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Abstract— A fully analytical surface potential and
current-voltage model is presented for the first time
for both lateral homojunction (HMJ) and heterojunction
(HTJ) tunneling-field-effect transistors (TFETs) based on
2-D semiconducting channel materials. The dynamic gate-
modulated electrostatic potential at the source/channel
tunneling junction is suitably captured by solving a
quasi-2-D Poisson’s equation in both source and chan-
nel. Subsequently, the band-to-band tunneling current is
accurately derived starting from the Landauer’s equation
by integrating over all possible carrier energies (or wave-
vectors) over which tunneling is possible. The model
employs Fermi-Dirac statistics in both the degenerate
source and drain to compute the surface potential and
net current, which yields more physical results than the
commonly employed Boltzmann statistics. Its use in Lan-
dauer’s approach for evaluating the net on-current leads
to an analytical model of the TFET, which physically guar-
antees zero drain current at zero drain—source bias. Input
and output characteristics for both HMlJ and HTJ TFETs are
computed and compared against rigorous nonequilibrium
Green’s function (NEGF) simulations for different device
parameters to prove the veracity of the model, and the
match has been found to be excellent up to ultrashort
channel length of 5 nm.

Index Terms— 2-D materials, 2-D semiconductors, band-
to-band tunneling, compact modeling, heterojunction (HTJ),
low-power, nonequilibrium Green’s function (NEGF), quan-
tum device, steep-slope transistor, tunneling field-effect
transistor (TFET), van der Waals heterostructures.

|. INTRODUCTION
STEEP—SLOPE (or sub-kT/q) transistors are desirable for
simultaneous supply-voltage or power scaling along with
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dimensional scaling, which is not feasible in nanoscale
MOSFETs because of their Boltzmann-limited minimum sub-
threshold swing (SS) of 60 mV/decade at room temperature,
and constitutes a major concern for their scalability into
the sub-10 nm regime [1], [2]. Among the several sub-
kT/q switches proposed to overcome this fundamental bar-
rier, tunneling field-effect transistors (TFETs) have emerged
as the most promising devices [3], [4]. However, TFETSs
fabricated from conventional 3-D materials like Si, Ge, and
III-V compounds, exhibit either low ON-current, or a steep SS
(i.e., SS < 60 mV/decade) only at very low current values,
because of their nonoptimal electrostatics and presence of
interface traps [5]-[7]. These nonidealities that are detrimental
to TFET performance can be significantly alleviated by using
2-D-materials, which, owing to their ultrathin body, relatively
large bandgap, and pristine interfaces [8]-[10], provide excel-
lent electrostatics and lead to low OFF-current and steep SS,
as theoretically suggested in [11]-[13]. Moreover, the strong
suppression of the density of states (DOS) into the bandgap
of any 2-D material, commonly known as the band-tail,
results in very steep SS for various 2-D-2-D and 3-D-2-D
source/channel heterostructures [14], as was experimentally
demonstrated in [15] using a degenerately doped 3-D (Ge)
source and 2-D (MoS,) channel vertical heterojunction (HTJ)
TFET, where a minimum SS of 3.9 mV/decade and an average
SS of ~31 mV/decade over four orders of the drain current
was observed for the first time albeit with very low ON-current,
which limits its applicability in practical circuits. Among the
several novel solutions proposed to overcome the typical low
ON-currents in TFETs [16]-[18], 2-D semiconductor-based
lateral HTJ TFETSs introduced in [16] are the most attractive
because their tunneling barrier heights can be made small
by appropriately selecting the band overlap of source/channel
materials and due to their atomic-scale tunneling barrier
widths, which ultimately determines the ON-current. First
principle transport studies in [16] have shown that the ON-
current of 2-D lateral HTJ TFETs can be substantially higher
than that for the 2-D lateral homojunction (HMJ) TFET
or the 2-D-channel based vertical HTJ TFETs. Moreover,
2-D lateral-HTJ TFETs can achieve the smallest SSy;, val-
ues compared to any other 2-D-channel based TFETs [14].
Hence, the wide gamut of 2-D materials available provides
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additional motivation to pursue 2-D source-channel lateral-
HTJ TFETs for future low-power/energy-efficient electronics.
Also, recent experimental breakthroughs on the fabrication
of lateral HTJs of 2-D semiconductors [19] and doping
of 2-D materials [20] has made fabrication of 2-D lateral-HTJ
TFETs feasible.

In general, 2-D TFETSs, owing to their ultralow leakage
and superior performance, could be ideal for building next-
generation ultralow-power electronics such as brain-inspired
neuromorphic circuits [21]. 2-D-TFETs can also be employed
for building a revolutionary new class of bio/gas sensors [8]
due to their combined advantages of high sensitivity arising
from their steep SS [22] and the atomically thin and pristine
channel of the 2-D semiconductors with sizable bandgaps [8].
Hence, it is opportune to examine the prospects of 2-D
lateral-HTJ TFETs for exploring various circuits, including
low-power sensors, neuromorphic computing circuits, and
other low-power integrated circuits. However, to study the
behavior of these devices in circuits, we need to develop their
compact models for accurate and fast simulations and carry
out various design optimizations. There have been studies on
the modeling of both HMJ and HTJ TFETs fabricated on bulk
semiconductors [23]-[33], but only a few based on 2-D mate-
rials [34]-[36]. Moreover, most of these models [24], [28],
[29], [32], [34], [35] are numerical, or do not model the
source and drain Fermi degeneracy [23]-[27], [31]-[33], [36],
or the drain bias dependence [24], [29], [32], [36] and
cannot physically model zero drain current at zero drain—
source bias [18], [23]-[27], [29], [31], [32]. Essentially,
the incorporation of Kane’s band-to-band tunneling model
in [18], [24]-[27], [29], [31], [32], which predicts a nonzero
tunneling carrier generation rate even at zero drain—source bias
(due to presence of a nonzero electric field at source-channel
junction), and an implicit assumption of fully occupied valence
and fully empty conduction band [37] is what makes physi-
cally modeling zero drain current at zero drain bias unfeasible.
Nevertheless, the inclusion of all the above-mentioned effects
is critical in designing an accurate compact model, which will
be useful for designing various circuits and predicting the
performance of the 2-D TFETS in circuit operation. At present,
a physically consistent, fully analytical model, which accounts
for both the drain and gate bias dependence of drain current for
both lateral- HMJ and HTJ TFETsS, fabricated on 2-D materials
is lacking, and that is what this article intends to address.

This article, therefore, starts by describing the device struc-
ture and the basic operation in detail (Section II), devel-
oping its analytical surface potential model by solving the
pseudo-2-D Poisson’s equation in both source and channel
(Section III) to extract the energy band diagram, which is then
applied to the analytically developed band-to-band tunneling
current model (Section IV) to yield the drain—source current.
Finally, conclusions are drawn in Section V.

Il. DEVICE STRUCTURE

A generic 2-D-semiconductor-channel double-gate (DG)
n-type TFET device under consideration is shown in Fig. 1(a),
and the device cross section under a certain bias is shown
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Fig. 1. (a) Cross-sectional view of the DG 2-D n-TFET. The source is

strongly p-doped, the channel intrinsic or slightly n-doped, and the drain
strongly n-type doped. (b) Cross section of the device under operation
at a certain bias showing the fringing electric field lines from the gate
terminating in the source, the fully depleted channel, and the profile of the
source depletion region. The channel length of the device is L, L1 refers
to the source depletion length, tp is the thickness of the 2-D channel,
while t, is the gate oxide thickness. The source, channel, and drain
dopings are denoted by Ns, Ngn, and Ny, respectively. The source is
grounded, and a voltage of Vgs and Vps are applied to the gate and
drain terminal, respectively. The direction of transport is along the x-axis,
y-axis represents the confined direction along the two gates, and z-axis
is along the direction of the transistor width.

in Fig. 1(b) where the source depletion region, the fringing
electric-field lines, and the device dimensions are shown.

As shown in Fig. 1(a), the source, channel and drain are
made of 2-D semiconductor material. The lateral source-
channel junction is either an HMJ or an HTJ, while the
channel-drain junction is an HMJ. In this work, we discuss the
behavior of an n-TFET, and therefore, the source is heavily
doped p-type and the drain is heavily doped n-type [4]; while
the channel is assumed to be intrinsic, or slightly n-doped.
The requirement on the degenerate source and drain doping
necessitate the consideration of Fermi—Dirac (FD) statistics to
correctly account for the carrier distribution, over the more
widely used Boltzmann distribution [see Fig. 2(a)]. Applica-
tion of a positive gate-bias lowers the energy bands in the
channel, which under sufficient applied bias causes the channel
conduction band to overlap with that of the source valence
band, allowing an appreciable number of carriers to tunnel,
thereby constituting an ON-current [see Fig. 2(b)]. The use of
an HTJ reduces the gate bias required to achieve this overlap
of bands, thereby delivering more current at a particular gate
bias. For designing an effective source-channel HTJ, both the
conduction and valence bands in the source should be higher
than the corresponding ones in the channel, as indicated in
Fig. 2(b). However, too big an offset (broken gap — top sketch
in [see Fig. 2(c)] will cause tunneling to take place even at
negative gate-biases, and not form a good TFET. Therefore,
in this work, we only consider staggered HTJs [bottom sketch
in Fig. 2(¢)].

[1l. SURFACE POTENTIAL MODEL

In this section we derive the surface potential model for
the device. For a moderate gate—source voltage applied, it is
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Fig. 2. (a) Comparison of FD and Boltzmann distribution as a function
of energy, showing the inaccuracy of the latter in estimating carrier distri-
bution (top) at energies E < Ef, the simulated source depletion length of
a lateral 2-D-TFET as a function of the applied Vs (bottom). (b) Sketch
of the energy bands [conduction band (Eg), valence band (Ey)], source
(Ers) and drain (Egp) Fermi levels showing an enhanced source deple-
tion length (L4) and the OFF- and ON-state of the device under the
application of a certain Vgs. The electron distribution is shown in the
pt-doped source showing how the FD tail filtering gives rise to sub-
60 SS. Also shown are the forward (flowing from drain to source) and
reverse (flowing from source—drain) tunneling currents, the magnitude of
which are determined by the position of the source and drain Fermi levels,
respectively. (c) Schematic of the broken and staggered band-alignments
at a HTJ showing band-offsets of AEg and AEy.

reasonable to assume that the entire ultrathin channel and
only a small part of the source (Fig. 2(a), because of its high
doping) is fully depleted. Under such a condition, the cross-
sectional view of the device is illustrated in Fig. 1(b), where
we show the source depletion region (Region I), the fully
depleted channel (Region II), and the drain (Region III). The
extreme thinness of the 2-D body causes a negligible voltage
to drop across it, and therefore, the source depletion profile
can be assumed to be uniform, up to a length of L;. Also,
note that although under the application of a strong positive
gate bias, the part of the channel closer to the drain can be
accumulated with electrons [23], we do not consider this in our
model because 2-D TFETSs are meant for low power operation,
and therefore, the channel can be assumed to be depleted for
all practical gate biases.

A. Solution for the Surface Potential
The surface potential solution is obtained by solving the
pseudo-2-D Poisson’s equation in both the source and the
channel and using suitable boundary conditions in Fig. 1(b).
The Poisson’s equation modeling the potential in the depleted
source can be written as
dos@,y) | des@.y) __aNs "
dx? dy? &
where ¢s(x, y) is the source potential, g is the electronic
charge, & is the permittivity of the source material, and N
is the source doping. The solution of (1) is achieved using
the parabolic approximation method [32] with the intrinsic
Fermi level of the source as the reference. Gauss’s law is
applied to the top and bottom surfaces, while equating the
vertical electric field to zero at y = 0 (because of symmetry).
In addition, a gate-insulator effective thickness of w#,/2 is
assumed (because of fringing electric field) [18], which leads
to the following solution of the surface potential in the source
(ps), evaluated at y = +t,p/2:

¢s = dy sinh(B1x) + da sinh[ B (x + L1)]
+ Vas — Viss — g Nstap / (4Cox)

2)

where d; and d, are constants of integration, L; is the source
depletion length (to be evaluated), Vegs = [¢,, — (xs +
Ecs/2)]/q is the flat-band voltage of the source with respect
to gate (y; and Egg are the electron affinity and bandgap of
the source, respectively, and ¢, is the metal work-function),
Cox = €ox/lox (€ox 1S the permittivity of the gate insulator)
is the insulator capacitance per unit area, and p;
vV (4C0x)/(7[€st2D)'

Similarly, with the source intrinsic Fermi level as the
reference, assuming full depletion of the channel, the 2-D
Poisson’s equation in the channel can be written as

d*pcu(x, y) N d*pcu(x,y)  gNen

dx? dy? -

where @cy(x, y) is the potential in the channel, &, is the

permittivity of channel semiconductor material, and N, is the

small n-type channel doping. In case the channel is p-doped,
we must use a doping of —Np.

The solution of (3) under the same boundary conditions as
assumed in (1), but with a gate oxide thickness of 7., yields
the following expression for the channel surface potential (¢cp)
evaluated at y = +1,p/2:

@ch = ¢y sinh(fx) + ¢, sinh[f(L — x)]
+ Vs — VecH + ¢ Nentop /(2Cox)

3)

Ech

“)

where ¢; and ¢, are constants of integration, Vegcy = [@m —
(xch + Eccu/2) + AEc + AEg/2]/q is the flat-band voltage
of the channel with respect to gate (y.h is the electron affinity
of the channel material, Egcy is the bandgap and A E¢ is the
conduction band offset of the channel with respect to source),
AEg = Egcu — Egs is the difference of the channel and
source bandgaps, and f = +/(2Cox)/(echtap). Note that for
simplicity in our model, we have considered the conduction
band offset to be equal to the difference of the electron
affinities of the channel and source (y,), i.e., AEc = ych— Xs-
The valence band offset (A Ev) of the channel with respect to
the source is therefore, given by: AEy = AEg + AEc.

The complete solution of the surface potential in the device
requires the applications of suitable boundary conditions,
which, when applied to (2) and (4) yield the values for the
constants of integration and the source depletion length. With
the intrinsic Fermi level of the source as the reference, we can
write the following boundary condition (BCqoyee) at the end
of the source depletion region (x = —L1):

Osix=—1, = —[Ecs/(2q) + (Ev — Egs)/q]. %)

Similarly, at the channel-drain junction (x = L), neglecting
drain depletion (because ON-current is independent of drain
depletion length), we can write the following BC (BCgyain):

Egs (Em — Ec)
4+
2q q

The other two boundary conditions are obtained by equating
the surface potential and the lateral displacement field between
@s and @, at the source-channel junction (x = 0).

Since the source and drain doping in TFET are generally
degenerate to allow for greater ON-current and low contact
resistance, it necessitates the use of FD statistics [Fig. 2(a)] to

Vbs — (6)

Pchjx=L =
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evaluate the correct boundary conditions. For example, with a
p-type source doping of Ny, we can write

Ey
N, = / DOSsl1 — f(E)dE %

where DOSyp = gym*/(x h?) is the 2-D DOS, g is the valley
degeneracy [38], m* = ,/niy, nm,, is the DOS effective mass
of holes (m,,, and m_,, are effective masses of holes in source
valence band along x- and z-direction, respectively), i is
the reduced Planck’s constant, f(E) is the Fermi occupation
probability for electrons, and Evy is the maxima of the valence
band.

Using (7) we can find out (Ey — Egs) to compute (5).
Similarly, by applying Fermi statistics to the n* drain, we can
obtain (Epp — Ec¢) to compute (6). Finally, applying all the
BCs and after suitable mathematical substitutions, we arrive
at the following expression from which L; can be computed
analytically:

esd1 f
Cc1 —

tanh(SL) Ech
+(Vess — VeBch) +

(l — coshz(ﬁlLl))
thD(Nch + NS7Z'/2)
2Cox

—Ves+Vegs | cosh(BiL1).  (8)

qNstopr
4Cox

Note that c¢; is obtained by evaluating (4) at x = L and
equating it to (6), and d; is obtained by evaluating (2) at
x = —L; and equating it to (5). Once L, is obtained from (8),
all other constants of integration in (2) and (4) are obtained
to yield the complete solution of the surface potential in the
entire device.

To compare the validity of our surface potential model
we compare our model results against those obtained from
first principle 2-D numerical NEGF simulations [16]. We plot
the obtained energy bands for both HMJ and HTJ TFETs
as a function of lateral distance for different values of the
Vis, and list all device specifications, along with the model
comparisons in Fig. 3. The parameters for the energy bands
and the associated effective masses for both WTe; (source) and
MoS; (channel) used for the simulations are: y; = 3.77 eV,
Xch = 4.5 GV, EGS = 1.33 CV, EGCH = 1.6 eV, for
AEc = 0.73 eV and AEy = 1.0 eV. The effective mass
of electrons and holes in WTe, along x- (transport) and
z-directions are 0.32mq and 0.42mq in both the conduction
(my,, = my, = m.) and valence bands (m,, = m;, =
m,,), respectively, where my is the mass of an electron. For
MoS,, the effective mass of electrons in the conduction band
along x- (mye,) and z- (my,) are 0.5788mg and 0.5664m,,
respectively, while for the holes in the valence band they are
equal at (my,, = my,, = m,,) 0.66my.

From Fig. 3 it can be observed that the match of our results
against NEGF simulations is very good for both HMJ and
HTJ TFETs for the simulated values of Vg and Vps, channel
length, and source doping. Note that the doping concentra-
tions have been normalized to a monolayer (~0.5-nm thick)
2-D-body. Because of the thin body and gate-dielectric,
the electrostatic control over the channel potential is excellent
for long channel transistors leading to almost flat energy bands

= I Qsjx=—L, +

(a) 2 = T T T T (b) 2
L Ec = .
[T __Ves=-046V mﬁg:l .
31— N, = 5 x 1013cm™Z - E1
o [ E 1 o
° v k-]
S0 Y 150
o | Ers 1o |Egs —Ves=-0.36V | ——
> - Vos =05V e
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| Wre, MoS, 2 | W | Mos, MoS,
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4 6 8 10 10 20 30 40
Lateral Distance (nm) Lateral Distance (nm)
Fig. 3. Comparison of our surface potential model against NEGF
simulations. (ag Lateral HTJ DG-2-D-TFET has been simulated with
Nen = 5 x10% cm™2, Ng = 25 x 10 cm™2, Vps = 03V, L = 5
nm, tbp = 1 nm, tox (SiO2 dielectric) = 1 nm, ¢, = 4.5 eV and variable
Ns, and Vgs. WTes is the source material, and MoS, forms the channel
and drain materials. (b) Lateral HMJ 2-D-TFET simulation with MoS, as
the source, channel, and drain material. All other structural parameters
are same as above, except L = 25 nmand Ns = Ny = 5 x 10'3cm—2,
©m = 4.96 eV, and two different Vps.

(b) ke,

n= mvs/mrj_

Fig. 4. (a) Simplified tunneling barrier where the energy bands, Fermi
level in the p-(EFp) and n-(Ef,) regions, average tunneling electric field
(&) across the depletion region, and the net energy overlap of the bands
(qVR) are shown. £ is calculated by the ratio of the electrostatic band-
bending to the total tunneling distance of the carriers. (b) Diagram
illustrating the reduced k-space (shaded) of electron wavevectors in
the source that contribute to the tunneling current. The limits of the k
wave-vector are obtained as noted in (9) and (10). The maximum value
of ky is Kmax (9), which denotes the maximum electron wave-vector
corresponding to an energy of qVg, while the maximum value of k|,
the electron wave-vector along z-direction, is kmax/m. Also, since only
positive electron wave-vectors along the tunneling direction contribute to
tunneling, kx has only positive values. my, is the reduced perpendicular
effective mass and has been defined in (10).

(surface potential dictated by gate electrode) except at the
source and drain junctions, however, for shorter channel length
transistors (~5-nm channel length) the short channel effects
degrade the gate control over the channel potential as seen
from Fig. 3(a). Although the effect of the drain depletion
region becomes more apparent near the drain in these short
channel transistors, however, as shown later in Fig. 7, its
effect on the ON-current is still negligible because the source-
channel tunneling electric field is still well accounted for. Also,
the negative gate voltages in the simulations are because of the
choice of the gate metal work-function. The position of the
Fermi level in the source and drain regions relative to Ey and
Ec, respectively, highlights the importance of incorporating
FD statistics in our model. The small mismatch between the
model and simulated energy bands near the drain is because
of the presence of the intrinsic contact resistance present in
any NEGF simulation.
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After establishing our model and confirming its validity
against NEGF simulations, we move on to Section IV where
we model the drain current.

IV. DRAIN CURRENT MODEL

In this section we derive the analytical tunneling current
model for 2-D lateral-TFETs starting from Landauer’s equa-
tion [39]. Both the forward current flowing from the drain to
the source and the reverse current flowing from the source to
the drain are computed to evaluate the net ON-current, which
is given by the difference of these two. Moreover, as already
stated, the doping concentration in both source and drain are
high in TFETS, thereby making it imperative that we take the
FD distribution of the carriers into account. This introduces a
dependence of doping into the model and helps in achieving
zero drain current at zero drain—source bias when used in
Landauer’s model for evaluating the current. This is because
the source and the drain Fermi levels align at zero drain—source
bias leading to symmetric source and drain carrier distribution,
and hence, equal forward and reverse current.

A. Ranges of Electron Wave-Vector for Tunneling
and Tunneling Probability

Fig. 4 shows a simplistic diagram of an electron tunneling
from the valence band of a p™-material to the conduction
band of an n™-material, across a generic bandgap of Eg. Also
shown is the difference in the curvatures of the respective
energy bands arising because of the difference in the effective
mass of the carriers. Note that although this represents a
generic p-n-junction tunneling diode, it must be realized that
the physics of tunneling across the energy bands in this device
is similar to that of an n-TFET which has a p* source and an
n-channel, where the carrier concentration of the channel is
varied by the application of Vgs. The applied Vs, therefore,
modulates the energy overlap (¢Vr) and the tunneling electric
field (¢) in the device, hence, affecting the ON-current.

Since the energy of an electron (E) is related to its
momentum wave-vector (k) and its effective mass (m*) as
E = h?k?/2m*, hence, any change of m* during tunneling
(isoenergetic process) from one band to another changes its
k vector. This is manifested during tunneling from the source
valence band to the channel conduction band of the TFET,
whose difference in curvatures, along with the conservation of
the perpendicular electron wave-vector (along the z-axis) while
tunneling, causes a change in the lateral wave-vector (along
x-axis) of the electron. Assuming the perpendicular electron
wave-vector to be k|, the lateral wave-vector in the source
valence band to be ki, and that in the channel conduction
band to be k;,, we obtain the following limits of the wave-
vectors [23], [40] over which tunneling occurs.

For ki,
my k2 / my k2
k2 _$<kx< k2 %L 9
max my Ix = max m,. 9)
For kl
_kmaxx/ mrJ_/mvxf k) < kmax\/ ”lrJ_/’nvY (10)

2 = 2m, qVg/h* denotes the maximum tunneling
electron wave-vector, and 1/m,; = (1/mg,, + 1/m,.,) is the
reduced perpendicular effective mass. Therefore, the limits of
kix 1S kmax, and that of k) is knax/# (defined in Fig. 4), which
corresponds to an ellipsoidal region of the momentum space
where the tunneling takes place [40]. However, as we will
show later, since we are only considering electron tunneling
from source to channel, k;, has only positive values, and
therefore, the lower limit of k;, in (9) is 0. Also, since we are
not considering any direct source to drain tunneling, the ranges
of electron wave-vectors derived in (9, 10) are for electrons
tunneling from source to channel only.

Applying Wentzel-Kramer—Brillouin (WKB) approxima-
tion [41], we can calculate the effect of £, on the tunneling
probability of carriers T (E_), as

where, k2

T(E)) = exp[—4 2m;“Eé/sz/(3q§ﬁ)]exp(—El/E) (11)
where E = ghé/,/8m*Egs and m* = (1/my, 4 1/my,)”"

is the reduced effective mass, which effectively accounts for
the electron-hole duality during band-to-band tunneling. Note
that Egs in (11) is the net energy barrier that the tunneling
electrons have to surmount, and corresponds to the bandgap
of the material where the tunneling commences from, and is
therefore, of the source.

B. Extraction of the Tunneling Electric
Field and the Band Overlap

To evaluate the tunneling probability (11) and the maxi-
mum allowable electron wave-vectors (9), (10), we need to
extract the tunneling electric field (¢) and the band energy
overlap (¢Vr). These two parameters are obtained from the
solution of the surface potential obtained in Section III.

Since the reference of the surface potential solution is taken
to be that of the intrinsic Fermi level of the source and
is at a potential of ¢;(x = —L), therefore, the tunneling
electrons will reach the channel conduction band where the
potential would be Egs/g more than ¢;(x = —L;). This
ensures that the total energy separation between the bands
becomes equal to the source band gap energy Egs. This
net energy difference is due to both the electrostatic energy
difference and the energy difference due to the band offset.
In an HTJ therefore, the electrostatic energy difference must
be Egs— A Ec. Denoting the x-coordinate in the channel where
the tunneling terminates by L,, L, is obtained by equating (4)
to (Egs — AEc)/q + ¢s(x = —L4). For an HMJ, however,
AEc = 0, and results in larger L, than that in an HTJ.

Once L, is obtained, an average electrostatic tunneling
electric field is extracted, which is assumed to remain constant
across the entire tunneling distance for simplicity. For HTJs,
this tunneling electric field is given by

q(Ly+ L)~
For HMJs AEc = 0 in (12). This electric field is then used
for all subsequent drain current calculations.

The screening length (1), which is a measure of the decay
of the surface potential [42], in the center of the channel of

(12)
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Fig. 5. (a) Band diagram of a TFET during ON-condition showing Vgs (V)

an energy overlap of gV (green shaded region) between the channel
conduction and source valence bands, and the point where the channel
conduction bands cross the source valence bands (x = Lp). The overlap
of the energy bands indicated by a red shaded region (around 5\ from the
drain) does not contribute to the tunneling current because of its large
tunneling distance from the source energy bands, thereby resulting in
low tunneling probability. The center surface potential () therefore, is
obtained by averaging out the channel surface potential from x= (L—5X\)
to x = Lp. (b) BZ of a general hexagonal lattice showing symmetry
points K, M, and I" (on xz-plane), and vertically on top of them (along
ky~direction) are the H, L, and A points (in a coordinate system cor-
responding to Fig. 1(b)). (c) Material choices (top); WTex (purple) and
MoS; (green); schematic of WTe»-MoS, HTJ and (bottom); MoS,-MoS,
HMJ.

any DG field-effect transistor (FET) can be reduced to that
of at its surface, given by «/foxtap (ech/2€0x), When the body
thickness is very small. Since the net potential range over
which the tunneling takes place (VR) is defined by the useful
overlap of energy bands [see Fig. 5(a)], it was found from
extensive simulations that it is best approximated (for greater
drain current saturation) by subtracting the potential at x = L,
from the channel potential averaged out between x = L, to
x = L — 5. Therefore, Vy is

l L—54
Vo= — / pardx — [paler,  (13)

L-5i—Ly Jp,
where ¢., is the channel surface potential and is obtained
from (4).

Note that when L, > (L — 51), we average the channel
potential over the entire channel length. Once Vg and ¢ are
obtained, the tunneling probability and the ranges of electron
wave-vector over which tunneling takes place (9), (10) are
evaluated to yield the total drain current.

C. Analytical Model of Drain Current
The 1-D current density (A/m) can be written as [39]

2
=2 [ S ®TEN - ) (4
27)
where v(E) = (1/h)(dE/dk) is the velocity of electrons,
fsv = 1/[1+exp{—(E1x+EL—(Ey—Egs))/kT}] is the Fermi
occupation of electrons in the source valence band (E;, and
E | are energies corresponding to wave-vectors ki, and k,,
respectively), fac is the Fermi occupation of electrons in the
drain conduction band. For brevity, we show the derivation of
the forward drain—source tunneling current (limited by f,)
in this section. The derivation of the reverse source—drain
current is similar, except for a small modification of the source

Fig.6. (a) Diagramillustrating the approximation of (16) into two separate
equations under different biases of operation. When Vgs < Vaswitch the
factor A is lower than log(4), and can be approximated as an exponential
function, while for higher gate biases it can be approximated as a linear
function. The gate voltage around which this switch happens is denoted
in (17). (b) Comparison of our analytical drain current model (solid line)
against numerical simulations (symbol) for both WTe>-MoS, DG-HTJ and
Mo0S5,-MoS, DG-HMJ with Ns = 5 x 103 cm=2, Ny = 2.5 x 10'® cm~2,
Neph =0, Vps = 0.3V, L =25nm, bbp = 1 nm, f (SiO> dielectric) =1 nm,
and variable Vgs. Metal with a work-function of 4.5 eV is the gate
electrode.

Fermi voltage (Egs/q) to the drain Fermi voltage (Epp/q) by:
(Erp/q) = (Exs/q) + Vps to account for applied Vpg. Please
note that (14) implicitly assumes physics of 2-D materials
because of the integration over 2-D DOS, and therefore, is not
applicable for conventional bulk semiconductors. Moreover,
monolayer 2-D materials have similar lattice constants and
are generally direct bandgap semiconductors with the valence
band maxima/conduction band minima occurring around the
K -point [see Fig. 5(b)]. This implies that the tunneling current
model for both lateral-2-D based homo- and hetero-junction
TFETs [see Fig. 5(c)] do not need consideration of phonon-
assisted tunneling physics. For vertical 2-D-TFETs, however,
the K -point in the Brillouin zone (BZ) of one layer can overlap
with either the K or K’ point of the second layer, based on
AA or AB stacking, respectively, and hence, tunneling can
either be direct or through the assistance of phonons.

Substituting T(E,) from (11) into (14) and segregating
terms, we can write the following:

A 4 2m*E3/2 k1 max h2 k2
J = qiexp A Al / exp(— L_)dkl
s 3q¢h . min 2m,, E
klx
o B -

dkiy  (15)

h2k% _m K2,
2my kT 2m, kT

where k| min and k) ymax are the minimum and maximum ranges
of (10), and kmax 1s the maximum value of (9) for a certain k| .
Since ki, is the electron wave-vector along tunneling direction
in the source, hence, the integration in (15) is only carried out
for positive values of kj.
The finite integration over k;, in (15) is evaluated as
2

L IOg 1+ exp(akl max + b) (16)

2a 1 + exp(b)
where a = #?/(2m, kT) and b =
(Ev — Ers)/kT.

12k? /(2m, kT) —
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To obtain an analytical model of tunneling current, (16)
must be simplified, as both kmax (9) and b (16) are functions of
k) , which will subsequently be integrated over in (15). As will
be shown later, the drain current for the term log[1+4exp(b)] in
(16) is negligibly small compared to the other terms primarily
due to the absence of the maximum tunneling wave-vector
(kimax) and can be safely ignored for all practical purposes.
Also, plotted in Fig. 6(a) is the maximum value of the function
(ak},.. +b) = A as a function of Vgs for a certain device
configuration, and under certain bias. As can be observed from
Fig. 6(a), as Vgs is swept from a negative to a positive bias,
A changes from a negative value to a positive value around
a certain Vgs. When exp(A) <~ 4, the logarithmic function
in (16) can be approximated as an exponential function [see
Fig. 6(a)], while for higher values, it is best approximated
as a linear function [see Fig. 6(a)]. The gate bias where this
demarcation lies is denoted by Vgswiten and is obtained by
equating exp(ak? .+ b) to 4 in (16) to obtain

Imax

VGswitch = ((sz—Ll + T
m, Nent
16T + Eppl—n — 97chfD
qMycy, 2C0x

1
+ m[CQ COSh{ﬁ(L — x)}

—C COSl’l{ﬁ)C}]é2 + VEBCH. (17)

When Vis < Vgswicen, the logarithmic function in (16)
can be approximated solely by an exponential function of

(ak?, . + b) to yield the following expression for current:
J qkT 2mm,, |: 4 Zm;‘Eé/Sz]
1= exp| ————F—
4h’m? -1, 1 3qg¢h
T (”kr + ?) q¢
mxccthR (EV - EFS)
X exp -
my kT kT

kLmax
-1 1

1k, B2\ — + = )/(2m, 18
X[er{l\/(” += /(2m,,) (18)
When Vis > Vgswich, the logarithmic function in (16) is
best approximated as a linear function, and after suitable math-
ematical manipulations, we obtain the following expression for

the current density:

[ 4 2ijg§}
expl—————

kL min

_qkT
T 2hx?

J
: 3¢¢h

My VR _ (Ev—Eps)
my kT kT

2h

— k1 max
N/ 2m,  Em erf hk, L
\/Zmnxf

k1 min

% \/7 kl max
T ﬁki
20,2 — erf —
_ROPD) | a(wjom, B) (\/Zm,,y E)
okl m, B (R
n P 2y, E ki min

19)

Therefore, we have a piecewise model for the drain current,
where J; (18) is valid until Vgs < Vgswitch, and J> (19) is valid
when Vgs > Vgswitch- To make a smooth model for the drain
current valid over the entire range of gate biases, we need to

link these two piecewise models seamlessly. This is enabled
by using a tan-hyperbolic smoothing function (S)

§$=054+05 tanh[28(VGs — VGSwilch)] (20)

which switches from a minimum value of 0 to a maximum
value of 1 around Vgs = Vigswiten. The factor of 28 determines
the steepness of this switch and has been found to give the best
match with numerical simulation results. The final expression
of the forward tunneling (J;) current flowing from the drain
to the source can therefore, be expressed, using (18)—(20) to
yield

Jr=Ji[1 =S+ LS. 201

Similarly, the reverse current (J,) flowing from the source to
the drain can be calculated by the simple substitution of the
source Fermi level with the drain Fermi level in (15)—(17) to
compute (18)—(20) and subsequently, (21). Therefore, the net
tunneling current density (J) flowing from the drain to the
source of the TFET is given as

J=J;—J. (22)

To ascertain the validity of our approximations and sim-
plifications made in the derivation of the analytical model,
we compare and show the excellent match of our analytical
model results against those obtained by numerically integrating
(15) in Fig. 6(b), where the schematic of the TFETSs is shown
in Fig. 5(c). As observed from Fig. 6(b), our model results
compare exceedingly well against the numerical simulations,
thereby confirming the validity of all the simplifications,
the neglect of the log[1+exp(d)] term in (16), and the smooth-
ness of the piecewise drain current model. Also observed in
the figure is the higher ON-current of the HTJ TFET over
HMIJ TFET for the entire range of the gate bias, bringing out
the importance of using a suitable source-channel junction for
improving the electrical characteristics.

A constant leakage current of 1072° A/um is assumed to be
flowing in the device from the drain to source, except at zero
Vbs where the net current in the device should be zero. This is
accomplished by modeling the net OFF-current per unit width
(W) of the device as a function of Vpg as

Iorr = 107 tanh[30Vps] (23)

where the tan hyperbolic function ensures continuity of the
Ips — Vps characteristics.

The results obtained from our model have been compared
against those obtained from NEGF simulations [16] in Fig. 7,
where the transfer characteristics (Ips — Vgs) of both HMJ
(MoS;,-MoS;) and HTJ (WTe,;-MoS;) DG-2-D-TFETs (note
that DIBL, important for short channel technology nodes, has
already been accounted for in the surface potential model)
have been plotted and compared against. The reasonably good
match of the results against NEGF simulations for a variety
of device parameters, such as channel length, gate dielectric
constant, and gate and drain biases, proves the veracity and
robustness of the model, which has been derived from scratch
without employing any fitting parameters.

Fig. 8 shows the output characteristics (Ips — Vps) for
various Vgs and device parameters. At zero Vpg the net drain
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Fig. 7. Ibs—Vgs comparison of our analytical model (solid lines)
against NEGF simulations (symbols) for both (a) WSeo-MoS, DG-HTJ
and (b) MoS,-MoS, DG-HMJ device at varying gate oxide permittivity,
channel length, and Vps. The devices have a source and drain doping
concentrations of 5 x 10" cm=2 and 2.5 x 10'3 cm~2, respectively with
intrinsic channel. The body (%p) and gate oxide thicknesses (tox) are
1 nm each. Metals with work-function of 4.56 eV and 4.5 eV are used for
HTJ and HMJ simulations, respectively.
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Fig. 8. Ips—Vps comparison against NEGF simulations for WTe>-MoS;
DG-HTJ device with various gate dielectrics and Vgg. Device parameters
for simulation are same as in Fig. 6(b) with a channel length of L = 20 nm
and o, =4.96 eV.

current is zero because of the equal contribution of the forward
and the reverse current. However, as Vpg continues to increase,
the contribution of the reverse current diminishes because of
the decrease in the carrier occupation at the drain, thereby
increasing the net drain current, until it eventually saturates at
higher Vps. TFETsS, therefore, show more pronounced drain
current saturation with Vpg compared to MOSFETsS, and the
same is observed clearly from our figure. Most importantly,
Figs. 7 and 8 show the excellent match of our model results
compared to the NEGF simulations for a variety of device
parameters.

The development of any compact model is incomplete with-
out the inclusion of the capacitance in the device, which allows
the modeling of transient characteristics. The low efficiency
of charge transport at the source-channel junction in a TFET

compared to a MOSFET because of the presence of a tunnel
barrier in the former limits its gate—source capacitance (Cgs);
however, the larger channel charge at the drain side of the
TFET (n-n* junction) compared to the MOSFET leads to
increased gate—drain capacitance (Cgp). Although the accurate
modeling of these capacitances relies on modeling the channel
charge from the surface potential model, a simplistic modeling
allows a 30-70 partition of the gate capacitance to Cgs and
Cop, respectively, [16], irrespective of the applied voltage, and
the same has been incorporated into our compact model.

V. CONCLUSION

A rigorous compact modeling framework for 2-D channel
TFETs has been developed that is valid for both lateral
homo- and hetero-source-channel junctions down to ultrashort
channel length of 5 nm. The framework incorporates fully
analytical modeling of the surface potential in the source and
channel by accurately considering the junction electrostatics,
the fringing gate electric field lines, and the carrier distribution
profile dictated by FD statistics. Subsequently, the average
tunneling electric field and the net potential range for the
tunneling carriers are derived from the developed surface
potential model to evaluate the transmission probability of
the tunneling carriers by employing the WKB approximation.
Finally, the drain current model was derived by analytically
solving the 2-D Landauer’s equation by considering both the
forward and reverse currents and by appropriately integrating
over the allowed electron wave-vectors. The good agreement
of our model with NEGF simulations, without the use of
any fitting parameters, for both 2-D lateral HMJ and HTJ
TFETs, at various channel lengths and structural parameters,
provides necessary validation. Our developed compact model
can be utilized to study the performance of these various lateral
2-D TFETs and circuits derived from them, including novel
neuromorphic circuits.
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