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In this work, we develop a two-dimensional (2D) simulation tool addressing Poisson’s equation within the
semiconductor section of a 2D Dirac source (DS) field-effect transistor under the assumption of ballistic
transport. Next, we compute the current curves using the WKB approximation for the calculation of the
transmission probability. The current turns out to be quite sensitive to the tunneling probability at the
graphene-semiconductor heterojunction. Different gate-insulating materials and gate lengths are considered
with the aim of identifying any possible limitations in the performance of DS-FETs. The obtained results
highlight some important issues, while confirming that a minimum subthreshold swing (SS) of 40 mV/dec
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can be achieved and that SS values below 60 mV/dec can be extended up to three and a half decades.

1. Introduction

In recent years, much effort has been devoted to the investigation
of steep-slope FETs [1-4] with the aim of lowering the supply voltage
as well as the power consumption in logic circuits. Several physical
mechanisms have been devised to achieve this goal, including, but not
limited to: (i) energy filtering of electrons injected into the channel,
(i) negative-gate capacitance, (iii) nanoelectromechanical switching
and (iv) regenerative effects based on impact-ionization. None of the
above proposals has reached the industrial development stage, due to
a variety of limitations widely discussed in literature.

The investigation in the area of the first device-class mentioned
above has been recently enriched by a novel proposal: exploiting the
conical band structure of graphene to control high-energy electron in-
jection into the channel of a transistor based on a two-dimensional (2D)
channel material [5-8]. Due to the properties of electrons in graphene,
behaving as massless Dirac-fermions, these devices are called Dirac-
Source FETs (DS-FETs). Subsequent studies have investigated their
potential based on semi-quantitative considerations [7] and discussed
possible limitations [8] related with various material non-idealities.

In this work, we pursue a 2D numerical solution of Poisson’ s
equation within the semiconductor section of the DS-FET under the
assumption of ballistic transport. Simulation results are carried out for
different gate lengths and gate-insulating materials. Next, we compute
the current curves using the WKB approximation for the calculation
of the transmission probability. The current turns out to be quite
sensitive to the tunneling probability at the graphene-semiconductor
heterojunction. This highlights the importance of obtaining a precise
2D solution for the electrostatic potential within the semiconductor. To
conclude, some remarks on the results are provided.
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2. Device electrostatics

Device electrostatics is investigated under the assumption of a zero
thickness for the 2D semiconductor (2DSC) monolayer, resulting in
a delta-like electron distribution. This assumption is, in our view,
legitimate, since the thickness of a two-dimensional semiconductor
is minimal, leading to a practically negligible voltage drop across
the semiconductor [9]. For instance, in this work we focused on
monolayer MoS,, which has a thickness of approximately 0.65 nm. With
this approach, it is sufficient to solve the Laplace equation within
the oxide and use the charge density per unit area to establish the
appropriate non-homogeneous Neumann boundary condition at the
semiconductor interface. Dirichlet conditions, instead, are applied at
the top edge of the domain (gate electrode) and at the two bottom
corners (source and drain contacts). A sketch of the device structure
is shown in Fig. 1(a). The green dashed box highlights the region
where the 2D Poisson equation is solved. Additionally, a sketch of the
band structure is depicted in Fig. 1(b). The source Fermi level Egg,
and the energy difference between the Dirac point energy under the
control gate and the source Fermi level (Ep,,.) are also indicated. In the
following, we denote x as the coordinate that has its origin at the Gr-
MoS, heterojunction and extends in the transport direction. Graphene is
considered as an injecting contact. The two-dimensional charge density
is the sum of the source and drain contributions n = ng +nj. However,
when Vpyq is sufficiently large, the electrons available for transport are
only those from the source contact. Thus, the total electron charge can
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Fig. 1. (a) Device structure. Graphene (blue region) is directly contacted to the MoS,
channel (red region). The control gate is used to change the position of Eyy;,., the
energy difference between the Dirac point energy and the source Fermi level Egg.
The green dashed box highlight the simulation domain. (b) Schematic band structure
showing the density of states of graphene and the conduction and valence band of the
semiconductor.

be simplified as

(€Y

n(x)= ng(x) = Nop Fo [M] ’

kgT
where Fy(€) = In[1 + exp(¢)] is the Fermi integral of order zero, E,
the conduction band profile in the semiconductor channel, Eggp the
Fermi energies at the source and drain contacts respectively, kg the
Boltzmann constant, and T the temperature. N, = g kgTm*/zh? is
the effective density of states of the 2D semiconductor, with g, the
conduction band valley degeneracy, m* the electron effective mass,
and 7 the reduced Planck constant. In the case of monolayer MoS,,
the parameter N,p = 2kpT (0.51 my)/zh> = 11.01 x 10'2cm~2 at room
temperature. Eq. (1) clearly indicates that the electron density consists
of one half of the electrons with positive velocity coming from the
source contact, plus another half with negative velocity coming from
the drain. As the charge density depends on the local potential, an
iterative procedure is required to solve the problem. Eq. (1) neglects the
filtering action of graphene on the charge entering the semiconductor
channel. Nevertheless, it provides a quick, “first-order” estimation of
the electron density, even though it is not fully consistent. The filtering
action is taken into account in the current calculation. It is worth noting
that the simulation approach can be extended to a double-gate structure
by simply considering a doubled amount of charge QP¢ =20,.

Fig. 2 shows the MoS, conduction band profiles in the transport
direction for two gate insulators, namely HfO, and SiO,, and two gate
lengths, namely L, = 10nm and L, = 3nm, at different gate voltages.
In all cases, an effective oxide thickness (EOT) of 1 nm is considered.
The HfO, gate insulator induces a significant reduction in the barrier
height within the channel at low gate voltages, along with a smoother
transition of the electrostatic potential from the boundaries to the cen-
tral values, predominantly influenced by the gate bias. Consequently,
for a fixed gate length, the high-x dielectric is expected to lead to a rise
in short-channel effects.

3. Drain current

Under the assumption of ballistic transport, the device turn-on
characteristics can be computed using Landauer’s equation [10,11].
Specifically, the ballistic current equation can be modified to account
for the low-pass energy filtering effect of graphene, as in [7,8]

2
Ipg = 7‘1 / M(E)T(E)[f(E — Egs) — f(E — Epp)]dE
® (2)
2
= 711 / Mg, (E)T(E)[f(E — Egg) — f(E — Epp)]dE,
E(0)

where g is the elementary charge, 4 the Planck constant, T'(E) the trans-
mission probability, and f(E — Eggp) the Fermi distribution function
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Fig. 2. Conduction band profiles in the lateral direction for two gate lengths, namely
L, =10nm and L, = 3nm and two gate-insulating materials, SiO, and HfO,, at different
gate voltages, ranging from —0.05V to 0.5V. E_(0) = 0.1eV is assumed. Solid lines: SiO,
gate insulator and L, = 10nm. Dotted lines: HfO, gate insulator and L, = 10nm. Dashed
lines: SiO, gate insulator and L, =3nm. All curves refer to a device having an EOT of
Inm. A substantial lowering of the potential barrier occurs within the channel at low
gate voltages with the HfO, dielectric.
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Fig. 3. (a) Schematic shape of the initial portion of the MoS, conduction band
in substhreshold and strong inversion regimes. (b) The relative energy position of
graphene DoS with respect to the channel conduction band is an essential factor to
be considered. The Dirac point Er,., the first point of the conduction band E,(0),
and the minimum/maximum of the conduction band E,, are highlighted. These three
scenarios are pivotal for accurately estimating the tunneling current.

at the source and drain electrodes. The parameter M (E) in the first of
the (2) is the number of modes, or conductive channels, of the material
under consideration. In the relevant energy range, the number of modes
of graphene My, (E) = W 2|E — Epj,c|/mhog [7] is lower than that of
the 2DSC, therefore M(E) in the Landauer formula is determined by
Mg, (E), while the semiconductor channel behaves as a gate-tunable
energy barrier. The device width is denoted by the parameter W, which
we assume to be 1 pm.

If we assume perfect transmission (7" = 1) over the barrier, and zero
tunneling below it, the current can be extracted analytically and it is
equal to

_ 1+ exp(pgs — Hem)
Ips = Iy { (Apirac = Mlem) In <#

1+ exp(ppp = flem)
+ 2[exp(pps — Apirac) — €XP(HED — HDirac)] 3

e —1)n-1
= X S texplntugs — 1)) — expUatep = 1)) }
n=1

where fip; ,c; Hpsps fen are the normalized energies, namely the ener-
gies divided by kgT, E,,, the maximum of the conduction band (see Fig.
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Fig. 4. Left: comparison between the numerical band profiles and the triangular band
approximation used in [7], for some gate voltages. E.(0) = 0.1 eV is assumed. Right:
transmission probability calculated with the WKB approximation in semi-logarithmic
scale. Dashed lines refer to the triangular band approximation, while solid lines to
numerically extracted band profiles. T(E) is underestimated with a triangular barrier
of 4-nm length, thus leading to an underestimation of the current (see Fig. 5).
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Fig. 5. Transfer characteristics of the DS-FET with a gate length L, = 10 nm and a SiO,
gate dielectric for different values of ¢gg. Solid lines: presented model. Dashed lines:
Tunneling probability computed with the assumption of a triangular tunneling barrier
with a base width of 4 nm [7]. Assuming a fixed tunneling barrier width clearly leads
to an underestimation of the current, as it overstates the actual tunneling width.

3), and Iy = W q(kgT)?/x*h?vg. The summation comes from the series
integration of (2) in the energy interval E,,, < E < Epj .-

An important design aspect is that of matching the conduction band
with the Dirac energy at zero Vg, i.e. E,, = Ep;,.. In doing so, the
condition E,,, < Ep;,,. for which Eq. (3) holds transforms into Vg > 0.

Alternatively, if V5g < 0 a Boltzmann-like distribution can be
assumed, i.e. f(E — Eg) = exp[—(E — Eg)/kgT]. This assumption is
justified by the fact that we are far from the Fermi energy level.
Therefore, the current takes a simpler form:

IDS = I() (ncm - ﬁDirac + 1) [BXP(MFS - ntm) - BXP(MFD - ncm)] . (4)

In the limiting case of #,,, = fip;;,. and sufficiently high V},q, Eq. (4)
reduces to
ﬂDirac — Hgs = In <Ii> . (5)

OFF

The latter allows us to understand how the leakage current Ipp varies
when shifting the Dirac point Ep,,. relative to the source Fermi level
Eps. However, the analysis presented in [7] shows that there exist an
optimal graphene doping level to minimize the gate voltage needed to
turn on the device (i.e. to bring the current level from Iggp to Igy).
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Fig. 6. Transfer characteristics of the DS-FET with a gate length L, = 10nm for different
values of ¢gp. Solid lines: SiO, gate dielectric with thickness t, = 1 nm. Dashed lines:
HfO, gate dielectric with the same EOT. Inset: SS comparison for the two devices. The
use of HfO, as gate dielectric heavily degrades the subthreshold swing as well as the
ON-state current at the highest barrier heights.
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Fig. 7. Transfer characteristics of the DS-FET for two gate lengths, L, = 10nm and
L, = 3nm, and different values of ¢gy. Solid lines: gate length L, = 10nm. Dashed
lines: gate length L, = 3nm. Inset: minimum SS as a function of gate length in semi
log axes. With low gate lengths the leakage current substantially increases and the SS
degrades, as for conventional MOSFET devices.

3.1. Tunneling probability

In Eq. (3) we assumed the transmission probability T(E) to be 1 for
energies above E,,,. However, this assumption is not universally valid
and results in an underestimation of the current when the Gr-MoS,
barrier ¢g5 = E.(0) — Epg becomes sufficiently high [7]. Therefore,
to achieve a more accurate estimation of the current, it is essential
to incorporate a non-ideal tunneling probability. Typically this implies
numerically integrating Eq. (2). To evaluate this probability we apply
the WKB approximation on band profiles obtained from the numerical
solution of Poisson’s equation (Section 2).

Fig. 3(a) illustrate the two possible shapes of the conduction band.
One can notice that tunneling is consistent only if E.(0) > E.,,, right
case. In this case we can assume T = 1 above E.(0) and T = 0
below E.,,. On the other hand, Fig. 3(b) highlights some situations that
must be taken into account when computing T'(E). The presence of
the absolute value in My, changes the definition of I}y depending on
whether E,,, is above or below Ep,.
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One method to reduce the simulation time and simplify the current
expression is to use an analytical function to approximate the con-
duction band profile. A triangular barrier profile could be adopted, as
shown in Fig. 4 (left), where a 4-nm length triangular barrier is plotted,
as assumed in [7]. Fig. 4 (right) shows the tunneling probabilities
calculated from the left-hand curves using the WKB approximation.
T(E) resulting from the numerically extracted bands exhibits a rapid
increase with energy, owing to the steepness of the band profiles.
Additionally, even in cases where E,(0) < E,,,, these probabilities are
non-zero for E < E,,,.

4. Simulation results

In this investigation, the Dirac energy below the graphene control
gate is set at Ep,. = 0.3eV, resulting in a leakage current Iopp
slightly below 10™° A/um at Vgg = OV. Fig. 5 represents the turn-on
characteristics of the DS-FET for various values of ¢gg. Solid lines are
obtained from the numerical simulations, whereas the dashed lines are
computed with the assumption of a triangular barrier with a 4-nm
base width, as was done in Ref. [7]. The figure shows that the ON-
state current is heavily underestimated with such a simplified potential
profile, especially for the highest energy barriers. A more accurate
approximation is discussed in Section 3.1. Fig. 6 shows the turn-on
characteristics and SS for the SiO, (solid lines) and for the HfO, (dashed
lines) gate-insulated DS-FETs. It is worth noting the degradation of both
the ON-state current and SS caused by the high-x dielectric.

Finally, Fig. 7 displays the turn-on curves for two different DS-FETs
with gate length of 10nm (solid lines) and 3 nm (dashed lines), along
with the minimum SS as a function of L,. The image shows a signifi-
cant increase in the OFF-state current with decreasing channel length.
Moreover, the typical ‘kink’ of the characteristic has disappeared. From
the inset we can note that, low Gr-MoS, barriers ¢gg result in an
increase in the inverse slope due to enhanced leakage current caused
by source-to-drain tunneling.

5. Conclusions

This study proves that an accurate 2D potential profile is prereq-
uisite for a quantitative prediction of DS-FET performances in view of
future practical applications. We show that an SS below 60 mV/dec can
be sustained over 3 to 4 orders of magnitude of currents. Additionally,
this research demonstrates that DS-FETs can achieve an SS below
60mV/dec even with channel lengths down to approximately 4nm.
However, the use of high-x gate-insulating oxides is found to degrade
the device performance, unless the oxide physical thickness can be
scaled well below 5nm with the aim to control 2D effects.
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