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In this paper, the physics-based analytical model of transition metal dichalcogenide

(TMD)-base

double-gate (DG) tunneling field-effect transistors (TFETs) is proposed.

The proposed model is derived by using the two-dimensional (2-D) Landauer formula

and the Wentzel-Kramers-Brillouin (WKB) approximation. For improvin

the accuracy,

nonlinear and continuous lateral energy band profile is applied to the model. 2-D

density of states (DOS) and two-ban

effective Hamiltonian for TMD materials are

also used in order to consider the 2-D nature of TMD-based TFETs. The model is
validated by using the tight-binding non-equilibrium Green’s function (NEGF)-based

quantum transport simulation
(MoS,)-based TFETs.

[. INTRODUCTION

Recently, tunneling field-effect transistors
(TFETs) are considered as one of the most
promising candidates for low-power

applications thanks to their low off-current (L)
and small subthreshold swing (SS) [1]1-[3].
However, some published studies reported that
TFETs are difficult to achieve suppressed /Lg
and steep switching characteristics as expected
because of the gradual energy band profile at
the source/channel tunneling junction [4], [5].
Even if the uniform and abrupt doping profile
can be implemented, the undamental
“potential decay rate” is still existed at the
tunneling  junction.  According to the
well-known screening length theory proposed
by Yan et al [6], the channel screening length
(Ach) determines the potential decay rate at the
tunneling junction: As As decreases, TFETs can
achieve  steeper junction band  profile.
Therefore, in order to draw the ideal
performance of TFETs, A+ should be scaled

down aggressively. In this context,
two-dimensional (2-D) transition metal
dichalcogenide (TMD) semiconductors have

been studied intensively [7]-[9]. It is due to
their atomicalll)q/—thin layer thickness and low
permittivity, which result in smaller A than
three-dimensional (3-D) semiconductor-based
TFETs. For example, A+ of molybdenum
disulfide (MoS;)-based double-gate (DG) TFETs
can be lowered below 5 A [8].

In order to evaluate the electrical
characteristics of TMD-based TFETs, the 2-D
band-to-band tunneling current should be
modeled accurately. However, rigorous
modeling of the 2-D band-to-band tunneling
current has not been performed to date.
Although Ma et a/ introduce a simple
analytical expression for the band-to-band
tunneling in 2-D crystal semiconductors [10], it
focuses on the physical understanding of 2-D
tunneling transport rather than the accurate

in the case of monolayer molybdenum disulfide

prediction of TMD-based TFETs' performance.
In order to address this problem, in this paper,
the 2-D band-to-band tunneling current of
TMD-based DG TFETs is modeled carefully. The
model is based on the 2-D Landauer formula
and the Wentzel-Kramers-Brillouin  (WKB)
approximation. For improving the accuracy of
the modeling, nonlinear and continuous lateral

energy band profile is applied to the WKB
approximation. Furthermore, 2-D density of
states (DOS) and two-band effective

Hamiltonian for TMD materials are used in
order to cover the 2-D nature of TMD-based
TFETs. Modeling results are compared with
tight binding non-equilibrium Green’s function
(NEGF)-based simulation results in the case of
monolayer MoS,-based TFETs.

II. ANALYTICAL MODELING

Fig. 1 shows the schematic of TMD-based
DG TFETs. Lo, X5 fnh and # in Fig. 1 represent
the  channel ~length, position o the
source/channel junction, physical thickness of
the TMD layer and the gate oxide, respectively.

According to [11], the valence and
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Fig. 1. Schematic of TMD-based DG TFETs.

band profiles from source to drain for a
TFET device can be described as
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Fig. 1. Schematic of TMD-based DG TFETs.
b)
where U, and (. are the valence and

conduction band profiles, respectively. In (la),
Uy, Uxn and Uy are valence band energy levels
in the source, channel and drain, respectively,
and determined as

U, =0, (2a)
Uy =U, —E,12-AE, —qlV, - V3 ) (2b)
U,=U, ~E,~AE,~AE, —qV,, (20)

where £ is the direct band gap of the TMD
material, g is elementary charge, V4 is the
gate voItage Vy is the drain voltage and V4 is
the flat band voltage. AL and A£y represent
Us — s and g — (Us + £), respectively, where
us and uy are the Fermi levels of the source
and drain, respectively. Considering that the
2-D den5|ty o#o states (DOS) is constant, AL
and Af£y can be found analytlcally by solvmg

o)
ng = J:LE Dcfd(E’lud)

gﬁgv € [len[l-i—eXp( AEd jj+AEd]’ (3b)
27h* kT

where n, and ng are 2-D dopintlg densities of
the source and drain, respectively, 0, and D.
are constant 2-D DOS of the valence band
and conduction band, respectively, £ and #
are the Fermi-Dirac distributions of the source
and drain, respectively, gs = 2 and g, = 2 are
the spin and valley degeneracy factors [12],
respectively, me. and my are electron and hole
effective masses, respectively, /A is the Dirac
constant, & is the Boltzmann constant and 7 is
lattice temperature.

ﬂvef‘f,s.
screening

n=[ D01 (E.m)

-0

= EE | Tin| 1+ exp —AE,
27h* kT

are the effective
potential decay

and Aerg in (1a)
length (reciprocal

ATirhel

rate) at the source/channel and channel/drain
junction, respectively, and equal to

1

ﬂ’eff,s = (Wd,s +ﬂ’ch (4a)

o |

1
Aegrg = 3 (Wd,d + A, (4b)
where Wi and W4 are depletion widths at
the source/channel and the channel/drain
junction, resEectiver. In the case of DG FETs,

A is given by [13]
&gt j
tchtox’

ﬂ‘ch g 14 —ox ch
2.9 4e 4t
where &n and &y are permittivites of the TMD

layer and gate oxide, respectively. L in (la) is
the effective channel length and expressed as

()

Ly =Ly, + (Wd,s = A )/ 2+ (Wd,d = A )/ 2. (6)
Therefore, when device parameters (ns, 4, &n
bx &n &x) and bias conditions (Vg Vy) are
confirmed, U, and U, of TMD-based DG TFETs
can be expressed as continuous functions of x
by using (1) ~ (6).

The tunneling probability (7wn) based on the
WKB approximation is given by
tun - exp[ 2J‘ d‘thmg E= Ex _Uv )j9 (7)

where £ is the energy of the incoming
electron along the transport direction x and

kmg is the imaginary wave vector in the
presence of the tunneling barrier. Neglecting
the  spin-orbit interaction, the effective
two-band Hamiltonian of monolayer TMD
materials has the form [14]
Rk (o +
Eg+M ta, (. —ik,)
H-= "o . . @®
n* k| (o - )
tay (e, +ik, )
4m,

where k = (&, k) is the 2-D wave vector, my
is the free electron mass, t is the hopping
integral, a is the lattice constant, 7 = %1 is
the valley parameter for K (+1) and K’ 1|)
and p represent my/m- and mo/ms — 4dmyV'/E,
respectively, where my. = memn/(my + me) and
v = ta/h Thus, the secular equation of (8) is
given by
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2 w2,
[Eg+h K (a+,8)_E][h K[ (- )
4m, 4m,
After some algebraic manipulation, &mg = Im
(k) can be analytically expressed as

when 0< £ < £

x and x in (7) are the initial and final
positions of the tunneling in real space,
respectively, and can be obtained by satisfying
the condition U,(x) = U.x) = £ as follows:

where

Therefore, by putting (10), (11a) and (11b)
into (7), 7Twn can be expressed as a function
of &.

Finally, by using the Landauer formula, the
2-D band-to-band tunneling current per unit
width (%) can be described as [15]

where AF£ is the tunneling window given by
Us — (Uy + E). Tt should be noted that (13) is
not analyticaﬁy integrable. However, numerical
integrations of (13) can be performed simply
and efficiently. Thus, mathematical
approximations for simplifying (13) will not be
presented in this paper. In Section I, the
numerical evaluation of (13) will be validated
by using the NEGF-based quantum transport
simulation.

[II. RESULTS AND DISCUSSION

In  order to verify _ the proposed
semi-analytical model, sp°d® tight-binding
NEGF-based simulation is performed by using
the EDISON nanophysics simulator in tKe case
of the monolayer MoS,-based DG TFET [16],
[17]. Spin-orbit interaction is not included
because its influence on the band-to-band
tunneling current is not significant [18]. The
structure  of MoS, channel in transport
direction is assumed to be zigzag. Device
parameters are summarized in Table 1.

_ E] = (a0, VK. (9)

k= E(Eg B E)
img 8w - R\F w21 (10)
Device parameters- value: ‘

W (E )+ hy(E,) + I (E,)

X = Ay In

], (11a)

Band energy [eV]

Table. 1. Summary of device parameters for the
semi-analytical model and NEGF simulation.

1 Z(Ex _Ud)
_,/h2 E )+h,(E, )+h(E
- .Xf =/Ieﬂ~s ]n 3( x) 4( x) 3( x) , (11b)
| : 2(E, -U, +E,)
Gate oxide thickness (&)« 1nme
Channel permittivity (&)« 4.8
Gate oxide permittivity (sg,)e 3.9-
Channel length (L+)e 5 nme
Source doping concentration (n/fy)e| 10%° em3.|
Drain doping concentration (ry/£x)e | 102 em3.|12a)

L2b)
3
i 0 NEGF simulation
9 Proposed model
i 12¢)
L2d)
(13)

0 5 10 15 20 25
X coordinate [nm]

Fig. 2. Modeled and simulated energy band
profiles of the 5-nm MoS,-based DG TFET for
Vg =0, 03 05 and 0.7 V

Fig. 2 shows modeled and simulated energy
band profiles of the 5-nm monolayer
MoS;-based DG TFET for Iy = 0, 0.3, 0.5 and
0.7 V. It is clearly demonstrated that (1a) and
(lb) can reproduce the energy band profiles
obtained through NEGF simulations with good
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accuracy. As shown in Fig. 2, the monolayer
MoS,-based DG TFET has steep junction band
p;oﬁle at the source/channel junction despite
o

extremely-scaled L;, of 5 nm. It is because of
thin &, (7 A and low & (4.8) of MoS,
channel layer, which makes the A4 and
accordingly Ae¢ smaller. Fig. 3 compares the
transfer curves of the 5-nm MoS;-based DG
TFET calculated from the proposed model and
from the previous model (Ma's model, [10])
with the ti%ht—binding NEGF simulation results.

It shows that the proposed modeling results
104 E O NEGF simulation G/E
'g' s F Previous model [10] o
= 10 E ——— Proposed model
6 L
11 10° F
£ 107
o -
= 108 -
3
e 10° F
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Fig. 3. Comparison of transfer characteristics of
the 5-nm MoS;,-based DG TFET obtained from
the proposed model, previous model [10] and

the tight-binding NEGF simulation.

match the NEGF simulation results well, while
the previous modeling results underestimate
the 2-D band-to-band tunneling current
significantly. It is mainly due to the 7yn in [10]
is calculated by assuming the linear energy
band profile at the tunneling junction and tﬁe
parabolic band structure, so-called Kane-Sze
model [3], [11]. Kane-Sze model is frequently
used to evaluate the band-to-band tunneling
current of TFET devices due to its simplicity.
However, as shown in this work, the accurate
transfer characteristics of ultra-scaled
TMD-based TFETs can hardly be obtained by
using the Kane-Sze model. Therefore, the
proposed model in this paper will be useful
for investigating the realistic performance of
TMD-based TFETs.

IV. CONCLUSION

In  this paper, the analytical model of

TMD-based DG TFETs is proposed. The
proposed model is based on the 2-D Landauer
formula, WKB approximation with nonlinear,
continuous energy band profile and two-band
effective Hamiltonian. The modeling results are
in good agreement with tight-binding NEGF

simulation results in the case of the 5-nm
monolayer MoS,-based DG TFET. Thus, the
proposed model can give the accurate

prediction of the performance of TMD-based
TFETs as well as the insight on the underlying
physics of the 2-D band-to-band tunneling.
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