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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 

MOSFETs 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 JLFETs 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 × 1019 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 JLFETs. 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 JLFETs. Therefore, to achieve efficient volume depletion in JLFETs, various techniques 

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 
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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 (VGS < VTh), which is the dominant mechanism for gate induced 

drain leakage (GIDL) in JLFETs.  

 

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 JLFETs suffer from a 

severe degradation in the ION/IOFF 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 (VDS) 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 JLFETs 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 MOSFETs. The proposed 4H-SiC planar 

JLFETs also exhibit better high-voltage break-down characteristics as compared to conventional 

Si JLFETs. Moreover, recent studies have shown channel mobility in conventional MOSFETs as 

high as ~100 cm2/Vs, which makes 4H-SiC JLFETs very attractive as a future device for low-

power and low-leakage applications, specially the IoT and automotive applications.   
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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 JLFETs 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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सार 

 
'k‚VZ&pSuy çHkko ¼SCE½ esa o`f) ds dkj.k ikjaifjd MOSFETs dh fujarj LdsÇyx viuh lhek 

rd igqap xÃ gSA vYVªk&'k‚VZ pSuy yackÃ ij 'k‚VZ&pSuy çHkko tSls fd fudklh çsfjr ckèkk de 

djuk] FkzslgksYM oksYVst jksy v‚Q] blds kT/q ds dkj.k cM+h fjlko èkkjk,a ¼tgka k cksYV~teku fLFkj 

gS] T rkieku gS vkSj q bysDVª‚u pktZ gS½ lcFkzs'kksYM lhek ds dkj.k MksÇix çksQkby esa rsth ls 

ifjorZu dh vko”;drk gSA eYVhiy&xsV MOSFETs us pSuy ij vius c<+s gq, xsV fu;a=.k ds 

lkFk ikjaifjd MOSFETs dk fodYi çnku fd;k gS] bl çdkj SCE vkSj fjlko O;ogkj esa lqèkkj 

gqvk gSA ysfdu rsth ls taD'ku ifjorZu cukuk ,d çeq[k Çprk dk fo"k; gS D;ksafd blds fy, mPp 

rkih; ctV dh vko';drk gksrh gSA taD'ku jfgr FETs (JLFETs) dh 'kq:vkr bl leL;k dk 

,d vk'kk tud lekèkku çnku djrh gSA  

 

JLFET dks ikjaifjd MOSFET ds foijhr rsth ls taD'ku ifjorZu çksQkby dh vko';drk ugÈ 

gksrh gSA JLFET esa] lzksr] pSuy vkSj fudklh dh MksÇix leku gS vkSj 1 × 1019 cm&3
 ds Øe dk 

gSA lzksr vkSj fudklh laidks± ij vksfed laidZ cukus ds fy, fuEu lzksr@fudklh J`a[kyk çfrjksèk dks 

de djukA JLFETs ikjaifjd MOSFETs ij dÃ ykHk çnku djrs gSa] tSls gkfudkjd y?kq pSuy 

çHkkoksa ij c<+h gqÃ çfrj{kk] csgrj ekiuh;rk] de FkeZy ctV ds lkFk ljy fuekZ.k çfØ;k vkSj 

okY;we fMiyh”ku ds dkj.k mR—"V v‚Q&LVsV fo'ks"krkvksaA JLFET ,d xsVsM jsflLVj ds :i esa 

O;ogkj djrk gS] ftls ,IykbM xsV ls lkslZ oksYVst rd fu;af=r fd;k tkrk gSA yksoj xsV oksYVst 

ij] JLFET esa pSuy {ks= xsV vkSj pSuy ds chp dk;Z Q+aD'ku varj ds dkj.k ckf/kr gks tkrk gS] 

ifj.kkeLo:i fMokbl v‚Q&LVsV esa jgrk gSA tc xsV oksYVst Fkzs'kksYM oksYVst ls vfèkd gksrk gS] rks 

pSuy {ks= esa ckf/kr dh eksVkÃ de gks tkrh gS ftlls èkkjk fudklh ls lzksr rd çokfgr gks tkrh 

gSA  

Tkc rd] pSuy MksÇix cgqr vfèkd gS] O;kogkfjd :i ls çkI; dk;Z Q+aD'ku ¼3-9 eV & 5-5 eV½ ds 

xsV bysDVªksM ds lkFk okY;we fMQys”ku dks çkIr djuk eqf'dy gks tkrk gSA ek=k esa deh dk ,glkl 

JLFETs ds fy, vuqekfur pSuy eksVkÃ ij ,d dBksj ckèkk Mkyrk gSA v‚Q&LVsV esa lsehdaMDVj 

fQYe dh dq'ky okY;we fMQys”ku ds fy,] lsehdaMDVj fQYe dks vYVªk&fFku gksuk pkfg, rkfd xsV 

bysfDVªd QhYM iwjh fQYe dks ckf/kr dj ldsA blfy,] JLFETs dks fMtkbu djrs le; xsV 
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bysDVªksM ds MksÇix] eksVkÃ vkSj dk;Z Q+aD'ku ds mi;qä la;kstu dh vko';drk gksrh gSA bl izdkj 

ls] JLFETs esa dq'ky ek=k esa deh dks çkIr djus ds fy,] fofHkUu rduhdksa tSls fd gkÃ&ds 

MkbbysfDVªd tSls cjh v‚DlkbM] eYVh&xsV vkSj xsV&v‚y&vjkmaM ¼th,,½ vkÆdVsDpj dk ç;ksxkRed 

vè;;u fd;k x;k gSA bu rduhdksa us xsV daVªksy vksoj pSuy ds bysDVªksLVSfVd fu;a=.k dks csgrj 

cukus esa enn djrh gSA gkyk¡fd] pSuy {ks= ds vk;ru esa deh ds ifj.kkeLo:i pSuy {ks= ds oSysal 

cSaM ds lkFk fudklh {ks= ds pkyu cSaM dk dkQh vksojySi gksrk gSA v‚Q&LVsV ¼VGS < VTh½ esa 

ikÜoZ cSaM&Vw&cSaM VuÇyx ¼L-BTBT½ fVªxj gksus ij ;g pSuy {ks= ls Mªsu {ks= esa bysDVª‚uksa dks 

gLrkarfjr dj nsrk gSA L-BTBT, JLFETs esa xsV çsfjr fudklh fjlko ¼thvkÃMh,y½ çeq[k ;a= 

gSA 

L-BTBT ikÜoZ fn'kk esa ,d vkokafNr f}èkzqoh taD'ku VªkaftLVj ¼BJT½ fØ;k dks fØ;kfUor djrk 

gS ftlesa Nsn&le)̀ pSuy {ks= P&çdkj vkèkkj ds :i esa dk;Z djrk gS] N$
 lzksr foLrkj {ks= 

mRltZd ds :i esa dk;Z djrk gS vkSj N$
 ukyh foLrkj {ks= ds :i esa dk;Z djrk gS dysDVj {ks= 

esaA L-BTBT JLFETs ds LdsÇyx ds fy, dkQh gkfudkjd gS vkSj dq'ky xsV daVªksy vkÆdVsDpj 

esa vfèkd Li"V gSA pSuy ij dq'ky xsV fu;a=.k ,d mPp L-BTBT dh vksj tkrk gS vkSj  rnuqlkj 

pSuy {ks= esa ,d mPp Nsn mRiknu nj dks c<k nsrk gSA ifj.kkeLo:i] NW vkSj NT JLFET 

vkÆdVsDpj vkokafNr BJT dkjZokÃ ls vfr izHkkfor gks tkrs gSaA NT JLFET, NW JLFET dh 

rqyuk esa ,d cM+k v‚Q&LVsV djaV çnÆ'kr djrk gS] tks dksj xsV dh mifLFkfr ds dkj.k L-BTBT 

dks c<+krk gSA VuÇyx djaV] csl djaV ds :i esa dk;Z djrk gS vkSj vkokafNr BJT ds ykHk ls 

çoÆèkr gksrk gSA bl çdkj] L-BTBT çsfjr BJT dkjZokÃ NW ds lkFk&lkFk NT JLFET 

vkÆdVsDpj ds v‚Q&LVsV djaV dks dkQh c<+k nsrh gS vkSj de fctyh vuqç;ksxksa ds fy, muds 

LdsÇyx vkSj mi;ksx esa ckèkk Mkyrh gSA ifj.kkeLo:i] JLFETs ION/IOFF vuqikr esa ,d xaHkhj 

fxjkoV ls xzLr gSaA NW vkSj NT vkÆdVsDpj esa dq'ky xsV fu;a=.k] L-BTBT çsfjr GIDL ds 

–f"Vdks.k ls vuqdwy ugÈ gSA bl çdkj] mHkjrs gq, FET Vksiksy‚th dks viukus ds fy, L-BTBT 

dks de djus dh vko';drk gSA vuqlaèkkudrkZ us L-BTBT çHkko dks de djus ds fy, cYkd 

Iysuj JLFETs] gkbfczM pSuy JLFETs vkSj SOI&lClVªsV tSls vkÆdVsDpj çLrkfor fd, gSaA 

gkyk¡fd] Mªsu&Vw&lkslZ oksYVst ¼VDS) c<+us ij ykHk de gks tkrk gSA blds vykok] vkÆdVsDpj 

sub&10nm regime esa pSuy dh yackÃ ds fy, dke ugÈ djrs gSaA blfy,] Hkfo"; ds CMOS 

LdsÇyx ds fy, L-BTBT eqís dks de djuk vkSj Hkh egRoiw.kZ vkSj çklafxd gks tkrk gSA   
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blfy, bl M‚DVjsV dk;Z esa] L-BTBT çsfjr voakfNr BJT dkjZokÃ dks de djus ds fy, fofHkUu 

lekèkku çLrkfor gSaA 

blfy, bl M‚DVjsV dk;Z esa] L-BTBT çsfjr voakfNr BJT dkjZokÃ dks de djus vkSj sub&10nm 

regime ds fy, uSuksok;j] xsV&v‚y&vjkmaM vkSj uSuksVîwc tSls tfVy vkSj egaxs QSfczds'ku 

vkÆdVsDpj ds mi;ksx ls cpus ds fy, fofHkUu lekèkku çLrkfor fd;s x;s gSaA ge sub&10 nm 

regime ds fy, ,d Iysuj 4H-SiC JLFETs dks lkdkj djus ds fy, lzksr&pSuy vkSj Mªsu&pSuy 

baVjQsl ds ikl P$
 i‚dsV ds mi;ksx dk çLrko djrs gSaA ge dSfyczsVsM fMokbl fleqys'ku dk 

mi;ksx djds ;g Hkh fn[kk jgs gSa fd 4H-SiC JLFETs ikjaifjd 4H-SiC MOSFETs ds 

foijhr baVjQ+sl VªSi ds de çHkko dks çnÆ'kr djrs gSaA çLrkfor 4H-SiC Iysuj JLFETs Hkh 

ikjaifjd Si JLFETs dh rqyuk esa csgrj mPp&oksYVst czsd&Mkmu fo'ks"krkvksa dk çn'kZu djrs gSaA 

blds vykok] gky ds vè;;uksa us ikjaifjd MOSFETs ~ 100 cm2/Vs, rd pSuy xfr'khyrk 

dks fn[kk;k gS] tks 4H-SiC JLFETs dks de&'kfä vkSj de&fjlko vuqç;ksxksa] fo'ks"k :i ls 

baVjusV vkWQ fFkaxl (IoT) vkSj v‚VkseksfVo vuqç;ksxksa ds fy, Hkfo"; ds midj.k ds :i esa cgqr 

vkd"kZd cukrk gSA  

geus sub&10nm regime 4H-SiC Iysuj JLFETs ¼i½ xsV baMîwLM Mªsu yhdst ¼GIDL½ 

eSdsfuTe ii½ Mk;jsDV xsV VuÇyx] vkSj iii½ vdq'ky o‚Y;we fjähdj.k ds lcFkzs'kksYM çn'kZu dks 

fu;af=r djus okys fofHkUu fjlko ra=ksa dk O;kid fo'ys"k.k fd;k gSA½A  flfyd‚u&vkèkkfjr JLFETs 

ds foijhr] tks L-BTBT çsfjr GIDL ls dkQh çHkkfor gksrs gSa] 4H-SiC JLFETs flfyd‚u 

dh rqyuk esa vius O;kid cSaM xSi ds dkj.k L-BTBT çsfjr GIDL ds fy, dkQh çfrjf{kr gSaA 

blfy,] 4H-SiC esa fjlko ra= vfuok;Z :i ls ;k rks xsV fjlko }kjk fuèkkZfjr fd;k tk ldrk gS] 

tks fd irys xsV MkbysfDVªd ds ekè;e ls lhèks VuÇyx ds dkj.k gksrk gS ;k fo'ks"k :i ls 

sub&10nm regime ds fy, v{ke ek=k esa deh ds dkj.kA blfy,] geus sub&10nm regime 

ds fy, fMt+kbu fn'kk funsZ'k çLrqr fd, gSa] ftldk mi;ksx vko';d pSuy yackÃ] pSuy eksVkÃ vkSj 

xsV v‚DlkbM eksVkÃ dks çHkkoh ek=k esa deh ds fy, fMtkbu djus ds fy, fd;k tk ldrk gSA  

 

geus Mîwy&eVsfj;y xsV JLFETs ds fy, iw.kZ vkSj vkaf'kd deh dh fLFkfr esa ifjfer&fHkUurk 

i)fr dk mi;ksx djrs gq, ,d Mªsu djaV e‚My Hkh fodflr fd;k gSA geus tfVy 2-D Poison’s 
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lehdj.k dks ljy 1- D Poison’s lehdj.k dks de djus ds fy, ifjfer&foHksnu fofèk dk 

mi;ksx fd;k gS] tks laHkkfor :i ls egRoiw.kZ dEI;wVs'kuy ç;klksa dks de djus esa enn dj ldrk 

gSA  
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