
 

 

 

Design and investigation of doping-less gate-all-around TFET with Mg2Si source material 

for low power and enhanced performance applications 

Pranav Agarwal, Sankalp Rai, Rakshit Y. A, and Varun Mishra 

Citation:Chin. Phys. B, 2023, 32 (10): 107310.   DOI: 10.1088/1674-1056/acd5c0 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb  

 

What follows is a list of articles you may be interested in  

 

Narrowed Si0.7Ge0.3 channel FinFET with subthreshold swing of 64 mV/Dec using cyclic 

self-limited oxidation and removal process 

Hao-Yan Liu(刘昊炎), Yong-Liang Li(李永亮), and Wen-Wu Wang(王文武) 

Chin. Phys. B, 2023, 32 (7): 077302.   DOI: 10.1088/1674-1056/acad71 

Impact of low-dose radiation on nitrided lateral 4H-SiC MOSFETs and the related 

mechanisms 

Wen-Hao Zhang(张文浩), Ma-Guang Zhu(朱马光), Kang-Hua Yu(余康华), Cheng-Zhan Li(李诚瞻),Jun Wang(王

俊), Li Xiang(向立), and Yu-Wei Wang(王雨薇) 

Chin. Phys. B, 2023, 32 (5): 057305.   DOI: 10.1088/1674-1056/acbd2e 

Impact of AlxGa1-xN barrier thickness and Al composition on electrical properties of 

ferroelectric HfZrO/Al2O3/AlGaN/GaN MFSHEMTs 

Yue Li(李跃), Xingpeng Liu(刘兴鹏), Tangyou Sun(孙堂友), Fabi Zhang(张法碧), Tao Fu(傅涛), Peihua 

Wang-yang(王阳培华), Haiou Li(李海鸥)†, and Yonghe Chen(陈永和)‡ 

Chin. Phys. B, 2022, 31 (9): 097307.   DOI: 10.1088/1674-1056/ac7b1a 

Groove-type channel enhancement-mode AlGaN/GaN MIS HEMT with combined polar 

and nonpolar AlGaN/GaN heterostructures 

Xiao-Ling Duan(段小玲), Jin-Cheng Zhang(张进成), Ming Xiao(肖明), Yi Zhao(赵一), Jing Ning(宁静), Yue Hao(郝

跃) 

Chin. Phys. B, 2016, 25 (8): 087304.   DOI: 10.1088/1674-1056/25/8/087304 

An analytical model for nanowire junctionless SOI FinFETs with considering 

three-dimensional coupling effect 

Fan-Yu Liu(刘凡宇), Heng-Zhu Liu(刘衡竹), Bi-Wei Liu(刘必慰), Yu-Feng Guo(郭宇峰) 

Chin. Phys. B, 2016, 25 (4): 047305.   DOI: 10.1088/1674-1056/25/4/047305 

-------------------------------------------------------------------------------------------------------------------- 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acd5c0
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acd5c0
https://doi.org/10.1088/1674-1056/acd5c0
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acad71
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acad71
https://doi.org/10.1088/1674-1056/acad71
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acbd2e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acbd2e
https://doi.org/10.1088/1674-1056/acbd2e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7b1a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7b1a
https://doi.org/10.1088/1674-1056/ac7b1a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/8/087304
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/8/087304
https://doi.org/10.1088/1674-1056/25/8/087304
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/4/047305
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/4/047305
https://doi.org/10.1088/1674-1056/25/4/047305


Chin. Phys. B 32, 107310 (2023)
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Metal–oxide–semiconductor field-effect transistor (MOSFET) faces the major problem of being unable to achieve a
subthreshold swing (SS) below 60 mV/dec. As device dimensions continue to reduce and the demand for high switching
ratios for low power consumption increases, the tunnel field-effect transistor (TFET) appears to be a viable device, display-
ing promising characteristic as an answer to the shortcomings of the traditional MOSFET. So far, TFET designing has been
a task of sacrificing higher ON state current for low subthreshold swing (and vice versa), and a device that displays both
while maintaining structural integrity and operational stability lies in the nascent stages of popular research. This work
presents a comprehensive analysis of a heterojunction plasma doped gate-all-around TFET (HPD-GAA-TFET) by making
a comparison between Mg2Si and Si which serve as source materials. Charge plasma technique is employed to implement
doping in an intrinsic silicon wafer with the help of suitable electrodes. A low-energy bandgap material, i.e. magnesium
silicide is incorporated as source material to form a heterojunction between source and silicon-based channel. A rigorous
comparison of performance between Si-based GAA-TFET and HPD-GAA-TFET is conducted in terms of electrical, radio
frequency (RF), linearity, and distortion parameters. It is observable that HPD-GAA-TFET outperforms conventional Si-
based GAA-TFET with an ON-state current (ION), subthreshold swing (SS), threshold voltage (Vth), and current switching
ratio being 0.377 mA, 12.660 mV/dec, 0.214 V, and 2.985× 1012, respectively. Moreover, HPD-GAA-TFET holds faster
switching and is more reliable than Si-based device. Therefore, HPD-GAA-TFET is suitable for low-power applications.

Keywords: subthreshold, Mg2Si, heterojunction, charge plasma, gate-all-around (GAA)
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1. Introduction
The tunnel field-effect transistor (TFET) uses quantum

tunneling to yield a promising path through the roadblocks in
the semiconductor device domain, bypassing the Boltzmann
limit of subthreshold swing (SS), i.e., the restraint enforced on
traditional metal–oxide–semiconductor field-effect transistor
(MOSFET) by the equation 2.3× kT/q.[1] Today’ technology
benefits from very-large-scale integration (VLSI). Semicon-
ductor electronic devices, from trivial power supply devices
like child’s toys to giant structures orbiting the planet, are col-
lecting information vital to human functions with an accuracy
that was never dreamed of decades ago.

It has been widely introduced and studied in academic
circles, and the SS value displayed by TFETs is lower than
60 mV/dec, which is the trend that the device introduced in this
paper can keep pace with. This is possible because the “tun-
neling mechanism” TFETs are used for carrier transportation,
which is completely different from what happens in MOS-
FETs. MOSFETs use thermionic emission as their carrier
transportation mechanism, while TFETs take band-to-band
tunneling as their carrier transportation mechanism,[1] where
there is no potential barrier needed to overcome for an elec-
tron to move from valence band to conduction band.[2] The

only parameter we care about is the probability density of the
particle being found on the other side of the potential barrier,
which passes through the barrier via ‘tunneling effect’. For
all practical purposes, indirect semiconductor carriers will un-
dergo indirect tunneling.[1] Therefore, replication of the BTBT
phenomenon is realized by superimposing a cylindrical mesh
to simulate the current. It is notable that BTBT is effectively
observable at the source channel junction but not at the entire
channel.[3]

It is worthwhile to note that the modifications we have
made to the basic TFET, which are discussed briefly and in
greater detail further in the work, have led to our device hav-
ing a rather low operating range, along with a substantially
high value of ON-current, which is of particular interest to us.
The usual results render TFETs incapable of driving other de-
vices. The results obtained from our device are an encouraging
step towards improving the driving factor for TFETs.

This paper also describes the adoption of two quite new
design factors (with respect to TFETs). Firstly, plasma dop-
ing is used to replace other traditional doping methods and
secondly, Si and Mg2Si are used as source material for our
device. The material used and doping method are discussed
in detail in Section 3. What is followed is a detailed study of
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the overall physical construction of the HPD-GAA-TFET con-
cluded in Section 3, containing a detailed technical review of
all device parameters essential to prove the feasibility of this
construction.

The conventional TFETs are found to have a low ON-
state current, which falls short of the ITRS requirement.[4]

Vishnoi and Kumar[5] proposed an analytical model of GAA-
TFET but the problem of delayed saturation still pertains.[5]

Madan et al.[6] reported the influence of hetero-dielectric be-
havior in GAA-TFET that enhances the ON-state current; but
incorporation of hetero-dielectric degrades parasitic capaci-
tance.

Magnesium silicide (Mg2Si) is a naturally occurring non-
toxic compound with a relatively low band gap, making it
a promising candidate for using source material in TFETs[7]

and also for thermoelectric applications.[8] The ability to ef-
fectively dope Mg2Si for n-type or p-type conductivity makes
it a suitable material for forming heterojunctions with silicon.
Furthermore, the unique properties of Mg2Si make it an attrac-
tive material for addressing environmental challenges, such
as reducing greenhouse gas emissions and mitigating the in-
fluence of limited energy resources.[8] The energy band-gap
of Mg2Si is 0.77 eV lower than other silicide’s, which is at-
tributed to several factors. One contributing factor is the en-
ergy band alignment with respect to the vacuum level. Ad-
ditionally, there are discontinuities in the energy bands at the
interface of the source and in channel regions, which reduces
the width of the tunnelling barrier. The presence of these
discontinuities further lowers the energy band-gap of Mg2Si.
Thus, incorporation of low bandgap material in source region
leads heterojunction to enhance the tunnelling of charge carri-
ers thus improving its ON-state current.

Kumar and Raman[9] proposed Si-based GAA vertical
nanowire TFET by charge plasma method.

The proposed architecture uses the charge plasma ap-
proach to create P+-doped and N+-doped regions in a semi-
conductor device. This approach is based on two key require-
ments:[10]

(i) The thickness of the silicon channel must be smaller
than the Debye length (LD). This requirement ensures that
the distribution of the charge carriers within the silicon film
is governed by the induced charge carriers, resulting from the
differences in work function between the source/drain metal
contacts and the intrinsic semiconductor region. The Debye
length is a parameter that characterizes the extent of electro-
static screening in plasma. In this case, it determines the range
over which the induced charges can affect the distribution of
charge carriers.

(ii) The work function of the drain (source) metal elec-
trode must be less (more) than that of the intrinsic silicon, re-
sulting in the formation of N+-doped (P+-doped) regions. By

appropriately selecting the work function of the metal con-
tacts, the charge plasma approach can induce an excess of
either holes or electrons in the semiconductor, resulting in
the desired P+ doping or N+ doping. Hence, to improve the
ON-state current of TFETs and electrical parameters, the two
above-mentioned methods were employed in the proposed de-
vice to enhance the device characteristics.

In this study, to address the issue of low-ON state current,
we employ a gate-all-around (GAA) structure to provide bet-
ter electrostatic control over the channel, and use a novel low
bandgap material, magnesium silicide (Mg2Si), as the source
material to enhance the tunneling of charge carriers thereby
improving the current. Additionally, the requirement for an
abrupt junction at the source-channel interface in TFET de-
vices presents a challenge that is addressed by using a doping-
less technique. The study compares the electrical, RF, lin-
earity, and distortion parameters of Si-based GAA-TFET and
HPD-GAA-TFET.

2. Device dimensions
Figure 1 presents the cross-sectional layout of the device.

It is evident from Fig. 1 that the general construction is of
GAA type[11] and the reasons for this design along with its
merits are discussed at length in this section.

SiO
2

Gate electrode
Source 
electrode

Oxide Oxide

Oxide Oxide

Gate electrode
Source 
electrode

Channel Si (P↩)
Source 

Mg
2
Si (P⇁)  

Drain Si

(N⇁)  

D
ra

in
el

ec
tr

o
d
e

S
o
u
rc

e 
el

ec
tr

o
d

e

Fig. 1. Schematic diagram of HPD-GAA-TFET.

The stability, power consumption, and ION/IOFF current
of any semiconductor device depend on the measure of gate
controllability achievable for them. For TFET constructed us-
ing the GAA structure,[12] gate controllability is achieved by
choosing a suitably thick diameter preferably lying in a range
marked by boundaries beyond which these essential device
characteristics tend to degrade. Furthermore, the characteristic
length (Ld) depicted by Eq. (1) is miniscule for a typical GAA
structure, implying that for the same VGS, higher quantity of
inversion layer charge is achievable in the channel region, a
factor which gives to the gate, considerable electrostatic con-
trol of the channel, leading to a higher electric field in the tun-
neling region. The end result of this endeavor is an enhanced
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drain current.[1] The above deliberations are modelled as fol-
lows:

Ld =

√
T 2

Si ln(1+2Tox/TSi)εSi

4εSi
, (1)

where TSi is the silicon film thickness and Tox is the oxide
thickness. We choose a diameter of 5 nm for our model[13]

that provides us with the optimum results discussed in the re-
sults and analysis section. Further scrutinizing, we observed
that the cylindrical construction leads to a greater density of
tangential equipotential lines closer to the source.[14] An ac-
cumulation such as this leads to stronger band bending, effec-
tively shortening the tunneling path and inevitably leading to
the favorable result of increased tunneling current.

A cursory glance at this rather detailed layout of the de-
vice gives us the following useful information: the channel
extends over a length of 22 nm, with an intrinsic concentration
of 1015 cm−3. The electrodes at the drain–source periphery
have work functions of 3.9 eV and 5.93 eV respectively, which
when supplied with a suitable bias (in Table 1) initialize the
tunneling process thus providing a steady output current. A
closer look reveals this tunneling to take place between 40 nm
to 54 nm. Apart from the undoped regions, which is Si, we ob-
served an oxide layer of SiO2, 1-nm thick at the gate–substrate
interspace, acting as an excellent insulator. As electrons accu-
mulate in the drain regions and for maintaining uniform dop-
ing levels, complying to our profile of P+–P−–N+, we keep
the drain electrode exposed. Furthermore, to reduce the am-
bipolar current of the device, the drain region is not wrapped.

Table 1. Device parameters.

Parameter Value

Gate length 22 nm

Drain length 20 nm

Source length 20 nm

Oxide thickness 1 nm

Work-function of gate 4.5 eV

Work-function of source 5.93 eV

Work-function of drain 3.9 eV

These dimensions, as well as each specified region of the
device in question, are mapped out on the Silvaco TCAD Atlas
software interface with all numerical evaluations pertaining to
essentiality required parameters carried out through appropri-
ate models, which are discussed in more detail below.

The non-local BBT model, Shockley–Read–Hall recom-
bination model (for recombination and generation effects),
Auger model, CVT model (for Lombardi mobility), bandgap
narrowing (BGN), and Fermi–Dirac statistics are used to en-
hance our outcomes. Along with it, we use the Newton–
Richardson method to solve analytical problems. The veloc-

ity saturation of high electric field is modeled by the field-
dependent mobility (FLDMOB) model and the concentration-
dependent low field mobility is handled by CONMOB.[15]

3. Results and analysis
3.1. Charge plasma method

Although the ion implantation method is widely used for
doping impurities of desired concentration in a semiconductor
wafer, it causes a slew of problems that may be overlooked
during the construction of a normal device, but it causes seri-
ous problems for a device as specialized as the one discussed
here.[16]

Ion implantation primarily depends on the extraction en-
ergy that determines the volume of ions to be extracted for im-
plantation. For a device of dimensions such as ours, (having a
channel length of 22 nm), low extraction energy is required to
deposit a suitably thin layer of dopant. This, however, signifi-
cantly reduces the number of ions to be extracted, resulting in
greater inter-ionic distances. A larger ionic gap leads to greater
ion mobility, giving way to high-energy ion collisions, causing
interstitial defects on the doped surface. These defects reduce
the level of uniform doping originally desired. The problem
of ion implantation method for device doping such as the one
described here, is one of many problems arising from the vari-
ations of extraction energy and ion acceleration, both of which
are to control. Hence, we employ plasma doping, a method
sufficiently well developed and reliable to achieve the desired
concentration of the dopant in the source, channel, and drain
region of the device. The magnitudes are discussed further (in
Table 2).

For each device variant (Mg2Si and Si as source), bias
electrodes of palladium and hafnium having work functions,
5.93 eV and 3.9 eV respectively are formed at the point where
the bias is applied and at the periphery of the plasma–substrate
region respectively. When the bias electrode is subjected to
an appropriate excitation voltage, Si+ ions irradiate the sub-
strate with near-perfect uniformity. Compared with the tradi-
tional ion-implantation method, the configuration used utilizes
low-energy plasma and provides a higher ION output without
adding any physical impurities.

Table 2. Parameters of Mg2Si.[17]

Parameter Value

Relative permittivity 20

Electron mobility 370 cm2 ·V−1 ·S−1

Hole mobility 70 cm2 ·V−1 ·S−1

Energy bandgap 0.77 eV

Electron affinity 3.59 eV

Effective mass of electron 0.22 m0

Effective mass of hole 0.51 m0

Here m0 is the rest mass.
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3.2. Source material investigation

Figure 2(a) presents the validation curve of numerical cal-
culation performed by using the TCAD tool. The simulation
models are calibrated with the reference data from experimen-
tal research that has been published.[18] In order to calibrate
the non-local BTBT model, its tunnelling mass is adjusted
from their initial value to a regulated value, i.e., me.tunnel =
0.22 m0 and mh.tunnel = 0.51 m0, where m0 is the electron
rest mass. A good match between simulation data and experi-
mental data validates the numerical calculation. The merits of
using Mg2Si as a source are discussed in this subsection, start-
ing with the choice to use it over other intermetallic source
dopants. The Mg2Si tends to be interstitial Mg, leading to
n-type conductivity (preferred in our case), and it also reduces
the problem of lattice mismatching with the silicon substrate,
an issue that would be caused if any other material were to
be used. Furthermore, its display of a rather low electron
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Fig. 2. (a) Comparison between simulated and experimental data.
(b) Energy band diagram of HPD-GAA-TFET and Si-based GAA-
TFET in OFF state (VGS = 0 V and VDS = 1 V), (c) the ON state
(VGS = 1 V and VDS = 1 V).

affinity (3.59 eV) is complemented by an even lower energy
band gap of 0.77 eV. These factors are reasons that lead to
the increase of band discontinuities of silicon, and are suitable
for increasing the ON current through a significant factor.[7,19]

This significance is comparable to that in the case where only
silicon is used as a source. It has been investigated that Mg2Si
can be doped into both p-type and n-type,[20,21] making it an
ideal option for Si heterojunction TFETs. Figures 2(b) and
2(c) show variations of energy band for both the proposed de-
vice i.e., HPD-GAA-TFET and Si-based GAA-TFET under
OFF state and ON state. The above statements are under-
stood and proven visually by Figs. 2(b) and 2(c), which show
a clearer picture of the band discontinuities and energy gap
levels sported by Mg2Si. This is due to the formation of a
staggered type-II heterojunction at the source-channel junc-
tion, which creates a narrow energy barrier.[22] Here, it is easy
to glean those larger discontinuities between conduction and
valence bands that result in abrupt band bending at the Mg2Si
and Si junction which leads to the lowering of tunneling bar-
rier width for HPD-GAA-TFET. This improves the probability
of inter-band tunneling of electrons and hence increasing the
ON state current of the HPD-GAA-TFET.

3.3. Electrical performance

We begin by scrutinizing Figs. 2(b) and 2(c) in which are
plotted the curves of band energy versus distance along the
channel in OFF state and ON state. Figures 3(a) and 3(b)
exhibit electron and hole concentrations due to plasma dop-
ing across the HPD-GAA-TFET device clearly indicating the
doping concentration of 1020 cm−3 in source region and of
1018 cm−3 in channel region in the ON state. The diagrams
essentially clearly display the band bending between source
and channel. It is worthwhile to take a pause and acknowledge
the non-local BBT model via which an accurate prediction of
tunneling rate is made possible, especially in the case of dis-
continuous band energy level as we see further in the following
Fig. 4.

Figure 4 reflects the contour of nonlocal BTBT rate of
electrons for HPD-GAA-TFET. It is observable that the band
bending for the case of Mg2Si used as a source is much steeper
than that in Si, which supplies easier tunneling from source to
channel in the case of the former. Another observation note
is the downward bending of bands on the application of pos-
itive VGS. Another striking contrast between the two materi-
als is the abrupt discontinuity in band energy in the case of
Mg2Si against the relative smoothness of Si. This reflects in
the charge distribution, which in turn determines the electric
field contributions for both materials. The continuity of en-
ergy bands in Si-based GAA-TFET results in a continuous
distribution of charge from the conduction band of the source
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to the conduction band of the channel. This leads to a more
pronounced distribution of electric field at the interface in Si-
based GAA-TFET than that in HPD-GAA-TFET, as indicated
evidently from Fig. 5(a). We observed two peaks at the junc-
tions between the drain-channel region and the source-channel
region, owing to charge accumulation at those points. This
observation simply verifies the band gap variation for the two
materials discussed above.
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The reliability of TFET devices, particularly in short-
channel configurations, is of concern owing to the presence
of a high electrostatic field at the tunneling junction. This
high field leads to the generation of defects at the interface
between the semiconductor and oxide material. The peak of
vertical electrostatic field at tunnelling junction helps valence
electrons to elastically tunnel from source P+ side to con-
duction band of channel and then these electrons are heated
by high vertical electrostatic field to generate interface traps,

which further shifts the threshold voltage and degrades drive
current.[23] Higher vertical electrostatic field is mainly due to
trivalent doping in source region. Thus, interface traps are gen-
erated and need to be examined while analyzing the reliability
of tunnel FETs.

Therefore, in order to analyze the reliability of both the
proposed devices, ITC density is considered at silicon–oxide
interface. Figure 5(b) shows the maximum values of lateral
and vertical electrostatic-field components for Si-based GAA-
TFET and HPD-GAA-TFET. The electron band-to-band tun-
neling (BTBT) rate is influenced by the lateral electric fields,
one of which is perpendicular to the channel plane and the
other is along the channel direction. This results in a change
in the tunneling current. On the contrary, the vertical electric
fields perpendicular to the channel plane and perpendicular to
the channel direction, will affect the device reliability, includ-
ing increased gate leakage current and generation of interface
traps. Therefore, a lower vertical electric field and higher lat-
eral electric field are desirable for improving device reliability.
It is evident from Fig. 5(b) that vertical electric field compo-
nent of HPD-GAA-TFET is lesser than that of Si-based GAA-
TFET which reflects better reliability.
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Fig. 5. (a) Electric field varying with distance from channel, (b) lateral and
vertical components versus ITC density.

According to the above analysis we turn to the next stage,
that is, a detailed study of device transfer characteristics at two
different values of VDS, namely 0.1 V and 1 V. It is evident
from Fig. 6(a) that on application of 1-V drain to source bias,
the HPD-GAA TFET gives a higher ON current with Mg2Si
as a source material. The result with Si on the other hand lags
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by a significant factor. This clear difference in performance
is caused by the lower energy bandgap observed for Mg2Si
and other factors such as minimizing tunneling resistance and
lower effective mass which in turn leads to the increase in tun-
nel mobility.[24] It is also apparent from Fig. 6(a) that increas-
ing VGS leads the ON current to increase greatly. This occurs
owing to further shortening of the tunnel path which shows an
exponential dependence on VGS. In addition, when the drain
source bias is 0.1 V in Fig. 6(b), the performance of Mg2Si
is once again better than that of Si with SS of 12.6 mV/dec,
ION of 0.033 mA and switching ratio of 2.280×1012; the lat-
ter displays an SS of 18.7 mV/dec, an ION of 0.038 µA, and a
switching ratio of 1.7× 1010. The subthreshold swing is cal-
culated from

SS =
∂VGS

∂ log10 ID
. (2)

Finally, the Vth value with the application of 1-V VDS is
0.214 V for Mg2Si and 0.3 V for Si. We see that HPD-GAA-
TFET (Mg2Si) performs better by a significant margin. The
ambipolar behavior at negative VGS is suppressed to a greater
extent which can be observed in Fig. 7(a). This ambipo-
lar current is well below the ITRS (International Technology
Roadmap for Semiconductors) limit of 10 pA/µm.

0.4 0.6 0.8 1.00 0.2

Gate voltage 
 
(V)

V
DS
/. V

Mg
2
Si

Si

10↩18

D
ra

in
 c

u
rr

en
t 

(A
/μ

m
)

10↩16

10↩14

10↩12

10↩10

10↩8

10↩6

10↩4

Mg
2
Si

Si

0.4 0.6 0.8 1.00 0.2

Gate voltage 
 
(V)

V
DS
/ V

10↩19

D
ra

in
 c

u
rr

en
t 

(A
/μ

m
)

10↩17

10↩15

10↩13

10↩11

10↩9

10↩7

10↩5

10↩3

(a)

(b)

Fig. 6. The Id–VGS curve of HPD-GAA-TFET and Si-based GAA-TFET for
VDS = 0.1 V (a) and 1 V (b).

In the context of deep submicron MOS devices, the phe-
nomenon of quantum confinement arises from increased dop-
ing levels and reduced gate oxide thickness. This leads to a
modification in the potential well formed in channel in the in-
version process. As a result of this confinement, the maximum

density of carriers is displaced from the interface, and the gate
capacitance is significantly changed. These quantum effects
play a crucial role in determining the overall device charac-
teristics. The Hansch model[15] accurately describes quantum
mechanical confinement in MOS devices, particularly near the
gate oxide interface. The HANSCHQM parameter must be
specified in the MODELS statement to incorporate the correc-
tion into a simulation model. The Hansch correction model
is an adaptation of the density of states that accounts for the
influence of quantum confinement on the distribution of states
as a function of depth from the Si/SiO2 interface, and is ex-
pressed as

N∗
C = NC

{
1− exp

[
−
( z

λ

)2
]}

, (3)

where NC is the standard density of states, z is the height below
interface, and λ is the user-defined parameter.

Figure 7(b) shows the transfer characteristics of Si-based
GAA-TFET with and without quantum confinement model at
VDS = 0.7 V. However, it can be observed from the figure that
quantum confinement model is not dominant in ID–VGS curve.
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Fig. 7. (a) Ambipolar current versus gate voltage of HPD-GAA-TFET and
Si-based GAA-TFET, (b) ID–VGS curve of Si-based GAA-TFET with and
without quantum model at VDS = 0.7 V.

3.4. Radio frequency, linearity, and distortion analysis

The primary reason for performing linearity analysis on
a device is to validate its performance in radio frequency inte-
grated iircuits (RFICs). Intermodulation distortions within the
device are the primary cause of its deviation from stable lin-
ear performance, and the text that follows here will investigate
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the key factors that dictate them. We begin with studying the
transconductance (gm) defined as follows:

gm =
∂ ID

∂VGS
. (4)

A parameter whose importance lies in the fact that it deter-
mines the current conversion rate of a device as an amplifier.
Figure 8 shows that gm of HPD-GAA-TFET is greater than
Si-based GAA-TFET for linear application of VGS. From this
graph, we also notice that gm increases very slowly for both
Si-based and Mg2Si-based device after a certain VGS. This is
favourable for maintaining linearity with reasonable stability
in a range of input voltage values.
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Fig. 8. Transconductance versus gate voltage of HPD-GAA-TFET and Si-
based GAA-TFET at VDS = 1 V.
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Fig. 9. A comparison between HPD-GAA-TFET and Si-based GAA-TFET
in terms of (a) gm2 and (b) gm3.

However, the higher order of gm that governs the non-
linear behavior of the device, initially arising from ‘gm’ itself
varying in accordance with the input signal to the TFET, needs

to be as small as possible to maintain the above discussed.

gm2 =
∂ 2ID

∂ 2VGS
, (5)

gm3 =
∂ 3ID

∂ 3VGS
. (6)

In the context of our device although gm2 and gm3, which are
expressed as Eqs. (5) and (6) respectively, are somewhat sig-
nificant, their effects on major RF characteristics are mitigated
by the dominance of gm, which in our case is very large. The
value of gm3, which controls the lower limit of distortion[25,26]

and plays an important role in determining the nonlinearity, is
kept at the lowest value in Figs. 9(a) and 9(b).

Now, we come to analyze the remaining factors which
will complete our analysis of device linearity, and provide a
useful insight into its RF characteristics. Figure 10(a) shows
the relation between total gate capacitance Cgg and the applied
VGS. It can be seen that beyond the point of 0.4 V of VGS, Cgg

for HPD-GAA-TFET shows a steep increase compared with
the scenario in the Si-based device, which does not show much
of an increase at all. Cgg is the sum of Cgs and Cgd, however,
in contrast to the traditional MOS, where both are significant,
Cgd dominates over Cgs in case of HPD-GAA-TFET. With ref-
erence to Fig. 10(b), for our device (and for TFETs in general),
we see that the drain is connected to the inversion layer, unlike
MOSFETs, where both drain and source are equally connected
to the inversion layer.[19] This naturally leads to a larger con-
tribution of Cgd in Cgg. A higher Cgg leads to better and larger
switching ratio, which in our case is large.
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Fig. 10. (a) The Cgg of HPD-GAA-TFET and Si-based GAA-TFET, and
(b) Cgg, Cgd, and Cgs of HPD-GAA-TFET.
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Another important factor is fT (unity gain frequency)
which is defined as the frequency at which the short circuit
gain of the device falls to unity and shown below:

fT =
gm

2π ×Cgg
. (7)

Figure 11 shows the variation of cut-off frequency with
respect to VGS for HPD-GAA-TFET and Si-based GAA-
TFET. The dominance of gm over Cgg reflects high cut-off fre-
quency. The trend is explained by the fact that increasing VGS

increases the carriers injected from source to drain via band-
to-band tunnelling, effectively increasing fT. The crossover at
0.2 V in cut-off frequency is due to the dependence of fre-
quency on gm which changes abruptly at a gate voltage of
0.2 V. Although cut-off frequency also depends on Cgg but its
effect is nominal.
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Figure 12 shows the gate–voltage-dependent transit time
(τ) given by Eq. (8) which is the time taken by the charge
carriers to move out of the channel region. For our device,
particularly for the HPD-GAA-TFET, it is quite short, ranging
from 10−11 s to 10−15 s, for a VGS range from 0.4 V to 1 V.
Lower transit time reflects the speed of device; therefore, it
can be said from Fig. 12 that HPD-GAA-TFET is faster than
Si-based GAA-TFET.

τ =
1

2π × fT
. (8)

Transconductance generation factor (TGF) represents the effi-
ciency of the device converting drain current (DC parameter)
into transconductance (AC parameter) formulated as Eq. (9).

Figure 13 shows the TGF variation with VGS for both the
proposed devices

TGF =
gm

ID
. (9)

From Fig. 13 we can conclude that at VGS equaling 0.2 V the
TGF for Mg2Si is remarkably higher, which gives us an idea
that how efficiently the current is used to achieve a certain
value of transconductance. It also helps us in realizing the
circuit operating at low supply voltage.
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Moreover, the relationship between the gain obtained by
our device and the bandwidth it operates is analyzed, with gain
bandwidth product given by

GBP =
gm

20π ×Cgd
. (10)

Figure 14 shows the variation of DBT with VGS for both the
proposed devices and clearly indicates that Mg2Si-based de-
vice performs better than Si-based over an applied VGS range
of (0.2 V–1 V).
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Progressing towards the non-linear behavior of our de-
vice we delve into the second-order voltage intercept point 2
(VIP2) and the third-order voltage intercept point 3 (VIP3),
which are caused by the second-order and the third-order non-
linearities. VIP2 is the input voltage at which the first-order
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harmonic voltage is equal to the second-order harmonic one,
and given by

VIP2 = 4× gm

gm2
. (11)

Figure 15 shows VIP2 and VIP3 for HPD-GAA-TFET and Si-
based GAA-TFET. We can see from Fig. 15(a) that for a higher
value of input signal, we achieve a higher value of VIP2 by a
significant margin, and the higher the value of VIP2, the lesser
the distortion and better the linearity is. When further looking
at Fig. 15(b) we observed that the amplitude of VIP3 is also
greater in the case of Mg2Si-based device. The VIP3 basically
gives the value of input voltage at which the first harmonic
voltage is equal to the third-order harmonic voltage given be-
low:

VIP3 =

√
24× gm

gm3
. (12)

As can be observed from the mathematical expression of VIP2
and VIP3 although we have a larger value of gm2 and gm3

(a dominant source of non-linearity) the results of VIP2 and
VIP3 are better for Mg2Si-based device as the dominating fac-
tor remains gm, which provides better ability to drive drain
current. The higher VIP3 implies that there is a moderate in-
version characteristic.[25] At higher gate bias there is an early
departure of non-linearity in VIP3 owing to the early zero
crossover of gm3 in Mg2Si.
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Fig. 15. A comparison of (a) VIP2 and (b) VIP3 versus gate voltage be-
tween HPD-GAA-TFET and Si-based GAA-TFET.

Further, we calculated the third-order input intercept
point (IIP3). It shows the input power for which the first-order

harmonic and the third-order harmonic are equal. The IIP3 can
be formulated below:

IIP3 =
2
3
× gm

gm3 ×Rs
,

dBm(IIP3) = 10log10(IIP3)+30, (13)

where Rs = 50 Ω.
It can be observed from the Fig. 16 that the amplitude of

IIP3 is somewhat good for Mg2Si-based device, which is what
is desired for better linearity in RFICs. A higher value of IIP3
also provides an enhanced control and a higher carrier trans-
port rate over the channel.

0.4 0.6 0.8 1.00 0.2

Gate voltage 
 
(V)

Mg
2
Si

Si

↩80

↩10

0

↩20

↩30

↩40

↩50

↩60

↩70

II
P

3
 (

d
B

m
)

Fig. 16. A comparison of IIP3 versus gate voltage between HPD-GAA-
TFET and Si-based GAA-TFET.

A harmonic is a signal whose frequency is an integral
multiple of the frequency of the same reference signal. And
these harmonics cause unwanted distortions which degrade the
transfer characteristics of each device. So, to have better lin-
earity and higher gain we need to suppress them as much as
possible. The second-order harmonic distortion (HD2) can be
expressed as

HD2 =
1
2
×Vi ×

gm2

2gm
dBm, (14)

where Vi = 50 V.
Figure 17 shows a comparison of HD2 versus gate voltage

between Mg2Si-based and Si-based devices; it is clearly indi-
cated that for the higher value of input signal, we have lesser
harmonic distortion.
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4. Conclusions
In this work, the charge plasma method has been em-

ployed to induce uniform doping in an intrinsic Si-wafer. Suit-
able electrodes are chosen to induce p-type and n-type dopings
in the source and drain regions, respectively. Magnesium sili-
cide, a low band gap material is used as a source material to
enhance the tunnelling rate of electrons thereby driving the
current. A comparison is carried out between Mg2Si and Si-
based doping-less device in terms of electrical, RF, linearity,
and distortion performance parameters. It is observed that the
Mg2Si-based device outperforms the Si-based device. High
values of VIP2 and VIP3 for HPD-GAA-TFET present high
linearity. Moreover, HPD-GAA-TFET operates at faster rate
than Si-based device. The electrical performance parameters
of HPD-GAA-TFET ION, SS, Vth, and ION/IOFF are 0.377 mA,
12.660 mV/dec, 0.214 V, and 2.985× 1012, respectively. The
subthreshold swing and Vt for Mg2Si-based device decrease
by 33% and 43%, respectively with respect to those of Si-
based device, while the ION/IOFF and ION significantly im-
prove 134 times and 29 times, respectively. Therefore, the
overall analysis shows that HPD-GAA-TFET is a suitable con-
tender for low power applications.
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