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Abstract—This paper introduces an innovative modeling ap-
proach for calculating the band-to-band (B2B) tunneling prob-
ability in tunnel-field effect transistors (TFETs). The field of
application is the usage in TFET compact models.

Looking at a tunneling process in TFETs, carriers try to
tunnel through an energy barrier which is defined by the device
band diagram. The tunneling energy barrier is approximated by
an approach which assumes an area equivalent (AE) triangular
shaped energy profile. The simplified energy triangle is suitable to
be used in the Wentzel-Kramers-Brillouin (WKB) approximation.
Referring to the area instead of the electric field at individual
points is shown to be a more robust approach in terms of
numerical stability. The derived AE approach is implemented
in an existing compact model for double-gate (DG) TFETs.

In order to verify and show the numerical stability of this
approach, modeling results are compared to TCAD Sentaurus
simulation data for various sets of device parameters, whereby
the simulations include both ON- and AMBIPOLAR-state of
the TFET. In addition to the various device dimensions, the
source material is also changed to demonstrate the feasibility of
simulating hetero-junctions. Comparing the modeling approach
with TCAD data shows a good match. Apart the limitations
demonstrated and discussed in this paper, the main advantage
of the AE approach is the simplicity and a better fit to TCAD
data in comparison to the quasi-2D WKB approach.

Index Terms—TFET, tunneling probability, WKB approxima-
tion, hetero-junction, compact modeling, closed-form, double-gate
(DG), ambipolarity

I. INTRODUCTION

The conventional CMOS technology put forth the most

advanced and improved semiconductor devices of the present

days. The ongoing scaling of the MOSFETs down to the

nanoscale domain for high speed applications, low package

densities and ultra-low power consumption has revealed the

short-channel effects as well as quantum mechanical ef-

fects [1], [2]. The carrier transport in MOSFETs, which is

based on the thermionic emission, limits the subthreshold

slope to Sth = 60 mV/dec.

Turning the quantum mechanical effect of carrier tunneling

through an energy barrier into an advantage has opened the

possibility to introduce the TFET technology. Since the carrier
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transport in TFETs is based on the B2B tunneling mechanism,

achieving a subthreshold slope of Sth < 60 mV/dec at room

temperature and a small leakage current are feasible. In

addition, TFETs grant a supply voltage Vdd reduction without

increasing the leakage current [3]–[5].

Regarding TFETs the quantum mechanical transmission

coefficient plays an important role in the calculation of the

tunneling probability and consequently in the calculation of the

B2B tunneling current. In general, the transmission coefficient

is obtained by solving Schrödinger wave equation [6].

In fact, there is no closed-form solution for Schrödinger

equation in which an arbitrary shaped energy barrier, except

rectangular energy barrier, is considered. In WKB approxi-

mation which is the most commonly approach to calculate

the tunneling probability Ttun, a triangular barrier shape is

considered for any arbitrary energy barrier [6], [7].

With respect to the aforementioned difficulties in calculating

the tunneling probability, this work introduces an innovative

way to characterize the triangular energy barrier applied in

the WKB approximation. The triangle is determined with the

help of an AE approach. The AE approach is suitable for

a numerically robust implementation in compact models of

homo- and hetero-junction TFETs by taking into account the

ON-state as well as the AMBIPOLAR behavior of the device.

For verification purpose, the AE approach is implemented

in an existing compact model for DG TFETs introduced

in [8]. Thus, the compact model is reviewed in this work

to introduce the closed-form expressions of the electrostatics,

band diagram, tunneling length and the B2B tunneling current

for both ON- and AMBIPOLAR-state of the device.

By implementing the AE WKB approach in the existing

compact model, TCAD Sentaurus simulation data of DG

TFETs are used to designate the validity and the numerical

robustness of the approach. Therefore, TCAD simulations are

performed for different source materials, structural parameters

and bias conditions. Additionally, the AE approach is com-

pared to an existing quasi-2D WKB approach presented in

[9].

II. COMPACT DC TFET MODEL

For preliminary consideration, the compact DC TFET model

presented in [8], [10] is reviewed and the AMBIPOLAR-state

modeling is explained in detail in this section. The compact

model is used to derive the AE WKB approach in section III.

The TFET model deals with a compact expression for the

electrostatics and the device band diagram, which charac-



terizes the tunneling length as well as the B2B tunneling

probability at the channel junctions of the device where

tunneling can occur. With the help of the tunneling probability

the tunneling generation rate and finally the B2B tunneling

current is defined.

In this work an n-type DG TFET as it is illustrated in

Fig. 1(a) is under investigation. In the ON-state tunneling

occurs at the source-to-channel junction, whereas tunneling at

the drain-to-channel junction is assigned to the AMBIPOLAR-

state of the device (see Fig. 1(b)).

(a) (b)

Figure 1. (a): 3D device geometry of an n-type DG TFET showing its
structural parameters. (b): Schematic band diagram of a Silicon TFET for
the ON-, AMBIPOLAR- and OFF-state of the device along the x-axis for an
arbitrary y-position in the channel. B2B tunneling and TAT occur at the
channel junctions. Green arrows: B2B tunneling. Red arrows: TAT.

A. Electrostatics and Band Diagram

In order to obtain a closed-form solution for the tunneling

probability Ttun, the electrostatic potential has to be solved in a

compact way with mathematical functions that also need to be

integrable in a closed-form. Hereinafter, a compact potential

solution is shortly reviewed [8], [10].

A schematic electrostatic potential shape along the x-axis

of the device is shown in Fig. 2.

Figure 2. Schematic electrostatic potential ϕ of the DG TFET along the x-
axis for an arbitrary y-position. The potential in source and drain is described
by a parabolic function (∝ x2). The channel potential in both ON- and
AMBIPOLAR-state is shaped like a rational function (∝ 1/x).

1) ON-State: The main part of tunneling in the ON-state

occurs at the source-to-channel junction and therefore, the

electrostatic potential along the x-axis for an arbitrary y-

position in source can be described in the interval [−xs
1(y) ≤

x < 0] as follows:

ϕs
x(x, y) = as(y) · x2 + bs(y) · x+ cs(y), (1)

whereby the lower interval limit xs
1(y) describes the x-position

of the point P s
1, whom potential bending is equal to zero. Em-

pirical investigations of the channel potential in the numerical

simulation results show that the electrostatics in the interval

[0 ≤ x ≤ lch/2] along the x-axis for any y-position can be

approximated by a rational function as following:

ϕch,s
x (x, y) =

ks(y)

x− ls(y)
+ms(y), (2)

where the parameters as(y), bs(y), cs(y), ks(y), ls(y) and

ms(y) are determined in dependency of y considering the

four points (P s
1 . . . P

s/d
4 ) shown in Fig. 2, by solving a linear

equation system for source and channel region respectively.

These four points are calculated using a 2D analytical closed-

form potential solution published in [11], which takes into

account the structural parameters of the TFET device.

Since Eq. (1) and (2) are defined for an arbitrary y-position,

the following equation describes the y-dependency of the

electrostatic potential:

ϕy(x, y) =
Φsur(x)− Φcen(x)

(tch/2)δ
· (y − tch/2)

δ
+Φcen(x). (3)

The potential values Φsur and Φcen are calculated at a specific

x-position for the channel surface (y = 0 nm) and center

(y = tch/2) respectively. The parameter δ is defined by:

δ = 2 +
2 · (Vgs − Vgs,eff)

1 V
, (4)

with the effective gate voltage Vgs,eff that considers the in-

fluence of inversion charges in the channel on the device

electrostatics. In the calculations of the potential the gate

voltage Vgs is replaced by Vgs,eff as it was published in [12].

Using the analytical approximation of the electrostatics, the

band diagram of the device considering hetero-junctions is

derived. The band diagram in the source region is defined

by:

Es
c/v(x, y) = −q · ϕs

x(x, y)±
Es

g

2
, (5)

with the band gap Es
g in source. Due to the high doping

concentration of the source, band gap narrowing (bgn) effects

are taken into account using the model proposed by Slot-

boom [13]. The band diagram in the channel can be calculated

as follows:

Ech,s
c/v (x, y) = −q · ϕch,s

x (x, y) + χs − χch ±
Ech

g

2
, (6)

with the band gap Ech
g of the channel and electron affinity χs

and χch in source and channel.

2) AMBIPOLAR-State: The B2B tunneling in the AMBIPO-

LAR-state occurs mainly at the drain-to-channel junction. For

this reason the potential along the x-axis for any y-position in

the drain region is described in the interval [lch ≤ x < xd
1(y)]

with the help of a parabola:

ϕd
x(x, y) = ad(y) · x2 + bd(y) · x+ cd(y). (7)

The upper interval limit xd
1 defines the x-position of the point

P d
1 where potential bending in drain is equal to zero. The

AMBIPOLAR-state channel potential along the x-axis has also

the shape of a rational function as it has been investigated

in numerical simulations. Thus, the potential for an arbitrary

y-position is approximated in the interval [lch/2 < x < lch] as:



ϕch,d
x (x, y) =

kd(y)

x− ld(y)
+md(y), (8)

whereby the parameters ad(y), bd(y), cd(y), kd(y), ld(y) and

md(y) are calculated in dependency of y by applying four

points P d
1 . . . P

s/d
4 (see Fig. 2) and solving a linear equation

system for the drain and channel region, respectively. The

points are calculated by using the 2D analytical closed-form

potential solution. In addition, Eq. (3) is applied in order to

model the y-dependency of the potential.

The band diagram in the channel considering hetero-

junctions is obtained by using Eq. (8):

Ech,d
c/v (x, y) = −q · ϕch,d

x (x, y) + χs − χch ±
Ech

g

2
, (9)

where the band diagram in drain is given by implementing

Eq. (7):

Ed
c/v(x, y) = −q · ϕd

x(x, y) + χs − χd ±
Ed

g

2
, (10)

with the band gap Ed
g and the electron affinity χd in drain

region to take into account hetero-junctions. Due to the high

drain doping concentration the model of Del Alamo [14] is

applied to capture bgn effects.

B. Tunneling Length

Using the compact equations of the band diagram, closed-

form expressions for the tunneling length ltun in the ON-

and AMBIPOLAR-state, can be found. The tunneling length

is derived along the x-axis for an arbitrary y-position.

A compact equation for the ON-state, located at the source-

to-channel junction, is achieved with the help of the analytical

expressions (5) and (6) for the band diagram. The horizontal

distance between Ech,s
c at a chosen x-value xs

t and Es
v at the

same energy is defined by (see Fig. 3(a)):

lstun(x
s
t , y) = xs

t +
bs

2·as

−
√

1

as

·
(

ks

xs
t − ls

+ms +Ks
1

)
, (11)

whereby xs
t ∈ {0 . . . lch/2} and Ks

1 is given by:

Ks
1 =

b2s
4·as

− cs +
χch − χs

q
− Ech

g + Es
g

2·q . (12)

The tunneling length in the AMBIPOLAR-state, characterized

by the drain-to-channel junction, is obtained by using the

analytical band diagram Eqs. (9) and (10). The horizontal

distance between the channel valence band Ech,d
v and the

conduction band in drain Ed
c at the same energy, as it can

be seen in Fig. 3(b), is given by:

ldtun(x
d
t , y) = −xd

t −
bd

2·ad

−
√

1

ad

·
(

kd

xd
t − ld

+md +Kd
1

)
,

(13)

with xd
t ∈ {lch/2 . . . lch} and using:

Kd
1 =

b2d
4·ad

− cd +
χch − χd

q
+

Ech
g + Ed

g

2·q . (14)

For simplification the parameters as/d(y), bs/d(y) . . .ms/d,

that characterize the potential (see section II-A) are written

(a) (b)

Figure 3. Schematic band diagram illustrating the tunneling length at (a)
the source-to-channel junction which characterizes the ON-state and (b) the
drain-to-channel junction describing the AMBIPOLAR-state of the device. The
tunneling length ls/d

tun consists of two parts, the first one is obtained by the
inverse function of the valence/conduction band Es/d

v/c in source/drain. The

second one is defined by the chosen x-position xs/d
t itself.

without their y-dependency in Eq. (11)–(14) and in all fol-

lowing equations. However, these parameters still depend on

the chosen y-position.

C. Tunneling Generation Rate

The tunneling generation rate (TGR) characterizes the num-

ber of carriers generated per second and per volume in the

conduction band (ON-state) or valence band (AMBIPOLAR-

state) of the channel by tunneling. The TGR is specified using

the current density of the Tsu-Esaki formula [7], [15], which

was originally proposed by Duke [16]. In this formula the

integration over energy is substituted by an integration over x
as:

J(y) = q ·
∫
x

TGRs/d(x, y) dx (15)

= q ·
∫
x

4·π ·m∗
s/d

h3
· T s/d

tun

(E(x, y)) ·N s/d
(E(x, y)) · q| �E| dx,

with the effective carrier mass m∗
s/d, elementary charge q,

Planck’s constant h, the considered energy E , tunneling prob-

ability T s/d
tun and electric field �E. The electric field is calculated

by using the analytical approximation of the potential.

The effective mass m∗
s is the electron mass in source used to

calculate the TGR in the ON-state, where m∗
d is the hole mass

in drain applied in the TGR calculations for the AMBIPOLAR-

state. The supply function for the ON-state N s is defined

by [7]:

N s
(E(x, y)) = k · T · ln

⎛
⎝1 + exp

(
−E(x,y)−Es

f

k·T
)

1 + exp
(
−E(x,y)−Ed

f

k·T
)
⎞
⎠ (16)

and for the AMBIPOLAR-state follows:

N d
(E(x, y)) = k · T · ln

⎛
⎝1 + exp

(
−Ed

f −E(x,y)
k·T

)
1 + exp

(
−Es

f−E(x,y)
k·T

)
⎞
⎠ , (17)

using the Boltzmann constant k, temperature T , the Fermi

level in source and drain region Es
f and Ed

f , respectively.



The TGR allows to verify the modeling approach (see

section III) with the help of TCAD Sentaurus simulation data,

since the tunneling probability itself cannot be extracted from

the simulation results.

For the compact modeling purpose the TGR needs to be

expressed by an analytical function which is integrable in a

closed-form. In [8] this has been done considering a Gaussian

distribution as it can be seen in the TCAD data in Fig. 10:

TGRs/d
comp(x, y) = TGRs/d

max(y) · exp
(

(x−xs/d
max(y))

2

σ2

)
, (18)

with the x-position of the maximum TGR value xs/d
max obtained

by first derivative of ls/d
tun, indicating the position with the

minimum tunneling length, and the maximum value of the

TGR TGRs/d
max calculated by means of Eq. (15) using xs/d

max. The

variance σ2 of the TGR is used as an adjustable parameter.

D. Tunneling Current Density

The second last step of the B2B tunneling current calcu-

lation is to find a compact expression for the current density

J s/d
comp along the y-axis. Using Eqs. (15) and (18) provides the

possibility to characterize the tunneling current density at any

y-position.

By picking the current density at the channel surface

J s/d
sur(ysur = 0 nm) and center J s/d

cen(ycen = tch/2), the compact

current density is expressed by a Gaussian distribution [8]:

J s/d
comp = J s/d

max · exp
(
(y − ymax)

2

τ2s/d

)
+ J s/d

cen, (19)

with the maximum B2B tunneling current density value

J s/d
max = (J s/d

sur − J s/d
cen) at the position ymax = ysur. The parameter

τ2s/d is the variance of the Gaussian distribution and is used as

an adjustable parameter.

E. Tunneling Current

The final step of the compact modeling approach leads to

the device B2B tunneling current. Using Eq. (19) and the

DG TFET symmetry, means a multiplication by two, the B2B

tunneling current is as follows [8]:

Ids = 2 · wch ·
tch
2∫

0

(
J s

comp(y) + Jd
comp

)
dy + IOFF,TAT (20)

= 2·wch ·
⎧⎨
⎩
[√

π · τs · J s
max

2
· erf

(
y − ymax

τs

)
+ J s

cen ·y
]∣∣∣∣

tch
2

0

+

[√
π · τd · Jd

max

2
· erf

(
y − ymax

τd

)
+ Jd

cen ·y
]∣∣∣∣

tch
2

0

⎫⎬
⎭+ IOFF,TAT.

The term erf describes the error function and IOFF,TAT char-

acterizes the non-ideal trap-assisted tunneling (TAT) current,

which is modeled as a constant in a first assumption.

It should be mentioned, that the presented compact model

including approximations of the potential ϕ, band diagram Ec/v

and tunneling length ltun are used as an example. That is to

say, the presented modeling approach to calculate the closed-

form tunneling probability Ttun in section III is not limited to

the presented expressions (see Eqs. (1)–(14)).

III. AREA-EQUIVALENT WKB APPROACH

In the subsequent section the modeling approach to calculate

the B2B tunneling probability Ttun based on an AE Wentzel-

Krames-Brillouin approximation is introduced for both ON-

and AMBIPOLAR-state of the TFET. The general equation to

calculate Ttun using the WKB is given by [6]:

Ttun ≈ exp

⎛
⎝−2 ·

x2∫
x1

√
2·m∗

�2

[
U(x)− E

]
dx

⎞
⎠ , (21)

with the effective carrier mass m∗, the reduced Planck’s

constant �, the tunneling barrier shape along the x-axis U(x)
and the tunneling energy E .

The aim of this work is to establish an expression for the

tunneling energy barrier shape U(x) that characterizes the

tunneling barrier of the DG TFET in the ON- and AMBIPOLAR-

state of the device in an easy and numerically robust way.

Furthermore, the expression (∝√U(x)) must be solvable in

a closed-form to obtain a compact equation for Ttun. Fig. 4(a)

illustrates a sketch of the band diagram at the source-to-

channel junction showing the tunneling barrier at one specific

x-position xs
t in the ON-state of the TFET. On the other

hand the tunneling barrier at a chosen x-value xd
t in the

AMBIPOLAR-state at the drain-to-channel junction is depicted

in Fig. 4(b). In both cases the area of the tunneling barrier

is highlighted by red solid lines (hatched areas As
1 and Ad

1,

respectively).

(a) (b)

Figure 4. Schematic band diagram at the (a) source-to-channel junction and
(b) drain-to-channel junction, showing the shape of the tunneling barrier (red
solid lines) at x = xs/d

t for an arbitrary y-position. Furthermore, the enclosed
area As/d

1 (red hatched area) as well as the AE triangular (dashed area As/d
2 )

with its energy barrier height U s/d
bar and the tunneling length ls/d

tun are illustrated
for both cases.

In literature, a quasi-2D approach for the WKB approxima-

tion assuming a triangular energy barrier shape was already

published in [9], whereby the calculation of the tunneling

barrier height was done using an analytical closed-form 2D

electric field solution �E2D [17]. The usage of the 2D electric

field is very time-consuming and in addition inversion charges

are neglected in calculations. Furthermore, the height of the

barrier depends only on the result for the electric field in one

single point. Therefore, it is very sensitive to any inaccuracies,

and hence this model is not appropriate for a robust compact

model.

In order to come to a numerically robust implementation, in

this work the calculation of the energy barrier height U s/d
bar is

based on an AE approach. In Fig. 4, it can be seen that the area



of the tunneling barrier (hatched area As/d
1 ) equals the area of a

triangle (dashed area As/d
2 ). Using the area As/d

2 , an equivalent

tunneling barrier height U s/d
bar for the ON- and AMBIPOLAR-

state, respectively, can be obtained after few steps. So in a

first step, the area As/d
2 of the energy triangular is defined by:

As/d
2 =

U s/d
bar · ls/d

tun

2
. (22)

By assuming an area equivalence (A1 = A2), an expression

for the area A1 has to be found. The area As
1 of the tunneling

barrier in the ON-state is calculated by [18]:

As
1 =

xs
t∫

xs
t−ls

tun

(
Ec(x, y)− Ech,s

c (xs
t , y)
)
dx (23)

As
1 =

0∫
xs

t−ls
tun

Es
c(x, y) dx+

xs
t∫

0

Ech,s
c (x, y) dx−

xs
t∫

xs
t−ls

tun

Ech,s
c (xs

t , y) dx,

whereby Ech,s
c (xs

t , y) defines an offset of the conduction band

at the position xs
t to obtain the correct area under the curves

and to avoid negative area values. Integration by using Eq. (5)

and (6) finally leads to:

As
1 = q ·

[
as

3
· (xs

t − lstun)
3 +

bs

2
· (xs

t − lstun)
2+

(
cs −

Es
g

2·q
)
· (xs

t − lstun) + ks · ln
(

ls
ls − xs

t

)
+ (24)(

−ms +
Ech

g

2·q +
χs − χch

q

)
· xs

t

]
− Ech,s

c (xs
t , y) · lstun,

whereby the tunneling length lstun is calculated by Eq. (11).
The AMBIPOLAR-state tunneling barrier area is defined by:

Ad
1 =

xd
t +ld

tun∫
xd

t

(
Ev(x, y)− Ech,d

v (xd
t , y)

)
dx (25)

Ad
1 =

lch∫
xd

t

Ech,d
v (x, y) dx+

xd
t +ld

tun∫
lch

Ed
v(x, y) dx−

xd
t +ld

tun∫
xd

t

Ech,d
v (xd

t , y) dx.

The term Ech,d
v (xd

t , y) is used to compensate the valence band

offset at the position xd
t to obtain the correct tunneling area.

With the help of Eq. (9) and (10) the integration is solved as

follows:

Ad
1 = −Ech,d

v (xd
t , y) · ldtun + q ·

[
kd · ln

(
ld − xd

t

ld − lch

)
+

(
−md −

Ech
g

2·q +
χs − χch

q

)
· (lch − xd

t

)
+ (26)

ad

3
·
(
l3ch − (xd

t + ldtun)
3
)
+

bd

2
·
(
l2ch − (xd

t + ldtun)
2
)
−(

−cd +
χs − χd

q
− Es

g

2·q
)
·
(
lch − (xd

t + ldtun)
)]

,

with the tunneling length ldtun for the AMBIPOLAR-state ob-

tained by Eq. (13). It should be noticed that Ad
1 results in a

negative value and for this reason the absolute value of A1 is

used in the following.

Using the area of the tunneling barrier |As/d
1 | = As/d

2 and

the tunneling length ls/d
tun (see Fig. 4), Eq. (22) is rearranged as

follows:

U s/d
bar =

2 · ∣∣As/d
1

∣∣
ls/d
tun

. (27)

In a next step, the energy shape along the x-axis U s/d(x)
can be characterized by a linear equation as follows:

U s/d(x) = −U s/d
bar

ls/d
tun

· x+ E s/d. (28)

By applying the the expression for U s/d(x) to the general

tunneling probability equation (see Eq. (21)), the tunneling

probability for the ON-state is calculated by:

T s
tun = (29)

exp

⎛
⎜⎝−2 ·

xs
t∫

xs
t−ls

tun

√
2·m∗

s

�2
·
(
−U s

bar

lstun

· x+ E s

)
− E s dx

⎞
⎟⎠ ,

which finally leads to the well-known result for the WKB

approximation applied to a triangular energy profile:

T s
tun = exp

(
−4

3
·
√

2·m∗
s

�2
· U s

bar · lstun

)
. (30)

For the AMBIPOLAR-state Eq. (21) is rewritten as:

T d
tun = (31)

exp

⎛
⎜⎝−2 ·

xd
t +ld

tun∫
xd

t

√
2·m∗

d

�2
·
(
−U d

bar

ldtun

· x+ Ed

)
− Ed dx

⎞
⎟⎠

and thus T d
tun finally results in:

T d
tun = exp

(
−4

3
·
√

2·m∗
d

�2
· U d

bar · ldtun

)
. (32)

By inserting the expression for T s/d
tun in Eq. (15), the TGR

is calculated to verify the AE modeling approach in the next

section.

IV. MODELING RESULTS & VERIFICATION

For the verification of the developed AE approach to cal-

culate the tunneling probability in TFETs, the closed-form

equations are implemented in an existing TFET compact

model [8], [10]. The modeling results are compared to TCAD

Sentaurus simulation data of an n-type DG TFET for various

simulation setups including hetero-junctions.

Table I contains the default structural parameters, materials,

doping concentrations, the applied effective carrier masses as

multiples of the electron rest mass m0 for different materials

of the source region and the permittivities of the gate oxide

materials. TCAD simulations are performed by including a

non-local B2B tunneling model, the model of Slotboom [13]

to consider bgn in source and the model of Del Alamo [14]



to take into account bgn in drain. The influence of TAT is

simulated with the help of the Hurks TAT model with a

maximum trap density NTmax. In TCAD the TGR is denoted

as eBarrierTunneling and hBarriertunneling for electrons and

holes, respectively [19].

TABLE I
TCAD SENTAURUS SIMULATION PARAMETER SET FOR SIMULATING THE

SHORT-CHANNEL N-TYPE DG TFET.

Parameter Value Parameter Value

lch 22 nm tch 10 nm

lsd 20 nm tox 2 nm

wch 1 μm Ns 1020 cm−3
(
p++

)

Drain Material Silicon Nd 1020 cm−3
(
n++

)

Channel Material Silicon NTmax 1012 eV−1cm−2

Source Material Effective Carrier Mass

Silicon
m∗

s,TCAD 0.26·m0

m∗
d,TCAD

0.36·m0

SiGe
m∗

s,TCAD 0.18·m0

m∗
d,TCAD

0.20·m0

GaAs
m∗

s,TCAD 0.059·m0

m∗
d,TCAD

0.059·m0

Germanium
m∗

s,TCAD 0.15·m0

m∗
d,TCAD

0.17·m0

Gate Oxide Permittivity Gate Oxide Permittivity

Material εox Material εox

Y2O3 15 · ε0 La2O3 30 · ε0
HfO2 22 · ε0 TiO2 80 · ε0
Ta2O5 26 · ε0 — —

In the first step the modeling results of the electrostatic

potential are investigated, since the resulting potential or rather

band diagram forms the base of calculations. After that the

resulting triangular tunneling barrier is illustrated within the

band diagram for various bias conditions and compared with

the quasi-2D WKB approach presented in [9]. The third step

presents the TGR modeling results in order to verify the

resulting tunneling probability. In the last verification step

the DC characteristics of the TFET are presented. Here, the

compact model is compared to TCAD simulations for various

device parameters. In order to do so, the adjustable parameters

listed in Table II are applied to the compact model. It should

be kept in mind, in this paper it is considered that the source

material is silicon and for gate oxide HfO2 is chosen except

it is mentioned that other materials are used.

A. Electrostatic Potential & Band Diagram

The electrostatics of the TFET forms the basis of the

calculation of the tunneling probability. Hence, an accurate

modeling of the potential and the band diagram is essential

for the AE WKB approach. The potential modeling results

for the ON-state are illustrated in Fig. 5. In terms of the ON-

state the potential and the band diagram are modeled in the

TABLE II
ADJUSTABLE PARAMETERS OF THE DG TFET COMPACT MODEL FOR

VARIOUS SOURCE MATERIALS.

Source Material Parameter Value Parameter Value

Silicon

m∗
s 0.262·m0 τ2s 1.39× 10−16 cm2

m∗
d 0.28·m0 τ2d 5.0× 10−17 cm2

λs
fit 1.25 σ2 5.6× 10−14 cm2

λd
fit 1.35 IOFF,TAT 7.0× 10−16 A

SiGe

m∗
s 0.22·m0 τ2s 4.2× 10−17 cm2

m∗
d 0.26·m0 τ2d 8.0× 10−17 cm2

λs
fit 1.30 σ2 5.6× 10−14 cm2

λd
fit 1.20 IOFF,TAT 8.0× 10−16 A

GaAs

m∗
s 0.154·m0 τ2s 3.0× 10−17 cm2

m∗
d 0.24·m0 τ2d 1.9× 10−16 cm2

λs
fit 1.25 σ2 5.6× 10−15 cm2

λd
fit 1.20 IOFF,TAT 5.0× 10−16 A

Germanium

m∗
s 0.13·m0 τ2s 4.0× 10−17 cm2

m∗
d 0.28·m0 τ2d 1.7× 10−16 cm2

λs
fit 1.20 σ2 5.6× 10−14 cm2

λd
fit 1.12 IOFF,TAT 7.0× 10−15 A

interval [−xs
1 ≤ x ≤ lch/2]. The modeled potential stays in a

good agreement compared to TCAD simulations, whereby the

small deviations are caused by the chosen fitting parameter to

obtain an accurate device current.

In general, the potential is adjustable by the parameters λs/d
fit ,

which characterizes a fitting parameter to scale the resulting

screening length λs/d at the source-to-channel (ON-state) and

drain-to-channel junction (AMBIPOLAR-state). These parame-

ters were introduced in [11].

-1.0

-0.5

0.0

0.5

1.0

1.5

ϕ
[V

]

-10 -5 0 5 10 15 20 25 30
x [nm]

Compact Model
TCAD

Vds = 0.7 V,
Vgs = 0.4...1.4 V, Step = 0.2 V

Figure 5. Electrostatic potential of the DG TFET in the ON-state along the
x-axis directly under the gate oxide (y = 0 nm) for various Vgs values and
Vds = 0.7V. Compact model: Solid lines. TCAD: Dashed lines.

Fig. 6(a) and (b) depict the modeling results for the band

diagram at the source-to-channel junction at the channel sur-

face and center in the ON-state. The compact model shows a

good fit in comparison with the TCAD data. Furthermore, the

influence of bgn can be seen in both modeling and simulation

results. The deviations can be explained in the same manner

as in the potential.
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Figure 6. Band diagram of the Silicon DG TFET along the x-axis and various y-positions in ON-state (a)-(b) and AMBIPOLAR-state (c) for various gate
biases Vgs at Vds = 0.7V. The GaAs–Si hetero-junction band diagram modeling results are shown in (d). Compact model: Solid lines. TCAD: dashed lines.

The compact modeling results for the AMBIPOLAR-state of

the TFET are shown in Fig. 6(c). Since the B2B tunneling

in this state occurs mainly at the drain-to-channel junction it

is sufficient to characterize the band diagram in the interval

[lch/2 < x ≤ xd
1]. The results show a good fit compared with

the numerical simulation data. The deviations can be explained

in the same manner as in the ON-state.

In order to demonstrate the feasibility of simulating hetero-

junctions with the compact model, Fig. 6(d) depicts the

modeling results of a GaAs–Si DG TFET at the source-to-

channel junction. Here the ON-state band diagram is shown to

highlight the modeling results at the hetero-junction. It can be

seen that the compact model shows a good match compared

with the TCAD data.

B. Tunneling Barrier

With the help of the obtained band diagram of the DG

TFET (see Fig. 6(a) - (d)) it is possible to calculate and then

visualize the resulting triangular tunneling barrier. In doing

so, the compact modeling results of the tunneling barrier

height U s/d
bar are compared to the aforementioned quasi-2D

WKB approach. In both approaches the tunneling length ls/d
tun

is calculated applying Eqs. (11) and (13). The effective carrier

masses used in the compact model for various source materials

are listed in Table II.

The first results of the tunneling barrier in the ON-state are

illustrated in Fig. 7(a) at a drain-source voltage of 0.7V. In

Fig. 7(a)(i), it can be seen that the energy shape U s(x) has

a similar pattern in comparison to the real barrier defined by

the band diagram at a chosen gate bias of Vgs = 0.9V. At

this bias point the quasi-2D WKB approach shows a similar

shape, where the barrier height U s
bar is underestimated. An

underestimated value for U s
bar results generally in an overesti-

mation of Ttun. At a gate bias of 1.5V (see Fig. 7(a)(ii)), the

compact model also reproduces the tunneling barrier, whereby

the quasi-2D approach leads to an overestimated barrier height.

Actually an overestimation of Ubar leads to an underestimated

value for the tunneling probability.

Fig. 7(b) illustrates the tunneling barrier in the center of the

channel at the same bias conditions as in Fig. 7(a). It can be

seen, that the compact model replicates the barrier shape in the

center very well, whereby U s
bar is underestimated in the quasi-

2D WKB approach caused by the applied 2D electric field

solution. The electric field shows bigger inaccuracies in the

channel center than at the surface and hence, the Ubar shows

also deviations from the real tunneling barrier height.

In Fig. 7(c)(i), the modeled tunneling barrier in the ON-

state does not fit with the tunneling barrier, formed by the band

diagram, in both cases. This is a result of the small overlapping

area of the valence band in source with the conduction band

in the channel.



Here, the advantage of the compact model in comparing

with the quasi-2D WKB approach can be pointed out and

explained. Using the 2D WKB and assuming an electric field

| �E2D| ≈ 0 V/cm leads to a barrier height Ubar = 0 eV and hence

to a wrong tunneling probability of Ttun = 1. By applying

the compact model, there is no need to use the electric field

and therefore a numerically robust calculation of Ttun can be

achieved. Fig. 7(c)(ii) demonstrates the modeling results for a

smaller Vds = 0.1V and Vds = 1.5V. It can be seen that the

tunneling barrier is reproduced well by both models.
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Figure 7. ON-state modeling results of the tunneling barrier illustrated in
the band diagram at the surface in (a) & (c) and in the center of the channel
in (b). The AE WKB approach (triangle with blue solid lines) is compared
to the quasi-2D WKB approach (triangle with red dashed lines).

Figures 8(a) and (b) show the resulting tunneling barrier

U d(x) in the AMBIPOLAR-state, located at the drain-to-channel

junction, for y = 0 nm and y = tch/2 at gate bias of

Vgs = −1.2V and Vgs = −0.1V, respectively. In the four plots

the AE WKB approach reproduces the tunneling barrier height

U d
bar in a good way, whereby the quasi-2D WKB approach

shows the same deviations as in the ON-state shown in Fig. 7(a)

and 7(b).
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Figure 8. Resulting tunneling barrier in the AMBIPOLAR-state at (a)
the surface and in (b) the center of the channel for Vgs = −1.2V and
Vgs = −0.1V at Vds = 0.7V, respectively. AE WKB: Solid blue triangle.
Quasi-2D WKB: Dashed red triangle.

In order to demonstrate the ability of simulating hetero-

junctions, figures 9(a) and (b) depict the modeled tunneling

barrier height U s
bar in the ON-state for a GaAs–Si hetero-

junction. In this case the effective carrier masses m∗
s/d need

to be adapted (see Table II). In Fig. 9(a)(i), the AE WKB

approach underestimates the tunneling barrier height in the

transition from the OFF- to the ON-state by assuming a fitting to

obtain a correct device current. The quasi-2D approach results

only in half value of U s
bar which is again a consequence of the

used electric field solution. Fig. 9(a)(ii) demonstrates the ON-

state (Vgs = 1.2V) of the hetero-junction TFET. As it can

be seen the AE WKB approach predicts the tunneling barrier

well, whereby the quasi-2D approach underestimates U s
bar. The

results in the center of the channel are illustrated in Fig. 9(b),

at both gate biases the tunneling barrier height is predicted

well. The barrier heights calculated by the quasi-2D approach

are incorrect due to the applied electric field solution.
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Figure 9. GaAs–Si hetero-junction tunneling barrier modeling results, located
at the source-to-channel junction, in the ON-state at (a) the surface and in (b)
the center of the channel. Bias: Vgs = 0.7V and Vgs = 1.2V at Vds = 0.7V.
AE WKB: Solid blue triangle. Quasi-2D WKB: Dashed red triangle.

C. Tunneling Generation Rate

The verification of the AE WKB by TCAD simulations is

done in terms of the TGR since TCAD cannot display the

transmission coefficient along the x-axis. To do so, the TGR

is calculated for various y-positions in the channel with the

help of Eq. (15) and compared to TCAD data. All verification

steps are performed for different gate-source voltages Vgs at

Vds = 0.7V.

Fig. 10(a) presents the resulting TGR at the surface of a

Silicon DG TFET in ON-state. In this figure the TGR calcu-

lated by the compact model is compared to TCAD simulations

and also to the TGR obtained by using the quasi-2D WKB

approach. The compact modeled TGR shows a horizontal

displacement along the x-axis in contrast to TCAD, which is

caused by the chosen adjustable parameters λs/d
fit for a correct

Ids. But the amount and shape of the compact TGR result

in the same pattern. This horizontal offset has little influence

on the resulting current density along the y-axis, which is

obtained by integration of Eq. (15). The TGR calculated with

the quasi-2D WKB approach overestimates the amount of the

TGR at all gate biases Vgs which as a consequence leads to an

overestimation of the resulting device current. For this reason,

the occurring deviation must be scaled down by an additional

fitting parameter which is avoided by the new AE compact

model approach.

The modeling results in the channel center are depicted in

Fig. 10(b) for the same applied voltages. The results of the

modeled TGR show an underestimation for the chosen Vgs

range in comparison with TCAD data. This is to explain by

the selected adjustable fitting parameter to obtain a correct

device current. In Fig. 6(b) one can see small deviations in

the modeled band diagram, which causes an overestimated

tunneling length lstun and hence an underestimated value for

T s
tun (∝ exp(−lstun)). Nevertheless, the center TGR is four

orders of magnitude smaller than the surface TGR and thus

the contribution to the device B2B tunneling current is small.

Hence, the deviations in the center TGR are tolerable. The

results of the TGR using the quasi-2D approach are omitted

in Fig. 10(b) since the obtained TGR values are two orders of

magnitude higher than TCAD data, which again demonstrates

the inaccuracies of the electric field in the center of the

channel.

In Fig. 10(c) the TGR at the channel surface in the AM-

BIPOLAR-state is shown for various Vgs values. As it is also

recognizable in Fig. 10(a), a horizontal offset occurs in the

AMBIPOLAR-state caused by the chosen fitting parameters

listed in Table II. The amount and shape of the TGR show a

good agreement with TCAD simulations so that an integration

along the x-axis results in a correct current density.

Fig. 10(d) illustrates the TGR modeling results at the surface

of a GaAs–Si hetero-junction DG TFET in the ON-state. As

it can be seen the amount and shape of the compact TGR

shows a very good fit in comparison to the numerical TCAD

simulations. The occurring x-offset is to explain in the same

manner as in the aforementioned paragraphs.

D. Tunneling Current

The verification of the B2B tunneling current for various

bias conditions and device parameters is used to demonstrate

the numerical robustness and flexibility of the AE WKB

approach and as well as the compact TFET model.

At first, the transfer characteristic for various drain-source

voltages Vds is under investigation. Fig. 11(a) presents the

modeling results in comparison to TCAD simulation data. The

compact model stays in good agreement with the numerical

data in logarithmic and even in linear scale. An increasing

drain-source voltage does not influence the ON-state subthresh-

old slope and the threshold voltage, respectively, since B2B

tunneling occurs at the source-to-channel junction and this

junction is not influenced by Vds. For a small Vds = 0.1V the

effect of inversion charges becomes visible for Vgs ≥ 0.8V,

which results in a saturation of the current. This effect can

also lightly be seen for Vds = 0.3V. In the AMBIPOLAR-state

the increase of Vds causes a shift to the right along the Vgs-

axis, hence the AMBIPOLAR threshold voltage is also shifted

to more positive values. This effect is caused by the B2B

tunneling occurring at the drain-to-channel junction, which is

affected by drain-source voltage.

In Fig. 11(b) the transfer curves for different materials of

the source region at Vds = 0.7V are depicted. By modifying

the source material the behavior of the B2B tunneling process

at the source-to-channel junction is also changed. The changes

in the physical parameters like band gap, electron affinity,
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Figure 10. TGR compact modeling results of the Silicon DG TFET along the x-axis and different y-positions in the ON-state (a)-(b) and the AMBIPOLAR-state
(c) for several Vgs and Vds = 0.7V. In (a), the TGR calculated using the quasi-2D WKB is also shown and compared to the compact model and TCAD data.
TGR results of the GaAs–Si hetero-junction in the ON-state are illustrated in (d). Compact model: Solid lines. Quasi-2D WKB: Coarse dashed lines. TCAD:
Fine dashed lines.

permittivity and effective carrier masses have an impact on

the resulting subthreshold slope, maximum ON-current and

threshold voltage. In case of SiGe (ESiGe
g = 0.78 eV, εSiGe =

13.95 · ε0, χSiGe = 4.036 eV ), the maximum ON-state current

is increased by a factor 4.4 at Vgs = 1.2V. The subthreshold

slope at Vgs = 0.55V results in SSiGe
th = 19.1 mV/dec, which is

steeper than in the Si device SSi
th = 23.0 mV/dec. The OFF-state

current is in the same order of magnitude in comparison to

Silicon. These enhancements are due to the smaller band gap

and the lower effective electron mass. For the source material

GaAs, EGaAs
g = 1.422 eV, εGaAs = 13.18·ε0, χGaAs = 4.07 eV,

the maximum ON-state current at Vgs = 1.2V decreases by

the factor 9.7 and the slope worsens to SGaAs
th = 31.7 mV/dec in

comparison to the Si device. This degradation is to explain by

the bigger band gap of GaAs even though it has a smaller

effective electron mass than Silicon. The last investigated

source material is Germanium having the physical parameters

EGe
g = 0.6638 eV, εGe = 15.8 ·ε0, χGe = 4.00 eV. Germanium

with its small band gap and effective electron mass causes a

subthreshold slope of SGe
th = 19.9 mV/dec at Vgs = 0.51V and a

maximum ON-state current at Vgs = 1.2V which is 30 times

higher in comparison to the Si TFET. Unfortunately, the OFF-

state current also increases by one order of magnitude, which

shrinks the resulting ON/OFF-ratio. The compact model fits

very well in linear and logarithmic scale for all chosen source

materials compared to TCAD data.

Figures 11(c) - (f) present the modeling results for varying

device parameters in comparison to TCAD simulations. All

results of the parameter variation are simulated at a drain-

source-voltage of 0.7V, whereby the adjustable parameters in

Table II stay constant and are not changed in this analysis.

In Fig. 11(c) the channel length of the TFET is varied from

lch = 22 − 65 nm. The results of the compact model show

a good match in comparison to TCAD data. An increasing

channel length opens the possibility of more carriers generated

in the channel and for this reason the resulting B2B device

current increases with increasing lch.

Next, the channel thickness is varied in the range

tch = 8 . . . 15 nm (see Fig. 11(d)). The compact model is able

to predict the change in tch in a good way. The occurring

deviations in the transfer curve in contrast to TCAD simula-

tions can easily be reduced with the parameters τ2s and τ2d that

characterize the current density along the y-axis.

A variation of the of the gate oxide thickness in the range

of tox = 1.5 . . . 2.5 nm is illustrated in Fig. 11(e), thereby

the compact model is compared to TCAD simulation results

and shows a good agreement. The influence of the gate oxide

thickness on the electrostatics and as a consequence on the
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Figure 11. Current characteristics of the DG TFET. Compact modeling results (solid lines) are compared to TCAD Sentaurus simulation data (dashed lines).
(a)-(f): Transfer curves for various sets of device parameters like source material, device dimensions and bias conditions. (g)-(h): Output curves for the ON-
and AMBIPOLAR-state of the device.



device current can be seen in this plot. A smaller tox opens

the possibility of a better electrostatic control of the channel

region, means a steeper tunneling junction and hence a higher

Ids. For thicker tox it is vice versa.

Similar to the change in tox, the gate oxide material and so

the permittivity of the gate oxide εox can be varied to control

the electrostatic influence on the channel region. The simulated

gate oxide materials and its related εox values are listed in

Table I. Fig. 11(f) shows the compact model transfer curve for

various εox values in comparison to TCAD simulations. The

compact model fits well for the simulated gate oxide materials

εox = 15 . . . 80 · ε0, whereby a higher permittivity causes a

better electrostatic control of the channel and thus a higher

device current. The small deviations occurring for εox = 15·ε0
are due to the adapted fitting parameters (see Table II) which

are chosen to be constant.

The compact model results of the output characteristics are

shown in Fig. 11(g) and (h). The ON-state output curve is

depicted in Fig. 11(g). The compact model stays in good

agreement with the TCAD simulation for various gate biases

Vgs, even the exponential increase of Ids ∝ Ttun for small Vds

is predicted very well. For higher Vds values, depending on

the chosen gate bias, the B2B tunneling current saturates.

Due to the AMBIPOLAR behavior of the TFET, there also

exists an output curve for negative Vgs, which is shown in

Fig. 11(h). The compact model shows a good agreement with

the TCAD data. The curves show an exponential increase of

the current in the applied drain-voltage range. The reason for

that is the tunneling process occurring at the drain-to-channel

junction, whereby the tunneling barrier is only determined by

the drain-source voltage at a fixed Vgs. The effect of inversion

charges does not play a role in this operating area of the TFET.

V. CONCLUSION

This paper introduced a novel analytical concept to predict

the tunneling probability in TFETs based on an area equiva-

lence of the real and the simplified triangular tunneling energy

barrier used in the WKB approximation. The approach can

easily be implemented in TFET compact models, where the

model must provide compact equations for the band diagram

and the tunneling length. An existing compact TFET model

was used to demonstrate the practicability and verification of

the AE approach.

Verification was done by performing numerical TCAD sim-

ulations of a DG TFET including hetero-junctions and device

parameter variation. The comparison of the compact modeling

results to TCAD data offered a good match for the device band

diagram, tunneling generation rate and B2B tunneling current

in ON- and AMBIPOLAR-state. The illustration and validation

of the triangular tunneling barrier was done within the band

diagram results of the compact model, thereby the AE WKB

approach was compared to a quasi-2D WKB approach. The

comparison showed the higher accuracy of the novel approach,

e.g. in the TGR, with simultaneous reduction of complexity.

Numerical stability and robustness as well as model flexi-

bility were shown in the modeling results which opens up the

possibility of a universal usage of the AE WKB approach in

general TFET compact models.
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