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Modeling of Drain Current in Double-Gate
Heterojunction Tunneling FETs: a Physical-
Analytical Approach

Danial Keighobadi* and Saeed Mohammadi *

Abstract— In this paper, we develop an analytical potential
model for the double-gate Heterostructure Tunneling Field-Effect
Transistors (H-TFETSs) to accurately predict the electrostatic
potential profile of the device in all regions of operation. Using the
potential model, we present appropriate relations for the
tunneling distance at a specified energy level in the bandgap of the
tunneling junction. Finally, based on the highest tunneling rate
formalism, the minimum tunneling distance is employed to
calculate the tunneling current, which is the dominant on-state
current flow mechanism in the H-TFETs. We show that our
models closely match the results obtained by numerical
simulations, for various heterostructure devices with different
material systems in a wide range of operation, from subthreshold
to super threshold..

Index Terms— Analytical modeling, band-to-band
tunneling, double-gate heterostructure tunnel field-effect
transistor (H-TFET), Drain Current.

I. INTRODUCTION

tilization of proper heterojunctions to form the tunneling

junction of the tunneling field effect transistors (TFETS)
has increased the drive current, decreased the subthreshold
current, and improved the switching characteristics of the
device. Pursuing superior device performance, researchers
have studied various material systems and introduced some
promising combinations such as InGaAs-InP [1, 2], InAs-Si [3,
4], InAs-AlGasSb [5], and SiGe-Si [6] heterojunctions.
In spite of the extensive lab experiments and numerical
simulations, physical and analytical models accurately
predicting the characteristics of the heterojunction TFETs (H-
TFETs) are in the beginning stages of development.
Complexity of physical and analytical modeling of H-TFETs
has obliged researchers to simplify the problem and inevitably
admit some inaccuracy in the model results in some regions of
device operation. For example reported models in [7-12] do not
seem to work accurately at high gate biases, because they have
completely neglected the influence of mobile carriers in the
channel of H-TFET on the electrostatics of the device. On the
other hand, overestimation of the tunneling current is expected
when the model ignores any energy band bending in the
reservoirs [8, 10, 13]. Models developed in [7, 11] are based on
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the assumption that the channel can be divided to two depleted
and non-depleted regions, regardless of bias condition. It can
be easily shown that for a short channel device or a device with
low gate biases such a division is not generally reasonable. In
[14], we presented an accurate physical model for the drain
current of double-gate H-TFETSs. Our modeling approach was
based on integrating the band to band tunneling (BTBT)
generation rate over the tunneling volume which requires
several simplifying assumptions to lead to an analytical, but not
compact, expression predicting the drain current. In [15], we
achieved a model for the tunneling distance at the given energy
level in the tunneling window, which leads us to develop a
closed-from drain current model introduced in the current

paper.

In this paper, a physical and analytical approach is taken to
develop an appropriate model for the drain current of the
heterostructure double gate TFET devices. The utilized
potential profile model includes band bending in the source and
drain regions, and takes into account modulation by the mobile
carriers in the channel at super threshold operation region.
Based on our potential model, a model for the drain current of
the device is derived and validated for all operation regions of
H-TFETs. The rest of the paper is organized as follows. In
Section 2, our model for the potential profile in the H-TFET is
developed. In Section 3, a model for the drain current is
introduced. The results of the developed models are verified by
those obtained from a numerical device simulator for different
set of parameters and material systems in section 4, while
section 5 concludes the paper.
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Fig. 1. A schematic 3D view of a double gate heterojunction TFET. The
coordinate system, the device dimensional parameters and the extensions
of the depletion regions in the source, channel and drain regions are also
depicted.
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Il. POTENTIAL MODEL DERIVATION

A schematic 3D view of a symmetric double gate
heterojunction TFET is shown in Fig. 1, where tox, tch, L, and
W stand for the gate oxide thickness, channel thickness,
channel length, and channel width, respectively. L1, L2, and
L3 are the bias-dependent lengths of the depletion region
extensions in the source, channel and drain, respectively. Such
a separation helps us use more reasonable simplifications
which are inevitable when one is going to deal with physical
equations analytically. Consequently, a more accurate
analytical model for the potential profile along the device is
expected. The oxide layer can be a single layer insulator or a
composition of two stacked layers of a high-k dielectric and a
dielectric that provides a better interface at the junction with
the channel material [9, 16].

A. Potential profile around the tunneling junction

The tunneling rate of carriers is highly sensitive to the band
bending around the tunneling junction. Part of this bending
occurs in the source depletion region, especially at higher gate
voltages, and the other part occurs in the channel depletion
region. Since the electrostatic potential distribution in a wide
channel device (W >> L) is almost independent of the z
coordinate, we seek the 2-D profile for the potential in the
channel depletion region which is obtained from the following
equation

0*9pa(,y)  0°0a(0y) __ aNen
0x? y? e 1)
where pc1(X,y) is the electrostatic potential, Nen is the doping
concentration of the channel region, and &g, is the permittivity
of the channel material. Owing to the symmetry of the structure
the boundary conditions in y-direction can be stated as
a(pcl (X, )’) =0
O
’ )
a(pcl (x, J’)
Cox[VGS ~ Pmcn — Ps1 ®] = T e —
dy =0
where, Coy is the oxide capacitance, gmen is the work function
difference between the gate material and the channel, and ¢s; is
the surface potential. We approximate the potential profile in'y
direction by the second-order polynomial (pci(X,y) = @si(X)+
Ci1(x).y+ C2(x).y?), and substitute it in the Poisson’s equation of
(1) (considering the boundary conditions of (2)). This yields a
second order differential equation for the surface potential,

PoaC) L
axr 1,0

where, Acn=(echtcn/2Cox)%5.

At the left end of this region, x = 0, the surface potential
approaches gso which is the surface potential at the source-
channel interface, and at the right end, x = L, it is assumed that
the lateral field fades to zero and gs1(L2) can be obtained from
the 1-D Poisson’s equation in vertical direction. The solution
of this equation is reported in [17].

Having these boundary conditions, the linear differential
equation of (3) can be solved analytically as,

chh 1
- V —
o A?h( 65 — Pmen) 3)

X — Lz)
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where, ¢, cn = Vs — @men — qNenten/2Cox-

Considering the gate fringing field, the same 2-D Poisson’s
equation governs the potential profile in the depletion region of
source and the same approach as that of the channel region is
utilized to find the surface potential profile in this region. The
solution is:

Ps1(X) = Qren — (‘pJ_ch — Ps1 (Lz))COSh<

x+ Ly
(pss(x) =@Qis— ((pJ.s + Vbi)COSh <—>
As ()

where, ¢, = Vs — @ms — qNsten/2Cer, As=(esten/2Cr)°

and the built-in potential is given by:
_ _ Eg—s B Eg—ch k_T (Nchh )

Vbl Xs Xen * 2 * q " NisNich (6)

In the above relations, ¢ms is the work function difference
between the gate material and the source, Ns, &, s, Eg-s, and nis
are the doping concentration of acceptors, the permittivity, the
electron affinity, the energy bandgap, and the intrinsic carrier
concentration of the source region, respectively, and ych, Eg-ch,
and nien are the electron affinity, the energy bandgap, and the
intrinsic carrier concentration of the channel region,
respectively. All energies are expressed in electron volts. Cy is
the fringing capacitance which is introduced as Cs = 2/1 Cox
[18].

From the continuity of the potential and the electric
displacement field at the source-channel interface, the
following explicit relations for L; and L are obtained,

nK +J(1-K)(A-K/y?) + n2K>
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Focusing on the results obtained from the potential model
developed above, it can be inferred that as the gate voltage
decreases L, increases, and even may extend beyond the
channel length. In such circumstances, dividing the channel
area into the depleted and non-depleted regions with clear
boundary is pointless. Here we introduce a new definition for
the boundary that restricts the amount of extension of the
depletion region in the channel. According to this definition,
the border between these two regions in the channel is specified
using a specific non-zero lateral electric field (Enor), such that
if L, (calculated from (7)) exceeds the channel length, the new
location for the boundary is calculated as:

AchEbor )
Ps2 (Lz) ~Pich (8)

On the other hand, at the lower gate voltages in which the
device is practically in the off-state, the above model leads to a
negative lateral electric field in the channel depletion region
which is not acceptable for an n-channel device in its normal

Ly pew =Ly — Achasinh(
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operation mode. To avoid such a condition the term ¢, ., —
@52 (Ly)in (5) should always remain greater than zero,
requiring that:
Vs > @men — chhtch/ZCox + @51 (LZ) (9)

Indeed, the above inequality is violated when the whole
channel of the device is completely depleted from the charge
carriers. Hence, we provide a new presentation for the channel
surface potential,

1 ) +Jrexp <_ Ax_h> (10)

where the coefficients I; and J; can be determined from the
continuity of the potential at the left and right end of the
channel as,

X
Ps1(X) = Qren + Ilexp(
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— 52
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In (11), ¢po is the surface potential at the drain-channel
interface, and 6 = exp(-L/Ach). @so and gpo Will be determined
later from the continuity of the electric displacement vector
(electric field) at the source-channel (channel-drain) interface.

11=

(11)

B. Potential profile in the channel non-depleted region

In the non-depleted region of the channel, we include mobile
charge carriers in the 2-D Poisson's equation.
%9, 0%, _ qMyen <(Pc2 - VDS)
dx2 0y? ey kT /q (12)
where Vps is substituted for the quasi Fermi level in this part
[14], and the small doping density of the intrinsic channel is
neglected against the charge carriers’ density. In [14] the same
equation is solved using the superposition principle. That is, the
electrostatic potential is written as the sum of two terms:
020, ¥) = P10 (V) + @2p(x,¥) (13)
where @1p(y) is the solution of the 1-D Poisson’s equation
and ¢2p(Xx,y) is the solution of the residual 2-D differential
equation. The solution of the 1-D potential term is obtained as
[17]:

2k—Tln fen 4 Ticn cos(ﬁ —B)
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where $ can be calculated from the following relation,
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and the solution of the 2-D potential term is approximated as

[14]:
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where 4 can be calculated from the following relation
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where

Several approximations for A are given in [19]. Using the
continuity of the surface potential at the left and right ends of
the region, we find the unknown coefficients of ¢.p as:

I = ®po — ¢1p(0)
7 (1 - ¢&2)cosA (18)
_ $(@po — ¢1p(0))
Jo= (&2 — 1)cosA

where &=exp(-24(L-L2)/tcn).

It should be noted that the model developed in this
subsection is only applicable when the bias condition meets the
inequality of (9), otherwise there exists essentially no non-
depleted region in the channel. When La-new, is employed, the
original relations need no modification, only ¢1p(0) in equation
(18) should be replaced with ¢s1(L2-new).

C. Potential profile in the drain depletion region

Usually to suppress the ambipolar behavior in TFETS, the
drain region closed to the channel is not heavily doped [20], so
the extension of the depletion region in the drain is non-
negligible especially in the subthreshold operation regime.
Ignoring the variation of the potential in the vertical direction,
we solve the 1-D Poisson’s equation inside the depletion
region. At x=L+L3 the potential and the lateral electric field
reach Vps+KT/gq In(Na/Nch) and zero, respectively. Ng is the
doping concentration of donors in the drain. The solution of the
Poisson equation gives,

Nq Nq
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x)=— X — —In|—

ba 2¢cn ’ P57 q " \Na/  (19)
On the other side, the potential and the electric field are

continuous at the drain-channel interface. Employing these

conditions leads to the following relation for ¢po,
2

H
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where,
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Furthermore, since gq(L) = @po, the length of the depletion
region in drain, Ls, can explicitly be expressed.

Note that ¢1p(0) in equation (20) is replaced with @s1(L2-new),
if Lo-new IS taken into account. Furthermore, for the lower gate
voltages in which the inequality of (9) is not satisfied, the
boundary conditions at the drain-channel junction lead a system
of nonlinear equations for pso and ¢po as shown in (21). Having
these values, we can obtain L; and Lz from (5) and (19),
respectively.

BTBT is the dominant current flow mechanism in TFETS.
Drain current calculation in TFETS requires integrating the
tunneling generation rate over the tunneling volume around the
tunneling junction. One method to find this current is based on
the highest tunneling rate (Gtmax), given by:

DRAIN CURRENT MODEL
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where Awn is a material-dependent tunneling decay length
that depends on the effective band gap (Eg-er) and the effective
tunneling mass of the carriers [7]. In an n-type device, the
effective band gap is the energy difference between the source
valence band and the channel conduction band at the source-
channel interface. frermi is @ correction factor which is defined to
avoid non-zero current at Vps=0V as [21],

1
(1+exn (F27))] (23)

The maximum tunneling rate, Gmax OCcurs in the minimum
tunneling distance (Demin) and is formulated by Kane as [22],
3
2
Eg—eff . 1

72 ( Avun ) (24)

A is a material-dependent parameter of the Kane’s model.
Our potential model provides a closed form relation for the
tunneling distance for a carrier with a given energy E. Whether
the inequality of (9) is satisfied or not, the tunneling distance is
calculated from (25) or (26), respectively. It should be noted
that the unit of energies in these relations is electron volts.
Substituting the source Fermi energy level in these relations,
one can obtain Demin.

In the subthreshold region of operation, the tunneling
generation rate is negligible and the dominant charge transport
mechanism is p-i-n diode reverse bias leakage current (Is) [14].
In [23], this current is formulated as (27), where Dp and Dy are
the diffusion coefficients, zp and 7y are the hole and electron
lifetimes, respectively, and Wy and Wp are the lengths of the
drain and source regions, respectively. It should be noted that
the contribution of the trap-assisted tunneling in the
subthreshold conduction is not considered in this work.

1
ffermi =2-|z-

Dt—min

Giomax =4

IV. RESULTS AND DISCUSSION

In this section, we validate our models’ predictions for the
potential profile and the drain current against the results

obtained from a numerical device simulator [24]. The
comparison is carried out for different device dimensions,
applied biases, and the oxide and heterojunction material
systems. The default quantities for the device parameters are L
=50nm, ten = 10nm, and tox = 2nm (composed of 1nm of SiO;
and 1nm HfOz), Ns = 10%°, Ng = 10 cm™, and the work
function of the gate material is 4.5eV.

The surface potential profile along the channel of a double
gate InGaAs-InP H-TFET with an applied drain voltage of 1V
is shown in Fig. 2. The model results, which are validated by
the simulation results, confirm that the depletion regions
lengths inside the source and drain are evidently bias
dependent. It should be noted that, based on the extensive
simulations carried out on the different structures at different
bias conditions, Epor is set to IMV/m, which is two orders of
magnitude less than the maximum electric field at the source-
channel interface. As mentioned before, this value is used to
increase the validity of the model for low gate voltages and
short channel lengths, where L, exceeds the channel length.
The inset shows the accuracy of our potential model predictions
for different oxides, where SiO, SisN4 and HfO, are employed
in various structures. The potential profiles from the proposed
model show good agreement with the results obtained from the
numerical simulations.

In Fig. 3 the electrostatic potential distributions for an InAs-
Si H-TFET with an applied drain voltage of 0.5V, are plotted
for different gate biases. This heterojunction has an staggered
band alignment which leads to a high tunneling current for the
device [9]. As shown in the figure, our model can predict the
simulation results with very good accuracy. The same plots are
illustrated in the inset for an InAs-AlGaSb H-TFET, where we
indicate the validity of the model results for different values of
the drain-source applied voltages. InAs-AlGaSb H-TFET is
another example of a TFET with high drive current [5].

Pis — E Pich — (E + Eg—eff)
D.(E) =L, + L, — A;acosh (—) -1 acosh( (25)
‘ v @15+ Vp o ®1ch — Ps1(Lz)
2
1 h ¢0,s—E P E + Eg-eff Qi t \/(E + Eg—eff - (pJ_ch) —41L],6 (26)
D,(E) =L, — (7 +
() = Ly = Asacosh ({75, ) + Aenln 21,5

n Wy —L n? |D Wy —L
Is = qt | —2 | coth <7N 2) +—= —Ncoth< £ 1) (27)
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Fig. 2. Surface potential profile of an n type InGaAs-InP H-TFET along the
device obtained from the model (symbols) and numerical simulation (lines).
Inset: the same profile for different oxide structures of SiO,/SiO,, SizsN4/SiO,,
and HfO./SiO,. The drain bias is 1V and the gate bias is used as running
parameter. Device dimensional parameters are depicted in the figure. The
channel region is located between 0 and 50nm.
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Fig. 3. Surface potential profile of an InAs-Si H-TFET along the device
obtained from the model (symbols) and simulation (lines). Inset: Surface
potential profile of an InAs-AlGaSb H-TFET along the device for different
values of Vps applied voltages.

Fig. 4 shows the transfer characteristic of an InAs-Si H-TFET
in logarithmic scale with two different channel lengths at
Vps=1V. As it can be inferred from this figure, the channel
length does not considerably modulate the drive current in
TFETs. The characteristics plotted in the figure using
numerical simulation validate the accuracy of our drain current
model for an H-TFET based on the InAs-Si heterojunction. The
accuracy of the drain current model for two InAs-Si and
InGaAs-InP H-TFETSs with different gate dielectric materials is
investigated in Fig. 5, where various

104 »
Silvaco: Symbols
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10% [ InAs-Si
n type H-TFET
| L=50 nm
to=2nm SiQ, [2nm]
t =10 nm
107 Vpe=1.0V
g L=50nmm
¢ L=30nm i

10—14

10718

4

10718
0

05 1 15
Vs V]

Fig. 4. log(lps)-Ves curves predicted by numerical simulation (lines) and by
the analytical model (symbols) for an InAs-Si H-TFET with two different
lengths of the channel and t,=3nm, t;;=10nm, and Vps=1V.

combinations of SiO,, HfO, and SisN. are employed. In all
cases, the gate dielectric thickness is assumed to be 2nm. As
expected, improved electrostatic coupling between the gate and
the tunneling junction is achieved by the gate dielectric with
higher effective permittivity which leads to a higher drive
current, steeper subthreshold slope, and higher lon/lorr current
ratio.

Fig. 6 shows the influence of the drain bias on the lps-Vg
characteristics of an InGaAs-InP H-TFET. For a short channel
TFET both the drain and the gate biases can modulate the
tunneling distance and consequently the on-state current. It is
accurately predicted by our proposed drain current model.
Finally, we investigate the conformity of the model predictions
to the simulation results through the output characteristics of
several H-TFETs based on different heterojunction material
systems given in Fig. 7. The inset shows one of these curves at
VGs:].V.

V. CONCLUSION

In this paper, a potential model predicting the electrostatic
profile for the heterostructure tunnel field-effect transistors is
developed which is applicable from the subthreshold to the
super threshold regime. The modeled potential profile takes
into account the band bending in the source and drain regions,
and the modulation by the mobile carriers’ density in the
channel at super threshold region. Our analytical potential
model led us to introduce analytical expressions for the
tunneling distance in the bandgap of the tunneling junction. We
employed the minimum tunneling distance and calculated the
drain current of the device using highest tunneling rate
formalism. By comparing results obtained from our model with
those obtained from the numerical device simulator, we
validated the predictions of the potential and the current models
for the various heterostructure devices with different material
systems in all regions of operation.
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Fig. 5. log(Ips)-Ves curves of (a) InAs-Si H-TFET and (b) InGaAs-InP H-
TFET predicted by numerical simulation and by the model for various gate

dielectrics, SiO; (€,x=3.9), SisN4 (60x=7.5), and HfO; (g,x=21).
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Fig. 6. log(lps)-Ves characteristics of the InGaAs-InP H-TFET for two
different drain voltages predicted by numerical simulations (lines) and by
analytical model (symbols). The other parameters are tp,=2nm, ts=10nm,

L=50nm, and Vps=1V.
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Fig. 7. log(lps)-Vos characteristics for several H-TFETSs based on different
material systems predicted by numerical simulation (lines) and by analytical
model (symbols).
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