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Abstract—A channel-potential based compact I-V model for
Double-Gate Tunneling FETs (DG-TFETs) incorporating channel
length scaling is presented. The model covers both sub-threshold
and strong-inversion operation regimes and achieves good agree-
ment with TCAD results while the channel length is scaled down
to 10nm. The effect and mechanism of channel length scaling on
the performance of DG-TFETs are investigated. As expected, the
scaling down of channel length deteriorates off-state and sub-
threshold performance of DG-TFETs and leads to worse output
saturation characteristics. However, our compact model provides
a quick and quantitative means to assess the impact of TFET
scaling on the device performance.

I. INTRODUCTION

Tunneling FETs (TFETs) are widely considered as a promis-
ing candidate for low power applications as they can achieve
a steeper sub-threshold swing (SS) than the 60mV/dec limit
of conventional MOSFETs by exploring the band-to-band
tunneling (BTBT). In order to facilitate TFET circuit design
and simulation, an accurate, physics-based compact model for
TFETs is essential. A number of models of TFETs have been
reported in literatures [1–3]. However, most of these models
assume a zero electric-field region in the channel [1, 2], hence
can only be applied to devices with sufficiently long channels.
Furthermore, some models ignore the effects of inversion
charge in the channel and fail to reproduce the well-known
superlinear onset of output characteristics in TFETs and have
poor accuracy for strong inversion.

In this paper, we present a channel-potential based I-V
model which rectifies these deficiencies in TFET modeling and
can predict the device performance correctly with the scaling
down scenario. In order to verify our model, simulation is
conducted using Sentaurus Device TCAD tool set. Dynamic
nonlocal band-to-band tunneling model is used for accurate
calculation of the tunneling current.

II. CHANNEL POTENTIAL MODELING

The device under study is an n-type DG-TFET shown
in Fig. 1. Since band-to-band tunneling current is strongly
dependent on the potential distribution in the channel, an
accurate modeling of channel potential is needed. Therefore
we start from channel potential modeling.
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Fig. 1. Structure of n-type Double-Gate Tunneling FET studied in this
paper. Doping of source, channel and drain: 1020 cm−3, 5 × 1014 cm−3

and 5 × 1018 cm−3, respectively. Body thickness: 10nm. Gate dielectric:
3nm SiO2. Channel lengths: 10nm∼50nm. Gate workfunction: 4.25eV

For a short-channel device, the 2D Poisson’s equation in the
channel region should be solved

∂2φch(x, y)

∂x2
+
∂2φch(x, y)

∂y2
=
qNch
εSi

(1)

where φch is the potential in the channel, and Nch is the
acceptor concentration in the channel. Inversion charge in the
channel is ignored.

To simplify the problem, the potential distribution in the
channel depth direction is approximated by a parabolic poten-
tial distribution [3]

φch(x, y) = φS,ch(x) + a1(x)y + a2(x)y2 (2)

Considering boundary conditions at the top and bottom
surfaces of the channel

φch(x, 0) =φS,ch(x) (3)
φch(x, tSi) =φS,ch(x) (4)(

∂φch(x, y)

∂y

)
y=0

= − εox
εSitox

(VG − VFB) (5)(
∂φch(x, y)

∂y

)
y=tSi

=
εox
εSitox

(VG − VFB) (6)
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The coefficients in (2) can be solved

a1(x) = − εox
εSi

VG − VFB − φS,ch(x)

tox
(7)

a2(x) =
εox
εSi

VG − VFB − φS,ch(x)

toxtSi
(8)

The 2D Poisson’s equation (1) is reduced to a 1D differential
equation of surface potential

d2φS,ch(x)

dx2
=
φS,ch(x) − ψch

λ20
(9)

where

ψch = VG − VFB − qNchtSitox
2εox

(10)

The potential profiles in source and drain depletion regions
can be approximated as one-sided p+ − p/n and p/n − n+

junctions

φS,S(x) =VS0 +
qNS
2εSi

(x+ LS)2,−LS < x < 0 (11)

φS,D(x) =VD + VD0 −
qND
2εSi

(x− Lch − LD)2,

Lch < x < Lch + LD (12)

where

LS =

√
2εSiVS,dep
qNS

(13)

LD =

√
2εSiVD,dep
qND

(14)

and VS,dep and VD,dep are potential drops in source and drain
depletion regions, which are to be solved using boundary
conditions.

By enforcing continuity of potential and E-field at the
boundaries of channel and source/drain depletion regions,
surface potential in the channel can be solved

φS,ch(x) =ψch +
VS0 + VS,dep − ψch

sinh
(
Lch

λ0

) sinh

(
Lch − x

λ0

)

+
VD + VD0 + VD,dep − ψch

sinh
(
Lch

λ0

) sinh

(
x

λ0

)
, (15)

0 < x < Lch

where

λ0 =

√
εSi

2εox
toxtSi (16)

VS,dep =ψch − VS0 +
qNSλ

2
0

εSi
tanh2

(
Lch

λ0

)
(17)

−

√√√√√√√√
2qNSλ

2
0(ψch − VS0)

εSi
tanh2

(
Lch

λ0

)
+

(
qNSλ

2
0

εSi
tanh2

(
Lch

λ0

))2

VD,dep =VD + VD0 − ψch −
qNDλ

2
0

εSi
tanh2

(
Lch

λ0

)
(18)

+

√√√√√√√√
2qNDλ

2
0(VD + VD0 − ψch)

εSi
tanh2

(
Lch

λ0

)
+

(
qNDλ

2
0

εSi
tanh2

(
Lch

λ0

))2

In order to incorporate the impact of inversion charge in
the channel, several corrections are made in strong inversion
operation regime.

Firstly, the “mid-channel” potential ψch saturates as inver-
sion charge becomes prominent. ψch serves as constant term
in (15) and in a long channel device, it refers to the surface
potential in the middle of the channel, which is far from the
influence of source and drain junctions. Since the drain-to-
source voltage mainly drops on the tunneling barrier, Fermi
level in the channel is in equilibrium with the drain in strong
inversion, therefore ψch is mainly controlled by VD rather than
VG in this regime. This phenomenon is an intrinsic property of
TFETs and is referred as “dual-modulation” effect in previous
literature [2]. To capture this “dual-modulation” effect, mid-
channel potential ψch is corrected as

ψdep =VG − VFB − qNchtSitox
2εox

(19)

ψinv =VD + Φ + α(ψdep − VD − Φ) + β(ψdep − VD − Φ)2

(20)
ψch =F (ψdep, ψinv)

=ψdep + ψinv −
√

(ψdep − ψinv)2 + δ2 (21)

where
Φ =

kT

q

NchNtran

n2i
(22)

is the band-bending at transition, Ntran is inversion charge
density at transition, with an empirical value 1 × 1019 cm−3,
F is a smoothing function, α, β, δ are fitting parameters.

Fig. 2 shows modeled ψch along with TCAD results. From
the figure, we can see that the model captures the “dual-
modulation” effect very well.

Secondly, the characteristic length for the surface potential
distribution along the channel direction in the tunneling region
decreases with increased inversion charge (as derived from the
variational analysis [4]).

1/λ2 = 1/λ20 + 8Ninv/εSitSi(ψch − ψch,0) (23)

where
Ninv = 2Cox(VG − VFB − ψch) (24)
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Fig. 2. ψch − VG under different drain biases. Symbols: TCAD results.
Lines: Model.

is the inversion charge in the channel and ψch,0 is mid-channel
potential at flat-band.

Fig. 3 shows modeled surface potential and TCAD results.
Since the effects of source/drain depletion regions and the
effects of inversion charge in the channel are considered, the
model works well for both short channel and long channel
DG-TFETs under both low and high gate biases.

III. CURRENT MODELING

The next step is to calculate the tunneling current based
on the surface potential model. Using Kane’s Model [5], the
generation rate for band-to-band tunneling can be calculated

GBTBT = AKane
E2√
Eg

exp

(
−BKaneE

3/2
g

E

)
(25)

where E =
Eg

qLtun
, Ltun is tunneling path length derived from

surface potential model

Ltun(V ) = LS −
√

2εSi
qNS

(V − VS0) + Lch (26)

− λ arccosh

[
1 +

(
cosh

Lch
λ

− 1

)
ψch − V − Eg

ψch − VS0 − VS,dep

]
The tunneling current can be calculated by integrating the
generation rate over the volume of the tunneling window

I = q

∫
GBTBT(fS − fD)dxdy (27)

where
fS/D =

1

1 + exp
(
qV (x)−EF,S/D

kT

) (28)

are Fermi distribution functions in source and drain.
By assuming that the tunneling current is uniform in y-

direction, (27) is simplified to

I = qtSi

∫
GBTBT(x)(fS − fD)dx (29)

Thus a compact current model is developed based on the
surface potential model. Figs. 4 and 5 show modeled current of
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Fig. 3. Surface potential profile of DG-TFETs with channel lengths of
(a) 10nm (b) 50nm. VD=2.0V. VG ranges from -2V to 2V. Symbols: TCAD
results. Lines: Model.
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VD=2.0V. Symbols: TCAD results. Lines: Model.

DG-TFETs along with TCAD results. From these figures, we
can see that our model well captures the channel length depen-
dency of I-V characteristics. In different operation regimes,
including sub-threshold and strong inversion regimes, both
transfer characteristic and superlinear onset and saturation in
output characteristic are well modeled.
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Fig. 6. Band diagram of DG-TFETs with different channel lengths at OFF-
state. IOFF is significantly higher with short channel length due to direct
tunneling.

IV. DISCUSSION

As shown in Figs. 4 and 5, the down-scaling of chan-
nel length leads to a significantly higher OFF-state current
(IOFF) and sub-threshold swing (SS) and deteriorates the
output saturation characteristics. This is similar to the short
channel effects in conventional MOSFETs, yet the underlying
mechanisms are different.

Fig. 6 shows the band diagram for DG-TFETs in the OFF-
state. In a short channel DG-TFET (Fig. 6a), direct tunneling
is significant, causing leakage current. While in a long channel
DG-TFET (Fig. 6b), direct tunneling is prohibited due to long
tunneling path.

Fig. 7 shows the band diagram for DG-TFETs in saturation.
In a long channel DG-TFET (Fig. 7b), when the drain voltage
continues to increase, only the channel potential near the drain
increases, and tunneling window remains unaffected, leading
to saturation of the drain current. However, in a short channel
DG-TFET (Fig. 7a), increasing drain voltage affects channel
potential in tunneling window and shortens the tunneling path,
resulting in the increase of current even after saturation. The
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Fig. 7. Band diagram of DG-TFETs with different gate lengths in saturation
region.

phenomenon is called drain-induced barrier thinning (DIBT),
similar to DIBL effect in conventional MOSFETs which also
leads to finite output conductance in saturation region.

V. CONCLUSION

A channel-potential based model for Double-Gate Tunnel
FETs including channel length scaling has been developed,
and based on the model, the mechanisms for the short channel
effects are analyzed. Our model provides a guideline for the
scaling down of Tunnel FETs and aids in circuit simulation
and design with the scaling down scenario.
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