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Abstract In this paper, a Silicon Double Gate tunnel field-

effect transistor with Extended Source (ESVDG-TFET) is

disclosed while addressing the need for dc/switching and

analog/RF applications using Silvaco-Atlas simulator which

is used to examine and explore the performance of the pro-

posed device. The mechanics of band-to-band tunnelling and

accompanying carrier injection are used to illustrate the op-

eration of the proposed silicon ESVDG-TFET device. The

gate is designed to overlap with extended source region along

with N+ pockets and channel in order to facilitate both the

lateral and vertical tunnelling . The silicon ESVDG-TFET

provide lower subthreshold swing of 10.1 mV/decade that

allow higher ratio of ION/IOFF ≃ 1013 for optimized de-

vice structural parameters with threshold voltage of 0.35 V.

Moreover, peak transconductance of 800 uS/ um, cutoff fre-

quency of 82 GHz, gain bandwidth product of 16.8 GHz and

transit time of 1p sec is obtained by proposed device.

Keywords Band-to-Band Tunneling (BTBT) · Subthresh-
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1 Introduction

Tunnel field-effect transistors (TFETs) have been consid-

ered as an alternatives to traditional metal oxide semicon-

ductor FETs because of the beauty of this novel transistor as

it deliver steeper switching characteristics (SS is not limted

to 60 mV/dec) and has a wide scope for low power SOC de-

sign (allow voltage scaling ). The physics of TFET is based

on BTBT imparting immunity against various short chan-

nel effect.[3] Although the ON-state current of the TFETs

is low due to the lack of BTBT (band-to-band tunnelling)

probability at the source/channel junction. The probability

of tunnelling is proportional to the energy band, charge car-

rier effective mass, gate oxide thickness and tunnelling bar-

rier width[1][2]. Many studies have been published in re-

cent years to improve the TFET’s performance[6] -[18] Al-

though the majority of researchers has focused on TFETs

for low-power switching applications. Many efforts are be-

ing made around the world to improve ION, including the

use of: 1) a low-bandgap material in the tunneling region[5];

2) a double-gate architecture[6]; 3)Pocket doped double gate

structure[7]; 4) a high-k gate dielectric[6]; 5) hetero gate di-

electric[1][8]. Low subthreshold swing (SS), low threshold

voltage (Vt) and a high ON-state current (ION) to OFF-state

current (IOFF ) ratio are all desirable performance parameters

for low-power switching and analog/RF circuits including

high transconductance (gm) and high cutoff frequency( fT )

Various efforts are made by researchers as reported in

the literature to enhance the dc and analog/RF performance

parameters. Wei Li et al.[9] the author proposed HTG-TFET

(Heterojunction TFET with a T-Shaped Gate) having fol-

lowing performance index Ion as 7.02A/m and SSavg = 44.64

mV/dec. The author addressed the problem of miller capac-

itance with the help of Si/SiGe hetero-junction with differ-

ent doping composition and gate overlap structures. B. S.

Reniwal et al.[10] impact of device engineering on DGT-
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FET with gate underlap and different dielectric spacer ma-

terial concept used to enhance dc and ac characteristics for

SOC application. The author has reported gm as 4.4 uS and

fT as 5 GHz and GBP of 1.8 GHz for UL-LKHG DG-TFET.

T. Joshi et al.[11] presented a Extended source DG-TFET in

which entire source in placed in the channel only by varying

SW an improvement in DC/RF parameter is reported. SSavg

of 12.24 mV/dec, ION / IOFF ratio of 2.5 ∗ 1012, gm as 238

uS/um, fT of 37.7 GHz and GBP as 3.4 GHz. Jang Hyum et

al.[12] reported VS-TFET with vertical channel sandwiched

by doped Si facilitating perpendicular tunnelling and grad-

ual doping profile to address IAMB, ION / IOFF as 104 and SS-

min of 17 mV/dec.In comparison to the traditional counter-

part, X.Zhao et al.[13] informed an L-shaped TFET to im-

prove the BTBT rate and ION . LDD combined with HGD

structure to reduce ambipolarity. Shupang CHen. et al.[14]

suggested a silicon T-shape TFET (TG-TFET) with an SS

of 24.4 mV/decade and an ION / IOFF of 6.7∗1010. The TG-

TFET has a gm of 232 uS/m and a fT of 11.9 GHz, as inves-

tigated by the authors.In various other reported literature, re-

searchers proposed advantage of vertical TFET over planer

structure and its fabrication ease[15]. P. Wang et al.[16] im-

prove average SS by suppressing low electric field with epi-

taxial tunnel layer in TFET structure. Exhaustive use of Si/Ge

epitaxial layer in the channel have been reported. [20]

In this article, extended p+ source is made to overlap with

gate electrode and 2nm silicon epitaxial layer to facilitate

both vertical and lateral tunnelling to improve dc and ana-

log/RF performance. The ESVDG-TFET improves ION and

as a result, ION/IOFF , SS, and Vt significantly improve. Fur-

thermore, double gates and scaled device dimensions allow

better gate control of drain current, resulting in a higher gm

, which improves the device’s high-frequency characteris-

tics. 2-D commercially available TCAD tool, Silvaco AT-

LAS device simulator is used to examine and explore the

performance of the proposed device. The proposed Silicon

ESVDG-TFET achieves an ION/IOFF of 1× 1013 with an

SS of 10.1 mV/decade, according to simulation results. The

device has a peak gm of 800 uS/m, fT of 82 GHz and Gain

bandwidth product of 16.8 GHz respectively.

2 Device structure, Fabrication steps and Simulation

The cross sectional schematic of Silicon ESVDG-TFET is

shown in fig Fig. 1 and the parameters associated with pro-

posed device are listed in the Table I as shown. The silicon

ESVDG-TFET is a symmetrical typed double gate structure

made up of a silicon substrate with a thickness of 10 nm

(TSi). The gate electrode is made to overlap with p+ source

1020 cm−3 of doping concentration and 2nm silicon epitaxial

layer (Tepi) of 1017 cm−3 doping concentration below gate

contact. The n+ pocket and n-channel region is doped with

Fig. 1 Schematic of the device structure (not to be scaled).

concentration of 1019 cm−3 and 1017 cm−3 respectively .

Tbody and Ls represent the height and length of the source, re-

spectively. Similarly Lc for channel length which is choosen

to be 20nm. The doping concentration in the n+ drain region

is 1019 cm−3. A stacked gate oxide near source region (2-nm

SiO2 and 1-nm HfO2) and as one reaches near the 2nm epi-

taxial layer oxide thickness ( Tox ) of HfO2 reduces to 1nm

upto drain end with a gate work function of 4.2 eV. The pro-

posed device has a part of source p+ extended into channel

under the gate which is differ from recently reported ESDG

TFET in this entire source is grown under channel.

The proposed silicon ESVDG-TFET structure can be

fabricated in the same way as reported[19][23]. In Fig. 2

the proposed ESVDG TFET’s fabrication steps are depicted.

The source region is defined using a photoresist mask, and

then P+ implantation is performed followed by oxidation

which is used to grow 2-nm SiO2. After that, rotate the struc-

ture at right angle epitaxial growth of 2 nm silicon with dop-

ing type and concentration similar to the intrinsic channel

is carried out[5]. In similar fashion N+ is implanted to form

drain region with defined doping concentration. In the suc-

ceeding step, oxidation is done to form gate oxide layer of

1-nm HfO2 then metallization and patterning are carried out

to form the front and back gate of the ESVDG-TFET then

source and drain contacts.

In order to study various physical phenomena and its

effects in a TFET, relevant models are included in the AT-

LAS device simulator [27]. To study the recombination phe-

nomenon Shockley–Read–Hall (SRH) with concentration de-

pend life-time model is included. The non-local BTBT tun-

neling model is taken into account to analyze quantum tun-
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Table 1 Device parameter description for simulation

Parameter Symbol VSiDMG[19] ESVDG-TFET

Source doping (/cm3) NA 1020 1020

Drain doping (/cm3) ND 1018 1019

Pocket doping(/cm3) NP - 2∗1019

Channel doping(/cm3)) NC 1016 1017

Channel length (nm) LC 20 20

Source length (nm) LS 80 22

Gate length (nm) LG 30 30

Drain length (nm) LD 50 15

Gate oxide thickness (nm) TOX 2 1

Pocket thickness(nm) TP - 3

Silicon thickness (nm) TSi/Tbody 10 10

Epi-layer thickness (nm) Tepi 2 2

Gate work function (eV) φm 4.0 - 4.5 4.2

Drain bias (V) VDS 1.5 1.5

Fig. 2 Fabrication steps of proposed device structure

neling in the device. The traps and dislocations at the inter-

face of epitaxial layer are studied using the non-local trap-

assisted tunneling model, which is based on the Wentzel

Kramer Brillouin (WKB) transmission coefficient [1],[2].

To account for the effect of heavy doping, a band-gap nar-

rowing model and Fermi–Dirac statistics were used. The

simulation setup’s accuracy is validated in the simulator by

implementing a fabricated TFET [28]. We exhibit a compar-

ison of simulated data and measured value transfer proper-

ties of a manufactured TFET. The experimental results are

substantially identical to the simulated data plot as shown in

Fig. 3.

Fig. 3 Simulation model calibration using prefabricated TFET[28]

3 Results and Discussion

3.1 DC Analysis

Using energy band diagrams, BTBT tunnelling and electric

field distribution enhancement in on current can be better

described with the help of Transfer characteristics within

the framework.In non-local models, the most widely used

method to calculate tunnelling probability is the WKB ap-

proximation based on charge carrier transmission probabil-

ity (TWKB) function of tunneling barrier width is formu-

lated as[1]

TWKB ∝ exp

(

− 4
√

2m∗E
3/2
g

3|e|h̄(Eg +∆Φ)

√

εSi

εox
toxtSi

)

(1)

where Eg is the bandgap, m∗ is the effective carrier mass,

εox, tox are dielectric constants and oxide thickness. Also, εSi

and tSi are the silicon dielectric constants and body thickness

and ∆φ is the energy range over which tunneling can take

place.

In Fig. 4 the device’s transfer characteristics is presented

for varying Vgs at Vds = 1.0 V, as indicated in plot. When

energy band are not aligned at Vgs = 0 V a weak off current

flows of order 1∗10−16. The drain current found to be inde-

pendent of gate voltage in OFF-state. This region is marked

by generation and recombination current (temperature de-

pendent) dominates IOFF . In subthreshold region that is near

threshold voltage at Vgs = Vth = 0.35 ( corresponding Id =

10−7) as determined by constant current method[1] and re-

duction in SS. Further increase in Vgs Id is primarily gov-

erned by BTBT hence becomes less temperature-sensitive.

Ion of order 10−3 with Ion / Io f f ratio 1013 in case of pro-

posed silicon ESVDG TFET which is significantly higher

when compared to simulated reference device vertical Si/Ge

dual material gate TFET Ion / Io f f ratio 4.8 ∗ 1012 and Ion /

Io f f ratio 4.8∗1011.
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Fig. 4 Transfer characteristics curve for proposed Silicon ESVDG

TFET at Vds = 1V

Fig. 5 Energy band plot along the cutline A-A’ in OFF state at Vgs =

0 V and Vds = 1 V)

Fig. 6 Energy band plot plot along the cutline A-A’ in ON state at Vgs

= 1 V and Vds = 1 V

Fig. 7 Energy band plot along the cutline C-C’ in OFF state at Vgs =

0 V and Vds = 1 V)

Tunnelling enhances at source-channel junction and source-

si epitaxial layer as it behave as channel for electrons tun-

neling vertically and then drifted toward the drain under the

influence of drain voltage. In order to fully comprehend the

working operation the energy band diagrams of proposed

device along the cut-line AA’ is displayed in Fig. 5. It is

clear from figure the source region’s valence band is unable

to align with conduction band of Si-epitaxial layer when

Vgs = 0 V , so the off-state current is very low as device

is in OFF-state. Now as the gate to source voltage is in-

creased band bending along band lowering take place and at

a certain gate voltage the source region’s valence band gets

align with conduction band of Si-epitaxial layer. This leads

to steep increases in the current. In addition increase in the

gate bias leads to reduction in tunneling barrier length and

further increase in the current as illustrated in Fig. 6. giving

the confirmation of line tunneling.

Further, Fig. 7 and Fig. 8 illustrates the energy band di-

agram along cut-line CC’ at OFF-state ( Vds = 1 V, Vgs = 0

V) and at On-state ( Vds = 1 V, Vgs = 1 V). On increasing the

gate potential energy barrier height and tunnelling width λ

decreases giving rise to point to point tunnelling. Similarly,

Fig. 9 shows the energy band in ON and OFF-state when a

lateral cut-line along BB’ is made. It is observed a large band

gap toward the left most end due to presence of SiO2 oxide

layer. A narrow energy band of Si-epitaxial layer and drain

region is present owning to silicon material. Increase in gate

bias voltage leads to band lowering providing a channel for

tunnelled electron.

Fig. 10 shows the variation in carrier concentration (

electron and hole ) along the cut-line C-C’ as marked in the

device near off state( Vgs = 0 V and Vds = 0.1 V ) and

in on state ( Vgs = Vds = 1V ). It can be seen that large

carrier concentration exist at the source-pocket-channel in-

terface. Fig. 11 is plot of ION and IOFF with source length.
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Fig. 8 Energy band plot along the cutline C-C’ in ON state at Vgs = 1

V and Vds = 1 V)

Fig. 9 Energy band plot along the cutline B-B’ in OFF and ON state

at varying Vgs and Vds = 1 V)

Fig. 10 Variation in carrier concentration along cutline C-C’ in OFF

and ON state.

Fig. 11 Variation of Ion and Ioff current with source length.

Fig. 12 Non-local BTBT tunnelling rate for varying Vgs (0 to 0.5 V)

It is seen that increase in the source length results in more

tunnelling area availability, thus increase Ids, however at the

same time degradation in off current also follow thus a need

for choosing optimum LS is necessary which is 22nm for

silicon ESVDG TFET at which max ION / IOFF is obtained

while keeping LG = 20 nm. Fig. 12 illustrate non-local band

to band tunnelling for hole and electron for Vgs ranging from

0V to 0.5 V for better understanding of proposed Silicon ES-

VDG TFET.

Fig. 13 shows the electric filed variation along the cut-

line CC’ as marked in the device. As it can be seen the peak

electric field exist at the source-pocket-channel interface. It

is also worth noting that the peak of the electric field of 5.15

MV/cm at pocket doping concentration of 1018 cm−3 which

is higher than the peak 4.6 MV/cm in the absence of pocket

that to say channel doping concentration of 1017 cm−3. Lat-

eral tunnelling width λ which decrease with gate bias can

be seen in energy band diagram.
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Fig. 13 Electric field plot along the cutline C-C’ at Vgs = 1.5 V and

Vds = 1 V)

Fig. 14 depicts electric field variation along the cut-line

AA’ as marked in the proposed device. The maximum elec-

tric field value lies at the interface of source - silicon epi-

taxial of value 6.5 MV/cm for doping concentration of 1017

cm−3 which is higher than 6.3 MV/cm for doping concen-

tration of 1016 cm−3. The increase in electric field with in-

crease in doping concentration values establish direct de-

pendency of electric field on doping thus helps in increas-

ing the value of current within the channel doping param-

eter limit of International Technology Roadmap for Semi-

conductors(ITRS). Further, minimum electric field value of

0.02 MV/cm illustrating that mostly tunnelling take source-

channel and epitaxial interface and least in the middle of

proposed device body and significantly higher drain cur-

rent flows as a result of line tunnelling. Fig. 15 depicts on

current variation for different pocket doping concentration

along the cut-line C-C’ also schematic of device includes net

doping concentration in all the region. It can be inferred as

doping concentration increase electric field gets intensified

near junction. Hence ION current increase but this increase

in doping must follow International Technology Roadmap

for Semiconductors(ITRS)[33]. However in our case pocket

doping of 2 ∗ 10(19) is chosen as improvement in current

and Sub-threshold-swing is noticed.

Fig. 16 From the output characteristics it can be seen

that at low Vds channel potential grows as the drain po-

tential rises, resulting in a significant increase in current.

Once drain voltage exceed gate voltage channel potential

turn to be independent of drain potential thus a good sat-

uration value off drain current (0.325 mA/um at Vgs = Vds

= 1.4 V ) for proposed silicon ESVDG TFET and value of

4.5 uA/um at Vgs = Vds = 1.4 V for simulated reference

device vertical Si dual material gate TFET. Thus ESVDG

TFET outperforms with other two structures.

Fig. 14 Electric field plot along the cutline A-A’ at Vgs = 1.5 V and

Vds = 1 V)

Fig. 15 Effect of change in pocket doping concentration on drain cur-

rent.

Fig. 16 Output characteristics plot of proposed silicon ESDG TFET at

varying Vgs at Vds = 1 V )
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Fig. 17 Transconductance plot with varying Vgs at Vds = 1 V

Fig. 18 Variation in capacitance’s (Cgs, Cgd and Cgg) with increasing

Vgs at vds = 1 V

Fig. 17 is a transconductance variation plot which is piv-

otal parameter for analog application. The amplification po-

tential of a device is divulge by its transconductance that is

more is the elevation, better is the input voltage conversion

to current output as formulated in equation

gm =
∂ ID

∂VGS
(2)

It can be seen from above figure improvement in transcon-

ductance (△gm) is in order of two decade between proposed

device (silicon) and VSiDMG TFET and VGeDMG TFET

shows only 3x improvement with ESVDG TFET.

3.2 AC analysis

The suggested device’s suitability for RF applications is dis-

cussed next. The parasitic capacitance exploration is vital

Fig. 19 Cut-off frequency ( fT ) variation with Vgs at Vds = 1 V

Fig. 20 GBP variation with Vgs at Vds = 1 V

to study ac behaviour at high frequencies. The extraction

of capacitance in the simulator is done though small signal

analysis at frequency 1MHz. Response at high frequency is

mainly governed by gm and total capacitance ( Cgg ). As it

can be seen from Fig. 18 ESVDG TFET cgs value ranges

from 0.279 fF to 0.215 fF which can be considered to have

almost a constant value. At higher voltage ( beyond 1V )

slight decrements in the value of cgs occur due to reduction

in gate to source coupling while cgd ranges from 0.28 fF to

3.15 fF and a significant increase in its value beyond 1V is

observed due to accumulation of more no of carrier ( elec-

tron ) at the gate interface in the channel. Total capacitance

( cgg ) is determined by additive sum of cgs and cgd. Cgg

below 1V is contributed by cgs and at higher voltage cgg

follows cgd. It is evident from the figure, at high Vgs value

ESVDG TFET shows higher Cgg value than simulated ref-

erence device vertical Si dual material gate TFET.



8 Omendra Kr Singh et al.

Fig. 21 Transit time variation with increasing vgs and constant Vds

at 1 V for proposed silicon ESVDG TFET and simulated reference

VSiDMG TFET

Fig. 22 Plot of TFP parameter variation with Vgs at Vds = 1 V

fT , GBP and transit time, at high frequency are impor-

tant parameter of concern. Higher the value of first two pa-

rameter of the device more suitable for numerous analog ap-

plications. The device cutoff frequency ( fT ) is determined

by gm and Cgg which can be formulated as

fT =
gm

2πCgs

√

1+2
Cgd

Cgs

≈ gm

2πCgg

(3)

From Fig. 19 it can be observed fT increases with Vgs

due to direct dependency on gm but as soon as it attains a

peak value of 82GHz near 1V, it begins to decline due to

rapid increase in the value of Cgg. However, An improve-

ment of nearly two decade can be seen when compared with

silicon ESVDG TFET and simulated reference device VSiDMG

TEFT. Similarly it can be observed from Fig. 20 GBP in-

creases with Vgs due to direct dependency on gm and in-

versely on Cgd but as soon as it attains a peak value of

16.8GHz near 1V, it begins to decline due to rapid increase

in the value of Cgd. However, An improvement of nearly

two order of magnitude can be seen when compared with sil-

icon ESVDG TFET and simulated reference device VSiDMG

TEFT. The device GBP which can be formulated as

GBP =
gm

20π(Cgd)
(4)

In Fig. 21 the device’s transit time is presented for varying

Vgs at Vds = 1.0 V, as indicated in plot. In general higher

switching speed ( lower transit time) is the desirable charac-

teristics for a device which can be formulated as

τ =
1

20π ∗ fT

(5)

At lower gate to source voltage τ seems to high due to low

value cut-off frequency and decline with increase in Vgs. An

overall improvement in silicon ESVDG TFET of nearly two

order of magnitude can be observed when compared with

simulated reference device VSiDMG TEFT. From Fig. 22

Similar observation in case of TFP parameter exist TFP ex-

pressed as (gm ∗ fT )/Id

4 Conclusion

The Silicon ESVDG-TFET is demonstrated with the source

extended into the pocket followed by channel. The structural

dimension of silicon ESDG-TFET have been optimised in

order to increase line and point tunnelling. Atlas 2-D simu-

lations are used to examine the proposed device’s analog/RF

performance parameters. The silicon ESVDG-TFET improves

metrics like Vt , SS, Ion / Io f f , gm, fT , and GBP significantly.

Double gates structure have superior control over the tun-

nelling barrier at optimum dimensions, resulting in higher

gm, improved fT , GBP, τ and TFP of order of two decade

when compared with silicon based other vertical DG-TFET.

Hence, Silicon ESVDG-TFET is a better candidate for low

power switching and analog/RF performance applications.
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