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Abstract

This paper presents a method-based investigation on the application of low dimensional materials like graphene, carbon nanotube
(CNT), transition metal dichalcogenides (TMDCs) in tunnel field effect transistors (TFETs) for high on-current requirements.
Three multi-criteria decision making methods (MCDM) are employed to arrive at a consensus on the appropriate material. The
Ashby technique, the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) and VlseKriterijumska
Optimazicija I Kompromisno Resenjein in Serbian (VIKOR) are utilized using constraints which decide a TFET’s performance.
In order to select the material, dominant parameters have been included in the formulation which includes intrinsic material
properties like the band gap, dielectric constant and electron effective mass along with an extrinsic parameter, namely, the on-
state current to the off-state current ratio. The analysis demonstrates a remarkable agreement between the results of Ashby,
TOPSIS and VIKOR methods, and concludes that carbon nanotube (CNT) has the most potential amongst all the candidates to be

employed in the next generation TFETS.
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1 Introduction

The use of complementary metal-oxide-semiconductor
(CMOS) technology has been on the rise since the last three
decades and has today established itself as the preferred topol-
ogy for many circuit design engineers worldwide [1]. The
CMOS technology permits scaling of metal-oxide-semicon-
ductor field effect transistors (MOSFETSs) to achieve a faster
performance and results in a good performance-to-cost ratio.
However, continuing this rigorous scaling into the nanometre
regime leads to a severe degradation in performance due to
problems like short channel effects (SCE), high field velocity
saturation affecting the on-state current (I,,), and an increase
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in the influence of parasitic resistances and capacitances on
the on-state current (I,,) [1, 2]. The most critical out of the
above mentioned problems is the short channel effect, caused
by a decrease in the spacing between the source (S) and drain
(D) junctions. This leads to two phenomena, namely, drain
induced barrier lowering (DIBL) and threshold voltage roll-
off (V, roll-off) [1, 3] which have been explored in depth and
explained very well in standard texts [4, 5].

In an attempt to combat this degradation in the device per-
formance, various designs had been proposed and have since
been adopted in use. One such design is the tunnelling field
effect transistor (TFET) which works on the principle of band
to band tunnelling (BTBT) [6]. The structure of a TFET is
similar to a MOSFET and contains a source and a drain junc-
tion. The only difference is that a TFET may contain multiple
gates and is a multi-gate (MuG) device. Unlike a MOSFET
where the current is generated through thermionic emission,
the current in a TFET comes from the quantum mechanical
tunnelling of the minority carriers from the source to the chan-
nel. The applied gate voltage serves to modulate the barrier
height between the source and the channel and facilitates the
achievement of low off-state current (I,g) due to less tunnel-
ling probability in the off-state. This device design has report-
ed large values of on-state current to the off-state current ratio
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(TIon/Tog), exceptional subthreshold behaviour with sub-KT/q
values of the subthreshold swing (SS) and less SCEs [6-8].
While this device demonstrates a remarkable operation on all
fronts, it faces certain shortcomings like the ambipolar nature
of I, and low I, value. Ambipolarity prevents the device
from turning off and contributes to leakage current in the
device. This problem can be reduced by modifying the struc-
ture to include either or all of the strategies in [9]: non-uniform
doping in the source and drain junctions [10, 11], gate-drain
underlap [12], gate-drain overlap [13, 14] and dual gate di-
electric materials [15].

The low value of I,,,, however, cannot be tackled by simple
modifications to the general structure and is a major concern
for the device engineers all across the globe. To overcome this
hurdle, various structures like the dual source TFET (DS-
TFET) [16], Double gate TFETs [10], nanowire TFETs [17],
gate all around TFETs [18, 19], dual-metal-gate TFETs [20],
gate-on-source only TFET [21], gate-on-source/channel
TFET [22], L-shaped TFET [23], heterojunction TFETs [24,
25], Carbon nanotube TFETs [26], 2D material TFETS [27]
and Van der Waals Heterostructure TFETS [28] have been
proposed.

Amongst all the aforementioned architectures, the least ex-
plored, by far, are the 2D material TFETs. Two dimensional
materials, or 2D materials in short, are materials with one
direction of electron transport quantised (in nano-scale dimen-
sions). These nano-sheet materials like graphene, transition
metal dichalcogenides (TMDCs), phosphorene, hexagonal
boron nitride (h-BN) and xenes have exceptional electrical,
mechanical and magnetic properties. These materials have
especially high carrier mobilities, lower band gap and lower
dielectric constant, which when used in a TFET, can resultin a
higher on-current and a reduced DIBL effect. As was
discussed above, the performance of a TFET is heavily depen-
dent on the amount of current it can provide and the steepness
of subthreshold slope that it can afford and the application of
these materials can effectively boost the performance of the
device. Despite the patent advantages that these materials of-
fer, they have challenges of their own and have to be used
carefully. To begin with, the nano-sheets are difficult to syn-
thesize and care must be taken in their handling because they
are fragile and can be ruptured or damaged very easily. In
addition to this, these materials do not have an established
method to precisely control the fermi level [29], a factor that
is essential for electronic applications. It is also true that since
these novel materials have recently been developed, there isn’t
much research conducted on them. Therefore, it’s of primary
importance to evaluate the different electrical parameters aris-
ing out of the application of these 2D materials as channel
materials in the tunnelling transistors through a systematic
and scientific approach. Many such approaches have been
proposed over time, oriented towards appropriate material se-
lection strategies. Such approaches have already been applied
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for material selection in MOSFETs [30], TFETSs, other transis-
tors [31] and the engineering regime [32], in general. These
methods assist a device engineer to arrive at concrete conclu-
sions based on quantitative analyses and weight-based
rankings.

As there are various low dimensional materials used as
channels in TFETs in the literature, with each material having
its own set of benefits and limitations, one can employ a multi-
criteria decision making (MCDM) approach to deduce the
ideal choice of the material. The MCDM method is broadly
classified into two categories, the multi-objective decision
making (MODM) and the multi-attribute decision making
(MADM) methods. The Ashby method [33, 34] under
MODM and the TOPSIS and VIKOR methods [35, 36] under
MADM are some of the eminent approaches and are drawn
upon in this work.

This paper is organised as follows: Section 2 deals with a
TFET and its determining properties. Section 3 is a discussion
of the material selection approaches adopted by this work.
Section 4 discusses the material indices and goes over the
construction of the fundamental decision matrix. Section 5
presents the results of the study and Section 6 states the con-
clusions drawn by the work.

2 TFETs and their properties

Figure 1 shows a schematic view of a low dimensional mate-
rial TFET in which a low dimensional material acts as a chan-
nel between the drain and the source junctions of the TFET.
The 2D films are usually obtained by exfoliation or grown by
CVD on a suitable substrate. These films are then transferred
onto the desired substrate (device) using a mechanical transfer
method [37, 38]. This implies that the channel material in the
device is prone to defects and care should be taken to ensure
that it’s pristine and free of defects of any kind to obtain high
performance.

Since a TFET works on quantum mechanical tunnelling,
the current in the device is of a probabilistic nature and is
directly proportional to the tunnelling probability of the mi-
nority carrier from the source to the channel through the
source-channel barrier. According to the Wentzel Kramers
Brillouin (WKB) approximation the Tunnelling probability
[8] is:

Top Gate
Top Gate Oxide

Source Drain

Bottom Gate Oxide
Bottom Gate

Fig. 1 Schematic of a Low Dimensional Material TFET
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where E, is the bandgap of the material, m: is the effective
mass of electrons (in conduction band), A® is the overlap
between VB and CB at the source & drain junctions, and w
is the tunnel width which is given by:
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where €., €, are the dielectric constants of the material and
the oxide respectively, while ¢, t,, are the thicknesses of the
material and the oxide respectively.

From the above egs. (1) and (2), it’s clear that for high on-
current, the material needs to have low effective mass of elec-
trons (in conduction band), low bandgap and low tunnelling
width which can be extrapolated to low dielectric constant for
materials with the same layer thickness.

An important factor to consider for the scalability and the
SCE in the device is the natural scaling length . The natural
scaling length in double gated FETs [39] is defined as:

Ech
= 1
A \/ZEOX (

which can also be written as,
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A lower value of A helps in reducing the SCEs, making the
device behaviour similar to that of a long channel transistor
and ultimately resulting in a more scalable device. Therefore,
it can be said that the dielectric constant of the channel has to
be low to allow for the device to be robust and scalable.

According to the above discussions, the ideal material to
employ in a TFET channel is one with a low bandgap, low
dielectric constant, and a low effective mass of electrons (in
conduction band). The low bandgap leads to a smaller barrier
for tunnelling and increases the 1, which is a desirable prop-
erty, however, having an extremely low bandgap will contrib-
ute to off-state leakage currents in the device and will lead to
degradation of the L/l ratio. This makes it imperative to
consider experimental data and use the I/l ¢ ratio as an at-
tribute for the selection of the best possible alternative.

Eox Leh
+—— |t 3
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3 Material Selection Approaches

Ashby [33, 34] is one of the most prevalent multi-objective
decision making approaches because it selects the best mate-
rial based upon priorities and limits on acceptable ranges of

the objectives. On the other hand, TOPSIS [35] and VIKOR
[36], the multi-attribute decision making methods, are widely
used and preferred because they shortlist the best alternative(s)
based upon a weighted ranking system of the attributes.
Ashby analysis is qualitative and requires the use of a ‘figure
of merit function’ to isolate the ideal choice. In contrast to this,
TOPSIS and VIKOR are quantitative in nature and assign
ranks to the various substitutes available. TOPSIS method is
based on the concept that the chosen alternative has the min-
imum possible distance from the positive ideal solution and
the maximum possible distance from the negative ideal solu-
tion, while VIKOR determines the compromised solution by
deriving least individual regret of the opponent and the max-
imum group utility of majority.

Depicted in Fig. 2 is a flow chart illustrating the various
steps used in figuring out the best channel material for a TFET
device. The first step involves finding all the materials that
have been used as TFET substrates. M. Strojnik ez. al have
fabricated MoS, nanotube FET using a two-step synthesis
method [40]. Joerg Appenzeller et. al have shown a TFET
with CNT as the substrate [41]. Similarly, the materials
depicted in this paper have been successfully demonstrated
by various researchers to be studied for their use in a device
[27,39, 42]. The next step is noting down material indices like
band gap, out-of-plane dielectric constant, electron effective
mass of conductivity and on-state current to off-state current
ratio to construct the fundamental decision matrix. This is
followed by the application of the material selection method-
ologies and the comparison of the results.

3.1 Ashby Approach

The Ashby approach involves mainly four steps, which are

Screen the perspective candidates

v

Decide material indices to use

'

Prepare the fundamental decision

matrix
Apply MCDM approaches
MODM MADM
Ashby TOPSIS VIKOR

Fig. 2 Flow chart of material selection approach
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1. Translating objectives and constraints into design
requirements

2. Screening using various constraints

Finding out suitable set of solution using objectives

4. Validating results with experimental data, if available.

W

The objective is to maximise the on-current of the device.
This is translated into the following constraints:

1. Band-gap should be low (< 1.1 eV)

2. Dielectric constant should be low (< 5)

3. Effective mass of electrons should be low (<0.4m,),
where my is the rest mast of a free electron

The variables for the analysis are the choice of materials
and the material indices (M) are band gap (E,), out-of-plane
dielectric constant (¢,) and the effective mass of electrons (in
conduction band) (mZ ). To define the Ashby function of de-
vice performance P, a functional parameter (F) and a geomet-
rical parameter (G) needs to be defined. The functional param-
eter is chosen to be the on-current in the device (I,,) while
there is no geometrical parameter defined. Therefore, P can be
written as: P =f(F, M).

To quantify the results, an appropriate figure of merit
(FOM) is to selected. The figure of merit chosen is closely
linked to the device performance P and is given by:

11.7 (I,m)
In 7
Ech 0
Fom =47 (5)
Egme

The FOM has been formulated in a manner so that it con-
sists of the significant parameters required to assess the per-
formance of a 2D material based TFET. Higher the value,
better is the device. It is evident from Section 2 that the tunnel-
ling probability, and hence the drain current in a TFET is
inversely related to the energy bandgap of the material consti-
tuting the tunnelling area. A low bandgap is always preferred
for a high tunnelling rate. However, it must also be noted that a
low bandgap encourages high off current as well. For a TFET
to operate in low power, its leakage current is an essential
parameter. Hence, a high ratio of on and off currents (Io,/Io)
along with high on current indicates a device with reasonably
low off current. Since the value of this ratio is usually
expressed in an exponent of 10, so a logarithmic expression
is used to suppress the numerical dominance of the parameter
over others. A low material dielectric constant is preferred for
a low scaling length as expressed in (4). Therefore, it has been
considered as a dependent parameter in the expression for
FOM. This parameter is expressed as a ratio with respect to
the dielectric constant of Silicon as it can possess higher
values. The electron effective mass is another inversely related
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quantity which decides high channel mobility, and has been
taken as a parameter in the FOM.

3.2 TOPSIS Approach

This approach, which was developed by Ching-Lai Hwang
and Yoon in 1981 [35], is based on the concept of closeness
of the best alternative to the ideal choice by minimising the
distance from the positive ideal solution (PIS) and maximising
the distance from the negative ideal solution (NIS). The PIS is
the solution that maximises the profit criteria while
minimising the cost criteria whereas NIS is the solution that
minimises the profit criteria and maximises the cost criteria.
This method is one of the most widely used procedures
[43-45] and is very versatile as is shown by the fact that it
can very easily be clubbed with type-2 fuzzy sets to give
interval type-2 fuzzy TOPSIS method, as was shown by
Liao [44]. In addition to being prevalent in material selection
problems, this method is considered veritable and is used to
verify the results of other MODM and MADM criteria. There
are six steps in this method, which are as follows:

Step 1. The decision matrix is normalised.

The decision matrix elements 7;; are normalised by dividing
by the RMS value of each attribute.

T

(rﬁ)z

1

(6)

Py =

T

where 7 is the index of the set of m materials and j is the index
of the set of  attributes.

Step 2. The weighted normalised matrix is computed.

ty = w;*p; (7)
where wy; is the weight assigned to the 7 attributes such that

Z Wj =1.
J=1

Step 3. PIS and NIS are computed.

The positive ideal solution, PIS is defined as:PIS = S*=
{t,5,....1,} = {max(ty)| j € A"} or {min(s;)| je A"}

The negative ideal solution, NIS is defined as:NIS = S =
{t;,6,....t,} = {min(z;)| j € A*} or {max(s;)| j€A },where
A" is the profit criteria and A~ is the cost criteria.

Step 4. Euclidean distances from PIS and NIS are
calculated.
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Distance from PIS:

n

0 =\/% (t,«ftj)zw —1,2,..,m (8)

Distance from NIS:

n

0 = ,-; (tl-j*tj’-)ZVi —1,2,....m 9)

Step 5. The relative closeness to ideal solution is calculat-
ed.

The relative closeness, RC* is defined as

RCF= 2 v

Q;-l—Q,* 2, ...,m (10)

Step 6. Ranks are allotted to all materials

The alternatives are allotted a rank based on the descending
order of the RC*value (closeness to 1). The higher the RC*
value, the better is the performance of the material.

3.3 VIKOR Approach

The VIKOR approach, originally developed by Serafim
Opricovic [46] is a MADM approach that solves decision
problems with conflicting and non-commensurable (different
units) criteria by offering a set of alternatives as a compromise
solution in the capacity of the criteria in question. There are six
steps in this method, which are as follows.

Step 1. Maximum and minimum values are determined.

Fig. 3 VIKOR decision criteria

M’ is the best
material to use

«—YES

For decision matrix element 7;; with i as the index of the set
of m materials and j as the index
of the set of » attributes, the maximum (rj) and the mini-

mum (l"

; ) values are:

;= {max(rii) | jeA™} or {min(ry)| jeA™ }Vi
=1,2,...m

= {min(rij) | jeA™} or {max (ry)| jeA” }Vi

=1,2,....m
where A" is the profit criteria and A~ is the cost criteria.

Step 2. The maximum group utility (GU) and the minimum
individual regret (IR) are calculated.

_ 3 * rfir’j
=1

J Ty

IR; = rn]ax le*<r:rf>] (12)

n
where w; is the weight assigned to the » attributes such that }’

- Jj=1
w; =1

*

~

*

~

Step 3. The maximum and minimum values for GU and IR
are calculated.

The maximum (GU ") and minimum values (GU™) for GU
are given by
GU = max(GU;)
GU" = min (GU;)

Set of materials M’,
M", ..., M® isthe
NO —»| best choice for the
largest u satisfying
M® —M' <DQ

Is QI(M") — QI(M")
> DQ(=1/m —1)2

YES

Both M’ and M"' are the

Is M’ ranked 1%tin GU :
best materials to use

and/or [R?

NO —»
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Table 1 Electron effective mass of conductivity of Si, Ge

Material Effective electron mass (longitudinal) 7, Effective electron mass (transverse) m; Effective electron mass of conductivity m,.
Si 0.91m, 0.19m, 0.26m,
Ge 1.59m, 0.0815m, 0.12m,

The maximum (IR") and minimum values (IR*) for IR are
given by

IR™ = max(IR;)
IR" = min(IR;)

Step 4. The quality index (QI) is computed.

GU~GU" IR,~IR"
L=p\ = R 13
Q “(GU—GU ) o “)(IR “IR > (13)

where 1 is the weight of strategy GU; and (1 — ) is the weight
of strategy IR;.

According to the value of y, the decision making process is
divided into three types.

1. If £ >0.5, the decision making process is called “voting
by majority rule”.

2. If p=0.5, the decision making process is called “voting
by consensus”.

3. If u<0.5, the decision making process is called “voting
by veto”.

Amongst the three types of decision making processes, the
most common is “voting by consensus” and is applied in this

work.

Step 5. Ranks are allotted based upon GU, IR and QI.

Table 2  Fundamental decision matrix

Ranks are allotted to materials in the alternative set accord-
ing to the ascending order of the data in GU, IR and QI re-
spectively. The materials are labelled M', M' ", ...,
M according to their rank in QL

Step 6. The best alternative is proposed based on the fol-
lowing conditions.

The decision quotient, DQ = ﬁ where m is the number of
materials in the alternative set.

Conditions:

C1. Acceptable advantage

QI (M”) QI (M) >DQ (14)

C2. Acceptable stability in decision making

Material M is the best ranked in either or both of ranking
series generated using GU and IR.

Therefore, material M is the best alternative.

However, if any of the above conditions is violated, a set of
compromise solutions is proposed as follows.

CS1. Only condition of acceptable advantage is violated.

Materials M', M' ', ..., M* are best materials as is re-
quired by the modified decision criteria which is given by:

QI(M™) — QI(M') < DQ for the maximum possible u. (15)

CS2. Only condition of acceptable stability in decision
making is violated

Materials M ' and M "' are the best alternatives.

Figure 3 depicts a flow chart to visually express the deci-
sion making conditions.

Material Eq & Ilﬁ

MoS, 1.6800 0.52my 2.8000 3.0000 x 107
MoTe, 1.0800 0.57mg 4.4000 23000 x 10°
WSe, 1.5600 0.36my, 2.9000 4.6000 x 10°
WTe, 0.7500 0.37my 3.3000 1.2700 x 10°
Graphene (bilayer) 0.0500 0.037m, 6.9000 1.0000 x 10"
CNT 0.7000 0.1mg 1.0000 1.0000 x 10°
Sig.73Geo .27 1.0099 0.26m, 13.020 1.0000 x 107
Si 1.1200 0.26m, 11.700 1.0000 x 10®
Ge 0.6610 0.12m, 16.200 1.0000 x 10°
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Fig. 4 Plot of dielectric constant versus band gap for various materials

4 Construction of the fundamental decision
matrix

The value of band gap (E,), dielectric constant (¢,), and the
effective mass of electrons (m;’, m; ) can be easily found in the
literature [3, 39, 41, 47-56] and are used verbatim. The elec-
tron effective mass of conductivity (m,,) and the on-state
current to off-state current ratio, however, aren’t explicitly
provided, and have to be derived from the property tables.
The electron effective mass of conductivity is calculated by
finding the harmonic mean of the longitudinal and the trans-
verse effective masses as has been shown by Barber [55]:

myomy

Wse, aMoS,

- -
o N
al

Si MoTe,
n

8 SigsGeqyr

g

0.8+ CNT aWTe

Bandgap(E )(eV)

0.0_' = Graphene(bilayer)

0.0 0.1 0.2 0.3 04 0.5 0.6
Electron effective mass (me*)

Fig. 5 Plot of band gap versus effective mass of electrons for various
materials

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Electron effective mass (me*)

Fig. 6 Plot of dielectric constant versus effective mass of electrons for
various materials

Table 1 displays the materials for which electron effective
mass of conductivity is calculated in this manner.

The on-state current to the off-state current ratio is
found by extrapolating the output and transfer characteris-
tics to obtain appropriate readings. The on-state is defined
as the point when Vg and Vpg are both 0.5 V. The current
flowing through the device at this point is the on-state
current or I,,. The off-state is defined as the point when
Vs =0V, and the current through the device at this point
is termed the off-state current (I¢). The ratio is defined as
follows:

L Ips(Vas =05V, Vps = 0.5 V)
Ioff IDS (VGS =0 V)

(17)

Following the same train of thought as the one that was
demonstrated in the Section 2 of this paper, and due to ITRS
recommendations, it can be said that E,, €,, m.* should have
small values and are, therefore, treated as cost parameters. On
the other hand, as recommended by the ITRS, and with due
concern to the proper functioning of the device, on-state to off-
state current ratio (I,,/I,¢) needs to be high and is modeled as a
profit parameter.

Table 2 shows the completed fundamental decision matrix.

Table 3 Figure of merit

values for materials Material Figure of merit

shortlisted by Ashby

methodology CNT 1.8347 x 10
WTe, 3.1015 % 10"

@ Springer
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Table 4 Weighted-normalised fundamental decision matrix

Material 0.45E, 0.35¢, 0.1m 0.14=

MoS, 23687 x 107! 5.1418 x 1072 3.8029 x 1072 29851 %1077
MoTe, 1.5228 x 10! 5.6362x 102 5.9760 x 102 22886 %10 °°
WSe, 2.1995x 107! 3.5597 x 1072 3.9387 x 1072 45772%10°°
WTe, 1.0575% 10! 3.6586 x 1072 4.4820%x 1072 1.2637x10°*
CNT 9.8698 x 10> 9.8881x 1073 1.3582x 1072 9.9504 x 1077
Sig.3Geg 27 1.4239x 107! 2.5709 x 102 1.7690 x 10! 9.9504x 107
Si 1.5792x 10! 2.5709 x 1072 1.5891 x 107! 9.9504 x 102
Ge 9.3199 x 10> 1.1866 % 102 22003 %107 9.9504 x 1077

5 Results and Discussion

The different results of the material selection methods are
presented here and discussed in detail.

5.1 Ashby Analysis

In this analysis, first, the Ashby plots are plotted. These plots
are scatter plots that show multiple properties (2 or more) of
the materials in consideration in the same plot [34]. These
plots then have the constraints applied to them which yield a
possible set of materials. These materials are then ranked
using the FOM.

Figure 4 depicts the plot between band gap and dielectric
constant for all the low dimensional materials. As discussed
earlier, E, has to be less than 1.12 eV and ¢, lesser than 5. This
leads to the discarding of Si, Ge, Siy73Geg 7, Graphene,
MoS, and WSe; as suitable materials. The materials that sat-
isfy the conditions are shaded in the figure.

Figure 5 depicts the plot between band gap and effective
mass for all the low dimensional materials. As discussed ear-
lier, E, has to be less than 1.12 eV and mz less than 0.4m,
where my, is the rest mast of a free electron. This again leads to
filtering of materials like Si, WSe,, MoS,, WTe, that violate
the applied constraints. Again, the appropriate materials are in
the shaded region of the figure.

Table 5 TOPSIS NIS, PIS and rank

Material S S* RC* Rank
MoS, 1.820x107"  1812x10"  5010x10' 5
MoTe, 1.812x100  1329x10!'  5767x10' 3
WSe, 1.826x107"  1.652x107"  5250x107" 4
WTe, 2197x107"  1.082x107"  6.699x107" 2
CNT 2527x107"  9965x1072  7.172x107" 1
Sip3Geg;  1.087x1071  1.932x107'  3.600x10" 8

Si 1442x107"  1.598x10"  4743x107" 6

Ge 1504x107"  2201x10"  3962x10" 7
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Figure 6 depicts the plot between effective mass and dielec-
tric constant for all the low dimensional materials. As discussed
earlier, m: has to be lesser than 0.4m,, where m is the rest mast
of a free electron and ¢, lesser than 5. After rejecting the mate-
rials like Graphene, Ge, Si, Siy73Gey,7, MoS,, MoTe, that
don’t fit the constraint, the appropriate materials are selected,
and are shown in the shaded region of the figure.

The materials that satisfy all the constraints are: CNT and
WTe,. These materials are then ranked according to the FOM
function and it becomes evident that CNT is the best material,
followed by WTe,. The FOM are shown in Table 3.

5.2 TOPSIS Analysis

It has been noticed that Graphene has an extremely low on-
state to off-state current ratio, which is shown to be less than
10 [52], and it also possesses a miniscule band gap that fa-
vours leakage current in the off-state. These reasons make it
unfit to be considered as an ideal candidate and is excluded
from all discussions henceforth.

For TOPSIS and VIKOR, it is necessary to figure out a
weight matrix with germane justifications. As discussed in
Section 2 of this paper, the band gap is a major concern for
a TFET as it is one of the most crucial parameters, and is
accordingly awarded the maximum weight. This is followed
by the material dielectric constant, which is deemed a deter-
mining factor in permitting the technology to be scalable.
These two are followed by effective mass of electrons and
the on-state to off-state current ratio. The weights allotted need
to follow criterion of their being normalised to one, i.e.,
i w; = 1. Therefore, the weight matrix for normalisation is
j=1
chosen as W =[0.45, 0.35, 0.1, 0.1]. Table 4 depicts the
weighted-normalised matrix as was discussed in Section 3.2.

From the weighted-normalised matrix one can find the PIS
(S*) and the NIS (S").

S* = {0.0932,0.0099,0.0136,0.0995}
S™ = {0.2369,0.0564, 0.2200, 0.0000}
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Table 6 VIKOR GU, IR, QI and
ranks (Corr: Rank= Material GU; Corr. rank IR; Corr. rank QL Corr. rank
Corresponding Rank)

MoS, 6.808x10" 8 4500x10" 8 1.0000 x 10° 8

MoTe, 463310 4 1.850x 10" 3 42867 %107 3

WSe, 5.960 % 107! 7 3.970 x 107! 7 8.4915x 107" 7

WTe, 2495x1070 2 9987x1072 1 1.1743x107" 2

CNT 1.172x 107" 1 9.999x 1072 2 17994 %1074 1

Sip3Gegnr;  5.550x100 6 2768x1070 5 6.4116x10"1 5

Si 4831x10" 5 2463x107" 4 53384x107" 4

Ge 4542x10" 3 3.500x10" 6 6.5620x10°" 6

Table 5 gives the distance from the PIS and NIS, relative
closeness (RC*) to the ideal solution and the corresponding
ranks.

Therefore, it is seen that CNT is the best material, followed
by WTe, and MoTe,.

5.3 VIKOR analysis

The weight matrix W required for the calculations is chosen to
be the same as the one used for TOPSIS, i.e., W =[0.45, 0.35,
0.1, 0.1]. As was discussed in Section 3.3, the maximum and
minimum values of group utility (GU) and individual regret
(IR) of each opponent are calculated.

GU™ = max(GU;) = 0.6808

GU" = min(GU;) = 0.1172

IR~ = max(IR;) = 0.4500IR"
= min(IR;) = 0.0999

Using these values, the quality index (QI) is found and the
ranks have been allotted as is depicted in Table 6.

QI(M”)—QI(M’) — QI(WTe,)~QI(CNT) = 0.1172 (17)

(18)

QI (M”’)—QI (M) — QI(MoTe,)—QI(CNT) = 0.4285(19)

1
DQ =-——=0.1428
Q 8-1

Since QI(M ') - QI(M )#DQ, we have a violation of the
rule of accepted advantage. Therefore, a set of alternatives is
offered as the compromise solution. We observe that QI(M“)

Table 7  Data to check validity of results

Performance Parameter CNT [41, 57, 58] WTe, [39] MoTe, [39]
Lo (WA/pm) 2000 127 23

Ton/Totr 10% - 101° 127x10° 23x10°
SS (mV/dec) 19.6 ~19 ~20

—QI(M) <DQ till u =2, which means that both M and M" are
the best alternatives.

Therefore, it can be concluded that CNT and WTe, are the
best choices.

As a result of all three analyses, it can be said that CNT is
the best material to choose as a TFET substrate, followed by
WTe,. To further build on this, MoTe, can be another suitable
substrate choice for future high performance, high on-current
TFETs.

5.4 Validation

The findings of the proposed work have been compared with
other researchers work [39, 41, 57, 58] to verify their aptness
and as a result, validate them. Table 7 lists I, I,./Ios SS and
serves to perform a comparative analysis of TFET employing
different low dimensional material substrates, namely, CNT,
WTe,, and MoTe,. CNT displays a clear dominance in terms
of the I, and I,,/Ios It also has comparable values of SS as
compared to WTe,. The closed match between the outcome of
this work and the work of other researchers shows the validity
of'the proposed analysis for a high on-current TFET transistor.
In order to further improve on the performance indices of the
device, various strategies like optimised material synthesis
procedures and differential doping of the device should be
studied.

6 Conclusion

This paper highlighted the importance of low dimensional
materials for achieving high on-current in a TFET transistor.
The values of all the intrinsic material indices are taken from
literature while the extrinsic parameters are calculated by ex-
trapolating from graphical trends. Three different material se-
lection approaches like Ashby, TOPSIS and VIKOR are
employed to determine the best substrate. All three analyses
demonstrate solidarity in their result and single out CNT as the
candidate with the most potential for TFETs.

@ Springer
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