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Abstract—Using our DFT+NEGF code, we confirm previous
work which shows that cold metal contacted transistors based
on 2D materials can achieve subthreshold swings lower than the
thermionic limit. This is, however, only true in the ballistic limit
and is negated by scattering effects. Additionally, symmetrically
connected devices suffer from degraded on-current which in-
creases with increased source-drain bias due to reduced overlap
of the energy windows of available states at source and drain.

Index Terms—semiconductor device modelling, cold metals,
metal-semiconductor interfaces, NEGF, 2D materials

I. INTRODUCTION

The class of two-dimensional (2D) materials is an interest-
ing candidate for next-generation ultra-scaled devices. Their
minimal channel thickness due to their two-dimensional nature
results in excellent electrostatic control by the gate which
could counter certain short channel effects [1], [2]. Addition-
ally, 2D materials are predicted to be the more resilient against
device variation and surface defects and roughness due to
their uniform thickness and lack of out-of-plane bonds [3],
[4]. However, even if the electrostatic control were perfect,
2D materials are still limited by the thermionic limit of
60mV/dec which puts constraints on the operating voltage
Vdd for fixed ION/IOFF -ratio [5]. An interesting candidate
to circumvent the constraints posed by the thermionic limit,
can be found in the class of cold metals [6]. Cold metals
have no or limited high-energy states, meaning there is limited
injection of carriers at energies high enough to cross the
channel barrier in off-state. Previous research [6] has shown,
using a combination of density functional theory (DFT) and
the non-equilibrium Green’s function (NEGF) formalism for
transport characteristics, that cold-metal contacted transition-
metal chalcogenides (TMDs) can achieve subthreshold swings
(Sth) much lower than 60mV/dec. However, this work, and
indeed most work based on NEGF, operates in the ballistic
limit, where scattering due to electron-phonon interactions
is neglected. Our NEGF code, ATOMOS [7], allows us to
incorporate the effect of electron-phonon scattering. In Section
II, we discuss the modelling choices made within our NEGF
framework. In Section III, we look at simulation results
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of several semiconductor devices with different cold-metal
contact configurations.

II. SIMULATION SPECIFICATIONS

DFT is a well-established simulation technique to extract
electronic and thermodynamic properties of materials, such as
2D materials. However, as DFT inherently simulates materials
in equilibrium, it cannot be used for transport in devices.
The NEGF framework [8] allows one to simulate transport in
devices and incorporate scattering by electron-phonon interac-
tion. ATOMOS operates in a DFT+NEGF framework, where
DFT is used to extract the electronic states present in the mate-
rial. These states are then converted to orbital-like maximally
localized wave functions (MLWFs) using Wannier90 [9]. The
Hamiltonian matrix, expressing the interactions between these
wave functions, is loaded in ATOMOS. ATOMOS then applies
the NEGF formalism using these Hamiltonian matrix elements.
The complete procedure is explained in more detail in [10].
In this work, we focus on NbS2 and WS2 van der Waals
heterojunctions as contacts. Van der Waals heterojunctions are
predicted to be resilient to Fermi-level pinning due to the lack
of dangling bonds at the interface. P-type WS2 transistors have
been shown to allow excellent ON current [10] and NbS2 is a
cold metal with both a large and small band gap at energies,
respectively, higher and lower than the Fermi level, as shown
in Fig. 1 (a).

A. DFT+Wannier

The DFT simulations were performed with Quantum
Espresso [11] and consisted of a relaxation for NbS2 and WS2

with variable cell dimensions, straining both by 2.4% to match
the lattice parameters and then a second relaxation of the
atomic positions, as described in [12]. The OptB86 functional
was used in combination with ultrasoft pseudopotentials and
the Grimme DFT-D3 van der Waals correction with a 30 Å
vaccuum between cells. The energy cut-off for the planewave
basis was put at 75 Ry and a 8×8×1 Monkhorst-Pack grid
was used, which was found to be sufficient to achieve a
relative error on the total energy of less than 10−6. The self-
consistency convergence criterion was set to 10−6 eV and the
atomic force convergence criterion was set to 10−3 eV/Å.
Finally the Wannier90 package was used to extract the MLWFs
and corresponding Hamiltonian elements, starting from 3 p
orbitals on S and 5 d orbitals on W and Nb.978-1-6654-0685-7/21/$31.00 ©2021 IEEE



Fig. 1. The material and device parameters. (a) shows the band structures of
WS2 and NbS2. The red arrows indicate the band gaps of NbS2. (b) denotes
the device dimensions. The left and right part denote respectively the source
and drain region. Each comprises of a pure NbS2 metallic part contacted to
the environment through an ohmic contact, an overlap region which forms the
metal semiconductor top contact, and a pure WS2 source-drain extension.

B. ATOMOS

ATOMOS operates by building a full atomistic device with
a device Hamiltonian, for which the matrix elements are
extracted from the material Hamiltonian. The dimensions of
our dual-gated transistor, are denoted in Fig 1 (b). The doping
levels in the source and drain extensions are set to 1.9 · 1013
cm−2, 10 k-points on half the Brillouin zone are used in the
periodic direction and the effective oxide thickness is chosen
to be 0.5 nm.

III. RESULTS

We simulated the device in Fig. 1 for several source-
drain and source-gate bias conditions. For reference, we also
simulated the device without explicitly incorporating the metal
contacts, i.e., the metal parts where removed and the semi-
conducting parts were extended to achieve the same device
dimensions. The device was then contacted to the environment
through ohmic contacts within the semiconducting regions.
Finally, we also simulated the device with the metal only
explicitly incorporated at the source side and with the drain
side metal part replaced by an ohmic contact. The results for
Vdd = 0.15V are denoted in Fig. 2. From the log scale it
is immediately clear that in the ballistic limit, a subthreshold
swing much lower than the thermionic limit of 60mV/dec is
found, namely ∼ 20mV/dec. When electron-phonon interac-
tion is taken into account, scattering with phonons can grant

Fig. 2. IV curves of a 14nm channel NbS2 top contacted WS2 transistor as
a function of the gate bias for Vdd = 0.15V. Three contact configurations
are considered: explicit metal contact simulation at both source and drain as
denoted in 1 (b) (symmetrically contacted), explicit metal contact simulation
at the source and ohmic contact at the drain (source contacted) and ohmic
contacts at both source and drain without any explicit metal parts (no contacts).
For the first case, both a dissipative simulation and a ballistic simulation with
scattering mechanisms disabled were performed.

Fig. 3. IV curves for the same devices as in Fig. 2 for several source-drain
biases.

carriers the required energy to cross the channel barrier, as
demonstrated by the current spectra in Fig. 4 (a) and 4 (b).
Hence, the symmetrically contacted device is constrained by
the same thermionic limit as the reference without cold metal
contacts. The source contacted reference achieves a marginally
better Sth of 55.5mV/dec, but as this is mostly due to the
lower current of one single bias point, this could be attributed
to numerical convergence issues as well.

Additionally, Fig. 2 shows that the metal contacts introduce
a contact resistance and hence, a drop in the ON current,
ION . As the Schottky barrier height is found to be very
low, this is attributed to the tunneling barrier of the van der



Fig. 4. (a) en (b) current spectra as a function of the position along the transport direction for the symmetrically contacted transistor in Fig. 1 (a) for
Vdd = 0.15V, obtained with, respectively, a ballistic and dissipative simulation. The hatched orange regions at the the edges of the spectra denote the density
of states of the bulk-like NbS2 contacts. The red dashed and full line are respectively the Fermi level in NbS2 and the top of the valence band in WS2. (c)
ON current of a symmetrically contacted NbS2-WS2 transistor as a function of source-drain bias. The current has a local minimum at Vdd = 0.5V. Current
spectra, similar to the ones in (a) en (b), are shown for several values of Vdd, demonstrating the overlap of the injection window at the source with the band
gap at the drain.

Waals gap. It is apparent that the degradation of ION is
much more severe in the ballistic limit. Thus, even though
scattering negates the benefits of using cold metals, it also
helps in preserving sufficient ON current. The source contacted
device shows only a limited decrease of ION . However, for the
symmetrically contacted transistor, ION decreases much more
drastically, even with scattering incorporated. Additionally,
Fig. 3 shows that ION decreases when Vdd is increased for
the symmetrically contacted device. This is attributed to the
fact that the energy at which carriers are injected at the source
comes to lie in the small band gap of the NbS2 at the drain,
when the source-drain bias is increased. Hence, there are no
available states at the drain for the carriers to travel to and
the carriers are required to scatter before being extracted by
the drain. However, as this scattering process is slow, the ON
current is degraded for source-drain biases for which scattering
is a requirement.

The phenomenon of decreased injection window and extrac-
tion window overlap is denoted in Fig 4 (c). One can clearly
see a linear increase of ION with increasing source-drain bias
for low source-drain biases. The current then starts to decrease
as the injection window moves in the small band gap at around
Vdd = 0.3V. Due to the band gap of interest being small, a
further increase of Vdd causes ION to increase again at around
Vdd = 0.675V. For these stronger source-drain biases there is
overlap of the injection window with lower lying states below
the band gap. This is, however, unique to NbS2 and does not

necessarily hold for other cold metals which can have larger
band gaps. It should be noted that for low source-drain biases,
there are states available at the drain for extraction of carriers.
Therefore, there is no evident reason why scattering should be
required to preserve ON current for these low values of Vdd.
Hence, we do not exclude the possibility that the degradation
of ON current in the ballistic limit is not due the cold metal
characteristic of the metal, but a result of a metal top contact
in general. Further discussion of this point is however beyond
the scope of this paper.

Finally, 2D materials and cold metals are candidates for
ultra-scaled devices due to, respectively, their predicted excel-
lent electrostatic control and low subthreshold swings. Espe-
cially the influence of cold metals on the scaling of devices
is of utmost importance, as shorter devices generally behave
more ballistically. However, the discussion above showed
that NbS2-WS2 devices in the ballistic limit show a severe
degradation of the ON current. Therefore, we performed a
simulation of a shortened symmetrically contacted device, with
a channel length of only 5 nm and source-drain extensions
with reduced lengths of 2.3 nm for the part not underneath
the NbS2 contact. For the source-drain bias, Vdd = 0.15V
was chosen to prevent issues concerning the non-overlap of
injection and extraction window. The resulting IV curves are
shown in Fig. 5. It is clear that the ON current is not degraded
significantly more than the 14 nm device. Hence, the benefits
of electron-phonon scattering are preserved for short devices.



Fig. 5. IV curves of the transistor shown in Fig. 1 and a shorter device with
a channel length of 5nm and half length source-drain extensions.

Additionally, it can be seen that the symmetrically contacted
device preserves a marginally better Sth of 65.5mV/dec
compared to 68mV/dec for the pure WS2 reference. Hence,
the subthreshold swing degradation for short devices due to
reduced electrostatic control can be partially countered by the
use of cold metals.

IV. CONCLUSION

We showed that the benefits of cold metals, observed in
the ballistic limit, are negated by electron-phonon interactions.
Scattering processes allow injected carriers to obtain enough
energy to cross the channel barrier. Symmetrically contacted
devices are therefore also constrained by the thermionic limit
of Sth = 60mV/dec. Asymmetric devices with a cold metal
contact at the source only can achieve a lower value for
Sth but only marginally so and this lower value could be
the result of numerical convergence issues. Additionally, the
use of cold metals can give rise to a significant ON current
degradation. Scattering can partially, but not fully, restore
this ON current. Scattering thus negates the benefits of cold
metal contacts but is nevertheless required for adequate device
performance. Even with scattering processes, the ON current
degradation increases with increased source-drain bias due to
limited overlap of the energies at which carriers are injected
and the energies at which states are available for extraction
at the drain. For the case of NbS2 specifically, this process
halts and the ON current starts to increase again beyond
a certain threshold for Vdd due to the availability of states
below the band gap. For shorter devices, expected to behave
closer to the ballistic limit, cold metals can partially offset the
subthreshold swing degradation due to reduced electrostatic
control, although only marginally so. However, they do not
suffer from the ON current degradation found for fully ballistic
simulations.
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