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Abstract

The ever-increasing demand for multiple functionalities in the mobile gadget has led to an
incessant scaling of the MOSFETSs. Although device scaling improves the speed, drive current,
and reduces the dynamic power dissipation, the consequent short channel effects (SCEs) increase
the static power dissipation significantly. Moreover, the inability to scale down the sub-threshold
swing (SS) below 60 mV/decade also known as Boltzmann tyranny due to the inherent thermionic
injection mechanism of conduction in conventional MOSFETSs makes it difficult to scale down the

supply voltage.

Various multi-gate architectures such as FInFETs, Nanowire (NW) FETs, and Nanotube
(NT) FETs were proposed to minimize the SCEs in order to continue the scaling of MOSFETSs in
nanoscale regime. However, they failed to reduce the SS below the conventional limit of 60
mV/decade due to the Boltzmann tyranny arises out of the inherent thermionic transport
mechanism of the MOSFETS. As a result, at the lower technology nodes, inability to scale the
supply voltage continues to limit the scaling of multi-gate architectures. Therefore, as an
alternative, various device architectures with different transport mechanisms such as band-to-band
tunneling (BTBT) and impact ionization have been suggested to reduce the SS below the
conventional limit of 60 mV/decade. Finally, in the pursuit of achieving both, i.e. best electrostatic
control, and sub-60 mV/decade of SS for the next generation low power, high speed devices, 3D

device architecture with alternate conduction mechanism has been extensively investigated.

The tunnel field-effect transistor (TFETs), which employs BTBT as the conduction
mechanism to inject carriers in the channel and the impact-ionization MOS (I-MOS) which relies
on the impact ionization phenomena for conduction in contrast to the carriers injection by thermal
injection in MOSFETS. These devices are regarded as one of the most promising alternatives for
ultra-low power integrated circuits (ICs) owing to the minimized SCEs, ultra-low leakage current

due to reverse biased p-i-n structure, and steep turn-on characteristics even at low supply voltages.

Although, TFETs and I-MOS offer steep SS compared to the conventional MOSFETS,

there are few challenges that need to be addressed carefully in order to achieve the maximum



benefits from these devices. For example, in TFET, the low drive current obtained due its
conduction mechanism of BTBT in the ON-state is still a major bottleneck. Similarly, in I-MOS,
a higher breakdown voltage makes it unsuitable for low power logic applications. Therefore, unless
these obstacles are overcome, we cannot deploy these architectures in the mainstream CMOS

technology.

Therefore, in this thesis, we have proposed various solutions to improve the ON-state
current and to achieve steep switching in the emerging nanotube tunnel FETs for the next
generation low-power and high-speed devices in sub-10 nm technology nodes. Furthermore, we

have also proposed a solution to reduce the breakdown voltage in I-MOS.

First, a solution is proposed to lower the breakdown voltage in I-MOS. This is based on a
deliberate misalignment between the top and bottom gates in a double gate I-MOS to achieve sub-

1.0 V breakdown voltage for low power and high-speed applications.

The efficacy of misaligned core-gate and shell-gate architecture in nanotube to improve
the area for line tunneling is also analyzed for the first time. Unlike the conventional NT-TFETSs
with only point tunneling mechanism, in the proposed solution, both line and point tunneling take

place resulting in the improved ON-state current.

Furthermore, nanotube TFET architecture is explored for future ultra-low power
applications. A nanotube with core-source is proposed where the entire tunneling path is aligned
with the direction of gate electric field, known as line tunneling. The proposed solution exhibits a
steep subthreshold swing (SSavg) of 33 mV/decade over more than 8 decades of current change and

~6 times higher drain compared to the conventional NT-TFET for a supply voltage of 0.3 V.

Since, TFETSs scaling at lower technology nodes require ultra-steep doping profiles at the
source-channel tunnel junction. However, realizing abrupt junction with ultra-steep doping
profiles requires low thermal budget while achieving high dopant activation in the degenerate
source and drain regions in TFET demands a high temperature annealing which may lead to
source/drain dopant diffusion into the channel region. Therefore, this complex and conflicting
constraint on the thermal budget makes it difficult to realize abrupt doping profiles and limits the
tunneling efficiency in p-i-n TFETs at smaller technology nodes. Therefore, we propose a novel

PNNT-TFET architecture without the need for any abrupt source-channel tunnel junction. The

Vi



proposed p-n junction NT-TFET uses a dual metal gate (DMG) to induce the tunneling junctions

thus mitigating the need of abrupt source-channel tunnel junction doping.
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ATS I9c H $5 YPR ol HRAGHTT & T Fdl ART & HROT MOSFETs
f FET A RR G g3 ¢ I Barsa &hfeldr afd & FUR T &, IdA

g15d &l &, 3 dynamic power 39 HT HH FaT §, IROTAT oH Aefel TG

(SCEs) static power 39eId &I &IhI JGIdT ¢l ST 3@, IRUREH MOSFETs &
subthreshold slope & 60 mV / decade ¥ i T H IFATAT HROT, T F
diecodd tyranny T dolg & YHTAS Told dF dT dolg T 3coedell 81T & |

FinFETs, Nanowire (NW) FETs, 3k Nanotube (NT) FETs Si& &g Hedl-dlc
3féhceFar, SCEs &l &H o & [av wedridd fu 1w drfes MOSFETs &1 Eahfeler
I SIRT @M ST Feh| glelifeh, d 60 mV/ &2k &l IRURE: HAT & AT SS & A
A H [awer W@ 8 #RoT MOSFET #  3iafafed affdfae aRaga a7 seca#
tyranny & | SdISTdel, A eI Agd W, MY alecsT l Tehol A H IFFATAT
Hedr-de Afdhcaar T Thfcer & WfAd a1 & fav Il g1 gafaw, td Rdeea &
w7, Rt TRage @ I ds-g-ds e (DA 3T wemar merehaor (Impact
lonization) & &TU faffea BaEw 3nfheFaR FI 3TAT FE SS FI 60 MV/ A I

RN AT § HH AT S oA &A1 A7 §1 3 H, cll H o el @l @il
H, 3T A8 3BT Folagiecied [T, 3R 3rTell fid & forw & 3udher & fosrelr
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T &1 39T, 3= AT are 3URIUl & fIT SS & 60 mV/ &2, dhfeus dTaded aF
& @y 3D fB3asy fhedaR HT 93 YA 9 ST T 315 &

goal FET gifeieeX (TFETs), St d7cl & dlgeh S918Td el & [olT Yargehed o
& ¥7 # BTBT & [@3ifad &tar § 3R Jema-3ma«iieor (Impact lonization) MOS
(I-MOS) 3t drgs ot & fauwlld are & fov werma mafaeor gear . AR
AT &1 ST 3TV AT Hegl-al el Thihd Fihe & [T Tad 3Memseish femedt
H A Th & & H AGT AT &, oif T T & HH SCEs, 3ecl-dhd cllchel I &
HROT BT §, ST HT p-i-n SRS TN & HROT giem &, IR FA AfT arer drecst
W ¢ VI THA-37T fAYAST F FROT g g

grelifeh, TFET 3R I-MOS 9RuYR& MOSFETs & el & i SS &I dererer
X &, AheT 3T aEIRICT A HTARTH o1 UIod Hel o TV F YATTGT BT FIHAT
AT ¥ el I TR & 361807 & foiw, TFET #, 3d-¥¢c # BTBT & 379«
qTelel dF o HRUT HA 38 C I &Il & , oif 1 3797 o v 9237 35T g1 54
g, I-MOS #, Teh 3T §hsI3e dlecsl A dlecsl & WA & [T IqageFd aa
& 81 3AfAT, ST A% 3T STem3 #T gy AT [HAT ST §, §H IoT HMMMeheFal I ACT
ORI CMOS i@t & et g oY Tehat &

sHfaT, 30 NfAT H, gAa ON-state e H FUR FeA 3R 39T N & FHA-
g} 3R 3=g Afd gl 39RO & AT 39-10 Al HieX dieqf@dr dAsq A IRa
dAdlcgd el FETs & g T&afer uied aa & fov faffiesr garen=t &1 g&ara fomar
g1 3% 37El, a0 |-MOS & S§Hs3 diccol I HH Il & [T Teh AT T
gEdTad fomar §1

I g, I-MOS #H §her3d dlecsl I dH Tl & [oIU Teh AT JEdTiad
gl TE FA el 3N 3T aifd arel 39l & faT 39-1.0 V ShsB3 dledsl Al
UITT e & fIT Teh Sl 91 I-MOS # I AR =AY & Bieshl & & Teh STeAegion]
fAafeesde w 3maRd g




gHS 37eldl, 39 Adicgs TFET 3nfdheaFr &1 dfasy & sA-afad 3R ==
I aTel 3w & foIv @il 97 g1 SR-A el Teh selegs GEdiad § Sl
Tl gU T AT Solfded Wies T Gem & @ty WA frar anar §, 5w osa
TATOldT & ®T H ST ST B

59 NAF & g&Afdd Nanotube FHTHTS, YRFEIRSE Nanotube & Hehreel & [T
31f% i gaig Xl gj3ash Jfalkead sa# g I HIA Foll & @9 gl & (Vas=
Vps = 0.3 V)| & Sgd & #1& SS 33 mv/ & FeRid ol &

Aelcgd # TS cAfeleT & T &1 # FUR A & U oAelegg & 3riad
HR-IE IR Ael-dle MR H geEeierar @ ggell aR favavor fhar am@r g
YA FATUTA & dhael &g eoAfeler F & @y gigRe NT-TFETs & faudid, g
s AR g eafeer 7 gur glar & 9@ aRumATa®T ON-state I # FUR gl
gl

gH% 3TlTdl, FA DA arel A A TFET Fhfcier & fow dig ST drwge
$I TETHAT BT &l gTelioh, 3ecl-FeId ST WHRSA & AT dig STFeAAT Sl TR
FT & AT FH A G T 3IHAT Bl g1 STafh ITa S1de AfhIor gred e
& TIT 1A UFA Folc & AT gial & |3 TFET # ol STareredl sl R st
channel &3 T& 3Td dIYHATAT $HI HET HAT § 9T Jdd &9 H source/channel
ST YOR & FohdT gl 3T, YT Folc W 3T Sfee iR wEux [{Reh aer &
g ST MBS AT gIed AT JRFT g1 Sdr § 3R A p-i-n TFET & cAfiam
gaTaT 1 HfAT HT g

saferw, g7 AT Y g source/channel tunnel ST &1 ATEISHAT & ToT
Teh AT PNNT-TFET acehell &1 ST X | SETiad 9-Uef SieRlel ToAel-Erushser
Teh Sl T A (STAS) HT IUGIT AT § dlfeh Sefolar ST Hf IR fhar s
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