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Tunnel field-effect transistors based on van der Waals heterostructures are emerging device concepts for
low-power applications, auguring sub-60 mV /dec subthreshold swing values. In these devices, the channel
is built from a stack of several different two-dimensional materials whose nature allows tailoring the band
alignments and enables a good electrostatic control of the device. In this work, we propose a theoretical
study of the variability of the performances of a MoS,-ZrS, tunnel field-effect transistor induced by
fluctuations of the relative position or the orientation of the layers. Our results indicate that although a steep
subthreshold slope (20 mV /dec) is achievable, fluctuations in the relative orientation of the ZrS, layer
with respect to the MoS, one lead to a significant variability in the tunneling current by about one decade.
This arises from changes in the orbital overlap between the layers and from the modulation of the transport

direction.
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I. INTRODUCTION

The reduction of the physical dimensions of the com-
plementary metal-oxide-semiconductor transistors has been
leading to a continuous performance degradation accom-
panied with an increase in power consumption [1,2]. Since
silicon is gradually reaching its intrinsic limits in terms of
scaling capabilities, new materials are being investigated as
potential replacement candidates in the transistor channel.
Among them, two-dimensional (2D) materials [3] are one
the most promising class of materials that have the potential
to further enable the downscaling of the transistor dimen-
sions, thanks to their self-passivating nature and to the
promise of an improved electrostatic control [4,5]. Yet, the
current building block of nanoelectronics, i.e., the metal-
oxide-semiconductor field-effect transistor (MOSFET) is
also intrinsically limited in terms of switching perfor-
mances due to the Fermi-Dirac distribution of the charge
carriers, which sets the lowest limit to the subthreshold
swing (SS) at 60 mV /decade at 300 K [6]. The approach to
reducing the power consumption consists of lowering the
supply voltage of the transistor V. This, however, sets an
intrinsic limit to the on:off ratio of the drive current and
hampers the modulation achievable during the device
operation. To circumvent this issue, new device concepts
have emerged to filter the energy distribution of the injected
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electrons and, hence, to allow a steeper switching, with SS
values below 60 mV /dec. One of them is the tunnel field-
effect transistor (TFET), which relies on band-to-band
tunneling current [7-9].

The combination of this concept with 2D materials in a
TFET offers the promise of the development of low-power
transistors. For this to occur, van der Waals heterostructures
[10] could be used, with the constraint that the two under-
lying materials exhibit a close-to-broken band-gap alignment
between their respective valence and conduction bands.
Naturally, alternative band alignments can be obtained by
tuning the nature of the materials used in the heterostack
[11,12]. This concept has been demonstrated by Szabo et al.
for a MoTe,-SnS, heterostructure [13]. However, as the
main interlayer interactions are weak van der Waals forces,
the active layers in the channel constituting the stack may
easily move with respect to each other, which would induce
some variability in the control of the layer alignments and,
consequently, have an impact on the electronic properties
and on the performances of the devices.

In this work, we focus on transition metal dichalcoge-
nides (TMDs), present a theoretical study of the MoS,-ZrS,
heterostructure for a TFET application, and analyze how
the relative layer alignment impacts the device character-
istics. We consider MoS, and ZrS, in their 2H morphology,
since recent reports suggest that transitions between the 17
and 2H morphologies are possible for ZrS,, for instance
with partial hydrogenation [14]. Our results reveal that
although this combination of materials is promising for
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TFET applications, a variation in the relative position of the
layers induces a strong variability on the TFET electrical
performances. The modulation of the on and off currents
together with the subthreshold slope of the device origi-
nates from the variations induced by the changes in
orientation on the orbital overlap between the layers
and/or on the transport direction.

II. COMPUTATIONAL DETAILS

The lattice structural properties of the stacked layers
are evaluated using first-principles calculations with the
optimized Becke 1986 functional (optB86b) exchange-
correlation functional [15] and with the Grimme D2
correction scheme for the dispersion forces [16], as
implemented in the QUANTUM ESPRESSO software package
[17]. The cutoff value for the kinetic energy is set to be
60 Ry and the k-point grid to a 9 x 9 x 1 Monkhorst-Pack
one [18] (a k-point density of 0.1 A="). This ensures that
the total energy is converged within 0.002 eV/atom
between two iterations and that the resulting total atomic
forces are inferior to 0.005 eV/A. The core electrons are
approximated using the Garrity-Bennett-Rabe-Vanderbilt
(GBRV) ultrasoft pseudopotentials [19]. The electronic
properties of the MoS,-ZrS, heterostructures have been
evaluated using different layer alignments, built by the
application of translation and rotation operations of the
7ZrS, monolayer with respect to the MoS, one. Given that
the lattice parameters of the 2H phases of MoS, and ZrS,
are very different (3.14 A vs 3.53 A), the creation of a
periodic unit cell for the heterostructure requires some
adjustments to accommodate the lattice mismatch and the
artificial strain induced in the layers, which would other-
wise strongly alter the electronic and transport properties.
In order to achieve this, we perform a rotation (of 30°) of
the ZrS, layer in the direction normal to the TMD plane,
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FIG. 1. Atomistic top view of a one-monolayer MoS,—one-
monolayer ZrS, heterostructure. The red, blue, and yellow
spheres correspond to Mo, Zr, and S atoms, respectively. The
angle stresses the rotation applied to the ZrS, (30°) about the
vector normal to the 2D planes, with respect to the MoS, layer.

as illustrated in Fig. 1. Although the dimensions of the
resulting supercell are larger than the primitive ones
(6.19 A), it allows minimizing the applied strain values
applied to 1.5% for MoS, and 1.2% for ZrS,. In the absence
of this rotation, the strain would reach an excessive value of
11%. We then relax the atomic structure, keeping the unit
cell constant. Once this process is completed, we compute
the band structure to evaluate the effective band gap
corresponding to the heterostructures. To analyze the
orbital nature of the conduction and valence bands, we
perform a projection of the computed wave functions

w, () at k point k and band index n onto orthogonalized
atomic wave functions for each point of the band structure,
following

R GEDY )

where the set {¢ ()} is composed of the pseudoatomic
orbitals read from the GBRV pseudopotentials. The coef-

ficients A%, define the weight of each orbital in each of the
points constituting the band structure.

The Bloch functions of the relaxed stack are then
projected onto maximally localized Wannier functions
[20] using the WANNIERYO software package [21]. This
approach allows building a tight-binding-like Hamiltonian
for each configuration which accounts for the interactions
up to the sixth nearest neighbors. The ballistic transport
properties of the stack are then evaluated using the non-
equilibrium Green’s-function formalism as implemented
in the OMEN package [22]. The building of a device
Hamiltonian compatible with the quantum transport solver
is performed by generating a rectangular supercell using
hexagonal unit cells as building blocks.

We focus on p-i-n TFETs with a channel made of a one-
monolayer MoS,-ZrS, heterostructure, controlled by two
gates of 10-nm length, separated from the heterostack by
3 nm of HfO, (Fig. 2). The equivalent oxide thickness is
therefore set to a technologically relevant value of 0.6 nm

FIG. 2. Schematic view of a TFET built on a van der Waals
heterostructure made of two layers. The ideal device contains
doped electrodes (a source and a drain) and a p-i-n—doped central
region. It is controlled by two gates, isolated from the channel by
a high-x gate dielectric material.
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[23], which also ensures a good electrostatic control on the
device. The doping concentrations in the electrodes are set
to be 6 x 1013 e/cm?, p type for the source and n type for
the drain, in line with the values found in experimental
reports [24]. The drain-to-source bias Vpg is set to be 0.1V,
to avoid artifacts related to the ballistic transport formalism
used. This shortcoming was analyzed by Szabo and co-
workers [5], who demonstrated that the negative differential
resistance arose from the ballistic formalism [25]. The
contribution of gate leakage current is not accounted for
in our calculations. For each channel configuration, we
compute the transmission spectra and current-voltage
characteristics for gate-voltage-bias (V) values that range
from O to 0.35 V. The change in relative positions of the
layers is obtained by applying either a translation or a
rotation of the ZrS, layer with respect to the MoS, one.
Translations are operated on a 4 x 4 grid by steps of 0.5 A
along each of the in-plane axes (X and Y). Rotations are
performed by steps of 60° and allow us to account for a
change in the transport direction in ZrS,. This is especially
important since ZrS, has a strongly anisotropic electron
effective mass, while MoS, has an isotropic one [26].

III. RESULTS AND DISCUSSION

The computed band structure for a MoS,-ZrS, hetero-
structure is shown in Fig. 3, along with the band alignment.
The contributions from the different atomic sites are
separated using the methodology described above and
are regrouped by layer (being either MoS, or ZrS,).
To visualize this contribution, we attribute a coloring
scheme to each point of the band structure according to
a computed weight, ranging from bright red (wave function
being fully localized on MoS,) to blue (wave function
being fully localized on ZrS,). The diagram stresses that
the MoS,-ZrS, heterostructure has an effective band gap
of 0.26 eV, whose edges are defined by the valence band

ZrS,

s MoS, | ZrS,
o 0.26 eV}
v} i
. BCB
o, — TvB
(b)
FIG. 3. (a) Band structure of a MoS,-ZrS, heterostructure.

The bands are colored in red for MoS, and blue for ZrS,, using
projections on atomic orbitals. The top of the valence band is
located at the K symmetry point and the bottom of the conduction
band is found along the I'-K symmetry line. (b) Schematic
representation of the band alignment computed for the
MoS,-ZrS, heterostack.

of MoS, and the conduction band of ZrS,. This band
alignment is close to a broken band gap and in good
alignment with previous results reported by Rasmussen and
Thygesen [27]. Note, however, that these authors consid-
ered isolated layers while in our case, we evaluate the
electronic properties of the stacked interacting materials. In
the heterostructure, the band gaps of MoS, and ZrS, are,
respectively, 1.80 and 0.97 eV, showing almost no change
compared to the value of the isolated monolayer case for
MoS, and a reduction of 0.1 eV for ZrS,.

The examination of the detailed contribution of each
atomic orbital in the heterostack reveals that the top of the
valence band (TVB) is mainly composed of the p, orbitals
of the S atoms from the MoS, layer, while the bottom of
the conduction band (BCB) arises from the contribution of
the d orbitals of Zr. It is interesting to note that in the
heterostructure, the bottom of the conduction band (which
is defined by the ZrS, layer) is found along the I'-K
symmetry line of the Brillouin zone instead of the I'-M one
as it is the case in isolated ZrS, monolayer, with a small
energy difference (0.04 eV) separating these two minima.
In terms of electron effective mass (illustrated in Fig. 4),
these two valleys exhibit fairly different values and
anisotropy. In the I'-K valley, it is strongly anisotropic
and spans from 1.26m, to 16.5m,, where my =
9.1 x 103! kg is the electron mass at rest. In the I'-M
valley, the modulation of the effective mass is less
pronounced, going from 0.93m, to 1.82m;,. This is different
from the MoS, case, where the effective mass is isotropic.

At the difference with other concepts of TFET devices
based on more conventional semiconductor heterostruc-
tures (i.e., III-V materials [28]), the main interaction at
the heterostructure is defined by weak van der Waals forces.
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FIG. 4. Evolution of the electron effective masses computed for
ZrS, for two different conduction band valley minima, one along
I'-K (green, solid), and the other one along I'-M (dashed) with
respect to the transport direction chosen. The electron effective
mass for MoS, is stressed in comparison as a red dotted line.
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In other words, the system has no direct bond between
the layers constituting the heterostructure. They can,
hence, have some degrees of freedom in their relative
orientation or position with respect to each other, given that
their interaction energy is weak. Enforcing them into a
reproducible stacking pattern can therefore be challenging,
especially if the layers are transferred on top of each other
during the integration steps of the device. We hence gauged
the modulation of the device performances with respect
to this variability, accounting for changes in alignment
between the layers. We decompose the impact into two
components, a translation and a rotation one. The changes
in interaction energy at the surface, resulting from these
operations (Ejyeraciion) are evaluated by the expression

o Eheterostructure - (Etop layer + Ebottom layer)

interaction —

E

Sunit cell
(in mJ/m?),

where Syt cenn 18 the unit cell surface, Epierostructure 18 the
total energy of the heterostructure, and Eyyp jayer/ Epottom Tayer
are the total energies of the isolated top and bottom layers.
Since the interaction energy is driven by the atomic
alignment between the layers, we evaluate this expression
for two different stacks, accounting for a large mismatch
(MoS,-ZrS,) and a small one (MoS,-WS,). It turns out that
the computed values are, respectively, 176 mJ/m? and
336 mJ/m?, and lie within the reported typical order of
magnitude for van der Waals interactions, such as in MoS,
[29] and WS, [30]. Whenever the lattice parameters of the
stack layers are similar, as it is the case for MoS,-WS,, the
layers interact more significantly. Our simulations reveal
that in the MoS,-ZrS, heterostructure, the total energy
evolves weakly, with variations inferior to 10 mJ/m? upon
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FIG.5. Change in total energy with respect to the rotation angle

applied to the layer in contact with MoS,.

translations and rotations (Fig. 5). This observation sug-
gests that there is little thermodynamic driving force that
could favor a specific orientation for the heterostacks. In
contrast, for stacks made of materials with similar lattice
parameters, such as MoS,-WS,, the interaction between the
layers is enhanced and variations in energy larger than
100 mJ/m? are observed (Fig. 5). In this case, the hetero-
structure tends to adopt a preferential (AA’, for instance)
stacking pattern. The electronic properties of the
MoS,-ZrS, stack are found to be unaltered by relative
translations and rotations of the layers, with changes in the
band gap and offsets lower than 0.01 eV.

The simulations of the device characteristics reveal that
the performances of the MoS,-ZrS, TFET are attractive in
terms of the I,/ ratio with ~8 orders of magnitude of
variation in the drive current, and a steep subthreshold
swing of 16 mV/dec, as shown by the red curve in
Fig. 6. The on current (~10 pA/um) is comparable to
the values reported for state-of-the-art TFET devices made
of traditional 3D semiconductors [31]. Therefore, the
combination of this relatively large on current with the
steep subthreshold slope makes this device very promising
for low-power applications. However, we also observe a
variability (around one order of magnitude) upon trans-
lations and rotations of the ZrS, layer with respect to the
MoS, one. Given that the MoS,-ZrS, heterostructure has a
close-to-broken band-gap alignment, a band-to-band tun-
neling current is expected to take place upon the electro-
static modulation of a gate, between the TVB of MoS,
(Fig. 3, red) and the BCB of ZrS, (Fig. 3, blue). Therefore,
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FIG. 6. Current-voltage characteristics in a MoS,-ZrS, TFET
(red solid curve). The gray shaded area depicts the range of
current values observed in all the tested configurations, which
include translation and rotation operations applied on the ZrS,
monolayer. To illustrate the variability in current, the current-
voltage characteristics are also shown for two other configura-
tions, obtained by a translation of the ZrS, layer by 0.5 A (green)
and 1 A (blue).
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both the transport direction (due to the anisotropic effective
mass in ZrS,) and the overlap between those orbitals should
play a central role in this out-of-plane tunneling process.

To obtain insight into the tunneling current and its
variability with respect to the transport direction, we first
consider the expression of the tunneling current density J
provided by the Wentzel-Kramers-Brillouin approxima-
tion, while assuming that the potential barrier adopts a
triangular shape [32]:

_\2mi?FVg (4 2mpEL?
82 h2E* 3qFh )’

where mj = [(1/m}) + (1/m})]~" is the reduced effective
mass, m, is the electron effective mass (corresponding to
the ZrS, layer), m;, is the hole one (MoS, layer), 7 is the
reduced Planck constant, ¢ is the charge of the electron, Es
is the effective band gap, V', is the reverse bias, and F is the
maximum electric field in the junction (here, at the p-i
boundary). For 2D materials, an analogous expression was
derived by Jena [33]:

qV

2E

o 49c90\/ 2mzE
g0 = 4990V SRE g7

272 h?

- 14
+ \/qVXZEexp(—;]—E>

where g, =2 is the spin degeneracy, g, is the valley
degeneracy, erf(x) = (2//7) [ e~" dt is the error function,
E=qhF/2\/2myEg, and To=exp(—4./2myE:” |3ghF).
By changing the transport direction, only the electron
effective mass of ZrS, is impacted, leading to a modulation
of the reduced effective mass (m}) while the hole effective
mass of MoS, remains at 0.56m,. Near the off state (at low
V), only the I'-K valley is populated, with a direction-
dependent electron effective mass varying from 1.26m,, to
16.5mg, so mpy varies from 0.39m to 0.54m,. In the on
state (high V), the I'-M valley is also populated and
becomes dominant. Its electron effective mass varies from
0.93m to 1.82m. This reduces the mj} variations, which
go from 0.35m to 0.43m, and, therefore, leads to a weaker
impact on the interband tunneling current. Assuming an
electric field of 5 V/nm and a band gap of 0.26 eV, we find
|

(qV —E) x/f_rerf<
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FIG. 7. lustration of the method used to compute the simplified
orbital overlap between the layers. (a) Atomic configuration on
which disks of radii 0.5 A are sketched around the S atoms of
MoS, (light gray) and the Zr ones in ZrS, (blue). The intercepting
area of the two surfaces, colored in dark gray, provides the total
simplified orbital overlap corresponding to the atomic configura-
tion chosen for the stack. (b) The overlap area is computed by the
overlap of each pair of disks of different colors.

that the current varies by 15% whenever the I'-K valley is
used while for the I'-M one, it varies by only 9% in the I'-M
valley upon rotation. This, however, cannot explain by
itself the large variations computed in our first-principles
and quantum transport calculations reported in Fig, 6 upon
translation and rotation operations.

As mentioned above, the overlap between the p, (S
from MoS,) and d (Zr) orbitals are expected to have a
significant impact in the tunneling process. To quantify it,
we adopt a simplified approach that consists of evaluating
the intersection of the p, and d > orbitals between the layers
through a two-dimensional projection. Given the shape
of the p, and d orbitals, their projections onto the atomic
plane is circular. We, hence, approximate the orbital over-
lap between the wave functions of the layers active in the
transfer process by evaluating the overlay cross sections
between the projected orbitals. This consists of determining
the intersection between two disks for each pair of
projected orbitals in the different layers on the atomic sites
of interest. The radii of the cross sections are arbitrarily set
to be 0.5 A. This simplified approach allows the evaluation
of a first-order approximation of the orbital overlap
between the TVB from the MoS, layer and the BCB from
the ZrS, one for each configuration of the stack, as
illustrated in Fig. 7. The overlap S;; for a pair of atoms
(i, j) between two disks of radii r; and r,, separated
by a center-to-center distance d, within the boundaries
0 < d < r; + r, takes the form

1
Sijzi\/(d+”1+”2)(—d+’”1+r2)(d+ ry—nr)(d—ri+r).

To understand the possible impact of topology on the
device properties’ variability and on the factors driving it,
we compare the resulting drive current for two different
gate bias values, at 0.05 and 0.35 V, which correspond to

|
the potentials needed to obtain a steep region and an on
region, respectively.

At V; =035V, the space-resolved local density-of-
states profile and the transmission spectrum (Fig. 8) reveal
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FIG. 8. (a) Spatially resolved local density of states (LDOS)
computed along the same device for an energy range of 1 eV at
Vs =0.35 V (on state). (b) Transmission spectra corresponding
to the /-V curves shown in Fig. 6 for the same energy values as in
the LDOS profile. Also shown are the transmission spectra for
two other configurations obtained by a translation of the ZrS,
layer by 0.5 A (green) and 1 A (blue). The computed drive-
current densities in the three configurations are 14.6, 14.4, and
9.2 uA/pm, corresponding to the red, green, and blue curves,
respectively.

that the main component of the current is dominated by
a band-to-band tunneling process occurring between the
TVB of MoS, (from the sulfur atoms) and the BCB of ZrS,
(from the zirconium atoms). This tunneling process at the
origin of the steep subthreshold switching of the device and
the computed transmission profiles are similar to the ones
reported by Szabo et al. for a MoTe,-SnS, TFET device
concept [13]. This is also confirmed by the position and the
sharpness of the transmission peak, which occur in the
narrow energy range corresponding to the region where
the conduction band of ZrS, falls below the valence band
of MoS, ([1.6,1.75] eV) due to the applied gate bias.
Interestingly, the translation of the ZrS, layer by 0.5 and
1 A along the x axis leads to a change in both the
transmission peak positions and intensities, which hints
at a modulation of the interaction between the layers and,
hence, to a change in the device behavior. For these three
configurations, the resulting current density values are,
respectively, 14.6, 14.4, and 9.2 yA/pm.

Whenever the layers are rotated or translated with respect
to each other, the off and on currents, as well as the SS are
significantly modulated (Fig. 6, shaded area). Close to the
off state [Fig. 9(a)], the current varies with a 15-to-1 ratio,
depending on the configuration adopted. Interestingly, in
the case of the translated layers, there is a clear correlation
between the intensity of the current and the computed
orbital overlap, highlighting the importance of the band-to-
band tunneling component and its dependence on the
relative positions of the layers [Fig. 9(a)]. Upon rotation
operations, certain current points appear to lie within the
variations obtained upon translations, while other ones lie
outside the distribution [see label (1) in Fig. 9(a)]. We
attribute this deviation to the modulation of the anisotropic
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FIG. 9. Drive current at (a) V5 =0.05V and (b) at V; =
0.35 V for different stack configurations obtained by translations
and rotations of the ZrS, layer with respect to the MoS, one. The
x axis reports the computed simplified orbital overlap. Configu-
rations obtained by translation (rotation) are shown in red, small
dots (blue, stars). An exponential fit is drawn to underline the
correlation between the current and the orbital overlap.

electron effective mass of ZrS, along the I'-K valley
(Fig. 4).

The dependence on the orbital overlap between the
layers appears to be less pronounced for the on state.
Further, at high V; values, the conduction valley along
I'-M also becomes populated and dominant in the device
operation, consistently with the band structure shown in
Fig. 3, where a small difference of 0.04 eV exists between
the two minima. In this valley, the electron effective mass is
more isotropic than in along the I'-K symmetry line, with a
modulation going from 0.93m, to 1.82m, (Fig. 4).

In conclusion, the combination of these effects on the on
and off currents leads to a modulation of the on:off ratio
from 6 x 10° to 9 x 10® and to a distribution of the SS that
spans from 10 mV /dec to 26 mV /dec.

IV. CONCLUSIONS

Our ballistic quantum transport simulations, based on
first-principles Hamiltonians projected onto a Wannier
basis, suggest that MoS,-ZrS, is a promising material
combination to develop a TFET device with a subthreshold
swing below 20 mV/dec and a large on:off current ratio.
Despite the apparent invariance of the band structure with
respect to the alignment of the layers, our findings also
indicate that a variability exists in the tunneling current,
which depends on both the interlayer orbital overlap and on
the transport direction. Both the on:off ratio and subthresh-
old slope are found to be strongly impacted. Our study
stresses the fact that 2D materials used to build a hetero-
stack for TFET application should not only meet the
requirements in terms of a (close to) broken band-gap
alignment but also that the two materials should have
similar lattice properties to favor a controlled specific
relative orientation of the layers and hence to reduce the
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variability induced by changes in their relative alignment.
Therefore, adopting a heterostack built on MoTe,-SnS,,
MoTe,-ZrS,, or HfS,-SnSe, could help with enforcing the
alignment, thus reducing the variability.
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