given E (the product of terms R, β, and γ in eq 1), with
the total current density given by the integral of the
red-shaded area. When the Dirac points in the two
electrodes are not aligned, there is a single energy
where the magnitude of the wave-vector in the top
layer and the magnitude of the wave-vector in the
bottom layer are equivalent and a small range of
energies where the momentum difference is small
enough that there is still a high probability of tunnel-
ing. For most values of energy, there is a large wave-
vector difference and the probability of tunneling is
small. Because tunneling can occur only for a narrow
range of energies, the current density is also small.
In contrast, at the NDR peak (Figure 5E) there is a small
difference in the magnitude of the wave-vector and
high tunneling probability for all energies. At a given
coherence length, as VDS changes, the Dirac points of
the two graphene layersmove gradually relative to one
another and the product of terms R, β, and γ of eq 1
increases to a maximum at the NDR peak before
decreasing again. The smooth transition for graphene
is due to the linearly increasing density of states as a
function of energy. As the coherence length decreases,
the width of the SF(jqBj) function increases. Because the
density of states and Fermi function difference (eq 1
terms R and β) are always increasing as a function of
source�drain bias and the current density depends on

the product of SF(jqBj) with these terms, the NDR peak
position is a function of coherence length (Figure 4D).
In 2DTMDssuchasMoS2 andMoTe2, the characteristics

of theNDRpeakare significantly alteredby thedifferences
in band structure compared to graphene. The theoretical
density of states for TMDs is constant within the valence
and conduction bands, with zero states available within
the band gap. Because tunneling can occur only at points
where both densities of states are nonzero, tunneling is
restricted to two energy ranges: one within the conduc-
tion band and the other within the valence band.
To the left of the resonance peak, only a small

number of states can tunnel, governed by the tail of
the Fermi functions in each layer (solid line in Figure 6A).
As the bias voltage increases, the band edges move
closer together and more of the Fermi function differ-
ence overlaps with the density of states, causing large
increases in the tunneling current with small changes in
bias voltage. The NDR peak occurs at the VDS where the
band edges of the TMD layers are aligned (Figure 6B). To
the right of the resonance peak, the contribution from
the density of states (term R in eq 1) is constant and the
current changes only due to the Fermi level (Figure 6C).
This suppresses the valley current and contributes to
the increased PVR observed in TMD symFETs.
Figure 6D�F shows SF(jqBj) for MoS2 to MoS2 tunnel-

ing. At source�drain values far from the resonance

Figure 6. Different contributions to theMoS2 tunneling current at three source�drain bias conditions. (A�C) Density of statesof
the top (gtop) and the bottom layer (gbot) and the Fermi function overlap of both electrodes (|fbot � ftop|) versus the energy
referenced to the bottom layer conduction band. The dark shaded area shows the portion of states capable of tunneling. (D�F)
Spectrum of the scattering potential (solid line, left axis) and the contribution to the current density at each energy (red-shaded
area, right axis). The integral of the red-shaded area (

R
JdE) gives the current density at a given bias voltage. (A, D) At low

source�drain voltages, there is a small overlap between the Fermi functions, and the density of states in theMoS2 with the area
limitedby thebandedgeof thebottom layer.SF(jqBj) also has small values in the rangewhere tunneling canoccur. (B, E) Theband
edges perfectly align at the NDR peak, with a larger contribution from the density of states and Fermi function overlap and a
maximumprobability of tunneling. (C, F) As VDS continues to increase, the only increase in the states that can tunnel comes from
small changes in the Fermi level due to increases in carrier concentrations. The probability of tunneling is small formost energies
and the range of energies over which tunneling can occur is cut off by the top layer band edge, leading to a small valley current.
Simulations were performed with VTG =�1.5 V, VBG = 1.5 V, and CTOX = CBOX = 3 μF/cm2. The interlayer consists of two layers of
h-BN (0.6 nm), with a capacitance of 6.2 μF/cm2. We assume |MB0| = 0.01 eV, κ = 3.8 � 107 cm�1, n = 1.5, and qC

�1 ≈ 10 nm.
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peak, the tunneling probability is small, resulting
in low values of valley current. Near the band edge,
SF(jqBj) decreases due to the

√
E dependence of the

momentum in each layer. Far from the band edge,
the change in wave-vector with energy is small so that
the difference between the magnitude of the wave-
vectors (jqBj) of each layer is constant. When the band
edges are offset, the magnitude of the wave-vector
near the band edge producing the cutoff varies more
quickly than in the other layer, causing a larger differ-
ence in momentum between the top and bottom
layers. At the resonance peak, the contribution from
SF(jqBj) enters the peaked region and the decrease in
SF(jqBj) near the band edge disappears because the
band edges are aligned and themomentum difference
is aminimum. This results in a steep, narrowpeak in the
current�voltage characteristic.
An important consideration for the fabrication of

real devices is the effect that band tail states will have
on the current�voltage characteristic. In currently
available synthetic 2D materials, the large number of
defects is expected to lead to significant band tail
states,47 and poor material quality has been cited as
a factor in the relatively low mobilities observed in
lateral-transport-based devices. Similarly, it is expected
that defects will affect vertical transport by increasing
the background current and diminishing or even
dominating the NDR peak. However, the exact nature
of defects in TMDs is not yet well defined, and full
treatment of the variety of band tail states that may
be present is complex. For example, band tail states in
TMDs are likely due to either vacancies or interstitials,
and the capture cross-section of such defects is not
well known. To provide an initial understanding of the
impact of these states, a simple model was developed

in the Supporting Information (Figure S3a and b) to
examine the impact of tunneling between states in the
conduction and valence bands and defect states in the
band gap. It is clear that the presence of significant
defect densities will result in much higher background
currents and can eliminate the NDR peak. This clearly
demonstrates the necessity for higher quality TMD
materials for vertical heterostructure applications.
Themechanisms explored in this paper demonstrate

that the band structure of the 2D material has impor-
tant implications for its application to resonant tunnel-
ing. Table 1 compares the device performance for
TMDs to both conventional resonant tunneling devices
and graphene symFETs. Generally, a PVR of 5 ormore is
necessary for most applications, and for some applica-
tions a steep slope with a higher PVR is desirable.1 The
majority of devices contained in the table show low
PVRs unsuitable for device applications. Compared to
III�V resonant structures, TMD symFETs are not limited
by the presence of sub-bands that increase the valley
current. While our simulations overestimate the PVR
because we include only elastic scattering, theoretical
studies of III�V structures restricted to elastic scatter-
ing show PVRs at least an order of magnitude below
our results for TMD symFETs.15,17 Graphene-based
devices have limited PVR because of a strong depen-
dence of the valley current on the source�drain bias,
while the presence of a band edge in TMDs causes a
sharp, narrow peak by suppressing the valley current.
Our simulations have important implications for the

scaling of symFETs as well. Graphene symFETs require
a coherence length of several tens of nanometers
for anNDRpeak to be present, restricting theminimum
device size to approximately this value. In contrast,
for MoS2 symFETs an NDR peak persists to a few

TABLE 1. Comparison of PVR in Different Types of Resonant Tunneling Structures

ref materials qC
�1 (nm) n T (K) PVR VDS at peak position (V)

5 InGaAs/AlAs/InAs 300 30 1.94
7 Si/SiGe 300 2.43 2
9 GaSb/AlSb/InAs 77 2.7
17 GaN/AlGaN (theory) 455 7.5
15 InGaAs/InAlAs (theory) 20 0.4
26 graphene-h-BN-graphene (expt) 7 4 0.32

300 1.3 1
26 graphene-h-BN-graphene (theory) 12 2 10 4 0.3
25 graphene-h-BN-graphene (theory) 12 3 10 10 0.28
this paper graphene-h-BN-graphene (theory) 10 3 300 14 0.68

200 3 300 180
this paper MoS2-hBN-MoS2 (theory); EG = 1.8 eV; me

* = 0.378 10 3 300 4854 1.9
200 3 300 109

this paper MoTe2-hBN-MoTe2 (theory); EG = 0.9 eV; me
* = 0.235 10 3 300 1041 1.14

200 3 300 3 � 108

this paper HfSe2-hBN-HfSe2 (theory); EG = 0.45 eV; me
* = 0.18 10 3 300 114 0.86

200 3 300 1.8 � 108

this paper ZrSe2-hBN-ZrSe2 (theory); EG = 0.29 eV; me
* = 0.22 10 3 300 296 0.64

200 3 300 2 � 108
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nanometers. This means that MoS2 symFETs could
be scaled to meet device size requirements in digital
logic applications. Furthermore, the wide range of 2D
materials with vastly different properties suggests that
an optimized heterostructure could be created out of
entirely 2D materials.

CONCLUSIONS

This work demonstrates that the use of TMDs in the
symFET architecture has the possibility of drastically

improving the achievable PVR over previously con-
sidered resonant tunneling devices. In particular, TMD
symFETs can produce a PVR up to 109, compared to
only a few hundred in graphene or III�V RTDs. Addi-
tionally, the peak in TMD symFETs will persist to device
sizes of only a few nanometers, making these devices
highly scalable and appealing for nanoelectronics.
However, symFETs fabricated using currently available
TMDs are likely to be limited by the presence of band
tail states.

METHODS
The charge balance equations relating the oxide voltages,

carrier concentrations, and terminal voltages are described in
the Supporting Information. For each bias voltage, a Newton�
Raphson solver was used to self-consistently solve the charge
balance equation and determine the band alignment between
the electrodes. Based on the band alignment, the current
density was calculated for energies ranging from deep within
the valence band to deep within the conduction band. Numer-
ical integration of the current density as a function of energy
yielded the total current density for a given bias condition.
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