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Abstract

The continuous scaling of conventional MOSFETS has reached its limit because of increased
short-channel effects (SCE). At ultra-short channel lengths, short-channel effects such as drain
induced barrier lowering, threshold voltage roll off, large leakage currents due to its kT/q (where
k is the Boltzmann’s constant, T is the temperature and q is the electron charge), subthreshold
limit, and the need for abrupt doping profiles become a major bottleneck for battery operated
devices. If these SCE’s are not mitigated properly, they will result in poor switching behaviour of
the CMOS transistors. The multiple-gate MOSFETS have provided an alternative to conventional
MOSFETSs with their enhanced gate control over the channel, thus improving the SCE and the
leakage behaviour. However, fabricating abrupt junctions still remains a major concern as it
requires high thermal budgets. The introduction of the junctionless FETs (JLFETS) provides a

promising solution to this problem.

The JLFETSs do not require abrupt junction profiles unlike the conventional MOSFET. In a
JLFET, the doping of source, channel, and drain is identical and is of the order of 1 x 10%*° cm™3
(for obtaining low source/drain series resistance to realize Ohmic contacts at the source and drain
contacts). The JLFETs offer several advantages over conventional MOSFETS, like enhanced
immunity over detrimental short channel effects, better scalability, simple fabrication process with
reduced thermal budgets and excellent OFF-state characteristics due to volume depletion. The
JLFET behaves as a gated resistor, controlled by the applied gate to source voltage. At lower gate
voltages, the channel region in a JLFET is fully depleted due to the work function difference
between the gate and the channel, as a result the device remains in OFF-state. When the gate
voltage is greater than the threshold voltage, the thickness of the depletion region in the channel

decreases allowing the current to flow from the drain to the source.

Since, the channel doping is too high, it becomes difficult to achieve volume depletion with
gate electrodes of practically realizable work functions (3.9 eV - 5.5 eV). Realizing volume
depletion also puts a stringent constraint on the allowed channel thickness for JLFETSs. For the
efficient depletion of the semiconductor film in the OFF-state, the semiconductor film has to be
ultra-thin so that the gate electric field can penetrate and deplete the entire film. Hence, a suitable
combination of doping, thickness, and work function of the gate electrode is required while
designing JLFETSs. Therefore, to achieve efficient volume depletion in JLFETS, various technigues
such as high- k dielectric as buried oxide, multi-gate and gate-all-around (GAA\) architectures have

been experimentally studied. These techniques helped to improve the electrostatic control of gate



over channel. However, the volume depletion of the channel region results in considerable overlap
of the conduction band of the drain region with the valence band of the channel region. This band
overlap triggers the lateral band-to-band tunneling (L-BTBT) of electrons from the channel region
to the drain region in OFF-state (Vs < V), which is the dominant mechanism for gate induced
drain leakage (GIDL) in JLFETSs.

The L-BTBT actuates a parasitic bipolar junction transistor (BJT) action in the lateral direction
with the hole-rich channel region acting as the P-type base, the N* source extension region acting
as the emitter and the N* drain extension region acting as the collector region. The L-BTBT is quite
detrimental to the scaling of the JLFETs and is more pronounced in the efficient gate control
architectures. As a result, the NW and NT JLFET architectures suffer from an enhanced parasitic
BJT action. The NT JLFET exhibits a larger OFF-state current compared to NW JLFET owing to
the presence of the core gate which enhances the LBTBT. The tunnelling current acts as the base
current and is amplified by the gain of the parasitic BJT. Thus, the L-BTBT induced BJT action
considerably increases the OFF-state current of the NW as well as NT JLFET architectures and
hinders their scaling and usage for low power applications. As a result, the JLFETSs suffer from a
severe degradation in the lon/loer ratio and the proficient gate control in NW and NT architectures
is, therefore, not favourable from the perspective of L-BTBT induced GIDL. Thus, L-BTBT needs
to be alleviated for the adoption of the emerging FET topologies. Researches have proposed
architectures like bulk planar JLFETS, hybrid channel JLFETs and SOI-substrate to mitigate the
L-BTBT impact. However, the gain diminishes as the drain-to-source voltage (Vps) is increased.
Also, the architectures do not work for channel lengths in sub-10 nm regime. Hence, it becomes

even more important and relevant to mitigate the L-BTBT issue for future CMOS scaling.

Therefore, in this doctoral work, various solutions are proposed to mitigate the L-BTBT
induced parasitic BJT action and avoid use of complex and costly fabrication architectures like
nanowire, gate-all-around and nanotube for sub-10 nm regime. We propose use of P* pockets near
the source-channel and drain-channel interfaces to realize a planar 4H-SiC JLFETSs for sub-10 nm
regime. We also show using calibrated device simulations that the 4H-SiC JLFETS exhibit reduced
impact of Interface traps unlike conventional 4H-SiC MOSFETSs. The proposed 4H-SiC planar
JLFETS also exhibit better high-voltage break-down characteristics as compared to conventional
Si JLFETSs. Moreover, recent studies have shown channel mobility in conventional MOSFETS as
high as ~100 cm?/Vs, which makes 4H-SiC JLFETSs very attractive as a future device for low-

power and low-leakage applications, specially the 10T and automotive applications.



We also did a comprehensive analysis of various leakage mechanisms governing the
subthreshold performance of sub-10 nm regime 4H-SiC planar JLFETS taking into account (a)
Gate induced drain leakage (GIDL) mechanism (b) direct gate tunneling, and (c) inefficient volume
depletion. Unlike the silicon-based JLFETs which are significantly impacted by the L-BTBT
induced GIDL, the 4H-SiC JLFETSs are quite immune to the L-BTBT induced GIDL due to their
wider bandgap compared to the silicon. Hence, the leakage mechanism in 4H-SiC can essentially
be dictated either by the gate leakage due to the direct tunneling through the thin gate dielectric or
the inefficient volume depletion especially for the sub-10 nm regime. Therefore, we have presented
the design guidelines for sub-10 nm regime, which can be used for designing required channel

length, channel thickness, and gate oxide thickness to have the effective volume depletion.

We have also developed a drain current model for Dual-Material gate JLFET under full and
partial depletion conditions using Finite-Differentiation method. We used Finite-Differentiation
method to reduce the complex 2-D poison’s equation to simple 1-D poison’s equation, which could

potentially help in reducing the significant computational efforts.
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vifé—3er wera (SCE) % afy & ®ror uaRe MOSFETS &1 FReR SfenT o <fem
TP Ugd TS | Aeg—TIC oA oddls W Ae—add g9a o 6 el aRa qwm oA
BRI, YEleS dlecol Idl A, 3D kT/q B HRUT g8 RATT TR (ST k degor = ReRr
2, T dUAM ® 3R q Sae arol 2) AaTes W & HROT SIFUT WHhgd d doll |

aRad @l sawaehdl & | Aecda—ie MOSFETS & o+d WR 319 §¢ gY i Fao &
Ay uRyRE MOSFETS &1 fdsed ya a1 8, 39 yaR SCE &k Ru@ =@sr § gur
B3I B | <l ol | Sigerd URId g1 Ueb Y9 a1 &1 [Awg g iifd g9a oy S
A goie @ AaeIHAT gl ¢ | Siged f2d FETS (JLFETS) @ gweiad 39 F#T &I

U IR ST FHEE UeTH HRal ¢ |

JLFET &1 yRuRe MOSFET & faudia ol & Siqe uRacds Wwisel & 3Maeddhdl el
gl 21 JLFET #, 91d, o9t &R sy @l SIfthy 991 € &R 1 x 10" cm™ & &%H &I
2| 9 3R MR Hueh! WR AfHS Fud g9 & oy =1 i/ MRl sjaar ufoRe o
%9 BT | JLFETS uRuRe MOSFETS &R &5 @™ U™ &xd &, oI BlMeRE oy aTdl
gTEl TR 9¢1 gs UCRE, I8k AU, $HH O qulc d A1 WRA 0T uihar 3iR
IegH fEUed & HRU Ipe sih—ce faemamril | JLFET ta ics W\RRer & wu A
FIER BT 8, oY Teliss e ¥ A diceol d (R fhar Sdr 8| dldk e dlee o]
xR, JLFET # 9971 &5 91 3iR o9a & d19 &1 B iR & HRYT 91fdd & Il &,
IRURawY fEa1gd ifh—ce H Y&l 8| 919 JIc dlecdl Jeiles dlecdl ¥ 3ffdd gar &,
U &5 W QIS B AIers B 8 Ol 8 R o7 il @ 9d 9@ yarfd & S
g

9 T, el ST 98d 318 ©, @8RG wU 9 W Hrd HaR (3.9 eV — 55 eV) &
C SdgIS & AT ATegA [SHeleM ®I UK ST IR 8 ST & | AT § HHI B TeAN
JLFETs @& forg orqHIfd @9el HICTs R Udh HoR d1El STl & | Sifh—%e H AHIhedey
e @ FHIA ITRA wered @ forg, Aiidsaer e &1 Jfeg—RF 8F1 =mfey afes e
Soifdgd Wies T fhed &1 qfd &R |a | s4ferg, JLFETS &7 f$oiige axd w93 I
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SOIACrS & SIUT, AITTE R B B & SUIth [AId $I AeIHAT Bl & | 39 UHR
d, JLFETS & gera /31 # &4l &l 1 & & oy, faf=t da-iial ot 6 g—a
IEgelfdg®d oI a1 JifdTSS, Accl—Ie 3R Te—3ifd—aRISS (YY) Sfhcder &1 TANTTHS
eI AT AT B | 39 dhAIhI 7 T Held AR o & SoldeReed AU BT dga
g™ H A Bl & | ETalifh, el &85 © AT H HHl & URUTA®Y el &5 & doid

ds @ 91 Reril &5 @ A I8 BT B AMaRed BT 2 | - (Vs < V) #
9 d8—g—d€ TAferT (L-BTBT) 'R 89 R I8 oFa &3 ¥ 4 &9 H Scldgl &l
sediaRa @ a1 21 L-BTBT, JLFETs ¥ e 9Ra Par) Rera (Somddee) wge o=
=

L-BTBT ursd fazm # u& emaifed fagdl Siaem gifoier (BJT) foam &1 fehanfaa axar
g R 8e—v9g 99d & P-UaR MR @& ®9 # & dear g, NY 9d foar e=
IG® & ©Y H B Hal g AR N* A7l fIRdR 85 @ ©9 § S a1 © Feldex &
#| L-BTBT JLFETS & ®hferT & fou &1l 8iMeR® 2 3R |l I Sald Alfbeder
H 3fdd W © | O R A e FHF0 U Iza L-BTBT @1 3R ST & 3R dagaR
oA &F H P Sod B ITaT &) DI gl odl & | uRemawd, NW ik NT JLFET
afdhcaer smaifed BJT orarg & s1fq ywifaa & <id &1 NT JLFET, NW JLFET a1
T H T g9 JAh—FT PRC TR BT 8, I DR e &I JuReId & wrer L-BTBT
BT ST 2 | SAfOHT Bie, 99 Pic & wd H B ddl 2 3N aaifed BIJT & omv 9
yafla gar g1 39 uer, L-BTBT uRa BJT @ra NW & srr—warr NT JLFET
AMfbCTFR & AH—IFC PIC B BB 1 <dl & AR HH foTell AN & foy 9@
HIeT 3R SUANT 91 el & | uRomawed, JLFETS lon/lore 3Fud 3 t& 4R
fiRrae & o7 €1 NW iR NT anfdcaer # fzet e Fzor, L-BTBT aRa GIDL &
PV ¥ R ol © | 39 bR, I g¢ FET crardfsl &1 s & forg L-BTBT
P HH DI DI MAIDA © | JgaeEDdl 1 L-BTBT g9ma &1 &9 &1 & oy ac1s
R JLFETS, srsfas a9 JLFETS 3k SOl—\sage 99 anfhcdar yxanfad few 2 |
gllifh, YA—c—AN diecol (Vps) 971 R o HH 8 SIAT & | 39 3falmdr, nfhcder
sub—1onm regime # T9d @ A8 B foly HM TEl B 7 | sAferg, vfass & CMOS
WferT @ forg L-BTBT He &1 &9 &= iR W Agqul 3R uRifiies 81 SI1ar 2 |
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iy 39 Sfdeve wrd H, L-BTBT uRa ardifesd BIT &Rdars &1 &4 &=+ & fog fafr=
FHATIT R 2 |

(Y 39 Sigexe o ¥, L-BTBT uRa srdifod BJT dRarg &1 &4 &=+ 3k sub—1onm
regime @ fog A9ERR, e—ifd—RSS iR AHlcgd oW Sifed iR #&T BfydeH
Mfdcaer & SUANT ¥ g9 & forg faf=1 womem wRarfaa f6a =& 1 89 sub—10 nm
regime & forw v @R 4H-SIC JLFETS &1 91&R &1 & folv Aid—a+el iR $9—adl
B & U9 Pt dfde & SUANT & UKE GRA © | §F dielics fSagd e &1
SN wxab Jg A1 f&wn = & & 4H-SiC JLFETs uruRe 4H-SiC MOSFETs &
AT SeX%E U & HH T9E B USRI dRd g | warfad 4H-SiC =R JLFETS it
gRaRR& Si JLFETS &1 o # 8 Sed—dlee ol sdh—<lS [Ieudmall &1 U&= & ¢ |
TS ], BT & Al 7 yRuReé MOSFETS ~ 100 cm?/Vs, 9@ a9er wrfereferar
@1 fe@mr 8, &1 4H-SiC JLFETS &1 ®w9—vifth 3k wo—Rama gy, favy w0 |
sexie 3w 2 (10T) iR SiicHIfed SIurT & fofg vidsy & SUaRvl & WU H agd
3D qIT 2 |

g94 sub—onm regime 4H-SiC @R JLFETSs (i) T Sss g4 <law (GIDL)
ABH 1) SRREE TIe eAfelT, iR iii) ha dicgd RDIPRT & FaRlcs Y2+ ol
i3 ext arer faft=r Rara d3F &1 s faversor fhar 1) | Rafera—amenRa JLFETS
% faqwia, St L-BTBT uRa GIDL & &t ywifaad g g, 4H-SiC JLFETS fiferet=
@ o # 31 @ud § g @ wrer L-BTBT 9Ra GIDL @ forw st wfefera 21
gaferg, 4H-SiC # Rerg o= ifard v & a1 ar e Rara grr FuilRa fear s |ear g,
ST f6 udel e SRdfded & argg ¥ GY cAfelT & ®RY BT § A1 A9y wu 9
sub—1onm regime @& fofg 3fem™ AET § HHI & HRUT| gAY, g4 sub—1onm regime
& fory feamee faenm e ogd by 8, R SUANT Jaed d9e didlg, o+d ATy 3R
e Jfaargs AICs Bl T A1 § BHl & oy fSSTsT o & forg o S \aar 7|

T Sa—"eRad e JLFETS & fau gof iR o &+t &1 Rerfd & aRfa—fr=rar
Ugfd & SUANT &Rd BT Tdh w1 dxc Arsa 1 fasRea fasar 21 &= sifea 2-D Poison’s
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TR Bl WA 1- D Poison’s FHIGRU & &H &1 & oy yRFd—favea fafr &1
IUIRT fHAT &, ST FIIMIT ®Y 9 AUl HFICMel U Bl B B H 788 PR Fhdl
2 |
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