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Abstract. We numerically investigate electron quantum transport in 2D van der
Waals tunnel field-effect-transistors in the gpresence of lateral momentum mismatch
induced by lattice mismatch or rotational misalignment between the two-dimensional
layers. We show that a small momentum mismatc}%induces a threshold voltage shift
without altering the subthreshold swing. On'the contrary, a large momentum mismatch
produces significant potential /variations land /ON-current reduction. Short-range
scattering, such as that due to phonons or system edges, enables momentum variations,
thus enhancing interlayer tunneling. Thecoupling of electrons with acoustic phonons
is shown to increase the ON current without affecting the subthreshold swing. In the
case of optical phonons, the ON-¢urrent increase is accompanied by a subthreshold
swing degradation due to the'inelastic nature of the scattering.

Keywords: tunnel field-effect-transistor, non-equilibrium Green’s function, 2D transition
metal dichalcogenides, van der Waals heterostructures.
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1. Introduction

Low-power logic devices [1] such as tunnel field-effect-transistors (TFETSs) can enable
a very aggressive scaling of the supply voltage (Vpp) by reducing the subthreshold
swing (SS) below the thermionic limit of 60 mV/dec at room temperature, | Despite
the promising experimental results reported for Si and III-V TFETs [2, 3,24, 5],
these devices are very demanding in terms of gate control and electrostatic integrity
6, 7], and their OFF-state performance can be seriously degraded by inelastie,trap-
assisted tunneling induced by interface or bulk defects [8, 9]. __ Vam, der Waals
(vdW) heterostructures of 2D materials show an excellent potential for vertical TFET
applications [10, 11, 12, 13, 14, 15, 16|, since they may overcome some of the above
issues [17, 18] thanks to their atomic thinness and the absence of damgling bonds, and
offer, at same time, a very large variety of band alignments [19]."After the experimental
demonstration of vdW Esaki diodes [20, 21], the first sub-thermioni@device was realized
by a heterojunction of MoSs and bulk Ge [22]. The SSyof vertical TFETs obtained
from vdW heterojunctions of 2D materials typically situates<between 150 mV/dec
and 100 mV/dec [23]. Very recently, a TFET based on a, multilayer SnSes/WSes
heterojunction has been demonstrated to achievesaniaverage SS around 80 mV/dec
over two decades of current, with a subthermioni¢ minimum SS of 37 mV/dec [24].
Moreover, an average SS of 57 mV /dec gver two decades of current has been observed
in a TFET based on the heterojunction between MoSs'and black phosphorus [25]. While
encouraging, these results call for improved, fabtication processes and a careful device
design.

Lattice mismatch and rotational, misalighment of the layers might represent
common critical sources of disorder, whichican severely affect the interlayer coupling,
as indicated in the case of bilayer graphene [26], and are hard to control in the
fabrication process, especially in stacks obtained by dry transfer methods [27, 28].
In vdW structures of semico@ucting 2D materials, misorientation has been shown
to modify interlayer coupling and distance [29, 30], as well as in-plane [31] and
interlayer transport [32], and'even the excitonic properties [33]. The effects of rotational
misalignment on vdW-TFETs have previously been investigated by semi-analytical
approaches [10]. Asrecenthabvinitio full-quantum study has shown that misalignment
in a ballistic lateral TFET based on an MoSs-ZrSs heterojunction [34] can severely
affect the device performance. This is ascribed to the overlap variation between the
orbitals of the two layers.and to the strong anisotropy in the ZrS,; band structure, which
makes the conduction depend on the transport direction. Here, we investigate the
effects of misalignment in transition metal dichalcogenide (TMD) vertical vdW-TFETs
based on, a different architecture, which have been shown to be promising in previous
studies [10,011, 12, 13]. In most monolayer TMDs, the valleys are located at the
hexagonal Brillouin zone (BZ) corners (K-points) [19]. Lattice mismatch and rotational
misalignment entail a displacement of the valleys and thus the transition to an indirect
band gap system. As observed experimentally and theoretically for graphene bilayer
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(35, 36, 37] and predicted for vdW graphene heterojunctions [38], such a lateral
momentum mismatch strongly affects the interlayer tunneling, which can be effectively
assisted by phonons [39, 40, 41, 42].

In this paper, we study the impact of momentum mismatch on the transport
properties of vdW heterojunction TFETSs by means of 3D numerical simulatiens based
on the non-equilibrium Green’s functions (NEGF) method. Our 3D’ self-consistent
quantum transport simulations take into account the electron-phonon scattering, which
we demonstrate to play a major role in this context.

2. Device model and simulation approach

We simulate a vdW-TFET combining an intrinsic WTe, bottem layér acting as source
and an MoS, top layer acting as drain [10, 13], see figure L(a). This particular choice
of TMD materials, which shows a suitable staggered band alignment, is paradigmatic
and it is used to provide a general trend and a physieal, insight into the impact of
momentum mismatch on the performance of generic#dW-TFETSs. In order to ensure
Ohmic contacts, the drain layer is chemically n-doped close te the right drain contact
with density Np and a bottom-gate (at potential Mge ) ¢overs the entire bottom layer to
electrostatically dope the source layer. The electrogtaties®in the central overlap region

N

AAAAAAAAAAAAAA

Figure 1. (a) Sketch and main parameters of the vdW-TFET structure. The metallic
source (S) and drain (D) contacts are not included in the simulation and replaced
by the periodic prolongation of the 2D layers. (b) The Brillouin zones (red and blue
hexagons) of the two layers with lattice mismatch and twist angle . Note that the size
difference between the two BZs has been exaggerated compared to the lattice mismatch
between MoS,; and WTe,.
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(with length Loy) is controlled by a top-gate (at potential V) that exceeds the overlap
region on each side by the extension length Ley.

When the top and bottom monolayers are stacked together in a heterojunction, the
lattice mismatch and the interlayer rotation with angle 6 entail the hexagonal BZs of the
two layers have different size and are rotated by 6 around the I'-point, see figure 1(b).
As a results, the conduction band (CB) extrema are shifted from the’corresponding
valence band (VB) extrema, see the arrows in figure 1(b), thus resulting ima lateral
momentum mismatch between the two layers with a shift Ak, ; for thewvalleys at ik, ;,
where ¢ = +1 indexes two nonequivalent K-valleys, and n = 1, 2323 indexes three
equivalent pairs of K-points in the BZ. Due to the staggered band alignmeént between
the two layers, only the VB of bottom layer and the CB of tep layer participate in
charge transport. Note that also the top of the VB at I' may fall'within the energy
window of electron transport. However, the momentum mismatch between the I'-valley
and the K-valleys is large independently of the rotation angle. Therefore, as illustrated
in the rest of the paper, we expect that the tunneling fromythe valence I'-valley to the
conduction K-valleys is weaker than the tunneling within K-valleys, and we disregard it
in our model. Close to the conduction and valence band extrema located at the K-points,
the CB and VB have isotropic parabolic energy dispersion. A two-band effective-mass
model can thus provide a reasonable description of thésPand structure in the energy
range for electron transport around the gap. The model Hamiltonian for each couple of
CB and VB valleys has the form

|

Py e (r) - A t

Hn@' = 2my lp_hAkn,i|2 ; (1)
tJ_ —— + GUT(T)

2me
where the diagonal terms describe the isolated 2D layers, m, (m.) is the effective mass of
the valence (conduction) band, 7 =\(x, y) is the in-plane position vector, p = —ih(0,, 0,)
is the in-plane momentum opérator, Aigives the energy separation between VB and CB
(interlayer band gap), Ur and QB expresses the electrostatic potentials on the top and
bottom layers, which are/obtained by self-consistently coupling the quantum transport
equation with the Poisson equation, and ¢, is the interlayer coupling energy. As shown
by Liu et al [43], in homojunetions the repulsive steric effects between the two 2D
layers change the inferlayer.distance and coupling for different stacking configurations.
However, due to_lattice mismatch present in heterojunctions, the atoms of the top layer
sit nearly randemly, relative to the atoms of the bottom layer. This is analogous to
what happens for homejunction with large rotational misalignment [43, 30, 44]. As
a consequencey while the interlayer distance and coupling can spatially vary due to
the variation of local layer stacking patterns [45, 46], their average values are not
very semsitive to the global stacking configuration. Therefore, since the considered
TEETS are based on heterojunctions, we approximate ¢, as independent of the stacking
configuration. Moreover, since the Fourier transform of the interatomic coupling decays
at largeswave-vectors [47], we just take into account the interband coupling within the
couples of valleys in the first Brillouin zone. More sophisticated models, taking into
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Me/Me My /M t, A D,. D,y Twop
0.391 0.543 6 meV 134 meV 3eV 2.6x108 eV/em 50 meV

Table 1. Parameters of the model Hamiltonian, see [13, 48].

account the dependence of the interlayer coupling on both the wavedvector and the
stacking details, can be found, for example, in [45, 47].

The electron-phonon coupling is modeled by means of an intravalley acoustiéy( D)
and optical (D,),) deformation potentials and by assuming a single optical phenon energy
fuw,p corresponding to the energy of the most coupled optical phonon mode (A;,) [48].
This simple model allows us to qualitatively describe the effect of;the electron-phonon
coupling in this type of transistors, while avoiding the heavy compitational burden
required to take into account the strongly material- and geemetry-dependent effect of
interlayer and substrate coupling on the phonon dispersion and on the deformation
potential. In order to give an idea of how different electrom-phonon coupling strengths
would affect the vdW-TFET properties, at the end of mext section, we consider several
values for the phonon deformation potentials. Table 1 reports, all the parameters used
in the model and their values, extracted from DET"ealculations, which refer to the
paradigmatic couple of materials (WTe, and MoS, )iwe comsider.

To solve the transport problem, we make use of the Keldysh-Green’s function
formalism within the coupled-mode space approach 49, 50] applied to the discretized
form of the real-space Hamiltonian. We used afinite difference discretization with a
step size of 0.2 nm. The retarded (GR),and lesser (G<) Green’s functions are obtained
as

(EI-H-S?GR =1 and» G<=GER<GR', (2)

where E is the electron energy, I is the identity matrix, the self-energies ¥® and X<
account for the coupling with source and drain contacts and for the electron-phonon
interaction. The phonon Self—hlergies are computed within the self-consistent Born
approximation [51]. The lessér-than self-energy for acoustic phonons reads

DietT
= WG;‘(E) : (3)

where ¢ indexes the site, p is the mass density, v, is the sound velocity, kg is the

E<

aci,i

(E)

Boltzmann constant,and/7" is the temperature, which we set to 300 K. The non-polar
optical phonon lesser-than self-energy reads

hD2g -
chp“-(E) = 2o {sz(E + hwop) [N (wop, T') + 1] + Gi,i<E — hwop) N (wop, T')} , (4)
3 op

where N(woyp, 77) is the equilibrium phonon distribution according to the Bose statistics.
The charge density obtained from G< is passed as input to the 3D Poisson equation
solver that/computes the electrostatic potential on a finite element mesh. The procedure
is repeated up to convergence and the current is finally extracted. We consider a
channel width W = 20 nm, an overlap region with length Loy=20 nm, an extension
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Figure 2. Conduction (Fcp) and valence (Evyp) band edges along the transport
direction z, see figure 1, for Vrg= 0 V (OFF state) and 0.3 V (ONystate) for Ak=0.
The source Fermi level is at 0 eV and the drain Fermi levelis at<0.3 eV. The shadowed
areas indicate the overlap and extension regions.

10°
102
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10°
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Ips/W ( HA/ pm)

Vig(V)

Figure 3. Current per unit width Jpg/W as a function of the top gate potential for
~1

momentum mismatch-0 <Ak < 2.6 nm

length for the top gate L.4=20 bimyoxide thickness Tox=1 nm and relative permittivity
k=3.9, a doping for the drain cofitact (outside the overlap and the extension regions)
Np = 4 x 1012 em~%yboth gatesdn Al, a bottom gate potential Vgq=-0.5 V (this value
ensures the source layerito be degenerate and shifts the OFF-state Vg of the device
close to 0), and afsouree=drain bias Vps=Vpp=0.3 V.

3. Results and discussion

The devieesworking principle is illustrated in figure 2, which shows the valence and
conduction band edge profile along the transport direction in the ON and the OFF
states.. Imnthe OFF state, the CB edge of the top layer (Ecg) is higher than the VB
edge of the bottom layer (Eyg). Therefore, after tunneling into the top layer, the
eleetrons injected from the source fall into the band gap of top (MoS,) layer and their
transmission through the extension region is exponentially suppressed with Ly [13].
Whilesincreasing the top-gate voltage, Ecp drops faster than Eyp due to the larger
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Figure 4. Threshold voltage variation (a), averageisubthreshold swing (b) and ON
current per unit width (c) as a function of/thevmomentum shift Ak. For small
momentum mismatch Ak < 0.5 nm~! (shadowed atea), the system preserves the
characteristics of the perfectly aligned layers.

L
capacitance coupling between the top layer and [the top-gate. When Ecp and FEyp
cross, an energy window allowing electrons te tunnel opens and Ipg rapidly increases.
The crossing of Fcg and Eyvp determines the threshold voltage, which thus depends on
the specific couple of TMDs chosen'and.on the gate metal, through the interlayer band
gap A and the metal work function, respectively.

In what follows, we congider the momentum mismatch Ak, ; induced by lattice
mismatch and twist angle. For the sake of simplicity, we quantify the momentum
mismatch as if it were generated by atwist angle 6 in the absence of lattice mismatch
(the lattice parameter of Wlegnis assumed equal to that of MoSy). The investigated
range 0 < Ak = |Ak, ;| € 2.6mm-"would correspond (almost linearly) to angles in the
range 0 < 0 < 20°. We mnetice that, independently of the angle, Ak cannot go down
to zero for the specifie. couple of materials considered, due to the lattice mismatch.
The range of Ak wvalues close to zero is nevertheless investigated in this paper, since
it can elucidate the impaet of small Ak in other couples of TMDs with closer lattice
parameters.

Figure 3 illustratesithe transfer characteristic Ips-Vrg of the device for different
values of theymomentum mismatch. At given top gate voltage Vg, the mismatch
entails a significant current decrease. This is due to the interlayer tunneling reduction
caused by the shift between the valleys, and the consequent larger momentum change
required forithe electrons to pass from WTe, to MoS;. Remarkably, the impact on
the subthreshold swing is quite modest for Vg < 0.1 V, i.e. deep in the OFF state,
beforenthe band crossing. As detailed in [13], in ideal conditions the steep slope of
vdW-TFET is determined by intralayer tunneling through the extension region, which
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Figure 5. Spatial distributions of the interlayer tunneling current density in the
overlap region for Vrg= 0.4 V and (a) Ak=1.3 nm~!, (b) Ak=2.6 nm 7.

is not affected by Ak. This latter simply reduces the interlayer tunnaing probability,
thus resulting in a vertical shift of the subthreshold charactéristics and in the variation
of the threshold voltage Viry, see figure 4(a), calculated at, the threshold current per unit
width Ity /W =1 pA/pm. The threshold voltage shift depends in an almost quadratic
way on Ak and can be fit as AVpy & B2(1/m. +1/mg)AkR2(1 —0.1Ak) mV (with Ak in
nm '), which reflects the quadratic energy dispersién of valence and conduction bands.
As seen in figure 4(b), for Ak > 0.5 nm~! the cufentireduction eventually degrades the
device average SS, which is evaluated in the fixed window Between the OFF current per
unit width Iopp/W = 107° pA/um and'the threshold current per unit width Ity /W.
In the ON state, the vdW-TFET transport, properties depend considerably on Ak. For
relatively small Ak, the valley shift is moderate and electrons can still easily tunnel
from the valence to the conduction bandsthanks to the electron-phonon scattering.
Therefore, apart from the shift of the characteristic curves, we observe similar current
and transconductance for the‘device with orwithout misalignment, and the ON current
(Ion), calculated at Vrg=Vorp+Vpp, where Vopp is the top-gate voltage corresponding
to lopr, is almost constant, see figure 4(c). However, Ion starts to exponentially
decay when increasing Akrabove.l.3 nm~!, with a degradation higher than 85% for
Ak 2 2 nm~!. To betfer ahalyze these two regimes, figure 5 shows the interlayer
tunneling current demsity i the overlap region for the vdW-TFET in the ON state with
Ak =1.3 nm~! and Ak =2.6 nm~'. For relatively small Ak, the tunneling occurs quite
uniformly inside the overlap region, see figure 5(a). On the contrary, at larger Ak, the
tunneling is congentrated at the edges of the overlap region, see figure 5(b), while it is
very weak in the centraldarea due to the fact that phonons alone are not able to scatter
the electrons over the large Ak. Conversely, the sharp edges of the overlap region are
source of shert-range scattering, and thus allow the electrons to change their momentum
and tunnel between the bands. Such a restricted spatial tunneling distribution further
decreases the current and results in the observed poor device performance.

As mentioned above, phonons are an important source of scattering, which
can rassist /interlayer tunneling. To better understand their role, we consider the
most unfavorable configuration (Ak=2.6 nm™') investigated for the vdW-TFET and
artificially increase the deformation potential for acoustic and optical phonons. Figure 6
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Figure 6. Current per unit width as a, function of, the top gate potential for
Ak = 2.6 nm~! and different values of (a).acoustic deformation potential D,.= 3, 6
and 12 eV and (b) optical deformation potential D= 2.6, 5.2 and 10.4 x 10® eV /cm.

shows that increasing the phonon scattering strength results in a substantial ON-current
increase. Two possible mechanisms can emhance, the electron tunneling, namely the
change of momentum of electronsandstheir promotion to higher energy levels due to
the inelastic scattering with optical phonons. “As expected, the acoustic phonons do
not affect the current in thesubthreshold region, see figure 6(a), since, in the elastic
approximation of equation (3), they are not able to transfer energy to electrons. On the
contrary, inelastic scattering with optical phonons, see equation (4), degrades the SS as
shown in figure 6(b), by promc@ng bottom-layer electrons to higher energies and thus
making OFF-state tunneling easier [13].

4. Conclusion

In conclusion, by performing 3D self-consistent full-quantum NEGF simulations of a
vdW-TFET, we demonstrated that (i) a small momentum mismatch is expected to
slightly affect the deviece performance through a small threshold voltage variation; (ii)
a large momentum mismatch is expected to severely impact the device performance,
and to result in"a significant reduction of the ON current, a degradation of the
subthreshold swing and a rather large threshold voltage variation. The momentum
variation negessary to assist interlayer tunneling can be provided by short-range disorder,
which is introduced, in our model, by the electron-phonon coupling and by the sharp
structure.edges. The presence of further short-range scattering sources, as impurities or
lattice dislocations, would enhance the interlayer tunneling, but also unavoidably reduce
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the intralayer mobility and hence the ON current. Despite the simplicity of the model,

our results are quite general and shed light on the main physical mechanisms at play in
vdW-TFETs with misoriented layers.
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