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Suppressing Ambipolar Conduction Using Dual
Material Gate in Tunnel-FETs Having Heavily Doped
Drain
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Abstract—In this paper, using 2D TCAD simulations, the
application of a dual material gate (DMG) for suppressing ambipolar
conduction in a tunnel field effect transistor (TFET) is demonstrated.
Using the proposed DMG concept, the ambipolar conduction can be
effectively suppressed even if the drain doping is as high as that of
the source doping. Achieving this symmetrical doping, without the
ambipolar conduction in TFETs, gives the advantage of realizing
both n-type and p-type devices with the same doping sequences.
Furthermore, the output characteristics of the DMG TFET exhibit a
good saturation when compared to that of the gate-drain underlap
approach. This improved behavior of the DMG TFET makes it a
good candidate for inverter based logic circuits.
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[. INTRODUCTION

HE dynamic and static power dissipations of inverter

based circuits mainly depend on the operating voltage
(Vop) and the OFF-state leakage current, respectively. To
achieve ultra-low power circuits, these sources of power
dissipation must be reduced simultaneously without affecting
the overall performance of the circuit. However, the limiting
kT/q subthreshold swing (SS) of the traditional -carrier
injection over the barrier of metal oxide semiconductor field
effect transistor (MOSFET) makes it difficult to scale down
the operating voltage without increasing the OFF-state leakage
current. Owing to its different carrier injection mechanism (i.e.
band to band tunneling), the tunnel field effect transistor
(TFET) overcomes the kT/q limit and becomes a potential
candidate to realize ultra-low power circuits [1]-[4].

Despite its sub-kT/q subthreshold swing, TFET exhibits low
ON-state current and ambipolar conduction which have
adverse effects on the performance of circuits and makes the
use of TFETs questionable for inverter based logic. The low
ON-state current affects the charging and discharging time
reducing the speed of the circuit. The ambipolar conduction,
which is a conduction of a current for both positive and
negative gate voltages, leads to malfunctioning of the inverter
based logic. Therefore, improving the ON-state current and
suppressing the ambipolar conduction are the main research
challenges in making TFETs a real candidate for ultra-low
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power circuits. The focus of this paper is on suppressing the
ambipolar conduction of TFETs without affecting the ON-
state current. Different techniques are proposed in literature to
suppress the ambipolar current in TFETs [5]-[11]. Requiring
asymmetric source and drain dopings, non-saturated output
characteristics, and increased gate to drain capacitance are
some of the limitations of these techniques. Therefore, in this
paper, using 2D TCAD simulations, it is demonstrated that the
dual material gate (DMG) TFET suppresses the ambipolar
current without the aforementioned adverse effects. The DMG
structure has been extensively studied to improve the
performance of both MOSFETs as well as TFETs [12]-[19].
However, the application of DMG for the suppression of
ambipolar conduction in a TFET has not been reported. In a
DMG structure, the gate is split into two regions i.e. the
tunneling gate on the source side and the auxiliary gate on the
drain side having different work functions. By properly
choosing the work function of the auxiliary gate in a dual
material gate TFET, it is shown that the ambipolar current
reduces by more than four orders of magnitude even for
symmetrically doped source and drain. This symmetry has the
advantage of realizing both n-type and p-type devices with the
same doping sequences. The proposed technique, compared to
the gate-drain underlap structure, also shows improved output
characteristics. To demonstrate the concept, a PNPN TFET
structure is used as it exhibits a high ON-state current and a
steep SS [20]-[28].

II. DEVICES STRUCTURE AND WORKING PRINCIPLE

The simulations are carried out for the three PNPN TFET
structures shown in Fig. 1 (a) dual material gate PNPN TFET
(DMG-PNPN TFET), (b) gate-drain underlap PNPN TFET
(GDU-PNPN TFET) and (c) single material gate PNPN TFET
(SMG-PNPN TFET). The following parameters are used in
simulations: silicon film thickness t; = 10 nm, gate oxide
thickness (SiO2) tox = 3 nm, channel length (L) = 50 nm,
source doping (Na) and drain doping (Np) = 1 x 10?° cm?,
channel doping N - 1 x 10'cm3, and pocket doping Np = 4 x
10" cm3. The width of the pocket is 4 nm. For the DMG-
PNPN TFET, the work functions of the tunnel gate metal (TG)
and the auxiliary gate metal (AG) are ¢rg and Oac,
respectively.

All the simulations were done in Silvaco Atlas, Version
5.19.20.R [29]. The nonlocal band-to-band tunneling (BTBT)
model is used to take into account the tunneling along the
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lateral direction. The Lombardi mobility model and band-gap
narrowing (BGN) model are enabled to include the mobility
effect and to take care of high doping, respectively. The
Fermi-Dirac statistics and the Shockley-Read-Hall (SRH)
recombination models are also enabled. As done earlier in
[10], [11], [24] and [26]-[28], the simulation models are
calibrated by reproducing the results in [7].
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Fig. 1 Schematic view of a symmetrically doped (a) the dual material
gate PNPN TFET with tunnel gate (TG) and auxiliary gate (AG). Lac
is the length of the AG, (b) the gate-drain underlap PNPN TFET with
gate drain underlap of Lup and (c) the single material gate PNPN
TFET

For the n-type TFET, the ambipolar current is a current due
to the narrowing of the tunneling barrier width at the channel-
drain junction for the negative gate voltage. This narrowing is
due to the accumulation of holes in the channel of the device.
As the concentration of the accumulated holes increases, the
tunneling barrier width gets narrower leading to a higher
ambipolar conduction. For Vgs — Vg < 0, where Vgs is the
gate to source voltage and Vg is the flat band voltage, the
concentration of the accumulated holes Ppacc increases
exponentially with the surface potential ys as given by:

—qy /KT
Pace = NAe v 1

where; Na is the channel doping, k is the Boltzmann constant
and T is the temperature. For an ideal gate oxide with zero net
charge density, the flat band voltage is equal to ¢ms (the work
function difference between the gate metal and the
semiconductor). The sign of the surface potential y; in (1) has

the same sign as Vgs — Vs (i.e. ys > 0 if Vgs- Ve > 0 and g
< 0 otherwise). Therefore, if the work function of the gate
metal is low, Vg becomes negative and thus, more negative
gate voltage is required to increase the accumulated holes
exponentially.
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Fig. 2 Hole concentration contours at ambipolar state (Vgs =-0.5 V
and Vps = 0.7 V) for (a) SMG-PNPN TFET (b) DMG-PNPN TFET

Based on this, the idea of the proposed technique is
therefore, to divide the channel into two regions so that it is
possible to control the proportion of the accumulated holes in
each region. According to this, the channel region under the
low work function gate requires more negative gate voltage to
accumulate an equal concentration of holes as that of the high
work function gate. Therefore, for the same applied gate
voltage, the concentration of accumulated holes is less in the
channel region under the low work function gate. If the
concentration of accumulated holes is less, the band bending
near the channel-drain junction will be less resulting in a
wider tunneling barrier width at this junction. The wider the
tunnel barrier width at the channel-drain junction, the lower is
the ambipolar conduction. To achieve this, therefore, an
auxiliary gate metal with o = 3.9 eV and a tunneling gate
metal with ¢rc = 4.4 eV are used.

Fig. 2 shows the accumulated hole concentration contour
under ambipolar conditions (Vgs = -0.5 V and Vpg = 0.7 V)
for the SMG-PNPN and DMG-PNPN TFET. As discussed
earlier, the concentration of the induced holes in the channel
(see the rectangular box in Fig. 2) under the auxiliary gate of
the DMG-PNPN TFET is much less than that of the SMG-
PNPN TFET. This is also reflected in the band diagram (Fig.
3) which shows a wider tunneling barrier width at the channel-
drain junction for the DMG-PNPN TFET compared to the
SMG-PNPN TFET in both the OFF-state and the ambipolar
conditions. The band diagram is taken at the cutline 1 nm
below the silicon oxide interface along the A-A’ line shown in
Fig. 1. This wider tunneling barrier width in DMG-PNPN
TFET results in suppressed ambipolar current compared to the
SMG-PNPN TFET.
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Fig. 3 Energy-band profiles of the DMG-PNPN TFET and SMG-
PNPN TFET at (a) OFF-state (Vgs= 0V and Vps = 0.7 V) and (b)
ambipolar state (Vas=-0.5 V and Vps = 0.7 V)
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Fig. 4 Transfer characteristics of the DMG-PNPN, SMG-PNPN and
GDU-PNPN TFET. Both the auxiliary gate metal length Lacg in
DMG-PNPN and the underlap length Lup in SMG-PNPN TFET are
15 nm

III. RESULTS AND DISCUSSIONS

To show the effectiveness of the proposed technique, the
transfer characteristics of DMG-PNPN, SMG-PNPN and
GDU-PNPN TFET are shown in Fig. 4. To keep the threshold
voltage of the three devices identical, the work function of the
tunnel gate metal in DMG-PNPN TFET and the work function
of the gate metals in GDU-PNPN and SMG-PNPN TFET are
chosen to be 4.4 eV, 4.38 ¢V and 4.36 eV, respectively. As

shown in Fig. 4, the ambipolar current of DMG-PNPN TFET
is suppressed about four orders of magnitude compared to
SMG-PNPN TFET and one order of magnitude compared to
GDU-PNPN TFET. The underlap length Lyp for GDU-PNPN
TFET is chosen to be equal to the auxiliary gate length Lag of
DMG-PNPN TFET.
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Fig. 5 Comparison of the output characteristics of (a) DMG-PNPN
and GDU-PNPN TFET and (b) DMG-PNPN and SMG-PNPN TFET

In addition to better suppression of ambipolar current, the
DMG-PNPN TFET shows an improved output characteristics
compared to GDU-PNPN TFET. The auxiliary gate metal in
DMG-PNPN TFET modulates the conductance of the channel
in the ON-state operation of the transistor. However, in the
GDU approach the ungated low doped region adds a series
resistance to the channel. As studied in detail by [30], [31],
this resistive channel does not allow the device to have a good
saturation region in its output characteristics. Fig. 5 shows the
output characteristics of the DMG-PNPN, GDU-PNPN, and
SMG-PNPN TFET for different gate voltages, Vgs. As shown
in Fig. 5 (a), the DMG-PNPN TFET exhibits a good saturation
compared to the GDU-PNPN TFET. This characteristic adds
one more advantage to the DMG-PNPN TFET approach and
makes it attractive for analog/mixed circuit design. Since both
the SMG-PNPN and DMG-PNPN TFETs do not have ungated
low doped region, the output characteristics of these structures
exhibit good saturation as shown in Fig. 5 (b).

The length of the auxiliary gate in DMG-PNPN TFET has
an impact on both the suppression level of the ambipolar
current and the OFF-state current of the device. As the length
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of auxiliary gate increases, though the ambipolar current still
gets suppressed further, a longer auxiliary gate starts to affect
the tunneling at the source-channel junction.
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Fig. 6 (a) Energy-band profiles and (b) transfer characteristics of the
DMG-PNPN TFET for different values of auxiliary gate length Lag.

The tunneling gate work function ¢rc = 4.4 eV and the auxiliary gate
work function ¢ac =3.9 eV

As a result, the transfer characteristics shift to the left
leading to an increase in the OFF-state current due to a shift in
the threshold voltage. The effect of the auxiliary gate length
on the source-channel tunneling junction can be seen from the
band diagram shown in Fig. 6 (a) and the shift in the transfer
characteristics in Fig. 6 (b). This increment in the OFF-state
current or shift of the transfer characteristics towards the left
can be adjusted by increasing the work function of the
tunneling gate, ¢rc. A higher ¢rc makes the energy band
profile to be modulated in the OFF-state condition as shown in
Fig. 7 (a). This results in a shift of the transfer characteristics
so that the transistor is OFF for Vgs = 0 V as shown in Fig. 7
(b). Therefore, by increasing the work function of the
tunneling gate, it is possible to adjust the OFF-state current for
a longer auxiliary gate length.
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Fig. 7 (a) Energy-band profiles and (b) transfer characteristics of the

DMG-PNPN TFET for different values of tunnel gate work function,

¢ra and auxiliary gate work function, ¢ac = 3.9 eV and length Lag =
25 nm
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