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This paper presents an analytical model for the potential distribution of a p-n-i-n tunneling
field effect transistor (TFET). Using the potential distribution, the tunneling drain current is
derived analytically by integrating the band-to-band tunneling generation rate over the
device volume. According to our knowledge, there is no analytical analysis for this structure
in the literature, and this is the first analytical model proposed for a p-n-i-n TFET structure.
The proposed analytical model is validated via numerical results obtained from device
simulations based on non-local band-to-band tunneling model.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Tunneling field effect transistors (TFETs) have been
considered as one of the most promising candidates to
replace MOSFETs in the future electronics. This is because
subthreshold swing (SS) of TFETs can be smaller than
60 mV/dec at room temperature, which is the physical
limit of the MOSFETs [1–3]. Moreover, TFETs are superior
to the MOSFETs in terms of short channel effects (SCEs)
thanks to their low off-current (Ioff) [4], which is essential
for low power applications. However the low on-current
(Ion) is a problem yet.

Analytical modeling of TFETs is pursued in the literature
because of providing physical insight into the device opera-
tion and facilitates circuit-level modeling. But due to the
absence of simple analytical model of the off-current in a
TFET, the general principle of the off-current is not well
understood. In [4] an analytical model has been presented
which includes the impact of the drain voltage on the TFET
drain current. The model has been developed for both a pure
line-tunneling TFET and a pure point-tunneling TFET. Using
Kane's model for band-to-band tunneling (BTBT) and
introducing quasi-Fermi level approximations, an analytical
model for the drain off-current of the TFET has been devel-
oped in [5]. The temperature dependency of the off-current
has been demonstrated in [6,7]. Moreover, an analytical
equation is obtained for the drain current of a structure,
which has its gate placed on the source not covering the
channel at all. As a result, the impact of field-induced
quantum confinement under the gate and exponential inte-
gral function has been introduced for the derivation of the
analytical formula of drain current in TFET [8]. By solving the
two-dimensional
(2-D) Poisson's equation in [9], a 2-D analytic potential model
has been presented for the double-gate (DG) tunnel FETs
(TFETs). Then, from the potential profile, the electric field is
derived and the drain current expression has been extracted
by analytically integrating the band-to-band tunneling (BTBT)
generation rate over the tunneling region. p-n-i-n TFET is also
studied in the literature [10]. In p-n-i-n TFET, a δ-doped nþ

region is inserted at the source-channel junction. It is shown
that this region improves the tunneling rate, hence increasing
the drain current.

In this paper, an analytical model is derived for the
potential distribution in a p-n-i-n TFET under the sub-
threshold regime, and the effect of nþ region is analyti-
cally investigated. Based on the potential distribution, an
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Table 1
Device parameters

ND cm�3
� �

1� 1019 NI cm�3
� �

1� 1016

W nmð Þ 1–15 Ns and ND cm�3
� �

2� 1020

tOX nmð Þ 2.5 Lchannel nmð Þ 100
tSi nmð Þ 60 LS and LD nmð Þ 50
tBOX nmð Þ 100 Gate n-poly

Fig. 2. Band diagram of a TFET in on state.
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analytical expression is derived for the drain current.
Finally, the validity of the model is shown by comparing
the analytical results with numerical results obtained from
Atlas device simulation software.

This paper is organized as follows. In Section 2, the device
structure is explained. In Section 3, analytical modeling of
the p-n-i-n TFET is proposed and the drain current is
computed. Section 4 compares the analytical and numerical
results. Finally, Section 5 concludes the paper.

2. Device structure

The tunnel FET structure studied in this paper is Si TFET
that has four regions as pþ-nþ-i-nþ . This structure is a
reversed biased gated p-i-n diode in which a δ-doped nþ

region is inserted at the beginning of the channel. This
δ-doped region modifies energy band diagram of the
device and hence enhances the electron tunneling from
the source valance band to the channel conduction band.
The gate oxide and contact have a small overlap with the
source region [10]. The δ-doped nþ width is varied
between W¼0 nm and 5 nm in order to pursue the best
performance. Fig. 1 depicts the tunnel FET structure
studied in this paper and Table 1 summarizes the device
parameters.

In the next section, an analytical model is derived for
the potential distribution along the channel. Using the
potential distribution, an analytical model is derived for
the drain current based on a band-to-band tunneling
(BTBT) model [11,12]. The gate and the drain voltages are
swept from 0 to 3 V, and the transfer characteristics, the
output characteristics and Ion/Ioff ratio are studied to
optimize the device characteristics. In order to validate
the analytical model, simulations are performed using an
Atlas Silvaco device simulator, and the obtained results are
discussed.

3. Analytical model

3.1. Potential distribution

As depicted in Fig. 2, the potential barriers VIN and VPI are
formed at the channel-drain and source-channel junctions,
respectively. Since the p and n regions are degenerately
Fig. 1. Device structure of th
doped, Boltzmann's approximation cannot accurately describe
carrier statistics in these regions. Therefore, expressions for VIN
and VPI use the approximation of Fermi–Dirac distribution
F1
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VbiþVDS ¼ VINþVPI ð3Þ
In the channel region the expression for the electric

field is

ε xð Þ ¼ 1
ε

Z
ρdx ð4Þ

where ρ is the charge density as depicted in Fig. 3. It must
be noted that due to small width of nþ region, this region
is depleted. The nþ region is added to the space-charge
region as shown in Fig. 3. In Fig. 3, x¼0 is the beginning of
the channel region, L is the gate length and W is the nþ
e p-n-i-n tunnel FET.



Fig. 3. Rectangular approximation of the space charge distribution.

Fig. 4. Potential versus device length for VDS¼0.5 V and Vgs¼0 V.

Fig. 5. Potential versus device length for VDS¼0.5 V and Vgs¼2.5 V.

S.E. Hosseini, M. Kamali Moghaddam / Materials Science in Semiconductor Processing 30 (2015) 56–6158
region width. The electric field and potential are calculated
from (5)–(9). Fig. 4 shows potential distribution when
Vg¼0, and Fig. 5 shows potential diagram when Vg¼2.5 V
both are drawn by simulation and analytic.al model from
which it is observed that the results are nearly the same
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�qNs
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x 0rxow
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Depletion region lengths in p and n regions are xp and
xn, respectively. The potential distribution is derived from:
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From the charge neutrality condition, we have:

xn ¼
Nsxp�Nþw�LNI

ND
ð10Þ

Finally in (11), a quadratic equation is derived for xp by
which one can obtain xp [6]
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VbiþVDSð Þ ¼ 0 ð11Þ

The tunneling path (lpath) is defined as the physical path
between two points corresponding to equal energies in the
conduction and valence bands, respectively. lpath is derived
from (12), which shows that nþ region affects lpath through
xp [7]

lpath ¼
εsEg

q2Nsxp
ð12Þ

3.2. Band-to-band tunneling drain current

In order to compute the drain current analytically, we
upgrade the model developed in [6] and [7] to take into
account the δ-doped region. The band-to-band tunneling
generation rate is described by the widely used Kane's
model, which determines the generation rate per unit
volume, GKane, of carriers tunneling from the source
valence band to the channel conduction band [4,7]:

GKane ¼ AKaneεDexp �BKaneE
3=2
g =ε

� �
ð13Þ

where AKane and BKane are material-dependent constants, ε
is the local electric field, Eg is the band gap, and D is a
parameter distinguishing the direct (D¼2) from the indir-
ect (D¼2.5) tunneling process [4,5]. The source–drain



Fig. 6. Band diagram of a TFET.

Fig. 7. Drain current versus VGS for W¼1 nm, with VDS¼0.5 V.
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tunnel current of a TFET is then given by:

Ids;tun ¼ q
Z
TFET volume

GKanedv ð14Þ

where V is the three-dimensional device volume where
tunnel paths start (or where tunnel paths end) [4,7]

Ids ¼
�AkaneLWdE

D� 3
2

g

2qD�1BKane
H l2ð Þ�H l1ð Þð Þ ð15Þ

where Wd is the width of the device, l1 (l2) is the longest
(shortest) allowed tunneling path. Fig. 6 shows the corre-
sponding energy band diagram showing l1 and l2. Finally,
the integral of Eq. (14) is reduced to an elementary
analytical formula by assuming that the exponent is
varying more rapidly than the polynomial factors upon a
variation of lpath [4]:
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where εox is the dielectric constant of the oxide,
ΔEvh;s ¼ Ev;s�EF;h;s is the energy difference between the
bottom of the valence band and the hole Fermi level in the
source, εs is the dielectric constant of the source, tox;ef f is
the effective oxide thickness [tox;ef f ¼ tox εs=εox

� �
], Vgs is the

gate–source voltage, and VFB is the flat band voltage.
Fig. 8. Drain current versus VGS for W¼2 nm, with VDS¼0.5 V.
4. Results and discussion

Device simulations have been performed by using a
Silvaco Atlas device simulator [17]. The source region is
grounded. In simulations nonlocal band-to-band tunneling
[14], Shockley–Read–Hall recombination, band gap narrow-
ing, and Lombardi mobility model have been adopted. When
the tunneling path (lpath) is too long, the band-to-band
tunneling is prohibited which is dictated by the exponential
dependence in (13). As a result, the tunneling current
becomes low. nþ δ-doped region decreases lpath and as a
result, the tunneling current increases. On the other hand,
when the width of this region is too large, the off state
current may increase and as a result, a low Ion/Ioff ratio is
obtained which is unacceptable.

Therefore the optimum value of nþ region width is
pursued to obtain high on-current and simultaneously low
off-current. For lpath less than 4 nm, the generation rate G
is significant, as large number of electrons can tunnel from
the valence band of the source region into the conduction
band of the intrinsic channel region [15]. Hence, the BTBT
current in this case is high. For lpath value as much as 6 nm,
BTBT current remains moderately high. On the other hand,
for lpath larger than 6 nm, BTBT current becomes insignif-
icant and other current components of the off-current
dominates over BTBT current [15,16].

In Figs. 7–11, drain currents for different widths of nþ

region W¼1–5 nm are drawn. As shown, the analytical
drain current and the simulation based drain current
closely match for different values of W.

We depict W¼1–5 nm all in one figure (Fig. 12), addi-
tionally we addW¼0 and 0.5 nm to it to find optimized W.
Simulation and analytical model show that without nþ



Fig. 10. Drain current versus VGS for W¼4 nm, with VDS¼0.5 V.

Fig. 11. Drain current versus VGS for W¼5 nm, with VDS¼0.5 V.

Fig. 12. Drain current versus VGS for W¼0, 0.5, 1, 2, 3, 4, and 5 nm, with
VDS¼0.5 V.

Fig. 13. Subthreshold swing for the different widths of nþ region (W¼0,
0.5, 1, 2, 3, 4, and 5).

Fig. 14. Ion/Iof f ratio for the different widths of nþ region (W¼0, 0.5, 1, 2,
3, 4, and 5).

Fig. 9. Drain current versus VGS for W¼3 nm, with VDS¼0.5 V.
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region (W¼0) Ion is extremely reduced which results in
reduced Ion/Ioff ratio. As it is seen in Fig. 10 when W is
increased up to W¼1 nm Ioff remains constant, whereas Ion
increases. Moreover when W41 nm Ion is constant, while
Ioff increases, therefore optimum condition is W¼1 nm.

Subthreshold swing and Ion/Ioff ratio are depicted in
Figs. 13 and 14, respectively. From these figures, it can be
concluded that for W¼1 nm the optimized lpath is
obtained, in the sense of subthreshold swing and Ion/Ioff
ratio. Finally, when W¼1 nm, subthreshold swing of
36 mV/dec and Ion/Ioff ratio of 1010 are achieved.
5. Conclusions

This paper proposes an analytical model for the poten-
tial distribution and the drain current of p-n-i-n TFET. It is
shown that with a W¼1 nm δ-doped region, subthreshold
swing as low as 36 mV/dec is achieved. This is well below
60 mV/dec MOSFETs physical limit. Furthermore, Ion/Ioff
ratio as high as 1010 is achieved, which is comparable
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with the conventional MOSFETs. Moreover, we have
derived the current distribution of a TFET by considering
Kane's model for band-to-band tunneling in channel
region. It is concluded that when the width of nþ region
is 1 nm, the optimized subthreshold swing and Ion/Ioff ratio
are obtained. Our analytical model result closely matches
the simulation results from Silvaco Atlas.
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