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Analytical Model for a Tunnel Field-Effect
Transistor

Abstract—The tunnel field-effect transistor (TFET) is a promis-
ing candidate for the succession of the MOSFET at nanometer
dimensions. Due to the absence of a simple analytical model
for the TFET, the working principle is generally not well
understood. In this paper a new TFET structure is introduced
and using Kane’s model, an analytical expression for the current
through the TFET is derived. Furthermore, a compact expression
for the TFET current is derived and conclusions concerning
TFET design are drawn. The obtained analytical expressions
are compared with results from a 2D device simulator and good
agreement at low gate voltages is demonstrated.

Index Terms—TFET, transistor, BTBT, analytical model, Kane

I. I NTRODUCTION

A S MOSFETS reach nanometer dimensions, power con-
sumption becomes a major bottleneck for further scaling.

The continued reduction of the MOSFET size is leading to an
increased leakage current due to short channel effects, such
as Drain Induced Barrier Lowering (DIBL), and the power
supply voltage cannot be reduced any further because of the
subthreshold slope being limited to 60 mV/decade at room
temperature. In this view, the exploration of alternative devices
which possibly outperform the MOSFET at these nanometer
dimensions is required.

A promising alternative for the MOSFET, which does not
suffer from these limitations, is the tunneling field-effect
transistor (TFET). Throughout the rest of this paper the term
TFET will not refer to any specific implementation form, but
the TFET is defined as ”a semiconductor device in which the
gate controls the source-drain current through modulationof
Band-to-Band Tunneling (BTBT)”. Band-to-Band Tunneling
is a process in which electrons tunnel from the valence band
through the semiconductor bandgap to the conduction band or
vice versa.

TFETs with a subthreshold slope lower than 60mV/decade
have already been demonstrated [1], [2] and due to their built-
in tunnel barrier, Si TFETs are expected to maintain low off-
currents for channel lengths down to 10nm [3].

An advantage of TFETs compared to other alternative
device concepts is that their fabrication is compatible with
standard CMOS processing since they can be implemented
as a reverse biased gatedp-i-n diode. Moreover, compared
to for example the I-MOS [4], TFETs do not rely on high
energetic processes like impact ionization, which are known
to be detrimental to reliability.

Contrary to the MOSFET and the bipolar transistor, the
TFET does not have a simple analytical model. This hampers
a clear understanding of the TFET working principle.

In this paper, an analytical model for a TFET is developed.
First a new TFET device structure is presented for which the
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Fig. 1. Double gate TFET with full (solid) and short (dashed)gate
respectively as shown in [5], the direction of BTBT in the semiconductor
is indicated by arrows
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Fig. 2. New device concept which enables derivation of an analytical model,
the direction of BTBT in the semiconductor is indicated by arrows

potential profile can be determined straightforwardly. As a
result, the total current through the device can be calculated
analytically, as shown in Section II. In order to obtain a
closed expression for the current, an approximation regarding
the behavior of the current around the BTBT onset voltage
needs to be made, as discussed in Section III. The calculations
originating from the analytical expression are validated in
Section IV by comparing them with device simulator results.

II. A NALYTICAL MODEL

A. Device structure

The TFET is generally described as a gatedp-i-n diode.
Investigations [5] have shown that the gate does not need to
cover the entire intrinsic region but can be restricted to the
area close to the source. A double gate TFET is shown in
Fig. 1 illustrating the full and the short gate concept. Neither
of these structures allow for a simple analytical expression for
the electric field and the electrostatic potential throughout the
device. This hampers an analytical treatment that would give
insight into the working principle of the device.

In this paper a new TFET configuration is presented such
that the gate is located fully on top of the source as illustrated
in Fig. 2. The device can be regarded as an extreme case
of the short gate TFET as the gate does not even cover a
part of the channel. It is important to note that in this device,
the BTBT occurs in the direction orthogonal to the gate. The
one-dimensional nature of the BTBT enables an approximate
determination of the potential profile in the tunneling region.
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Fig. 3. TFET from Fig. 2 with positive gate bias applied such that a depletion
region with thicknesszmax exists (only upper half shown)

The derivation of the current formula in this paper is
restricted to the case of annTFET, i.e. the gate is located
on top of thep-type source. An analogous calculation can be
made for apTFET with ann-type source.

B. Potential profile

Whereas the gate strictly controls the electrostatic potential
in the underlying semiconductor, the influence of the drain
voltage is found to be weak and can be neglected in the region
directly under the gate.

Under the assumption that there is no substantial potential
variation in the direction parallel to the gate, the potential pro-
file can be considered one-dimensional. Adopting the depletion
layer approximation, the electric field and the electrostatic
potential in the semiconductor are written in terms of the
acceptor doping concentration of the source (Na) [6]:

ψ(z) =
qNa

2ǫs
(z − zmax)

2 (1)

Ez(z) = −qNa

ǫs
(z − zmax) (2)

where zmax is the length of the depletion region, which is
a function of the applied gate voltage.q is the elementary
electric charge andǫs is the permittivity of the semiconductor.

C. Current

Since ap-i-n diode in reverse bias is considered, the current
is small if no BTBT is present, in which case the current
is referred to as the off-current. As soon as BTBT occurs
however, the resulting on-current will dominantly exceed the
off-current.

In semi-classical simulators, BTBT is modelled by the
introduction of an extra generation term (G) in the drift-
diffusion equation. When the BTBT current contribution is
dominating, the TFET current can be computed as the sum
over all charge generated in the device:

|I| = q

∫

GdV = qWL

∫

Gdz (3)

with dV an elementary volume in the device,L andW the
gate length and width respectively andG the generation rate
expressed in number of carriers per unit volume per unit time.
In Eq. 3 translational invariance in they-direction is assumed
and the variation of the generation rate in thex-direction is
neglected.
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Fig. 4. Band diagram of the cross-section A-A’ from Fig. 3 indicating ltun

The most popular model to calculate the generation is
Kane’s Model [7]. Kane’s model is derived for a direct
semiconductor in a uniform electric field and is given by:

G(E) = A
ED
√

Eg

exp
(

−BEg
3/2/E

)

(4)

whereE is the electric field andEg the bandgap, whileA and
B are parameters depending on the effective mass of valence
and conduction bands andD takes a default value of2, but
for the sake of generality it is left unspecified as an adjustable
parameter.

The effect of the different regions arising when a positive
gate voltage is applied, is discussed in the following subsec-
tions.

1) Neutral region: The neutral region is characterized by
the absence of an electric field and does not contribute to the
BTBT current.

2) Depletion region: In this section, the current is calcu-
lated assuming that there is only a depletion region. Instead
of relying on the local electric field as in Refs. [8], [9],
we insert the average electric field over the tunnel path into
the Kane generation rate. A similar strategy is followed by
some commercial device simulators [10]. Accordingly, a more
accurate estimate of the current can be made, and the tunnel
current disappears in a natural way when no tunnel path is
available due to the average electric field being zero.

The tunnel path is defined as the physical path between two
points corresponding to equal energy for the conduction and
valence band respectively. The average field in thez-direction
(Ēz) is then given by:

Ēz =
Eg

qltun
(5)

with Eg the bandgap energy andltun the length of the tunnel
path.

To calculateltun, thez-coordinate of points of equal poten-
tial in valence and conduction band are considered. Writing,

ψv(z1) =
qNa

2ǫs
(z1 − zmax)

2 +
Eg

q
(6)

ψc(z2) =
qNa

2ǫs
(z2 − zmax)

2 (7)



3

from which the tunnel path length can be determined:

ltun = z1 − z2 (8)

ψv(z1) = ψc(z2) (9)

Writing z2 as a function ofltun,

z2 = zmax −
1

2

l2tun + 2Egǫs/(q
2Na)

ltun
(10)

this yields following expression fordz:

dz = −1

2

(

1 − 2Egǫs
q2Na

1

l2tun

)

dltun (11)

Substituting Eqs. (4), (5) and (11) into Eq. (3):

I =
qWLA

2

∫ l2

l1

E
D−

1
2

g

qDlDtun

e−Bq
√
Egltun

(

1 − 2Egǫs
q2Na

1

l2tun

)

dltun

(12)

l1 andl2 respectively denote the maximal and minimal length
of the tunnel path in the depletion region:

l1 =

√

2Egǫs
q2Na

(13)

l2 =

√

2ǫs
qNa

(

−
√

ψmax −
Eg

q
+
√

ψmax

)

(14)

ψmax is the potential at the end of the depletion region as
indicated in Fig. 4.

Integration by parts reduces the integral in (12) to a loga-
rithmic integral, that cannot be evaluated analytically.

3) Inversion layer: The gate voltage specifying the onset
of inversion is given by the well-known expression:

VGS = VFB + 2φf + Φn +
tox
ǫox

√

2qNaǫs
√

Φn + 2φf (15)

where Φn is the electron quasi-Fermi level relative to
the source voltage,VFB is the flatband voltage,φf =
ln (Na/ni) kT/q is the surface potential,tox is the oxide
thickness andǫox is the dielectric constant of the oxide.

The respective positions of the quasi-Fermi levels also
determine the ratio between BTBT generation and BTBT
recombination. In the previous treatment for the depletion
region the respective positions of the quasi-Fermi levels were
ignored and BTBT was entirely attributed to generation. This
is an acceptable approximation as long as the valence band is
filled and the conduction band is empty.

In the case of a non-degenerate semiconductor, the inversion
regime sets in before the electron quasi-Fermi level and the
conduction band meet. In the depletion region, only the tail
of the Fermi-Dirac distribution occupies the conduction band
which is negligible compared to the almost fully occupied
valence band. In the inversion layer however, the conduction
band is filled and BTBT recombination can no longer be
neglected.

However, the inversion layer, being small in size and having
only a small generation rate, only gives rise to a small
contribution to the total current and therefore its contribution
is neglected in this paper.

4) Total current:Using the previous approach, the total cur-
rent in the device equals the current generated in the depletion
region. The influence of the gate voltage is straightforward,
namely increasing the depletion region size and increasingthe
current accordingly. The drain voltage determines the onset of
inversion and therefore imposes an upper limit to the depletion
region size through Eq. (15).

In a degenerate semiconductor, the limitsl1, l2 of the
integration (12) need to be altered such that the integration
only extends over the region of tunneling where the conduc-
tion band is (approximately) empty and the valence band is
(approximately) full.

III. A PPROXIMATING FORMULA

A. Derivation

In order to further elaborate on Eq. (12) it is assumed that
the exponential terms change much more rapidly than the
polynomial terms under a variation ofltun. Approximating the
integral and inserting Eq. (13), an expression for the current
as a function ofl2 is derived:

I ≈ −
WLAED−1

g

2BqD

(

1

lD2
− 2Egǫs
q2Na

1

lD+2
2

)

e−Bq
√
Egl2 (16)

Next, ψmax is calculated as a function of the applied gate
voltageVG. VG can be written as the sum of the electrostatic
potential at the interface (ψmax) and the potential difference
over the oxide,

VGS − VFB = ψmax + toxEox (17)

Since no potential change along thex-direction is con-
sidered, the electric field has only a component in thez-
direction. The oxide electric field (Eox) can be calculated from
the semiconductor electric field (Es) by making use of the
boundary condition at the interface:ǫoxEox = ǫsEs.

The electric field changes linearly in the depletion region
while the electrostatic potential changes quadratically accord-
ing to Eqs. (1) and (2). Writing the gate voltage as a function
of ψmax:

VGS − VFB = ψmax + 2tox
ǫs
ǫox

√

qNa

2ǫs
ψmax (18)

Combining Eqs. (18), (16) and (14) is useful for comparison
of the analytical model with simulation results. The result-
ing formula however, is rather involved and still hampers
a straightforward conclusion. We may however gain more
insight by calculating the current in the neighborhood of the
TFET onset voltageVonset which marks the onset of BTBT in
the depletion region, or equivalently, the band bending being
equal to the bandgap,ψmax = Eg/q. Hence,

Vonset = VFB +
Eg

q

(

1 + 2tox
ǫs
ǫox

√

q2Na

2Egǫs

)

(19)
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Calculating the current given by Eq. (16) forψmax =
Eg/q + δψ where δψ is a perturbation of the electrostatic
potential, we arrive at:

I ≈ WLA
√
q

BE
3/2
g

(

EgNa

2ǫs

)D/2

eBq
√

2ǫsEg/
√

qNa(
√

δψ−
√
Eg/q)

√

δψ

(20)

Writing δψ as a function of the gate voltage:

δψ = (VGS − Vonset) /γ (21)

γ = 1 + tox
ǫs
ǫox

√

q2Na

2Egǫs
(22)

we obtain a closed formula forD = 2,

I ≈WLTeS
√

VGS−Vonset

√

VGS − Vonset (23)

with

T = q
A

Bq3/2
qNa

2ǫs

√

1

Egγ
e−BqEg

√

2ǫs/
√
q2Na (24)

S = Bq

√

2Egǫs
qNa

1

γ
(25)

B. Interpretation

Eq. (23) provides the on-current in the TFET as a function
of gate voltage when the device parameters are known. Clearly,
the square root dependence indicates the absence of a 60
mV/decade subthreshold slope.

The influence of the different parameters on the prefactorT
(Eq. (24)) and the onset voltageVonset (Eq. (19)) is illustrated
in table I and will be discussed next. The prefactorT in
front of the exponential rather than the exponential itself
is considered, as it determines the current in the nearest
neighborhood of the onset voltage.

The bandgap is one of the most important parameters when
considering a TFET, since it determines the “barrier” between
valence and conduction band. The on-current increases with
decreasing bandgap as indicated by Eq. (24), while also
Vonset is reduced since the voltage required to create a path
from valence to conduction band is directly proportional to
the bandgap. A small bandgap is therefore beneficial for a
large TFET on-current and is desirable as far as it does not
jeopardize the TFET off-current.

It is however important to keep in mind that Eq. (23) is
derived using Kane’s model which applies to a direct semi-
conductor in a uniform field. For an indirect semiconductor a
more precise treatment is required. In addition, quantization
effects due to the small size of the depletion region that were
not considered in this work, should also be taken into account.

A higher doping level of the source increases the on-current.
This can be understood by realizing that the doping level
determines the curvature of the potential in the depletion
region. A larger doping level will thus decrease the tunnel
distance and increase the current. An upper limit on the onset
voltage or on the voltage drop over the oxide will limit the
doping level.

TABLE I
EXAMPLE VALUES FOR T AND Vonset

Doping level Bandgap T Vonset

(cm−3) (eV) (Acm−2V−1/2) (V)

1019 1 1.3 · 10−4 1.2

1019 0.5 66 0.64

2 · 1019 1 0.5 1.3

2 · 1019 0.5 5.6 · 103 0.7

1020 1 4.9 · 104 1.6

1020 0.5 3.9 · 106 0.95

The oxide thickness has little impact on the on-current
while its influence on the onset voltage is straightforward.
I.e. a smaller oxide thickness reduces the voltage drop over
the oxide and reduces the onset voltage. A small oxide
thickness is required to enable the gate to adequately control
the source region and it will therefore improve the validityof
the approximations.

Finally it is important to notice that Eq. (23) has been
derived for the structure shown in Fig. 2. The conclusions
drawn in this section cannot be directly applied to a general
TFET structure, although the working principle remains the
same.

IV. COMPARISON WITH SIMULATION RESULTS

To obtain Eq. (12) and the formulas thereafter a number of
assumptions had to be made: the TFET current was restricted
to the dominating BTBT contribution in the depletion region
under the source. It is however not proven that the BTBT
contribution in the channel or the inversion layer contribution
are negligible.

In order to verify the above approximations, the derived for-
mulas (12) and (23) are calculated numerically and compared
with simulation results.

In Fig. 5 and Fig. 6 the current calculated by the analytical
model and the current calculated by Medici [10], both in a
self-consistent and a non-selfconsistent way, are shown. The
non-selfconsistent current calculation implies a self-consistent
solution of the drift-diffusion equations without taking BTBT
into account. Based on the potential profile calculated in this
way, the total amount of BTBT is calculated which is then
identified with the total current.

The analytical results agree very well with the non-
selfconsistent calculations by Medici. For large gate voltages,
the (more accurate) self-consistent calculation of the current
shows a difference, because the electron quasi-Fermi level
under the gate has been assumed constant and equal to the
drain voltage.

The electrons generated due to BTBT are bound to flow
towards the drain, which may cause a significant drop of
the electron quasi-Fermi level between the position where the
generation takes place and the drain, and can be thought of asa
series resistance. The latter depends on the mobility, thickness
and length of the channel. The series resistance interpretation
can be verified in Fig. 6 where simulations for different oxide
thicknesses are compared.
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Fig. 5. Self-consistent simulations (c) and non-selfconsistent simulations
(+) compared with analytical formulas (12) () and (23) ( ) with the gate
voltage of the former limited according to Eq. (15).
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Fig. 6. Self-consistent simulations (c) and non-selfconsistent simulations
(+) compared with analytical formula (12) for an oxide thickness of 2 nm

( ), 3 nm ( ) and 4 nm ( ) and formula (23) for2 nm ( ) with the gate
voltage limited according to Eq. (15).

V. CONCLUSION

By considering a TFET structure with a gate on top of the
source, it is possible to obtain an analytical description of the
potential profile in the TFET. Using this potential profile and
adopting Kane’s Model, we derived an analytical expression
for the on-current. The approximations accompanying this
derivation are justified by comparison with numerical simu-
lation results.

The compact expression for the current shows the impact of
the doping level, bandgap and oxide thickness on the TFET
on-current.

For the design of a TFET as introduced in this paper, a small
bandgap and a high doping level of the source are beneficial
to achieving a high on-current. But the bandgap cannot be
reduced indefinitely because of the off-current whereas the
doping level is also limited by the TFET onset voltage. A small
oxide thickness improves the validity of the approximations
which were made.

APPENDIX A
PARAMETERS USED

A. Medici parameters used for Fig. 5

Semiconductor material: Silicon
Gate dielectric: HfO2 tox = 2 nm
Source doping: uniformp-type 1020 cm−3

Channel doping: uniformn-type 1013 cm−3

Drain doping: uniformn-type 1019 cm−3

Gate workfunction: (Si) Neutral
Models: BTBT BT.MODEL=3 BGN (self-consistent)
Models: ˆBTBT (non-selfconsistent)
Gate length (L): 24 nm
Drain voltage (VDS): 0.5 V
Channel length:8 nm

B. Medici parameters used for Fig. 6

Semiconductor material: Semicond0.5 V (0.38 V after BGN),
mobility 104 cm2/(Vs)
Gate dielectric: HfO2 tox = 2/3/4 nm
Source doping: uniformp-type 5 · 1019 cm−3

Channel doping: uniformn-type 1013 cm−3

Drain doping: uniformn-type 1019 cm−3

Gate workfunction: (Si) Neutral
Models: BTBT BT.MODEL=3 BGN (self-consistent)
Models: ˆBTBT (non-selfconsistent)
Gate length (L): 24 nm
Drain voltage (VDS): 0.5V
Channel length:45 nm

C. Device parameters used for Table I

Gate dielectric:tox = 2 nm
Flatband Voltage:VFB = 0V
BTBT parameters:A = 3.5 · 1021 (eV)1/2/(cm · s · V2),
B = 22.5 · 106 V/(cm · (eV)3/2)
Dielectric constants:ǫs = 11.8ǫ0, ǫs = 21ǫ0
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