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1. Abstract

In this work, we present a first-principles study of quantum transport in tunnel FETs based on van
der Waals (vdW) heterostructures of transition metal dichalcogenides (TMDs). We focus on 1T-
HfSe, and 1T-SnS> monolayers to construct a vertical heterostructure with a type-I1 band alignment.
By including dissipative effects due to the electron-phonon interaction, we show that vdW tunnel
FETs are highly sensible to the phonon coupling due to polar optical phonons present in TMDs which
results in an increased sub-threshold swing (SS) and reduced ON-current. However, vdW TFETs are
still able to provide high ON-current values due to the inversion of CB and VB at high Ves and high
inter-valley tunneling.

2. Introduction

The tunnel FET (TFET) paradigm continues to attract interest being able to reach a sub-thermionic
behavior in opposition to the MOSFET. However, the ON-current of TFETs based on single 2D
materials remains small [1]. In this context, van der Waals heterostructures represent a promising
platform to look for future electron devices due to high drive currents and steep swings achievable
with vertical tunneling architectures [2-4]. One of the main scattering mechanisms present in this
type of materials and devices is electron-phonon scattering that must be carefully taken into account
for a realistic estimation of device performance. In this work, we propose a first-principles study of
electron transport properties of tunnel FETs based on vdW heterojunctions as sketched in Figure 1.

Figure 1. VAW TFET sketch with
Lsip=8nm, Le=15nm, Lov=10nm, Lext=5nm.

In order to rigorously take into account quantum phenomena ruling the physics of this device
with an ab initio approach, the calculations were performed by means of a home-made code that
couples density functional theory (DFT) with non-equilibrium Green's function formalism [5]. We
focused on 1T-HfSez and 1T-SnS», two transition metal dichalcogenides (TMDs) with a type 1l band
alignment [6], actually close to a type Il1. This kind of heterostructure is expected to be achieved by
exfoliating each material and manually stacking them [7] or by CVD [8]. Their bandstructures



resulting from DFT calculations are plotted in Figure 2. A band inversion between the VB of HfSe;
and the CB of SnS; can be achieved by imposing a vertical electric field. Also, it can be noticed the
small degree of hybridization between the two materials, which arises from the long-range van-der
Waals forces and which avoids Fermi level pinning at the interface.
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Figure 2. Band structures of the
monolayers of 1T-SnS; and 1T-HfSe; and
their vdW heterostructure.

3. Method

In this work, we made use of the plane-wave Hamiltonians computed with the DFT solver
Quantum ESPRESSO [9]. We adopted norm-conserving pseudopotentials based on the Perdew-
Burke-Ernzerhof (PBE) [10] exchange-correlation functional. Van der Waals interactions were
considered in the calculations with non-local van der Waals functional vdW-DF3 [11]. The unit cell
of each material has been relaxed and the calculation of band structures was performed with a kinetic
energy cut-off of 60 Ry. 1T-SnS; is found to be a semiconductor with a bandgap around 1.64eV with
a lattice parameter of 3.7A, which is consistent with literature. For 1T-HfSe,, DFT calculation leads
to a bandgap of 0.53eV and an atomic lattice of 3.752A. These two materials are thus lattice matched
and can form a heterostructure with a strain smaller than 1%. In order to combine DFT Hamiltonian
with quantum transport calculation, the Hamiltonian is projected on a reduced basis composed of
unit-cell restricted Bloch functions [5].

The transport properties are computed within the non-equilibrium Green’s function formalism
with a home-made solver based on the method presented in [5], where the kinetic equations for the
Green’s functions are solved self-consistently with the 3D Poisson equation to obtain an accurate
electrostatic description of the system. To take into account the electron scattering with acoustic and
optical phonons, we considered DFT and density functional perturbation theory (DFPT). Phonon
scattering has been included in the NEGF code by considering local self-energies within the self-
consistent Born approximation (SCBA) [12] where the phonon bath is kept at equilibrium. For
acoustic phonon scattering at room temperature, the elastic approximation can be used, namely
considering E + mq =~ E, where wyq is the phonon frequency at wave vector g. Optical phonon modes
are considered dispersion-less. The electron-phonon matrix elements Mq for acoustic and optical
phonons were described by deformation potential as:
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Where p is the mass density of the 2D material, and vs is the sound velocity. For acoustic phonon,
the deformation potential was calculated from DFT as follows [13]:
OEcwv
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Where Ecv is the conduction or valence band energy for electron or hole respectively and 6 is the
biaxial strain applied to the unit cell.

In this system, the coupling between the electrons and the longitudinal optical (LO) phonon mode
is strong and dominates with respect to non-polar optical phonons. Here, the Frohlich interaction of
polar phonon was described through a deformation potential derived from the scattering rate
computed from a 2D model with DFPT inputs [14]. In this model, the dielectric environment was
also taken into account in the scattering rate calculation. The deformation potential was obtained by
using the self-energy relaxation time approximation that is expressed as:
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Where my and my are the effective masses along x and y direction, respectively.
4. Results

The architecture of the van der Waals tunnel FET under study is illustrated in Figure 1. The source
is composed of p-doped HfSe> monolayer, the drain of n-doped SnS; monolayer and the channel of
the vdW heterojunction. Two gates cover the channel region where the SnS; is undoped and the
HfSe; that is p-doped with the same doping concentration of the source Na=1.0x10*2 ¢cm2. The drain
is n-doped with a concentration of Np=1.0x10"® cm™2. Recent works suggest that it is possible to
spatially control the doping in 2D material with a chemical doping [15-16]. Concerning the electric
control of the devices, a high-«k oxide with a dielectric constant of 25 (similar to HfO,) and a thickness
of 3.2 nm have been chosen to obtain an equivalent oxide thickness (EOT) of 0.5 nm. One of the gate
is grounded in order to control the electric field generated by the other gate in the vdW heterostructure
and thus efficiently modulate the bandgap in this region. The gates are extended over the drain region
material in order to reduce current in off state [4]. Last but not least, a work function difference
between the two gates of 0.7eV is chosen to achieve the band inversion at the same time as the band-
to-band tunneling between the source and the 1T-SnS2 monolayer of the channel. Electron-phonon
coupling and phonon parameters are summarized in TABLE 1.

TABLEL.  PHONON AND ELECTRON-PHONON COUPLING PARAMETERS

- D
Dac (eV) horop (MeV) 1/1p0p (101s71) (1%%Fév.cm-1)

1T-SnS; 5.47 30 6.7 3.7

1T-HfSe; 2.49 25 8.9 2.7

We found that the electron-phonon coupling is responsible of numerous phenomena degrading
the current control of the device, as shown in Figure 3, where we plot the results of calculations with
different scattering rates of the polar optical phonon scattering trop to emphasize its impact.
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Figure 3. Transfer characteristics for
different scattering rates and Vps=0.35V.

A first remark about the 1-V curves is that the inclusion of electron-phonon scattering induces
always an increase of the drain current with respect to the ballistic calculation, even in ON state. This
phenomenon can be explained with the contribution of inter-valley transmission mediated by
phonons from the valence band (VB) of HfSe; in I to the conduction band (CB) of SnS2 in S (see
Figure 2). This is illustrated in Figure 4 and Figure 5, showing the current spectrum in the ON state
for two different lateral wave vectors ky. In the ky=0 case, the charge flow is localized in the source
region composed of HfSez, while in the ky=0.5x2n/ay case, in the channel region made of the SnSo.
We remark that this phenomenon cannot be observed with a mere ballistic simulation.
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Figure 4. Contour plot of the current spectrum. CB (solid
line) and VB (dashed line) profiles along the transport
direction for Vgs =0.35 V and ky=0x2m/ay.
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Figure 5. Contour plot of the current spectrum. CB (solid
line) and VB (dashed line) profiles along the transport
direction for Vgs =0.35V and ky=0.5x2m/ay.

Figure 6 shows the current spectrum in the OFF state and illustrates the importance of phonon
absorption mechanism in the vdW region that, in addition with the small bandgap of the vdwW
heterostructure, produces a significant degradation of the sub-threshold slope.

0.2 1
9]

c

0.1 3

- 2
3 00 2
=]

> w
S.0.1 0%
S n
Yoz s
5

03 2

-
0 10 20 30 40
X (nm)

Figure 6. Current spectrum and CB (solid line) and
VB (dashed line) profiles along the transport
direction for Vgs =0V.

Figure 7 shows the current spectrum in the ON state where band inversion is achieved in the vdW
region. A further resistive effect due to the phonon emission in the drain is visible and explains the
decrease of the ON-state current as a function of the polar optical phonon coupling visible in Figure
3.
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Figure 7. Current spectrum and CB (solid line) and
VB (dashed line) profiles along the transport
direction for Ves =0.35V.

5. Conclusion

A theoretical study of dissipative transport in vdW TFETSs has been addressed thanks to a full-ab-
initio model. The results suggest that vdW TFETSs are significantly affected by phonon scattering due
to the large coupling of electrons with polar phonons. However, they remain a promising option for
the next generation electronics due to the high current around 580uA/um and a SS of 26mV/dec
reached at low voltage with phonon coupling.
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