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A dual material control gate tunnel field effect transistor (TFET) for asymmetric doping at source and drain regions is proposed. The gate
consists of three segment different workfunctions ¢;, ¢,, and ¢;, which are named as tunnelling gate (), control gate (M), and auxiliary
gate (M), respectively. Forward to this, three possible combinations of ¢, ¢, and ¢3 to maintain the dual workfunctionality of the device
(p2=03>01, ¢1=0,>¢3, ¢, =¢3<¢,) were considered. Further, the comparison of these possible combinations are performed with
conventional TFET (¢, =¢,=¢3). Among these ¢; =¢3<¢,, generates most optimum results in terms of suppression of ambipolar
behaviour, and enhancement in ON state current (/oy) of the device. The proposed device shows significant improvement in terms of /on
(1.66 x 107> A/um for Si0,), Ion/Iopr (7.22 x 10'"), and sub-threshold swing (~19 mV/decade) as compared with conventional and the
dual material TFET devices. Further, the analysis of analogue/RF performance is performed for the devices showing optimum

performance in terms of suppression of ambipolar behaviour.

1. Introduction: The scaling of MOSFET is creating several
problem such as short channel effects, hot carrier effects (HCEs),
subthreshold leakage current, static power dissipation and
subthreshold slope physical limits to 60 mV/decade at room
temperature. Hence, the replacement of MOSFET become
necessary. In this regards, tunnel field effect transistor (TFET) is a
promising candidate to overcome these issues by using quantum
tunnelling mechanism, which is based on the band to band
tunnelling of carriers [1-5]. Whereas, TFET has its own limitations
such as inferior ON-state current and the ambipolar behaviour
which degrades the performance of the device. According to
International ~ Technological ~Road-map for semiconductor
requirements [6], the ON-state current and ambipolar behaviour of
TFET are the major problem of the device. For this, various
approaches (strain silicon, pocket doping, hetero gate dielectric, etc.)
have been proposed earlier to improve the ON-state current [7—15].
However, the ambipolar behaviour of TFET is due to the presence
of symmetric n* and p* regions. Therefore, it shows n-type
tunnelling with positive gate voltage and p-type tunnelling with
negative gate voltage in case of n-TFET and vice versa for p-TFET.
Thus, similar transfer characteristics in case of positive and negative
gate bias, leads to parasitics conduction at OFF-state condition. To
overcome the problem of ambipolar behaviour, various methods
have been used in TFET such as (i) using heterogeneous gate
dielectric (ii) using various doping profile in the drain region (iii)
using large band gap material on the drain side to increase the
tunnelling width [16, 17]. Although the above mentioned method
reduces the ambipolar conduction, they can lead to (i) reduction in
ON-state current, (ii) increases the drain series resistance and (iii)
added process complexity. Hence, the improvement in /oy and
suppression in ambipolar behaviour of the device are issues of grave
concern. In order to overcome these problems, we investigate a
novel approach dual material control gate TFET (DMCG-TFET)
with asymmetric doping in source and drain regions. For this, the
different values of workfunction for tri-segmented DMCG-TFET
are considered to maintain dual work functionality of the device for
suppression of ambipolar behaviour, HCEs and to enhance the
ON-state current. The presence of lower workfunction at auxiliary
gate relative to control gate reduces the band bending and lateral
electric field strength at drain/channel junction by applying negative
gate voltage which suppresses the ambipolar behaviour. However,
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the presence of lower workfunction at tunnel gate relative to control
gate, increases the band bending and tunnelling probability at
source/channel junction in the ON-State results in enhanced value of
the ON current (Ioy). Further, the effect of dielectric material and
temperature variation are considered of the proposed device to
optimise Ion/Iopp ratio. Finally, the suppression of ambipolar
behaviour is considered as a measure for selection of devices for the
analysis of high frequency performance. However, the physical
realisation of dual workfunction for gate electrode is a challenging
task. The advancement in nanolithography and taking molybdenum
as a gate material offer integration of dual work functionality [18,
19], using high dose nitrogen implantation.

The rest of the Letter is arranged as follows: Section 2 describe
the device schematic, design specification and simulation setup.
Whereas, Section 3 addresses the results and discussion. Section
4 demonstrates the analogue/RF performances. Finally, Section 5
summarises the important finding followed by conclusion.

2. Device schematic, design specification and design simulation
setup: Figs. la and b illustrates the cross-sectional view of the
conventional dual material gate-TFET (DMG-TFET) and
proposed DMCG-TFET. The design parameters used in
simulation of the proposed device are shown in Table 1. In
proposed device, the gate comprises of three segments denoted
by M,, M, and M;, respectively, as shown in Fig. 1b. The
workfunction of control gate is 4.6 eV which is corresponding to
molybdenum (Mo) (4.36eV to 4.95¢V). However, the
workfunction for tunnel and auxiliary gate are 4.0 eV which is
corresponding to aluminium (Al) (4.0 to 4.26¢eV). The
technological computer aided design simulation has been
performed by using 2D ATLAS. For this the non-local band to
band tunnelling model is considered which uses Wentzel—
Kramer—Brillouin approach for measuring the tunnelling
probability through-out the tunnelling path. Shockley—Read—Hall
and auger recombination are enabled for minority recombination
effects. The band gap narrowing model is activated due to
heavily doped concentration in the source and drain. In addition,
the effect of quantum confinement and interface trap on band to
band tunnelling in tunnel FET are accounted by using quantum
confinement model.
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Fig. 1 Schematic view of
a Conventional dual gate material TFET
b Proposed DMCG-TFET
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Table 1 Design parameters used in simulation of the device

Parameter name Symbol Value Unit
channel length Len 50 nm
gate oxide thickness Tox 1 nm
silicon film thickness T 10 nm
channel doping Nen 1x 10" cm?
source doping (p-type) N 1x10%° cm™
drain doping (n-type) Ny 5x10'® cm>
tunnelling gate length L, 10 nm
control gate length L, 25 nm
auxiliary gate length Ls 15 nm
tunnel gate workFunction # 4.0 eV
control gate workfunction o 4.6 eV
auxiliary gate workfunction o3 4.0 eV

3. Result and discussion: This section elaborates the performance
of DMCG-TFET in terms of energy band diagram, transfer
characteristics, output characteristics, comparison with other
TFETs, and effect of dielectric and temperature variation on
DMCG-TFET. Finally, comparison of analogue/RF performance
is performed for DMCG TFET and DMG TFET2.

3.1. Energy band diagram of DMCG-TFET: From Figs. 2a and b,
we can observe the effect of variation in workfunction of control
gate (¢,), keeping the fixed value of workfunction for tunnelling
gate (¢;) and auxiliary gate (¢3), in OFF-state condition
(Vgs =0V, Vps=1V) and ON-state condition (Vgs=1.0V,
Vps=1.0V) of the device DMCG-TFET. Fig. 2a depicts the
band diagram of OFF-state condition, from which we can note
that, on increasing workfunction for control gate (¢,), tunnelling
width increases and band overlap on the source side decreases,
which leads to reduction in OFF-state tunnelling probability.
Whereas, for higher value of workfunction for control gate (¢, >
4.6 V) band overlapping even appears in the drain region.
Further, it can be observed that for smaller energy barrier width
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Fig. 2 Energy band diagram along the channel direction in
a OFF-State condition
b ON-State condition
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at drain/channel interface for ¢, =4.8 eV, tunnelling occurs in
OFF-state condition. While, in the ON-state condition, variation
in workfunction of control gate brings only minute differences in
the band diagram till specific value of workfunction is achieved
(p2=4.6 V) as shown in Fig. 2b. However, for greater values of
#>(>4.6 eV), reduction in band overlapping have been spotted,
over the section where the tunnel width is large.

3.2. Transfer and output characteristics of DMCG-TFET: Fig. 3
shows the transfer characteristics of the DMCG-TFET. The
workfunction control gate (¢,) has been increased from 4.0 to
4.8 eV, while keeping the fixed value of workfunction for
tunnelling gate (¢;) and auxiliary gate (¢3). From the transfer
characteristics, for various values of ¢,, it has been noted that
leakage current (/opr) decreases till 9, =4.6 eV, due to decrement
in band overlapping over the source region as shown in Fig. 2a
and wider tunnelling width. In contrast to this, leakage current
(lorr) increases on further increment in ¢,(>4.6 eV), due to
appearance of band overlapping over the drain region and
tunnelling width barrier on drain side getting smaller. However,
no significant change in ON-state current has been detected as
shown in Table 2.

Fig. 4 demonstrates the output characteristics of DMCG-TFET
for exponential and saturation region. From the same figure, it
can be detected that there is no outstanding change in tunnelling
width with Vpg under saturation region, hence, the current
remains same in this region. Further, it can be spotted that drain
current increases with gate to source voltage (Vgs) due to more
band bending.

3.3. Comparative study for dual work functionality: Figs. 5a and b
illustrates the comparison of energy band diagram and transfer
characteristics between various possible combinations of
workfunction for auxiliary and tunnel gate, to maintain the dual
work functionality of the device and its comparison have been
shown with conventional TFET. Maintaining dual work
functionality of the device, we have considered three possible
combinations such as DMG TFET1 (¢, =¢5>¢;), DMG TFET2
(p1=0>>¢3), and DMCG-TFET (¢, =¢5<¢,). From the above
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Fig. 3 Transfer characteristics of DMCG-TFET at different control gate
workfunction

Table 2 Impact of ¢, on Ion, lorr and Ion/Iorr

62, €V Iorg, Alum Ion, Alum Ton/lopr
4.0 427x10712 238x107° 5.57 x 10°
42 7.65% 10713 227%x107° 2.97 x 107
44 7.01x 107" 2.03%x107° 2.90 % 10°
4.6 229x107" 1.66 x 1073 7.22 x 10"
438 2.57x107Y 1.13x107° 4.40x 10"
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Fig. 4 Output characteristics of DMCG-TFET at different gate to source
voltage
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Fig. 5 Comparison of energy band diagram and drain current for
SMG-TFET, DMCG-TFET, DMG-TFETI and DMG-TFET?2

mentioned configuration for dual workfunction, it can be observed
that, by the presence of lower workfunction for the tunnel gate in
case of DMCG-TFET and DMG-TFET1, reduces the depletion
width at source/channel interface leads to more band bending and
lower tunnelling barrier width, resulting in high ON-state current
(Ion). While in case of SMG TFET (¢;=¢,=¢5) and
DMG-TFET2 have lower ON-state current (/pn) in comparison
with other two combinations (DMCG-TFET and DMG-TFET1)
due to wider tunnelling barrier width at the source/channel
interface. Further, it can be observed that among DMCG-TFET,
DMG-TFET1, DMG-TFET2 and SMG-TFET, the DMCG-TFET
and DMG-TFET2 suppresses the ambipolar behaviour for
negative gate to source voltage (Vgs) as compared with other
structures for asymmetric doping of source and drain regions, due
to presence of lower workfunction at the auxiliary gate (¢3)
which widens the depletion width as shown in Fig. 6, and thus
leads to suppression of ambipolar behaviour. However, in case of
DMG TFET2, ON-state current (Ioyn) is relatively far lower as
shown in Fig. 5b. Finally, DMCG-TFET in comparison with
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Fig. 6 Energy band at Vgg = —0.5V and Vg = 1.0V for SMG-TFET,
DMCG-TFET, DMG-TFETI and DMG-TFET?2
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other structures, have been analysed to generate optimum results
in terms of suppressed ambipolar behaviour and enhanced
ON-state current (ION ).

3.4. Effect of dielectric material and temperature variation on
DMCG-TFET: A higher ON-state current (I ) and a decreased
subthreshold swing (SS) can be obtained by careful selection of
gate dielectric material. In this regard Fig. 7a, shows the effect of
different dielectric material on Ips— Vgs curve of proposed
device DMCG-TFET. From the same figure, we can note that
ON-state current (/on) increases with the increment in value of
gate dielectric permittivity, this happens due to better coupling
between the gate and the tunnelling barrier. Thus, the
improvement in current is exponential in nature rather than linear,
hence, the improvement in SS is due to steeper part of the curve.
However, the effect of temperature on the device performance
can be analysed from Fig. 7b. In OFF-state and ambipolar
condition, the trap assistant tunnelling and SRH are more
dominant in comparison with BTBT. The trap assistant tunnelling
and SRH are exponentially depend on temperature. Hence,
leakage current and ambipolar current increase rapidly with
temperature as shown Fig. 7b. Since, ON current depend on band
to band tunnelling phenomena. BTBT is indirectly depend on
temperature, thus, ON-state current (lon) slightly changes with
temperature in Fig. 7b.

3.5. High frequency performance: The device DMCG-TFET and
DMG TFET2 suppresses the ambipolar behaviour as compared
with DMG TFET1 and SMG TFET, therefore, this section
demonstrates the comparative analysis of high frequency
performance of both the devices. For this, analogue/RF figures of
merits are observed in terms of transconductance (g,,), cutoff
frequency (fr), gain band width products (GBP) and transit time
7. Theses parameters are extracted by applying a small signal 1
MHz frequency at the input port. Among these parameters, g,
play an important role for achieving higher fr, GBP and lesser 7.
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Fig. 7 Transfer characteristics of the proposed device for
a different dielectric materials
b different temperatures
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Fig. 8 Variation of transconductance (g,,) with respect to gate to source
voltage
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Fig. 10 Cutoff frequency (f7) variation as a function of gate to source
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The parameter g,, can be defined as change in the drain current
when unit change in gate to source voltage takes place. It decides
the gain of the device and plays a major role in the design of
analogue circuits. Its optimum bias point should be high enough
to achieve better high frequency performance. Fig. 8 illustrates
the variation of g, with gate to source voltage for optimised
device DMCG-TFET and DMG TFET2. From the figure, it can
be observed that as the gate to source voltage increases the
tunnelling current also increases which results in increment in g,
of both the devices, however, it decreases for higher gate to
source voltage due to degradation of mobility. Further, it can be
noted that g, of DMCG TFET is greater than DMG TFET2 by
the presence of lower workfunction of tunnelling gate which
accumulates the electron concentration and enhances the band
banding, hence, results in higher tunnel current.

The other important parameter for high frequency performance
analysis is cut-off frequency. The cutoff frequency is the frequency

6

o] [--PMCGaFET -0.30

E == DMG-TFE 035
N i £0.20
= 3] V=10V o
O 31 s 0.15©
= 5 =
[T 0.10 )

11 L0.05

0 - r . v 0

0 02 04 06 08 10

Yos'V

Fig. 11 GBP variation with gate to source voltage for DMCG TFET and
DMG TFET?2
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Fig. 12 Transit time variation with gate to source voltage for DMCG TFET
and DMG TFET2

at which the short circuit current gain of the device falls to unity and
is given by fr = g,/2m(Cys + Cyq). It is basically depend on the ratio
of g,,, gate to source capacitance (Cy) and gate to drain capaci-
tances (Cyq). Fig. 9 shows the variation in Cy and Cyq with
respect to Vgs. In case of Fig. 9a, Cyq increases with Vgg, due to
reduction in channel to drain barrier. It also provides the better
coupling between the gate and drain terminal. However, the oppos-
ite behaviour is observed in Fig. 9 for variation of Cys with V.
Fig. 10 depict the initial growth of fr with Vg due to injection of
charge carrier which increases the parameter g,,, and it falls for
higher Vgs due to combined effect of accelerated increment in
Cyq and due to mobility degradation. From the same figure, it can
be analysed that the higher value of f1 is obtain for DMCG TFET
as compared with DMG TFET2 due to reduced value of total cap-
acitance and huge improvement in g,

The parameter GBP for DC gain 10 is obtained by GBW =g,/
2710Cyq. In Fig. 11 significant improvement in GBP for DMCG
TFET and changes occurs with Vgg due to same reason as discussed
for f1. Fig. 12 shows the variation of transit time with Vggs. It is a
time taken by the carrier to reach from the source region to the
drain region. As the cutoff frequency increases the transit time
decreases. The minimum value of 7 is obtained for DMCG TFET.

4. Conclusion: In this Letter, we propose a unique design
DMCG-TFET for a DMCG-TFET for asymmetric doping of the
source and drain region. For this, maintaining the dual work
functionality, different possible combinations of workfunctions at
auxiliary gate (¢;) and tunnel gate (¢,) are considered. The
presence of lower workfunction at auxiliary gate and tunnel gate
suppresses the ambipolar behaviour and improves ON-state current
(Ion)- The proposed device offers SS 19 mV/decade and Ion/Iorr
ratio is 7.22 x ~10'" at Vpg=1.0 V. Apart from this, the dielectric
material permittivity and temperature are important parameters
which influence /oy and /oy respectively of the proposed device.
In this regard, the use of high-k dielectric material increases the
ON-state current of the device, whereas, very minute change
occurs in OFF-state current. However, the significant depredation
in OFF-state current is analysed with increasing the temperature,
while in ON-state current small change is observed. Finally, the
significant improvement in analogue/RF performance is observed
in case of DMCG TFET due to the presence of low workfunction
of tunnelling gate at the source side.
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