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ABSTRACT 
 

With advancement in recent VLSI technology, there is an increase in complexity 

of  the circuits. To cope up with this complexity and also to reduce the chip size 

at the same time, we need to scale the MOSFET devices to deep sub-micron 

levels. However, traditional MOS transistors comprising of juctions cannot 

combat the SCEs without degrading the device performance. As a result, to 

withstand this aggressive scaling without reducing performance, junctionless 

transistors(JLTs) were developed. 

In this thesis, different models of  JLTs were proposed and their performance 

especially due to RDF effect were measured especially under short channel 

length. The variation of threshold voltage (Vth) is used as the parameter for 

analyzing the effectiveness of these junctionless structures to operate properly 

when the channel length of thse devices are significantly reduced and all the 

results were plotted  as well as compared using MATLAB simulator. 

It was quite evident from the plots, that the cylindrical JLFET (GAAFET) 

performs better TG-JLFET (FinFET) because of its structural advantge over 

FnFET. It is because in a GAAFET the gate is wrapped around the channel from 

all the sides and, whereas in a FinFET the gate covers only three sides of the 

channel. So GAAFET provides better electrostatic over the channel compare to 

a FinFET thereby improving performance. The effect of quantum confinement 

of carriers was also considered for both the devices when the channel was 

reduced to a very small size from all dimensions. It was also shown in the plots 

that how the Vth variation increases as a result of this effect.



 

LIST OF ABBREVIATIONS: 
 
 

Abbreviation Meaning 
  

FET Field Effect Transistor 
  

JLT Junctionless Transistor 
  

JLFET Junctionless Field Effect Transistor 
  

GAA Gate All Around 
  

SOI Silicon on Insulator 
  

SCE Short Channel Effect 
  

DG Double Gate 
  

JAM Junction Accumulation Mode 
  

TG Tri Gate 
  

QSE Quantum Size Effect 
  

RDF Random Dopant Fluctuation 
  

DIBL Drain Induced Barrier Lowering 
  

IM Inversion Mode 
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CHAPTER 1 

INTRODUCTION 

 
All present transistors contain semiconductor junctions, which are 

doped with opposite polarity on either side of the junctions and are 

the essential building blocks of modern electronic devices. The p –n 

junction, which is created by the contact of a p -type piece of si l icon 

doped with impurit ies to create an excess of holes and an n -type 

piece of si l icon doped to create an excess of electrons, is the most 

fundamental  type of junction. The two other different kinds of 

junctions includes a hetero junction, wh ich is simply a p–n junction 

containing two distinct semiconductors, and the Schottky junction 

between metal and semiconductor. Both the BJT (bipolar junction 

transistor) as well as the MOSFET (metal oxide–semiconductor 

f ield-effect transistor) have two p–n junctions present in thei r 

structures. The MESFET (metal– semiconductor f ield-effect 

transistor) on the other hand possess Schottky junction, while the 

JFET (junction f ield-effect transistor) has common p–n junction. 

From all of the above transistors models, Integrated circuits(ICs) 

rely basically on MOSFET. 
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The abil ity to f i t hundreds of mill ions of transistors on a single chip 

has been enabled by shrinking the transistor’s dimensions below 90 

nm. Consumers as well as the semiconductor device manufacture rs 

have been benefited from the greater functionality and lower cost of 

a wide range of integrated circuits and systems. Low manufacturing 

costs, faster data transfer speeds, computer processing power, and 

the abil i ty to do several jobs simultaneously are only a few of the 

signif icant benefits acquired as a result of transistor scaling. The 

microelectronic industry has reaped huge benefits from MOSFET 

size shrinking during the last three decades.  

Now apart from the benefits of MOSFET scaling, it also comes with 

several other adverse short channel effects. One of the most 

important disadvantage of MOSFET scaling is RDF which leads to 

threshold voltage variat ion result ing in unequal gate voltage 

requirement of two identical transistor on the same die. The present 

thesis, i l lustrates how this random dopant f luctuation effect 

inf luences the threshold voltage of dif ferent devices and how such 

inf luence can be minimized to a desired level.  
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CHAPTER 2 

BACKGROUND & LITERATURE REVIEW 
 
As technology advances,  MOSFETs undergo cont inuous 

downscal ing,  the t rend of  which came into ex is tence due to the 

predict ion of  Gordon Moore,  co - founder of  INTEL Corporat ion.  I t  

became the main industry dr iver and is  cal led Moore’s Law .  

 

2.1 MOORE’S LAW: 
 
Moore 's  law states that  t ransistors are doubled every year.  As a 

resul t ,  the number of  t ransistors on the most  compl icated chips is  

l imi ted by th is  law.  This rate has been retained through 2007, 

accord ing to recent  pat terns.  As microchip and elect ron ics 

makers fought  to  bu i ld faster ,  smal ler ,  and cheaper electronic 

devices,  the law became sel f - fu l f i l l ing;  by the ear ly  twenty - f i rs t  

century,  the number of  t ransistors on a standard memory ch ip 

had surpassed one bi l l ion.  I t  is  widely acknowledged that  

sc ient i f ic  advances in downsiz ing and microelectron ics have 

advanced to the point  where ci rcui ts  are only a few atoms wide,  

making fur ther  reduct ions pract ical ly  impossible.  I t  is  becoming 

ext remely d i f f icu l t  to manufacture h igh -qual i ty  junct ions as 

t ransistors are  get t ing smal ler .  I t  is  very d i f f icu l t  to al ter  a 

mater ia l 's  doping concentrat ion at  d is tances of  less than 10 nm. 

As a resul t ,  junct ionless t rans istors may be able to assis t  

ch ipmakers in cont inuing to develop smal ler  and smal ler  devices.  
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S ince the in i t ia l  ed i t ion of  the roadmap in the ear ly  1990s, 

Moore 's  law and the Internat ional  Technology Roadmap for 

Semiconductors ( ITRS) have been complement ing each other.  

Moore 's  law predicted the t rans istor  count  that  could be 

integrated onto a microchip over the fo l lowing ten years (1965 -

1975),  but  the pat tern stayed v i r tua l ly  unchanged for  the next  

three decades.  On the other hand,  the ITRS provides a thorough 

handbook that  enables the semiconducto r industry to put  th is 

observat ion into pract ice.  The ITRS issued the f i rs t  whi te paper 

in 2005,  in which the names "More than Moore" (MtM) and "More 

Moore" (MM) were f i rs t  used.  

Figure  2.1. Evolution of Moore’s Law over the years. 
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2.1.1  HISTORY OF MOORE’S LAW: 

 
Whi le work ing at  Fairch i ld Semiconductor,  Moore f i rs t  publ ished 

the observat ions that  would become known as Moore 's  law in a 

1965 edi tor ia l  for  Electron ics Magazine.  Carver  Mead,  a 

professor at  the Cal i fornia Inst i tute of  Technology (Cal tech) in 

Pasadena,  Cal i fornia,  created the name "Moore's  law" about 

1975,  according to the Computer History Museum in Mountain 

View, Cal i fornia.  At  Cal tech,  Mead is  present ly  the Gordon and 

Bet ty  Moore Professor  Emer i tus of  Engineer ing and A ppl ied 

Sc ience.  Professor Mead has been a Cal tech professor for  more 

than 40 years. His ear ly  work c leared the door for  enhanced 

semiconductor designs that  took use of  Moore 's  law's predict ions.  

 
 

Figure  2.2. Implementation of More than Moore’s Law. 



 

6 

2.1.2  BENEFITS OF MOORE’S LAW: 

 
The complexi ty  of  semiconductor process technologies has 

a lways r isen.  Moore's  law is  fue led by th is  phenomen on,  which is  

known as the " innovat ion engine."  The r ise in complex i ty  has 

been accelerated in recent  years.  Transistors have evolved into 

three-d imensional  devices w i th unusual  propert ies .  Advanced 

process technologies appropr iate for  incredib ly  smal l  feature 

s izes necess i tate numerous exposures (mul t i -pat terning) to 

precisely  recreate these features on a s i l icon wafer.  The design 

process has become s ign i f icant ly  more  compl icated as a resul t  of  

th is .  

Moore 's  law has delayed as a resul t  of  a l l  th is  int r icacy.  Moving 

to a new process node is  s t i l l  an opt ion,  but  due to i ts  

t remendous complex i ty  and cost ,  migrat ion has stal led.  

Furthermore,  each new manufactur ing node cur rent ly  produces 

less s ign i f icant  densi ty ,  performance,  and power reduct ion 

resul ts .  The exponent ia l  benef i ts  of  Moore 's  law are being s lowed 

as semiconductor process technology evolves to molecular  l imi ts .  

 

2.1.3  IS MOORE’S LAW PRESENTLY DEAD? 

 
Moore 's  law has s lowed,  prompt ing many to wonder,  " Is  Moore 's 

law dead?" This does not ,  in fact ,  happen.  Whi le Moore 's  law 

cont inues to of fer  exponent ia l  gains,  they are occurr ing at  a 

s lower  rate.  However,  the rate of  technologica l  advancement is  

not  s lowing.  Rather,  the development of  hyperconnect iv i ty ,  b ig 

data,  and art i f ic ia l  inte l l igence appl icat ions has accelerated 

innovat ion and raised the demand for  "Moore 's  law -sty le" 

technology breakthroughs.  
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Moore 's  law and the semiconductor indust ry 's  exponent ia l  

technology growth were dr iven for  many years by scale 

complexi ty .  As the abi l i ty  to sca le a s ing le ch ip decreases,  the 

industry must  f ind new ways to keep growing exponent ia l ly .  

Systemic complexi ty  is  dr iv ing th is  new design t rend.  Some 

features of  th is  new design approach have been labeled "more 

than Moore."  This term pr imar i ly  refers to 2.5D and 3D 

integrat ion methods.  

However,  the overa l l  landscape is  far  larger and has greater 

potent ia l  for  ef fect .  Aart  de Geus,  chairman and co -CEO of 

Synopsys,  gave a keynote ta lk  at  the 2021 SNUG Wor ld  meet ing 

of  Synopsys Users Group members f rom around the wor ld.  

Moore 's  law is  now merging wi th new breakthroughs that  ut i l ize 

systemic complex i ty ,  accord ing to de Geus '  presentat ion.  As a 

shorthand for  th is  new des ign paradigm, he invented the word 

SysMoore.  For the foreseeable future,  the SysMoore era wi l l  fuel  

semiconductor innovat ion.  I t  br ings wi th i t  a s lew of  design 

issues that  must  be addressed.  

 

 

 

 

 

 

Figure  2.3. With an increase is circuit complexity Moore’s Law is modified to 

SysMoore. 
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2.2 SHORT CHANNEL EFFECTS: 
 
Short -channel  ef fects are a set  of  phenomena that  occur as the 

MOSFET's channel  length approaches that  of  the space charge 

reg ions of  the source and drain junct ions wi th the subst rate. 

Polys i l icon gate deplet ion ef fect ,  threshold vol tage ro l l -of f ,  drain-

induced barr ier  lower ing (DIBL),  veloc i ty  saturat ion,  reverse 

leakage current  r ise,  mobi l i ty  degradat ion,  hot  carr ier  ef fects,  

and other annoyances are only a few of  the problems th ey cause. 

The reduced threshold vol tage makes i t  d i f f icu l t  to total ly  swi tch 

of f  the t rans istor .  E lectrostat ic  coupl ing between the source and 

dra in causes the gate to become inef f ic ient  due to  the DIBL 

ef fect .  The current  dr ive is  reduced by ve loc i ty  satu rat ion.  The 

power diss ipat ion is  increased by the leakage current .  Increased 

surface scat ter ing reduces charge carr ier  mobi l i ty ,  lower ing 

output  current .  As ide f rom these issues,  impact  ionizat ion and 

hot  carr ier  ef fects degrade MOSFET performance and lead  the 

device to behave d i f ferent ly than long -channel  devices. The 

ut i l izat ion of  h igh-d ie lectr ics,  s t ra in engineer ing,  and other 

notable solut ions inc lude the reduct ion in  gate ox ide th ickness.  

Nonetheless,  the aforement ioned phenomena s igni f icant ly  reduce 

the performance of  p lanar CMOS transistors at  process nodes 

below 90 nm.  

 

2.3 RANDOM DOPANT FLUCTUATION: 
 

Random dopant  f luctuat ion (RDF) is  a type of  process var iat ion 

caused by changes in the concentrat ion of  implanted impur i t ies.  

RDF in the channel  region of  MOSFET t ransistors can change the 

t ransistor 's  character is t ics,  part icu lar ly  the threshold vo l tage. 
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Because the tota l  amount  of  dopants in contemporary process 

methods is  lower,  and the insert ion or  removal  of  a few impur i ty 

atoms can drast ical ly  modi fy  t ransistor ’s  e lect r ica l 

character is t ics,  and thus RDF has a st ronger  ef fect .  RDF is  a 

type of  local  process var iat ion in  which two ident ical  t ransistors 

on a same s i l icon d ie w i th s imi lar  dopant  concent rat ions may 

have cons iderably d i f ferent  dopant  concentrat ions.  Fig 2.4   

depicts  the var iat ions in the st ructure of  a scaled dev ice.   

 

 

These var iat ions interact  wi th one another,  af fect ing every aspect 

of  c i rcui t  performance.  The RDF ef fect  is  pr imar i ly  a random 

ef fect .  The uncertainty in charge locat ion and numbers,  such as 

the d iscrete placement of  dopant  atoms in the channel  reg ion tha t 

fo l low a Poisson d is t r ibut ion,  causes th is  wel l -known 

phenomenon.  The overal l  number of  channel  dopants reduces as 

the device s ize shr inks,  resul t ing in a wider  f luctuat ion in  dopant  

quant i t ies and a considerable impact  on threshold vol tage.  This 

is  i l lust rated in the f ig 2.5  below.  

Figure 2.4 . Primary sources of variation in a nanoscale device. 



 

10 

 

 

 

Impur i ty  atoms are doped into the channel  region of  a t ransistor .  

Methods l ike dopant  implantat ion randomly insert  these atoms 

into the channel ,  resul t ing in  s tat is t ica l  f luctuat ions in  the number 

of  impur i t ies implanted.  The threshold vo l tage and consequent ly 

the dr ive intens i ty  of  the t ransistor  shi f t  as the carr ier  

concent rat ion changes.  With thousands of  dopant  atoms per 

channel  region in pr ior  technologies,  an absolute d ivergence of  a 

few atoms was ins igni f icant .  Recent  technologies,  on the other  

hand,  have a nominal  number of  impur i t ies in the tens,  resul t ing 

in greater mismatch due to  random dopant  var iat ion (RDF).  Aside 

f rom random pos i t ioning,  var iat ions in the amount  of  dopant  

atoms present  in the channel  region wi l l  ar ise.  Whi le smal l  

var iat ions in  th is  va lue are unimportant  in su i tably large channel 

s izes,  they wi l l  become v i ta l  i n deca-nanometer dev ices wi th 

moderate doping concentrat ions.  

RDF is  proport ional  to dopant  densi ty  in the channel  reg ion of  the 

CMOS transistor  for  a certa in technology,  hence lower ing RDF 

Schemetic presentation for Figure 2.5 .  Appearance of RDF increases with 

reduction in size of semiconductor bulk. 
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can be accompl ished by lower ing dopant  densi ty . I f  the dopants 

were reduced to  zero,  the RDF would be e l iminated complete ly ;  

however,  the CMOS dev ice would no longer funct ion as a 

contro l led swi tch ing dev ice because the threshold vol tage would 

be zero.  Furthermore,  lower ing the dopant  densi ty  lowers the 

threshold vol tage,  increasing the dev ice's  s tat ic  power 

consumpt ion.  Methods for  on -chip measurement are becoming 

more important  as the number and complex i ty of  var iable dr ivers 

grows.Through s i l icon measurements,  both systemat ic  and 

random process f luctuat ions must  be meas ured and c lassi f ied.  

Var iab i l i ty  analys is  necessi tates the acquis i t ion of  a vast  amount  

of  data,  necessi tat ing test  s t ructures that  are smal l  in s ize and 

durat ion.  Thus,  for  a  given technology,  the CMOS device must be 

designed to funct ion at  the lowest  pos sible dopant  densi ty ,  

resul t ing in the lowest  RDF value,  and then a footer t ransistor  

must  be employed to restore the threshold vo l tage to the desired 

va lue in  order to decrease stat ic  power.  

 
2.3.1  CAUSES OF RDF EFFECT: 
 

The var ious causes of  random dopant  f luctuat ion ef fect  in nano 

scale t ransistors are:  

➢  Wafer- to-wafer var iance can be induced by changes in machine 

condi t ions over t ime in the product ion process.  

➢  Any on-wafer non-uni formity ,  such as temperature and gas f low,  

can induce wafer leve l  var iat ion.  T ime-dependent  l i thography 

exposures could potent ia l ly  be to blame.  
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➢  S ince pat tern exposure is  done die -by-die,  d ie  level  var iance is 

usual ly  caused by l i thography stages.  I t  can be induced by e i ther 

ret ic le imperfect ions or non- ideal i ty  in lens systems.  

➢  Layout  dependent  var iat ion,  l ike die leve l  var iat ion,  has a spat ia l  

per iod ic i ty ,  but  i t  d i f fers in that  i t  is  s igni f icant ly  connected wi th 

the layout  of  pat terns,  such as densi ty ,  d is tance f rom adjoin ing 

pat terns,  and so on.  Mechanica l  s t ress p at tern dependence and 

anneal ing temperature may a lso be the issue.  
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2.4 JUNCTIONLESS TRANSISTORS (JLT) 
 
Recent  advancements in semiconductor technology have g iven us 

the abi l i ty  to invest igate al ternate techniques for  producing 

t ransistors wi th the goal  of  lower ing their  s izes even more to 

increase t rans istor  densi ty  and increase thei r  performance.  

Tradi t ional  t ransistors re ly  on semiconductor junct ions,  which are 

created by doping atoms on a s i l icon substrate to create p - type 

and n- type areas.  When the d imens ions of  such t ransistors is 

reduced to the nanometer sca le,  the junct ions comes increas ingly 

near,  which becomes highly di f f icul t  due to the requirement  of  

ext remely large doping concentrat ion gradients.  Implement ing 

junct ion less t ransistors prov ides one of  the most  promis ing 

a l ternat ives to th is  problem. The f i rs t  junct ionless t rans istor  was 

manufactured in 2010,  and many others have been proposed and 

explored s ince then (such as FinFET, Gate -Al l -Around,  and Thin 

Fi lm).  Al though a l l  of  these semiconductor devices have 

junct ion less arch i tectures,  they d i f fer  when i t  comes to the 

impact  of  technological  parameters on their  e lectr ica l  behav ior  

and ef f ic iency.  

A junct ion less t ransistor  is  a wrap -around gate,  evenly doped 

nanowire wi th no junct ions.  Compared to a t rad i t ional  t ransistor 

compris ing of  junct ions,  junct ion less t ransistor  have less 

mobi l i ty  degradat ion wi th  gate vo l tage and temperature,  very low 

leakage currents and,  a near - ideal  sub threshold s lope.  
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2.4.1  DEVICE STRUCTURE OF JLT: 

The NPN and PNP notat ions for  b ipolar  devices and p -  and n- type 

FETs wi th sources and drains came f rom the regulat ion of  

e lectron f low across junct ions,  which gave r ise to the common 

NPN and PNP nomenclature for  b ipolar  devices and p -  and n- type 

FETs wi th  sources and drains. The current  in the device can be 

turned ON and OFF by contro l l ing the junct ion.  The propert ies 

and qual i ty  of  the t ransistor  are determined by the precise 

construct ion of  such a junct ion,  which is  a lso a major e lement  in 

the manufactur ing cost .  However,  as  a resul t  of  Moore 's  Law's 

pro jected recurr ing shr inkage,  leading-edge t rans istors are 

get t ing so smal l  that  t rad i t ional  t ransistor  layouts are becoming 

ext remely di f f icu l t  to fabr icate on chip.   

One of  the main purpose of  us ing a JLFET is  to reduce DIBL.  I t  is 

one of  the major  short  channel  ef fect  degrad ing the performance 

of  convent ional  MOSFET devices  wi th junct ions.  In DIBL, 

because of  the short  channel  length,  the drain  deplet ion region 

reaches the source deplet ion reg ion af ter  a g iven t ime interval ,  

lower ing the barr ier  potent ia l .  The st retch ing of  t he deplet ion 

reg ion f rom the drain  to the source in short  channel  device is  

known as punch through.   As a resul t ,  e lectrons moving f rom the 

source to the drain does not  have to overcome a large potent ia l  

barr ier ,  resul t ing in leakage current  through the de vice.  Even 

when VG S< V t h ,  the device remains ON due to the presence of  

th is  leakage current .  As a resul t ,  the gate loses control  of  the 

dra in current ,  increas ing the device 's  s tat ic  power diss ipat ion.  
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But in case of  JLFET, as no physica l  junct ions are present  wi th in 

the dev ice so the problem of  DIBL  is  e l iminated.  

The Li l ienf ie ld t ransistor ,  l ike modern metal  ox ide semiconductor 

(MOS) devices, is  a  f ie ld -ef fect  device.  A th in semiconductor f i lm 

is  put  on top of  a narrow insulator  layer,  which is  deposi t ed on 

top of  a meta l  e lect rode.  The device 's  gate is  made up of  the 

lat ter  meta l  e lectrode.  Through operat ion,  current  can f low in the 

res is tor  between two contact  e lectrodes,  s imi lar  to how dra in  

current  f lows in a convent ional  MOSFET between the source a nd 

dra in.  The Li l ienf ie ld device is  a s imple res is tor  in which the 

int roduct ion of  a gate vol tage causes the carr iers in the 

semiconductor layer to be depleted,  changing i ts  conduct iv i ty .  In 

an ideal  scenar io,  i t  should be feasib le  to deplete the 

semiconductor layer of  carr iers complete ly ,  resul t ing in a quas i -

inf in i te res is tance to the dev ice.  Unl ike a l l  other types of  

t ransistors,  the Li l ienf ie ld t rans istor  does not  have a junct ion. 

The word ' t ransistor '  is  a shortened form of  ' t rans -res is tor , '  which 

is  a so l id-state act ive dev ice that  controls  current  f low.  The 

L i l ienf ie ld t ransistor  is  a gated t rans -res is tor ,  which means i t 's  a 

res is tor  wi th a gate that  regulates carr ier  dens i ty  and therefore 

current  f low.  Li l ienf ie ld 's  t ransistor  would never have been a ble 

to construct  a work ing device because i t  is  the s implest  and f i rs t  

t rademarked t rans istor  s t ructure.  

A junct ionless nanowire gated res is tor  is  shown schemat ical ly  in 

f ig.  2.6 .   
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The absence of  a junct ion is  a s ign i f icant  benef i t .  Present 

t ransistors are so smal l  that  u l t ra -sharp doping concentrat ion 

gradients in junct ions are required:  general ly ,  doping must  swi tch 

f rom n-type wi th a concentrat ion of  1x10 1 9  cm - 3  to p- type wi th a 

concent rat ion of  1x10 1 8  cm - 3  in a mat ter  of  nanometres.  This 

p laces severe constraints on the thermal budget  of  the 

processing and necessi tat ing the development of  expens ive 

mi l l isecond anneal ing procedures.  The doping concent rat ion in 

the channel  of  a junct ionless gated res is tor ,  on the other hand,  is 

s imi lar  to  that  in the source and drain.  No d i f fus ion can occur 

s ince the gradient  of  doping concent rat ion between source and 

channel  or  dra in and channel  is  zero,  removing the requirement  

for  expensive u l t ra fast  anneal ing procedures and al lowing the 

fabr icat ion of  dev ices wi th shorter  channels.  Several  researchers 

have successfu l ly  explored the gated res is tor 's  operat ing 

pr inc ip le us ing s imulat ions.  

 

Figure 2.6 . Basic structure of the junctionless nanowire transistor. 
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2.4.2 OPERATION OF JLT: 

 
Increase the channel  doping concentrat ion above t radi t ional  

va lues to make a junct ion less t ransistor  wi th reasonable current  

dr ive.  The use of  doping levels considerably higher than 

10x18cm - 3  is  general ly  d iscouraged,  owing to the fact  that  bu lk 

e lectron mobi l i ty  drops below 100 cm 2V - 1s - 1  when the doping 

concent rat ion approaches above 10x19cm - 3 .  

In source and dra in,  as wel l  as source and drain extensions,  

doping concentrat ions of  10 1 9–102 0  cm - 3  are commonly employed, 

but  not  in device channels.  An n -channel  junct ionless t rans istor  

is  made up of  a s ingle piece of  N+ mater ia l  rather than the usual 

N+-P-N+ sandwich found in invers ion -mode ( IM) MOSFETs.  

The development of  a th in and narrow semiconductor layer that 

a l lows for  complete deplet ion of  carr iers when the device is  

turned of f  is  cr i t ical  to bu i ld ing a high -performance junct ionless 

t ransistor  (JLT).  To a l low for  a reasonable quant i ty  of  current  

f low when the device is  turned on,  the semiconductor must  be 

substant ia l ly  doped.  When these two restr ict ions are combined,  

nanoscale dimensions and large doping concent rat ions are 

required.  

The dev ice is  turned of f  by fu l l  deplet ion of  the channel  reg ion, 

rather than a reverse-biased junct ion,  as in a standard IM 

MOSFET. The work funct ion di f ference between the gate mater ia l  

and the doped s i l icon in the nanowire causes th is  deplet ion.  The 

energy-band d iagram for  an n -channel  JLT wi th  a P + polys i l icon 

gate e lectrode is  shown in f ig 2.7 .   
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When a posi t ive gate bias equal  to the work funct ion di f ference 

between the nanowire and the gate mater ia l  is  appl ied to the 

gate,  a f lat -band state is  achieved f ig 2.7a .  The dev ice is  turned 

on in that  s i tuat ion.  By construct ing surface accumulat ion 

channels,  a gate vol tage greater than V F B  wi l l  boost  current  dr ive. 

The channel  area is  completely  depleted when a zero gate b ias is 

appl ied f ig 2.7b .  

 

2.4.3 OPERATING MODES OF JLT: 

 
The JLT 's mechanics di f fer  s ign i f icant ly  f rom that  of  ordinary 

invers ion mode mult igate FETs.  Here,  we ' l l  look at  an n -channel  

device.The st rongly doped nanowire is  depleted,  resul t ing in  a 

s igni f icant  e lectr ic  f ie ld  perpendicu lar  to  current  f low below the 

threshold.  I f  quantum-mechanical  conf inement ef fects are 

ignored,  the elect r ic  f ie ld in the channel  area is  equal  to zero 

under f latband b ias c i rcumstances (V F B=0.5 V for  a  midgap metal  

gate and V F B=1V for  a P+ polys i l icon gate).  A surface 

accumulat ion layer wi th an accompany ing electr ic  f ie ld eventual ly  

Figure  2.7. Energy-band diagram for an n-channel JLT (a) in the ON state (when 

the device is in flat-band condition) and (b) in the OFF state (i.e. the channel 

region is completely depleted). 
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emerges at  h igher gate vol tages.  The electr ic  f ie ld in the channel  

perpendicu lar  to  the current  f low di rect ion resul ts  in a  decrease 

in channel  carr ier  mobi l i ty  in typ ical  IM devices.  The e lectron 

mobi l i ty  in the channel  of  an IM MOSFET can fa l l  be low 20 cm 2 /V 

s in the absence of  s t ra in -based mobi l i ty  enhancement,  

consider ing an equiva lent  gate ox ide th ickness (EOT) of  1 nm 

and VG= 1V. 

Due to the screening ef fect ,  the elect r ic  f ie ld in the channel  

perpendicu lar  to  the current  f low in a JLT is  ef fect ively  equal  to 

zero in the bulk of  the nanowire,  ensur ing va lues equal  to bulk 

mobi l i ty  or  greater.  In addi t ion,  the dev ice can be operated in a 

weak-accumulat ion mode.  Because of  the screening of  Coulomb 

scat ter ing centers by major i ty  carr iers,  the resul t ing mobi l i ty 

(bu lk + accumulat ion) can exceed textbook bulk mobi l i ty .  

In n-channel  junct ion less SOI MOSFETs wi th a channel  doping 

concent rat ion of  10x17 cm - 3  and an SOI body th ickness of  48 nm, 

the screening ef fect  was seen.  The mobi l i ty  of  bu lk MOSFETs 

was found to be greater than the universal  mobi l i ty ,  as 

determined by conductance and carr ier  concentrat ion 

(capac i tance) tests.  Because of  the screening ef fe ct ,  the mobi l i ty 

enhancement is at t r ibutable to an increase in mobi l i ty  in the SOI 

body above bulk mobi l i ty  levels,  rather than a greater mobi l i ty  in 

the accumulat ion layer.  For n -  and p- type doping concentrat ions 

of  10x18cm - 3 ,  screening ef fects were calcu lated using a t ight -

b inding method,  and t ransport  propert ies were calculated us ing a 

Landauer-But t iker/ funct ions Green's approach and the l inear ized 

Bol tzmann t ransport  equat ion in the f i rs t  Born approximat ion in 

GAA s i l icon nanowire t rans istors.  The mobi l i ty  of  e lectrons in 
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accumulat ion-mode nanowires is  substant ia l ly  h igher than in 

invers ion-mode devices,  accord ing to these est imates.  Acceptors 

act  as tunnel  barr iers for  e lectrons in IM nanowires,  but  carr iers  

in accumulat ion -mode devices regard impur i t ies as quantum 

wel ls ,  resul t ing in Fano resonances (resonant  scat ter ing 

phenomena)  in the t ransmission.  As a resul t ,  at  low carr ier  

densi ty ,  e lectron mobi l i ty  in phosphorus -doped nanowires is 

substant ia l ly  h igher than in boron -doped nanowires,  but  i t  can be 

h igher in boron-doped nanowires at  h igh carr ier  densi ty .  

Accord ing to these est imates,  mobi l i ty  r ises as the d iameter of  

the nanowire decreases,  whereas i t  remains constant  or  decl ines 

in IM devices.   

The operat ion of  invers ion -mode,  accumulat ion-mode,  and JLT 

devices is  compared in f ig 2.8 .   

 

 

 

The substrate in an n -channel  IM device is  p - type,  and the 

f latband vol tage,  V F B ,  is  much below the threshold value,  V T H .  

The s i l icon is  depleted in subthreshold operat ion,  which occurs 

Figure 2.8 . Current drive in (a) inversion-mode, (b) accumulation-mode  

and, (c) junctionless mode. 
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between VF  B  and V T  H .  The s i l icon surface is  s trongly inverted for 

VG>VT  H .  I t  should be emphasised that  i f  the s i l icon f i lm is  th in 

enough,  bulk (volume) invers ion can occur due to quantum 

conf inement phenomena.  The subst rate in an n -channel  

accumulat ion-mode device is  l ight ly  doped n - type.  Si l icon is  

depleted dur ing subthreshold operat ion.  When a sect ion of  the 

s i l icon becomes neutral  ( i .e.  no longer depleted),  the thre shold 

vo l tage is  at ta ined.  In th is  neutral  channel ,  a modest  bu lk current 

f lows.  When the ent i re s i l icon sheet  is  neutra l ,  a  somewhat 

greater gate vo l tage is  used to achieve f latband vo l tage.  The 

gadget  is  largely dra ined between V T H  and V F B .  Any addi t iona l  

r ise in gate vo l tage resul ts  in the format ion of  a surface 

accumulat ion layer.  

The substrate in an n -channel  junct ion less dev ice is  s t rongly 

doped n-type.  The s i l icon is  completely  depleted dur ing 

subthreshold operat ion.  When a sect ion of  the s i l icon bec omes 

neutral ,  the threshold vol tage is  at ta ined.  The device is  part ia l ly  

depleted at  th is  s tage.  Because the doping concent rat ion in  the 

channel  reg ion is  substant ia l ly  h igher,  the bulk current  f lowing in 

th is  neutral  channel  is  much b igger than the bulk c urrent  f lowing 

in the accumulat ion-mode device.  Deplet ion reduces as gate 

vo l tage r ises,  but  the diameter of  the neutra l  channel  expands.  

The ent i re channel  reg ion turns neutral  when the gate vol tage 

h i ts  f latband vo l tage (assuming low V D S ) .  The creat ion o f  an 

accumulat ion layer occurs as the gate vo l tage is  increased more.  

Because the t ransi t ion f rom bulk to  accumulat ion conduct ion is 

smooth in the I D (VG )  curve and i ts  der ivat ives,  f lat -band vo l tage 

is  d i f f icu l t  to obtain f rom current –vol tage character is t i cs in 

extensive ly doped accumulat ion -mode and junct ion less 
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t ransistors.  Instead,  because the t ransi t ion between deplet ion 

and accumulat ion is  c learer at  f latband,  the gate capac i tance can 

be used to detect  f latband.  The e lectron concent rat ion for  var ious 

operat ing modes is  i l lust rated in the f ig 2.9  below. 

 

 

 

 
 

 
 

2.4.4 COMPARISON WITH JUNCTION TRANSISTOR: 

 

In junct ionless t ransistors,  the electr ic  f ie ld perpendicular  to the 

current  f low is substant ia l ly  lower than in ord inary invers ion -

mode or accumulat ion -mode f ie ld -ef fect  t ransistors.  Because th is 

e lectr ic  f ie ld reduces invers ion channel  mobi l i ty  in meta l -ox ide 

semiconductor t ransistors,  junct ionless t rans istors may have a 

benef i t  in terms of  current  dr ive for  manometer -scale 

complementary metal -ox ide semiconductor  appl icat ions.  When 

Figure 2.9. Electron concentration  plots in an n-channel JLT. a: VD = 50 mV; b: 

VD = 200 mV; c: VD = 400 mV; d: VD = 600 mV. VG > VTH. Device parameters are: L = 

40 nm, Wsi = 20 nm, tsi = 10 nm, tox = 2 nm ND = 10x19 cm-3. 
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quantum conf inement is  present ,  th is  observat ion st i l l  ho lds t rue. 

A Junct ion t ransistor 's  large carr iers in the channel  region act  as  

a barr ier  to carr ier  scat ter ing,  but  a Junct ionless t rans istor  does 

not  have th is  problem, resul t ing in a  h igh current  dr ive.  The JL 

t ransistors have the advantage of  being s imple to fabr icate du e 

to the absence of  junct ion implantat ion and anneal ing;  thus,  a 

s imple process resul ts  in a lower cost .  For junct ion t rans istors,  

these advantages are hard to accompl ish.  Without  the so -cal led 

short -channel  ef fects (SCEs),  s tandard CMOS dev ices confront  a  

s lew of  chal lenges in achiev ing low -cost  mass manufacture.  The 

e lectr ic  f ie ld  of  a t ransistor  wi th  and wi thout  junct ion is  shown in 

the f ig 2.10 .  

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Comparison of electric field variation of transistors with 

junction and without junction. 

transistor. 
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2.5 CLASSIFICATION OF JLT: 
 
Deplet ion-based and tunnel -based JLTs are the two pr imary types 

of  junct ionless t ransistors.  The amount  of  current  that  passes 

through a deplet ion-based device is  usual ly  determined by the 

s ize of  the deplet ion reg ion,  which is  regulated by the appl ied 

gate vo l tage.  Band-to-band tunnel ing contro ls  the elect r ica l 

current  in tunnel -based devices (BTBT).  The mater ia l  composi t ion 

of  the channel ,  geometr ica l  shape,  and gate st ructure can al l  be 

used to c lassi fy  JLT categor ies.  A s ingle gate junct ionless 

t ransistor  cont ro ls  the current  through the device by a s ingle gate 

on the top of  the channel .  A Double Gate junct ion less t ransistor 

is  one that  has a second gate below the channel .  Thin Fi lm 

junct ion less t rans istors have a very th in channel  th ickness ( less 

than 10 nm) and do not  use monocrysta l l ine s i l icon as the 

channel  mater ia l .  A gate e lectrode that  completely  surrounds the 

t ransistor 's  channel ,  which might  be cy l indr ica l  or  rectangular ,  

d is t inguishes Gate-Al l -Around JLTs.  The transistor  channel  is  

ca l led junct ionless Nanowire when i t  has a tube -shaped 

nanostructure.  The electron ic device is  known as a junct ionless 

FinFET i f  i t  is  a f in -shaped t ransistor .  

 

2.5.1  SINGLE GATE JLT: 

 

As shown in f ig  2.11 ,  the s ingle gate JLT has two types of  

s t ructures:  bu lk and SOI.  Because the bulk s t ructure can be 

doped and biased,  i t  g ives you more cont rol  over the device 's  

character is t ics.  I t  is  possib le to improve the hot  carr ier  ef fect  and 

hence reduce the I o f f  current  by posi t ive ly  b ias ing the wel l  when 

us ing an n- type JLT wi th p - type bulk.  However,  by rais ing the 
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bulk bias,  the threshold vol tage can be reduced whi le  DIBL and 

SS are increased.  I f  the channel  length is  less than 20 nm, the 

degradat ion is  considerably more not iceable.  The I o f f  current  is 

decreased when the substrate doping concentrat ion is  h igh. 

Furthermore,  when compared to  SOI,  bulk junct ionless t ransistors 

have a lower ef fect ive th ickness;  for  example,  a bulk SGJLT wi th 

a physical  th ickness of  10 nm has an ef fect ive th icknes s of  5 nm 

due to the bui l t - in junct ion potent ia l .  The bulk SGJLT has bet ter  

analog performance than the SOI st ructure,  wi th  bet ter  output  

t ransconductance,  output  res is tance,  ear ly  vol tage,  and inherent 

gain.  The junct ionless t ransistors were shown to be m ore 

sensi t ive to  the 𝑇𝑠𝑖 𝑊𝑠𝑖⁄ rat io and to  of fer  a  lower I o n  when 

compared to  junct ion t ransistors.  The h ighly doped channel  is  

responsib le for  th is ,  as i t  increases the scat ter ing ef fect ,  l imi t ing 

mobi l i ty .  

 

 

 

 

 

 

Figure 2.11. Cross-sectional view of: (a) Single Gate junctionless transistor 

(SGJLT) with high-k spacers. (b) SGJLT with SELBOX. 
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2.5.2  DOUBLE GATE JLT: 

 

The st ructure of  a double gate junct ionless t ransistor  is  shown in 

the f ig 2.12 .   

 

 

Many models have been presented,  and the di f ferences between 

them are based on the approximat ions used in the der ivat ion and 

the ef fects examined.  Many models,  for  example,  ignore short  

channel  and quantum ef fects,  whi le others  are only val id for  a 

l imi ted range of  doping concent rat ions and device layer 

th icknesses.  Because quantum ef fects can impact  the threshold 

vo l tage,  they are cr i t ical .  Because the physica l  behaviour in the 

two operat ing regions d i f fers,  s imulat ing the t ransi t ion between 

the deplet ion and accumulat ion regions is  a major  chal lenge.  To 

minimize model  complexi ty ,  an approach ut i l iz ing high doping 

concent rat ion in  the dev ice layer  can be invest igated.  This 

assumpt ion enables for  easier  deplet ion width model ing or  the 

use of  var iable separat ion in the Poisson equat ion.  Double gate 

junct ion less t rans istors have a lower leakage current  than s ingle 

gate JLTs.  The st ructure of  double gate JLTs can fur ther be 

Figure  2.12. Cross-sectional view of a double gate junctionless transistor. 
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modif ied to reduce the leakage current  through the device.  The 

improved st ructure of  a double gate JLT is  i l lust rated in the f ig 

2.13  below. 

 

 

 

I t  can be found out  for  the above st ructure that  by implement ing a 

th icker  gate ox ide near the gate edges,  the energy bands of  the 

carr ier  under the gate are modi f ied as wel l  resul t ing in lower 

leakage current .  

 

2.5.3  TRI- GATE JLT or FINFET: 

 

A bulk junct ion less FinFET is  shown schemat ical ly  in f ig 2.14a .  

As shown in f ig 2.14b ,  the device can also be bui l t  on top of  an 

insulator  layer.  We cal l  i t  an SOI FinFET in that  c i rcumstance.  

The dimensions of  these t ransistors have a s igni f icant  ef fect o n 

the overal l  performance.  In bulk junct ionless FinFETs,  ra is ing the 

f in width (W) f rom 6 nm to 15 nm can resul t  in a 60 percent  and 

42 percent  change in DIBL and SS, respect ively ;  ad just ing the 

gate length (LG) f rom 12 nm to 21 nm can resul t  in a 52 perce nt  

Figure  2.13. Modified Double Gate junctionless transistor (DG JLT). The gate oxide 

is thicker near to the gate edges. 
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and 14 percent  change in DIBL and SS, respect ively .  In terms of  

analog performance,  var iat ions in f in height  (H) are more 

important  factor  of  considerat ion.  The junct ion less FinFET has a 

lower  I o f f  when compared to the invers ion mode dev ice.  In the 

OFF state,  th is  is  due to the low carr ier  concentrat ion and high 

e lectr ic  f ie ld in the middle of  the channel .  When compared to SOI 

FinFETs,  the bulk F inFET structure provides an addi t ional  des ign 

degree of  f reedom: changing the impur i ty  concent rat ion of  the 

substrate f rom 1x10 1 8  cm 3  to 1x10 1 9  cm 3  resu l ts  in a 30% 

var iat ion in the threshold vol tage.  Addi t ional ly,  i t  has a lower SS 

and DIBL.  I t  can be modeled us ing t rad i t ional  t r ip le gate (TG) 

st ructures f rom an analyt ical  s tandpoint .  

  

Figure 2.14. 3D TG JLFET or FinFET structure: (a) bulk, (b) SOI. 
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2.5.4  GATE-ALL-AROUND JLT or GAAFET: 

 

A model  of  a cyl indr ical  junct ion less Gate -Al l -Around t ransistor  is 

shown in Fig 2.15 .   

 

 

 

The dev ice is  d is t inguished by a channel  complete ly  enclosed by 

the gate,  as the name impl ies.  The complexi ty  of  the equat ions 

required to model  device behav ior  is  determined by the channel  

geometry.  The cross sect ional  v iew of  an gate al l  around JLFET 

is  shown in the f ig 2.16  below. 

 

 

 

 

 

 

Figure  2.15 . Three-dimensional (3D) structure of a cylindrical junctionless 

GAAFET. 

Figure 2.16 . Cross-sectional view of improved cylindrical GAAFET through 

addition of source and drain extensions 
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Because cy l indr ical  coord inates must  be provided,  the solut ions 

to  the Poisson equat ions become more compl icated.  GAAFETs 

wi th rectangular  channels have also been descr ibed,  a l though 

their  performance is  degraded due to corner ef fects.  The channel 

length is  a key factor  to consider when des ign ing GAAFETs.  The 

DIBL increases f rom 12 mV/V to 123 mV/V as the channel  length 

is  reduced f rom 40 nm to 16 nm, whi le the subthreshold s lope 

increases f rom 62 mV/dec to 82 mV/dec.  GAA JLFET can a lso 

have mult i  gate st ructure which are i l lust rated in the f ig 2.17  

below. 

Figure 2.17. 3D Structure of (a) dual gate single channel GAAFET, (b) dual 

gate dual channel GAAFET. 
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CHAPTER 3 

THRESHOLD VOLTAGE VARIATION IN TG JLFET DUE TO 

RDF 

 
In th is  chapter we wi l l  analyze the V t h  var iat ion in a TG JLFET 

due to random dopant  f luctuat ion ef fect .  Here we wi l l  consider 

two doping d ist r ibut ion prof i les;  the f i rs t  one wi l l  be Normal 

Dopant  Dist r ibut ion  and the second one wi l l  be Linear Dopant  

Dist r ibut ion .  

I t  is  a lso important  to note that  whenever we represent  any term  

in our  der ived equat ions  l ike W  or H ( in uppercase),  i t  represents 

f ixed value,  and whenever we represent  any term l ike w  or h ( in 

lowercase),  i t  is t reated as a  var iable.  

 

3.1 Analysis of TG - JLFET: 

From ref. [1] we get the surface potential (Φsurface) as, 

           Φsurface =  
𝑞𝑁𝑑

∈𝑠𝑖
 [

𝑊𝐻

2𝐻+𝑊
]2                             (3.1.1) 

where,  

q  = charge of  an electron = 1.6 x 10 - 1 9  C.  

N d  = Donor doping concentrat ion .  

∈𝑠𝑖 = permit t iv i ty  of  s i l icon . 

W  = width of  the s i l icon channel .  

H  =  height  of  the s i l icon channel .  
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So the flat band voltage(VFB) is given by, 

            VFB - VG - Φsurface = 
𝑄𝑆𝑖
𝐶𝑜𝑥

                             (3.1.2) 

where, 

VG  = Vol tage appl ied at  the gate terminal .  

𝑄𝑆𝑖  = Charges present  in the deplet ion reg ion.  

𝐶𝑜𝑥 = Gate oxide capaci tance.  

 

In the above equation, 

            Qsi = εsi.Esurface.(2H+W)                           (3.1.3) 

where,  

E s u r f a c e  = magni tude of  Elect r ic  f ie ld on the s i l icon surface which 

is  re lated to the surface potent ia l  as,  

      

 Esurface = √
(q. Nd. Φsurface)

∈𝑠𝑖
⁄                         (3.1.4) 

 
At threshold vol tage condi t ion,   

                          VG = VTH                                     (3.1.5) 

 

Using eqns.  (3.1.1)  to (3.1.5)  we get ,  the threshold vol tage as,  

        VTH = VFB – qNd [ 
𝑊𝐻

𝐶𝑜𝑥
+ 

1

∈𝑠𝑖
[

𝑊𝐻

2𝐻+𝑊
]2]                    (3.1.6) 

 

Eqn 3.1.6  represents the expression of  threshold vo l tage for  a 

l inear JLFET.  
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Effect of Random Dopant Fluctuation: 

In eqn.  (3.1.6)  the dev ice doping is  considered to be random but  

uni form i .e.  i t  is  not  vary ing a long the dimensions of  the device.   

But  in my assumpt ions I  have considered the doping to be 

vary ing wi th the d i f ferent  d imensions of  the device so,  we 

consider two cases as def ined below: 

3.2: Nd is varying along channel width of TG - JLFET 

So here N d  is  rep laced by N d (w) as i t  is  vary ing wi th w idth and we 

modi fy  eqn.  (3.1.6)  as,  

 VTH = VFB – qNd(w)[ 
𝑤𝐻

𝐶𝑜𝑥
+ 

1

∈𝑠𝑖
[

𝑤𝐻

2𝐻+𝑤
]2]               (3.1.7) 

 

Modifying the name of constants in eqn (3.1.7) we get 

VTH = VFB – Nd(w)[ Z1(wH)+ Z2[
𝑤𝐻

2𝐻+𝑤
]2]             (3.1.8) 

where,  

the constants Z1 and Z2 are represented as, 

Z1 = 
𝑞

𝐶𝑜𝑥
⁄  

Z2 = 
𝑞

∈𝑠𝑖
⁄  

 

Now differentiating eqn. (3.1.8) with respect to w we get, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = 0 – dNd(w)[Z1.H + Z2{2(

𝑤𝐻

2𝐻+𝑤
).(

𝐻(2𝐻+𝑤) − 𝑤𝐻

(2𝐻+𝑤)2 )}] 

or,  
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𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – dNd(w)[Z1.H + Z2{2(

𝑤𝐻

2𝐻+𝑤
).(

2(𝐻.𝐻)+𝑤𝐻 − 𝑤𝐻

(2𝐻+𝑤)2 )}] 

 
or,  

𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – dNd(w)[Z1.H + Z2{2(

𝑤𝐻

2𝐻+𝑤
).(

2𝐻2

(2𝐻+𝑤)2)}] 

or,  

     
𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – dNd(w)[Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}]                    (3.1.9) 

 

Again from ref.[2] we get, 

 

          dNd(w) = 
Nd(𝑤)

𝑤.𝐿𝑔
 δ(w – w1)                           (3.1.10) 

 

where,  

 
L g  = ef fect ive gate length ≈ channel  length  

w 1  = va lue of  the width at  which the rate of  f luctuat ion doping 

concent rat ion is  maximum and L g  is  the gate length of  the device 

(here we have assumed ef fect ive channel  length is  equal  to the 

gate length of  the dev ice).  But  in our case we are much more 

interested in  checking the magni tude of  var iat ion rather than the 

shape of  var iat ion so we ignore δ(w –  w 1 )  in our usage.  

δ(w)  = del ta di rac funct ion  dependent  on var iab le w .  
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A . Normal Dopant Variation Profile: 

 
For a normal  doping  d is t r ibut ion prof i le we consider  the doping 

concent rat ion vary ing wi th the d imens ions of  the JLFET as,  

                                 Nd(v) = Ndoexp( - 
𝒗𝟐

𝟐
 )                       (3.1.11) 

 

where, 

Nd  = is  the donor  concentra t ion  dependent  on var iab le  v  a long 

which the concentrat ion  o f  dopant  a toms are  assumed to be 

vary ing.  I t  can be the wid th  (w )  or  the  Height  (h )  o f  the TG – JLFET 

or  radius  ( r )  o f  the  cy l indr ica l  JLFET.  

Nd o  =  represents N d  at  v  = 0 .  

 

The doping prof i le vary ing wi th t ransistor  d imens ion  is  shown in 

the f ig 3.1  below:  

 

 

 

 

 

 

 

 

 
Figure 3.1  Normal dopant distribution along the dimensions. 
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I t  is  importatant  to note that  we have considered the peak dopant  

concent rat ion in  nm - 3  to match the dimensions on both the axes, 

which is  approximately  equal  to N d o  = 0.0125 nm - 3  =  1.125 x101 9  

cm - 3 .  

Now using eqns. (3.1.11) and (3.1.10) in eqn. (3.1.9) we get, 

    

𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – 

Ndoexp( − 
𝑤2

2
 )

𝑤.𝐿𝑔
 [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}]                  (3.1.12) 

 

Eqn. 3.1.12 represents the expression var iat ion of  threshold 

vo l tage (V t h )  wi th  the channel  width(w )  in TG JLFET for  normal  

dopant  d is t r ibut ion.  

 
B . Linear Dopant Variation Profile: 

 

For a l inear doping  d is t r ibut ion prof i le we consider the doping 

concent rat ion vary ing wi th the d imens ions of  the JLFET as,  

                                        

                               Nd(v) = m.v - Ndo                                  (3.1.13) 

 

where,   

Nd  = is  the donor concentrat ion dependent  on var iable v  a long 

which the concentrat ion of  dopant  atoms are assumed to be 

vary ing.  I t  can be the width (w )  or  the Height  (h )  of  the TG – 

JLFET or radius ( r )  of  the cy l indr ica l  JLFET.  

m  =  s lope of  var iat ion of  doping prof i le w i th a part icu lar 

concerned dimens ion.  
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From eqn.  (3.1.13) ,  when the doping prof i le is  vary ing along the 

width(w) of  the TG – JLFET ,   we get ,  

                Nd(w) = Ndo - (
𝑁𝑑𝑜

𝑊𝑚𝑎𝑥
).w                    (3.1.14) 

 

where,  

Nd o  = N d   at  w = 0 ,  

m  = (
𝑁𝑑𝑜

𝑊𝑚𝑎𝑥
)  is  the s lope of  the doping prof i le wi th channel  width 

which can be ca lculated eas i ly  f rom the f ig 3.2 .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2  Linear dopant distribution along the channel width(w). 
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and,   

Wm a x  = the maximum width we have considered for  a TG – JLFET.  

Using eqn. (3.1.14) in eqn (3.1.10) , we get,  

               dNd(w) = 
  Ndo − (

𝑁𝑑𝑜
𝑊𝑚𝑎𝑥

).w

𝑤.𝐿𝑔
 δ(w – w1)                    (3.1.15) 

 
Using eqn. 3.1.15 in eqn 3.1.9 , we get, 

   
𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – [

 Ndo − (
𝑁𝑑𝑜

𝑊𝑚𝑎𝑥
).w

𝑤.𝐿𝑔
] [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}]                   

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 =   

  (
𝑁𝑑𝑜

𝑊𝑚𝑎𝑥
).w − Ndo

𝑤.𝐿𝑔
 [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}] 

 
or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = - [Ndo 

𝑤.𝐿𝑔
 [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3
)}]] + [

 (
𝑁𝑑𝑜

𝑊𝑚𝑎𝑥
).w

𝑤.𝐿𝑔
 [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3
)}]] 

 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = - 

𝑁𝑑𝑜

𝐿𝑔
 [

1 

𝑤
 [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}] + 
 1

𝑊𝑚𝑎𝑥
 [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}]] 

 

or, 

 𝑑𝑉𝑇𝐻

𝑑𝑤
 = 

𝑁𝑑𝑜

𝐿𝑔
.[ 

 1

𝑊𝑚𝑎𝑥
 - 

1 

𝑤
]. [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}]           (3.1.16) 

 



 

39 

Eqn. 3.1.16 represents the expression var iat ion of  threshold 

vo l tage (V t h )  wi th the channel  width (w )  in TG JLFET for  l inear 

dopant  d is t r ibut ion .  

 

3.3 : Nd is varying along channel height of TG - JLFET 

 

So here N d  is  rep laced by N d (h)  as i t  is  vary ing wi th he ight  and 

we modi fy  eqn.  (3.1.6)  as,  

  VTH = VFB – qNd(h)[ 
𝑊ℎ

𝐶𝑜𝑥
+ 

1

∈𝑠𝑖
[

𝑊ℎ

2ℎ+𝑊
]2]               (3.1.17) 

 

Modifying the name of constants in eqn 3.1.17 we get 

VTH = VFB – Nd(h)[ Z1(W.h)+ Z2[
𝑊ℎ

2ℎ+𝑊
]2]             (3.1.18) 

 
Now differentiating eqn. (3.1.17) with respect to h we get, 

 

𝑑𝑉𝑇𝐻

𝑑ℎ
 = 0 – dNd(h)[Z1.W + Z2{2(

𝑊ℎ

2ℎ+𝑊
).(

𝑊(2ℎ+𝑊) − 2𝑊ℎ

(2ℎ+𝑊)2 )}] 

or,  

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – dNd(h)[Z1.W + Z2{2(

𝑊ℎ

2ℎ+𝑊
).(

2𝑊ℎ+(𝑊.𝑊) − 2𝑊ℎ

(2ℎ+𝑊)2 )}] 

or,  

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – dNd(h)[Z1.W + Z2{2(

𝑊ℎ

2ℎ+𝑊
).(

𝑊2

(2ℎ+𝑊)2)}] 

or,  

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – dNd(h)[Z1.W + Z2{

2ℎ𝑊3

(2ℎ+𝑊)3}]                  (3.1.19) 
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Again from ref. [2] we get, 

dNd(h) = 
Nd(h)

𝑊.𝐿𝑔
 δ(h – h1)                          (3.1.20) 

 

where, 

h 1  =  the value of  the height  at  which the rate of  f luctuat ion 

doping concentrat ion is  maximum  

L g  = ef fect ive gate length of  the device (here we have assumed 

ef fect ive channel  length is  equal  to the gate length of  the 

device).   

In our case we are much more interested in checking the 

magni tude of  var iat ion rather than the shape of  var iat ion so we 

ignore δ(h –  h 1 )  in our usage.  

 
A . Normal Dopant Variation Profile: 

 
Using eqns. (3.1.11)  and (3.1.20) in eqn. (3.1.19) we get, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – 

Ndoexp( − 
ℎ2

2
 )

𝑊.𝐿𝑔
 [Z1.W + Z2{ (

2𝐻𝑊3

(2𝐻+𝑊)3)}]                  (3.1.21) 

 
Simplifying further in eqn. (3.1.21) we get, 

 

   
𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – 

Ndoexp( − 
ℎ2

2
 )

𝐿𝑔
 [Z1 + Z2{ 

2ℎ𝑊2

(2ℎ+𝑊)3 }]                           (3.1.22) 

Eqn.  3.1.22 represents the expression var iat ion of  threshold 

vo l tage (V t h )  wi th the channel  height  (h )  in TG JLFET for  normal 

dopant  d is t r ibut ion.  
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B . Linear Dopant Variation Profile: 

 
From eqn. (3.1.18) and (3.1.19) we get, 

𝑑𝑉𝑇𝐻

𝑑ℎ
  =  – dNd(h)[Z1.W + Z2.{

2ℎ𝑊3

(2ℎ+𝑊)3}]                  (3.1.18) 

and, 

          dNd(h) = 
Nd(h)

𝑊.𝐿𝑔
 δ(h – h1)                           (3.1.19) 

From eqn.  (3.1.13),  when the doping prof i le is  vary ing along the 

height(h)  of  the TG – JLFET ,   we get ,  

                        Nd(h) = Ndo - (
𝑁𝑑𝑜

𝐻𝑚𝑎𝑥
).h                                (3.1.23) 

where,  

 Ndo = N d   at  h = 0 .  

 

 

 

 

 

 

 

 

 

 

Figure 3.3  Linear dopant distribution along the channel height(h). 
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m  = (
𝑁𝑑𝑜

𝐻𝑚𝑎𝑥
) ,  is  the s lope of  the doping prof i le wi th channel  height  

which can be ca lculated eas i ly  f rom the f ig 3.3 .  

 
Hm a x  = the maximum height  we have considered for  a TG – 

JLFET.  

 

Using eqn. (3.1.23) in eqn (3.1.19) , we get, 

       dNd(h) = 
N do− (

𝑁𝑑𝑜
𝐻𝑚𝑎𝑥

).ℎ

𝑊.𝐿𝑔
 δ(h – h1)                        (3.1.24) 

Using eqn. (3.1.24) in eqn (3.1.18) , we get, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – [

N do− (
𝑁𝑑𝑜

𝐻𝑚𝑎𝑥
).ℎ

𝑊.𝐿𝑔
].[Z1.W + Z2.{

2ℎ𝑊3

(2ℎ+𝑊)3}]           

or, 

      
𝑑𝑉𝑇𝐻

𝑑ℎ
 = [

  (
𝑁𝑑𝑜

𝐻𝑚𝑎𝑥
).h − N do

𝑊.𝐿𝑔
].[Z1.W + Z2.{

2ℎ𝑊3

(2ℎ+𝑊)3}]             

 
Canceling out “W” from numerator and denominator, we get, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 = [

 (
𝑁𝑑𝑜

𝐻𝑚𝑎𝑥
).h − N do 

𝐿𝑔
].[Z1 + Z2.{

2ℎ𝑊2

(2ℎ+𝑊)3}] 

or, 

     
𝑑𝑉𝑇𝐻

𝑑ℎ
 =  

N do 

𝐿𝑔
.[ 

ℎ

𝐻𝑚𝑎𝑥
 −  1].[Z1 + Z2.{

2ℎ𝑊2

(2ℎ+𝑊)3}]             (3.1.25) 

 

Eqn.  3.1.25 represents the expression var iat ion of  threshold 

vo l tage (V t h )  with the channel  height  (h )  in TG JLFET for  l inear  

dopant  d is t r ibut ion.  
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3.4  VALIDATION OF OUR PROPOSED MODEL: 

 
To proceed fur ther wi th the problem addressed in the present  

d issertat ion,  we prefer  to check the val id i ty  of  ou proposed model  

wi th the resul ts  avai lab le in l i terature.  

To ver i fy  our  proposed model ,  we compare i ts  threshold vol tage 

var iat ion wi th the threshold vo l tage var iat ion of  the refer ence 

model  ment ioned in Gnudi et .  al .  [2] .  

 

 

 
Fig.  3.4  ind icates  that  the threshold vo l tage var iat ions in our 

proposed models becomes a lmost  ident ica l  to those in the 

reference model .  I t  thus val idates  our proposed model  and 

related resul ts  which wi l l  be appl ied in subsequent  sect ions .  

Figure 3.4 Comparison of Vth variation in both Linear JLFET and Cylindrical 

JLFET as per Gnudi et. al. 
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I t  is  a lso important  to note one th ing the the reference model  is 

of  DGJLFET whereas the proposed model  is  of  TGJLFET so the 

short  channel  length V t h  var iat ion of  our proposed model  wi l l  be 

s l ight ly  less than reference mode l ,  which is  a lso ev ident  f rom our 

graph at  gate length (Lg )  = 20nm .  However,  in  the cases of  long 

channel  dev ices,  a l l  these st ructures wi l l  behave ident ical ly,  as 

the JLFET structures  got  modi f ied to sui t  bet ter  in case of  short  

channel  lengths which is  or  main area of  concern.  Here to 

determine the above resul t ,  we have considered radius ( r )  of  

cy l indr ica l  JLFET  to  be 10nm .  

As the channel length in our refe rence paper is considered to be 

very large value so we can observe fom the plot  that V t h  variat ion 

of a l l  the devices( both referred device as wel l  as proposed 

device) gets ovelapped with each other because for a longer 

channel,  a l l  the devices wi l l  behave ident ical ly because in that 

case the effect of  RDF is  negl ig ib le.  The actual di f ference is 

observed in the when we reduce the channel length as i l lustrated 

in f ig.  3.5 .   
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Figure 3.5  Vth  variation observed for very short channel length 

between proposed model and reference model on basis of eqn. 

appeared in [2]. 
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3.5 Results and Discussion: 

To determine the resul ts  for  V t h  var iat ion in a TG JLFET,  we wi l l  

consider Lg  and w  to be vary ing f rom  3nm to 22nm and h  to be 

vary ing f rom 2.3nm to 16 nm. Here va lue of  Wm a x  and Hm a x  are 

considered to be 22nm and 16 nm respect ively .  

A . For Normal Dopant Distribution: 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.6  Vth  variation with gate length for normal doping profile. 
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Figure 3.7  Vth  variation with channel width for normal doping profile. 

. 

Figure 3.8  Vth  variation with channel height for normal doping profile. 

. 
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Fig 3.6  shows the p lot  of  V t h  var iat ion wi th the gate length(Lg )  

due to RDF effect  for  normal dopant  d is t r ibut ion .  I t  is  qui te 

ev ident  f rom the above p lot  that  i f  we  reduce Lg  i .e.  for  a short  

channel  dev ice,  the var iat ion of  V t h  increases rapidly  compared to 

when Lg  is  of  h igh va lue.  This is  due to the fact  that  f luctuat ion of 

dopant   atoms is  more  prominent  in a smal ler  device than a 

larger device.  

 

Fig 3.7  and f ig.  3.8  i l lust rates  the plot  of  V t h  var iat ion wi th the 

channel  width(w )   and channel  height(h )  due to RDF ef fect  for  

normal dopant  d is t r ibut ion  respect ive ly .  The reason for  rap id 

increment of  V t h   wi th reduced w  and h  is  same as explained in  

case of  gate length.  
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B . For Linear Dopant Distribution: 

 

 

 

  

Figure 3.10  Vth  variation with channel width for linear doping profile. 

. 

Figure 3.9  Vth  variation with gate length for linear doping profile. 
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Fig 3.9,  f ig 3.10  and f ig.  3.11  i l lust rates  the plot  of  V t h  var iat ion 

wi th the gate length(L g ) ,  channel  width(w )   and channel  height(h )  

respect ively  due to RDF ef fect .  In th is  case,  instead of 

consider ing normal dopant  d is t r ibut ion,  we have considered 

l inear  dopant  d is t r ibut ion.  Here a lso the V t h  var ies rapidly  for 

smal ler  channel  d imensions because of  increasing nature of  RDF 

ef fect  wi th reduced channel  s ize.  However,  the rate of  increment 

of  V t h  in l inear dopant  d is t r ibut ion is  less compared to a normal 

dopant  d is t r ibut ion.  

 

  

Figure 3.11  Vth  variation with channel height for linear doping profile. 

. 
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3.6 Conclusion: 

This chapter deals w i th the performance analys is  of  TG JLFET 

under RDF ef fect .  Here,  the var iat ion of  V t h   wi th var ious channel 

d imens ions such as Lg ,  w  and h  are invest igated.  I t  g ives the 

c lear idea about  how the TG JLFET wi l l  behave dur ing operat ion 

under the inf luence of  random dopant  f luctuat ion ef fect .
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CHAPTER 4 

THRESHOLD VOLTAGE VARIATION IN CYLINDRICAL 

JLFET  DUE  TO  RDF 

 

In th is  chapter we wi l l  analyze the V t h  var iat ion in a cy l indr ical  

JLFET due to random dopant f luctuat ion ef fect .  Here we wi l l  

consider two doping dis t r ibut ion prof i les;  the f i rs t  one wi l l  be 

normal doping dis t r ibut ion and the second one wi l l  be l inear 

doping dis t r ibut ion.  

I t  is  a lso important  to note that  whenever we represent  radius of  

cy l indr ica l  JLFET in our  der ived equat ions l ike R ( in uppercase),  i t  

represents constant  value,  and whenever we represent  radius l ike 

r ( in lowercase),  i t  is  t reated as a var iab le.  

In th is  case we wi l l  design our proposed device i .e.  the 

cy l indr ica l  JLFET by t ransforming the l inear co -ordinates of  TG - 

JLFET into cy l indr ica l  co -ord inates.  The model  of  cy l indr ica l  

JLFET which we have assumed is  shown in f ig 4.1,  

 

Figure 4.1 Proposed model of Cylindrical JLFET. 
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4.1 Analysis of Cylindrical JLFET: 

 
From eqn. 3.1.6 , we get, 

VTH = VFB – qNd[ 
𝑊𝐻

𝐶𝑜𝑥
 + 

1

∈𝑠𝑖
[

𝑊𝐻

2𝐻+𝑊
]2] 

 
Writ ing the above eqn.  in terms of  area of  cross sect ion( A )  and 

gate per imeter(P )  of  the device as wel l  as constants Z 1  and Z2  we 

get ,  

         VTH = VFB – Nd [Z1.A + Z2.[
𝐴

𝑃
]2]                (4.1.1) 

 
where, 

A = W.H , 

P = (2H+W) 

 

Again we know that  in cy l indr ica l  JLFET, radius( r )  of  JLFET can 

be wr i t ten in terms of  W and H as,   

                     r = √𝑤2 + ℎ2                           (4.1.2) 

 

Since when we t ransform f rom l inear co -ordinates into cy l indr ica l  

co-ordinates we get ,  

            W = r.cos𝛷          and           H = r.sin𝛷             (4.1.3) 

 

Using eqns. (4.1.2) and (4.1.3) , we get, 

𝛷 =  𝑐𝑜𝑠−1(𝑊 √𝑊2 + 𝐻2⁄ ) =  𝑠𝑖𝑛−1(𝐻 √𝑊2 + 𝐻2⁄ )      (4.1.4) 
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Also for  a cy l indr ica l  JLFET, area of  cross sect ion( A )  and gate 

per imeter(P )  are given by,  

𝐴 = 𝜋𝑟2 

                                     P = 2𝜋r                            (4.1.5) 

 

Using eqns. (4.1.4) and (4.1.5) in (4.1.1) , we get, 

VTH = VFB – Nd [Z1. (𝜋𝑟2)+ Z2.[
𝜋𝑟2

2𝜋r
]2] 

 
Simplifying the above eqn. , we get, 

            VTH = VFB – Nd [Z1. (𝜋𝑟2) + Z2.(
r

2
)2]             (4.1.6) 

4.1.1 : Nd is varying along the radius (r) of Cylindrical JLFET 

 
So here N d  is  rep laced by N d ( r )  as i t  is  vary ing wi th radius and 

we modi fy  eqn.  (4.1.6)  as,  

     VTH = VFB – Nd(r)[Z1. (𝜋𝑟2) + Z2.(
r2

4
)]               (4.1.7) 

 
Now di f ferent iat ing eqn.  (4.1.7)  wi th respect  to r  we get ,  

𝑑𝑉𝑇𝐻

𝑑𝑟
 = 0 – dNd(r)[Z1.( 2𝜋r) + Z2.(

r

2
)] 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – dNd(r)[Z1.( 2𝜋) + Z2.(

1

2
)].r 
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or, 

             
 𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – dNd(r)[Z3+ Z4].r                      (4.1.8) 

where,  

Z3 = (2𝜋).Z1 

and,                                         Z4 = 
𝑍2

2⁄  

 

Again f rom ref .  [2]  we get ,  

              dNd(r) = 
Nd(r)

2𝜋r.𝐿𝑔
δ(r – r1)                         (4.1.9) 

where,  

r1  = the value of  the radius at  which the rate of  f luctuat ion doping 

concent rat ion is  maximum.  

Lg  = the gate length of  the device (here we have assumed 

ef fect ive channel  length is  equal  to the gate length of  the 

device).  But  in our case we are much more interested in checking 

the magni tude of  var iat ion rather than the shape of  var iat ion so 

we ignore δ(r  – r 1 )  in our usage.  
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A . Normal Dopant Distribution: 

 
Refer ing f rom chapter 3.1.1(a),  we get ,  

Using eqns.  (3.1.11)  and (4.1.9)  in eqn.  (4.1.8)  we get ,  

                          
𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – 

Ndoexp( −
𝑟2

2
)

(2𝜋r).𝐿𝑔
[Z3+ Z4].r                 (4.1.10) 

 
Using eqn. (4.1.2) in eqn. (4.1.10) we get, 

 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – 

Ndoexp( −
𝑤2 + h2

2
)

(2𝜋).𝐿𝑔
[Z3+ Z4]            (4.1.11) 

 
The above expression i .e.  eqn.  (4.1.11)  gives the rate of  change 

of  VT H  wi th  respect  to the rad ius( r )  of  the cy l indr ical  MOSFET in 

terms of  width(w )  and height  (h )  of  the TG JLFET. This 

expression is  important  because us ing i t  we can compare the 

performance analys is  of  the above devices under random dopant 

f luctuat ion ef fect  for  smal ler  d imens ions by s imply vary ing the 

height  and width of  both the junct ion less t ransistors.  

From eqn. (4.1.2), we get, 

r = √𝑤2 + ℎ2 

or, 

𝑑𝑟

𝑑𝑤
 = 

𝑤

√𝑤2+𝐻2
 

and,                                      
𝑑𝑟

𝑑ℎ
 = 

ℎ

√𝑊2+ℎ2
                   (4.1.12) 
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Again from chain rule of differential calculus, we know that, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = 

𝑑𝑉𝑇𝐻

𝑑𝑟
 . 

𝑑𝑟

𝑑𝑤
 

 
So we get for an cylindrical JLFET as, 

 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = – 

Ndoexp( −
𝑤2 + H2

2
)

(2𝜋).𝐿𝑔
[Z3+ Z4] .

𝑤

√𝑤2+𝐻2
         (4.1.13) 

 

Eqn. 4.1.13 represents the expression var iat ion of  threshold 

vo l tage (V t h )  wi th  respect  to  channel  width(w )  in cy l indr ical  

JLFET for  normal  dopant  d is t r ibut ion.  

Similarly we get,  

𝑑𝑉𝑇𝐻

𝑑ℎ
 = 

𝑑𝑉𝑇𝐻

𝑑𝑟
 . 

𝑑𝑟

𝑑ℎ
 

 
So we get for an cylindrical JLFET as, 

 

     
𝑑𝑉𝑇𝐻

𝑑ℎ
 = – 

Ndoexp( −
𝑊2 + h2

2
)

(2𝜋).𝐿𝑔
[Z3+ Z4] .

ℎ

√𝑊2+ℎ2
             (4.1.14) 

 

 
Eqn.  4.1.14 represents the expression var iat ion of  threshold 

vo l tage (V t h )  wi th  respect  to  channel  he ight (h )  in cy l indr ica l  

JLFET for  normal  dopant  d is t r ibut ion.  
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Using eqns.  (3.1.12) ,  (3.1.22) ,  (4.1.13) and (4.1.14) we plot  the 

graphs to show the performance analys is  of  TG -JLFET & 

Cyl indr ica l  JLFET for  normal doping prof i le var iat ion.  

 
B . Linear Dopant Distribution: 

 

From eqn. (4.1.8) and (4.1.9) we get, 

 

          
𝑑𝑉𝑇𝐻

𝑑𝑟
=  – dNd(r)[Z3+ Z4].r                   (4.1.8) 

and, 

        dNd(r) = 
Nd(r)

2𝜋r.𝐿𝑔
δ(r – r1)                            (4.1.9) 

From eqn.  (3.1.13),  when the doping prof i le is  vary ing along the 

rad ius ( r )  of  the cy l indr ica l  JLFET ,   we get ,  

     Nd(r) = (
𝑁𝑑𝑜

𝑅𝑚𝑎𝑥
).r - Ndo                     (4.1.15) 

Using eqn.  (4.1.2) ,  and t ransforming cy l indr ical  into l inear co -

ord inates,  we get ,  

Rmax = √𝑊𝑚𝑎𝑥
2 + 𝐻𝑚𝑎𝑥

2                   (4.1.16) 

where, 

Rmax = maximum possib le radius of  cy l indr ica l  JLFET . 

 

Using eqn.  (4.1.16) ,  in eqn.  (4.1.15)  ,  we get ,  

        Nd(r) = (
𝑁𝑑𝑜

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
).r - Ndo                               (4.1.17) 
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Using eqn.  (4.1.17),  in eqn.  (4.1.9)  ,  we get ,  

          dNd(r) = 

(
𝑁𝑑𝑜

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
).r − Ndo

2𝜋r.𝐿𝑔
δ(r – r1)             (4.1.18) 

 
Using eqn.  (4.1.18) ,  in eqn.  (4.1.8)  ,  we get ,  

 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – [

(
𝑁𝑑𝑜

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
).r − Ndo

2𝜋r.𝐿𝑔
].[Z3+ Z4].r            (4.1.19) 

 
or, 

𝑑𝑉𝑇𝐻

𝑑𝑟
 = [

𝑁𝑑𝑜 − (
𝑁𝑑𝑜

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
).r

2𝜋.𝐿𝑔
].[Z3+ Z4] 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑟
=  [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
] [1 −  (

r

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)].[Z3+ Z4] 

Using eqn. (4.1.2),  in above eqn. ,  we get,  

𝑑𝑉𝑇𝐻

𝑑𝑟
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
].[Z3+ Z4].[1 −  (

√𝒘𝟐+𝒉𝟐

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)]             (4.1.20) 

 

The above expression i .e.  eqn. (4.1.20)  give the rate of  change 

of  VT H  wi th respect  to the radius( r )  of  the cy l indr ical  JLFET in  

terms of  width(w )  and height  (h )  of  the TG JLFET when the 

doping prof i le var iat ion is  l inear.This expression is  important  

because using i t  we can compare the performance analys is  of  the 
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above devices under random dopant  f luctuat ion ef fect  for  smal ler 

d imens ions by s imply vary ing the height  and width of  both the 

junct ion less t rans istors.  

 
S imi lar ly  so lv ing l ike eqns.  (4.1.13)  and (4.1.14)  ,  we get ,  

𝑑𝑉𝑇𝐻

𝑑𝑤
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
].[Z3+ Z4].[1 −  (

√𝒘𝟐+𝑯𝟐

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)] . 

𝑤

√𝑤2+𝐻2
 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
].[Z3+ Z4].[

𝑤

√𝑤2+𝐻2
 −  (

𝒘

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)]       (4.1.21) 

 

Eqn. 4.1.21 represents the expression var iat ion of  threshold 

vo l tage (V t h )  wi th  respect  to  channel  width(w )  in cy l indr ical  

JLFET for  normal  dopant  d is t r ibut ion.  

Again we get ,   

𝑑𝑉𝑇𝐻

𝑑ℎ
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
].[Z3+ Z4].[1 −  (

√𝑾𝟐+𝒉𝟐

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)] . 

ℎ

√𝑊2+ℎ2
 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
].[Z3+ Z4].[

ℎ

√𝑊2+ℎ2
 −  (

𝒉

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)] 

(4.1.22) 
 
Eqn. 4.1.22 represents the expression var iat ion of  threshold 

vo l tage (V t h )  wi th  respect  to  channel  he ight (h )  in cy l indr ica l  

JLFET for  normal  dopant  d is t r ibut ion.  
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Using eqns.  (4.1.13) , (3.1.25) ,  (4.1.21)  and (4.1.22)  we p lot  the 

graphs to show the performance analys is  of  TG -JLFET & 

Cyl indr ica l  JLFET for  l inear doping prof i le var iat ion.  

 

4.2 Results and Discussion: 

A . For Normal Dopant Distribution: 

 

 

 

 

 

 

  

Figure 4.2 Vth  variation with gate length for normal doping profile. 
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Figure 4.3 Vth  variation with channel width for normal doping profile. 

. 

Figure 4.4 Vth  variation with channel height for normal doping profile. 

. 
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Fig 4.2,  f ig 4.3,  and f ig 4.4,  shows the plot  of  V t h  var iat ion in 

cy l indr ica l  JLFET with the gate length(Lg ) ,  channel  width (w )  and 

channel  he ight (h )  respect ive ly  due to RDF ef fect  for  normal 

dopant  d is t r ibut ion .  I t  is  ev ident  f rom the above plot  that  i f  we 

are reducing Lg ,  w and  h  i .e.  for  a short  channel  the var iat ion of  

V t h  is  more compared to  when Lg ,  w and h are of  larger  value.  I f  

we compare the above f igures wi th f ig.  3.6,  f ig.  3.7and f ig.  3.8 

side by s ide,  i t  is  c lear that  due to the st ructura l  modi f icat ion of 

cy l indr ica l  JLFET over TG JLFET, the V t h  var iat ion is  less in 

former compared to  later  device.  This  is  due to  the fact  that 

f luctuat ion of  dopant  atoms is  more in a smal ler  device than a 

larger device.  
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B . For Linear Dopant Distribution: 

 

 

 

 

 

  

Figure 4.5 Vth variation with gate length for linear doping profile. 

Figure 4.6 Vth  variation with channel width for linear doping profile. 

. 
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Fig 4.2,  f ig 4.3,  and f ig 4.4,  shows the plot  of  V t h  var iat ion in 

cy l indr ica l  JLFET with the gate length (Lg ) ,  channel  width (w )  and 

channel  height (h )  respect ive ly  due to RDF ef fect  but ,  instead of 

normal  dopant  d is t r ibut ion,  here we have used l inear dopant 

d is t r ibut ion.  Simi lar  to that  of  TG JLFET, cy l indr ica l  JLFET a lso 

produces less magni tude in V t h  var iat ion wi th l inear dopant 

d is t r ibut ion compared to that  wi th normal dopant  d is t r ibut ion.  

 

  

Figure 4.7 Vth variation with channel height for linear doping profile. 

. 
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4.3 Conclusion: 

Th is chapter deals wi th the performance analys is  of  cy l indr ica l 

JLFET under  RDF ef fect .  As done in  case of  TG JLFET, var iat ion 

of  V t h   wi th var ious  channel  d imens ions such as Lg ,  w  and h  are 

invest igated.  However,  i t  became evident   f rom th is  chapter ,  that 

the rad ia l  channel  in cy l indr ica l  JLFET provides i t  an advantage 

to  combat RDF in a more ef f ic ient  way c ompared to TG JLFET.
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CHAPTER 5 
 

THRESHOLD VOLTAGE VARIATION IN TGJLFET AND 

CYLINDRICAL JLFET DUE TO RDF IN PRESENCE OF 

QUANTUM  CONFINEMENT 

 
In th is  chapter,  we wi l l  s tudy about  the  addi t ional  inf luence of  

quantum conf inement  of  carr iers  on the threshold vol tage 

var iat ion of  both  TG JLFET and cy l indr ica l  JLFET when we shr ink 

the t ransistor  s ize below  20nm .  

 
5.1 Quantum Confinement and its Significance: 

 
Quantum conf inement of  carr iers  g ives r ise to the Quantum Size 

Ef fect (QSE).  I t  basica l ly  ar ises when one d imension of  a system 

is  reduced to a scale comparable to  electron wavelength.  The 

carr iers conf ined in such st ructures lose thei r  degree of  f reedom 

along the reduced dimension;  the i r  mot ion and thereby the ir 

momentum get  restr ic ted.  In order to s tudy the inf luence of  QSE 

on the behaviour of  carr iers in a JLFET the channel  cross sect ion 

must  be appropr iate ly  reduced.  In those cases,  we can t reat  the 

channel  as a quantum wire wi th rectangular  cross sect ion in  case 

of  TG JLFET and wi th c i rcu lar  cross sect ion in case of  cy l indr ical 

JLFET.  

When the dimensions of the transistor i .e. the gate length( Lg) ,  

height (h)  and width(w) are reduced below 10 nm or lower then the 

electronic property of  the semiconductor bulk changes. The most 
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common problem, the carr iers of the transistor(electrons for NMOS 

and holes for PMOS) suffers from is the quantum conf inement 

effect.  

Quantum confinement is def ined as the change of electronic as 

well as the opt ical propert ies of the semiconductor crystal  when its 

dimensions are reduced below 10 nm. I t  is because this effect is 

observed when the size of the device is too small  to be comparable 

with the wavelength of electron (= 10 - 1 1m) .  For cyl indrical JLFET, 

this quantum confinement ef fect occurs when the  radius of the 

JLFET becomes comparable to Bohr’s radius     ( = 5.291x10 - 11m).  

As a result of quantum conf inement for a small  nano -dimensional 

mos-transistor, the energy levels inside the bulk are not 

cont inuous. These discrete energy states in the bulk is  to the 

occurrence of the f inite density of state. The discrete structure of 

the energy states results in discrete absorption spectrum of nano 

transistors.  

In a quantum conf ined structure, the carr iers are conf ined in one or 

more than one direct ions by the  potent ial barr iers. More numbers 

of discrete levels wi l l  ar ise if  more number of direct ions are 

conf ined. So we can also say that because of this effect, the 

degrees of f reedom of the carr ier part ic les reduces.  

This effect has no relat ion with the variat i on in doping 

concentrat ion so one may argue that that why we have considered 

this ef fect on our thesis. I t  is because quantum conf inement effect 

has a serious impact on threshold voltage variat ion for smaller 

dimensional devices. This causes an exponent ial  rate of change in 

threshold voltage with reduction in dimensions of the device. In 
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present day as we are more interested to shrink down the 

transistor size, this effect plays a great role in our thesis.  

The energy leve l  in the conduct ion band  (Em n )  due to quantum 

conf inement of  carr iers  is  g iven by,  

Emn  = 
ℏ

2
𝑘𝑥

2

2𝑚𝑛
∗  + 

ℏ
2

2𝑚𝑛
∗ [

𝑚2𝜋2

𝑎2  + 
𝑛2𝜋2

𝑏2 ] 

For ground state energy leve l  ( E1 )  in the conduct ion band  (m=n 

=1) ,  so we get ,  

E1 = 
ℏ

2
𝑘𝑥

2

2𝑚𝑛
∗  +  

ℏ
2

2𝑚𝑛
∗ [

𝜋2

𝑎2 + 
𝜋2

𝑏2] 

 

or, 

E1 = 
ℏ

2
𝑘𝑥

2𝑚𝑛
∗  + 

ℏ
2

𝜋2

2𝑚𝑛
∗ [

1

𝑎2 + 
1

𝑏2] 

 
where, 

ℏ
2

𝑘𝑥
2

2𝑚𝑛
∗  = stat ionary component  of  ground state energy level .  

ℏ2𝜋2

2𝑚𝑛
∗ [

1

𝑎2 + 
1

𝑏2] = varying component of ground state energy level.  

𝑘𝑥 = wave number along the channel  length. 

m,n  = 1,2,3, . . . . . . .  are the size quantum numbers.  

a,b   = dimensions of  the semiconductor .  
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5.2  Normal Dopant Distribution with Quantum 

Confinement: 

5.2.1 Quantum Confinement in TG – JLFET: 

In presence of  quantum conf inement,  the var iat ion in the ground 

energy level  in  the conduct ion band (ΔEo )  for  an e lectron by 

refer r ing the equat ion as ment ioned above  is  g iven by,  

     ΔEo = 
𝜋2ℏ2

2𝑚𝑛
∗  [

1

ℎ2 + 
1

𝑤2]                (5.1) 

 

where,  

ℏ = normalized planck’s constant,  

𝑚𝑛
∗  = effective mass of electron = 1.1𝑚𝑜,  

𝑚𝑜 = free electron mass, 

w , h = width and height of TG – JLFET respectively. 

Also i t  is  important  to note f rom the above expression that  the 

energy level  var iat ion in the conduct ion band ( ΔEo )  is  

independent  of  the gate length ( Lg )  of  the device.  

 
A . Dopant distribution is along the channel width in TG – JLFET: 

 
From eqn. (3.1.8) , we get the expression of threshold voltage as, 

VTH = VFB – Nd(w)[ Z1(wH)+ Z2[
𝑤𝐻

2𝐻+𝑤
]2] 

 

The above eqn. will be modified as we add one extra term due to quantum 

confinement as, 
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VTH = VFB – Nd(w)[ Z1(wH)+ Z2[
𝑤𝐻

2𝐻+𝑤
]2] + 

𝜋2ℏ
2

2𝑞𝑚𝑛
∗  [

1

𝐻2 + 
1

𝑤2]    

(5.2) 

The term ar ises due to min imum energy leve l  var iat ion in 

conduct ion band because of  quantum conf inement of  carr iers.  We 

used a term q  in denominator because to convert  energy 

var iat ion f rom electron-vo l ts  to vo l ts .  

Now determin ing the rate of  change of  thr eshold vol tage var iat ion 

wi th  width(w )  of  the TG JLFET under the conf iment  of  carr iers,  

we get ,  

Using eqn. (3.1.12) we simplify eqn. (5.2) as, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – 

Ndoexp( − 
𝑤2

2
 )

𝑤.𝐿𝑔
 [Z1.H + Z2.{(

4𝑤𝐻3

(2𝐻+𝑤)3)}] + 
𝑑

𝑑𝑤
[

𝜋2ℏ
2

2𝑞𝑚𝑛
∗  [

1

𝐻2 + 
1

𝑤2]] 

 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – 

Ndoexp( − 
𝑤2

2
 )

𝑤.𝐿𝑔
 [Z1.H + Z2.{(

4𝑤𝐻3

(2𝐻+𝑤)3)}] + 
𝜋2ℏ

2

2𝑞𝑚𝑛
∗  [- 

2

𝑤3] 

 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – 

Ndoexp( − 
𝑤2

2
 )

𝑤.𝐿𝑔
 [Z1.H + Z2.{(

4𝑤𝐻3

(2𝐻+𝑤)3)}] - 
𝜋2ℏ2

𝑞𝑚𝑛
∗ 𝑤3 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – [

Ndoexp( − 
𝑤2

2
 )

𝑤.𝐿𝑔
 [Z1.H + Z2.{(

4𝑤𝐻3

(2𝐻+𝑤)3)}] + 
𝜋2ℏ2

𝑞𝑚𝑛
∗ 𝑤3] 

or, 
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𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – [

Ndoexp( − 
𝑤2

2
 )

𝑤.𝐿𝑔
 [Z1.H + Z2.{(

4𝑤𝐻3

(2𝐻+𝑤)3)}] + 
𝑍5

𝑤3] 

(5.3) 

where,                          Z5 = 𝜋
2ℏ2

𝑞𝑚𝑛
∗⁄  

 

Eqn. (5.3)  g ives the rate of  change of  threshold vol tage V T H  wi th 

channel  width(w )  for  TGJLFET, under normal dopant  d is t r ibut ion  

when the carr iers suf fers f rom quantum conf inement.  

As 
𝑑𝑉𝑇𝐻

𝑑𝑤
⁄  is  inverse ly proport ional  to w3  so we can say that  the 

quantum conf inement ef fect  p lays a very s ign i f icant  ro le in 

threshold vo l tage f luctuat ion  when the width of  the t ransistor  is 

shr inked to a very smal l  s ize.  

 

B . Dopant distribution is along the channel height in TG – JLFET: 

 
From eqn.  (3.1.18) ,  we get  the expression of  threshold vol tage 

as,  

VTH = VFB – Nd(h)[ Z1(W.h)+ Z2.[
𝑊ℎ

2ℎ+𝑊
]2] 

The above eqn.  wi l l  be modi f ied as we add one extra term due to 

quantum conf inement as,  

VTH = VFB – Nd(h)[ Z1(W.h)+ Z2.[
𝑊ℎ

2ℎ+𝑊
]2] + 

𝜋2ℎ𝑝
2

2𝑞𝑚𝑛
∗  [

1

ℎ2 + 
1

𝑊2] 

(5.4) 
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Now determin ing the rate of  change of  threshold vol tage var iat ion 

wi th height(h )  for  the TG JLFET under the conf inement of  

carr iers,  we get ,  

 
Using eqn. (3.1.22) we simplify eqn. (5.4) as, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – 

Ndoexp( − 
ℎ2

2
 )

𝐿𝑔
 [Z1 + Z2.{ 

2ℎ𝑊2

(2ℎ+𝑊)3 }] + 
𝑑

𝑑ℎ
[
𝜋2ℎ𝑝

2

2𝑞𝑚𝑛
∗  [

1

ℎ2 + 
1

𝑊2]] 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – 

Ndoexp( − 
ℎ2

2
 )

𝐿𝑔
 [Z1 + Z2.{ 

2ℎ𝑊2

(2ℎ+𝑊)3 }] + 
𝜋2ℎ𝑝

2

2𝑞𝑚𝑛
∗  [ - 

2

ℎ3] 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – 

Ndoexp( − 
ℎ2

2
 )

𝐿𝑔
 [Z1 + Z2.{ 

2ℎ𝑊2

(2ℎ+𝑊)3 }] - 
𝜋2ℎ𝑝

2

𝑞𝑚𝑛
∗ ℎ3 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – [

Ndoexp( − 
ℎ2

2
 )

𝐿𝑔
 [Z1 + Z2.{ 

2ℎ𝑊2

(2ℎ+𝑊)3 }] + 
𝜋2ℎ𝑝

2

𝑞𝑚𝑛
∗ ℎ3] 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – [

Ndoexp( − 
ℎ2

2
 )

𝐿𝑔
 [Z1 + Z2.{ 

2ℎ𝑊2

(2ℎ+𝑊)3 }] + 
𝜋2ℎ𝑝

2

𝑞𝑚𝑛
∗ ℎ3] 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 =  – [ 

Ndoexp( − 
ℎ2

2
 )

𝐿𝑔
 [Z1 + Z2.{ 

2ℎ𝑊2

(2ℎ+𝑊)3 }] + 
𝑍5

ℎ3 ]      (5.5) 

Eqn. (5.5)  g ives the rate of  change of  threshold vol tage V T H  wi th 

channel  he ight (h )  for  TGJLFET, under  normal  dopant  d is t r ibut ion  

when the carr iers suf fers f rom quantum conf inement.  
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As 
𝑑𝑉𝑇𝐻

𝑑ℎ
⁄  is  inversely proport ional  to h3  so we can say that  the 

quantum conf inement ef fect  p lays a very s ign i f icant  ro le in 

threshold vo l tage f luctuat ion  when the height  of  the t ransistor  is  

shr inked to a very smal l  va lue.  

Important Note: 

Here we have not  considered 
𝑑𝑉𝑇𝐻

𝑑𝐿𝑔
⁄  i .e.  rate of  change of  

threshold vol tage wi th  gate length,  because nei ther VT H  nor ΔE o  

is  d i rect ly  proport ional  to L g  so thei r  der ivat ives wi th respect  to 

L g  wi l l  g ive resul t  as 0.  However,  
𝑑𝑉𝑇𝐻

𝑑𝑤
⁄  as wel l  as 

𝑑𝑉𝑇𝐻
𝑑ℎ

⁄  are 

both proport ional  to 1
𝐿𝑔

⁄  thereby,  we p lot  𝑑𝑉𝑇𝐻  wi th respect  to  w  

and h  w i th Lg  as a parameter .   
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5.2.2  Quantum Confinement in Cylindrical JLFET: 

 
C . Dopant distribution is along the channel radius in Cylindrical 

JLFET: 

 
In presence of  quantum conf inement,  the var iat ion in the ground 

energy level  in the conduct ion band (ΔEo )  for  an e lectron in 

cy l indr ica l  JLFET  can be wr i t ten as,  

ΔEo = 
𝜋2ℏ2

2𝑚𝑛
∗  [

1

(r.sinΦ)2 + 
1

(r.cosΦ)2] 

or, 

ΔEo = 
𝜋2ℏ2

2𝑚𝑛
∗  [

(r.sinΦ)2+(r.cosΦ)2

(r.sinΦ)2.(r.cosΦ)2 ] 

 
or, 

ΔEo = 
𝜋2ℏ2

2𝑚𝑛
∗  [

(r2{(sinΦ)2+(cosΦ)2}

(r.sinΦ)2.(r.cosΦ)2 ] 

 
or, 

ΔEo = 
𝜋2ℏ2

2𝑚𝑛
∗  [

r2

r4.(sinΦ)2.(cosΦ)2]  

[∵ (sinΦ)2 + (cosΦ)2 = 1] 
or, 

ΔEo = 
𝜋2ℏ2

2𝑚𝑛
∗  [

1

r2.(sinΦ)2.(cosΦ)2]            (5.6) 

 
Now differentiating eqn. (5.6) with respect to r , we get, 

          
𝑑(ΔEo)

𝑑𝑟
 = 

𝜋2ℏ2

2𝑚𝑛
∗  [ - 

2

r3.(sinΦ)2.(cosΦ)2] 
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or, 

              
𝑑(ΔEo)

𝑑𝑟
 = - 

𝜋2ℏ2

𝑚𝑛
∗  [

1

r3.(sinΦ)2.(cosΦ)2]              (5.7) 

Now transforming cy l indr ical  co -ordinates into l inear co -ordinates 

to  ease the comparison between performance of  TG JLFET and 

cy l indr ica l  JLFET ,  we get ,  

Using eqns. (4.1.2) and (4.1.4) in eqn (5.7) , we get, 

𝑑(ΔEo)

𝑑𝑟
 = - 

𝜋2ℏ2

𝑚𝑛
∗  [

1

(√𝑤2+ℎ2)
3

.(h √𝑤2+ℎ2⁄ )2.(w √𝑤2+ℎ2⁄ )2
] 

or, 

𝑑(ΔEo)

𝑑𝑟
 = - 

𝜋2ℏ2

𝑚𝑛
∗  [

(√𝒘𝟐+𝒉𝟐)
4

(√𝒘𝟐+𝒉𝟐)
3

.(w.h)2
] 

 
or, 

        
𝑑(ΔEo)

𝑑𝑟
 = - 

𝜋2ℏ2

𝑚𝑛
∗  [

√𝑤2+ℎ2

(w.h)2 ]           (5.8) 

 

Again from eqn. (4.1.11) , we get the expression of variation of threshold voltage 

with radius for a cylindrical JLFET as, 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – 

Ndoexp( − 
𝑤2 + h2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] 

 
Adding eqn. (5.8) to the above eqn. because of quantum confinement effect, we 

get, 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – 

Ndoexp( − 
𝑤2 + h2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] - 

𝜋2ℎ𝑝
2

𝑞𝑚𝑛
∗  [

√𝑤2+ℎ2

(w.h)2 ] 
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or, 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – 

Ndoexp( − 
𝑤2 + h2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] – Z5.[

√𝑤2+ℎ2

(w.h)2 ] 

 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – [

Ndoexp( − 
𝑤2 + h2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] + Z5.[

√𝑤2+ℎ2

(w.h)2 ]] 

(5.9) 

Eqn. (5.9)  g ives the rate of  change of  threshold vol tage V T H  wi th 

channel  radius( r )  of  cy l indr ica l  JLFET, under normal dopant  

d is t r ibut ion  when the carr iers suf fers f rom quantum conf inement.  

As 
𝑑𝑉𝑇𝐻

𝑑𝑟
⁄  is  inversely proport ional  to r 3  so we can say that  the 

quantum conf inement ef fect  p lays a very s ign i f icant  ro le in 

threshold vo l tage f luctuat ion  when the rad ius of  the t ransistor  is  

reduced to a very smal l  value.  

Again from eqn. (4.1.12) , we get, 

𝑑𝑟

𝑑𝑤
 = 

𝑤

√𝑤2+𝐻2
 

                              and,        
𝑑𝑟

𝑑ℎ
 = 

ℎ

√𝑊2+ℎ2
                

Again from chain rule of  d i f ferent ial  calculus, we know that,  

𝑑𝑉𝑇𝐻

𝑑𝑤
 = 

𝑑𝑉𝑇𝐻

𝑑𝑟
 . 

𝑑𝑟

𝑑𝑤
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So we get for an cylindrical JLFET as, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 =  – [

Ndoexp( − 
𝑤2 + H2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] + Z5.[

√𝑤2+𝐻2

(w.H)2 ]] . 
𝑤

√𝑤2+𝐻2
 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = – 

Ndoexp( − 
𝑤2 + H2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] . 

𝑤

√𝑤2+𝐻2
 - Z5.[

√𝑤2+𝐻2

(w.H)2 ] . 
𝑤

√𝑤2+𝐻2
 

or, 

𝑑𝑉𝑇𝐻

𝑑𝑤
 = – [

Ndoexp( − 
𝑤2 + H2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] . 

𝑤

√𝑤2+𝐻2
] - Z5.[

1

w.H2]      (5.10) 

Similarly we get,  

𝑑𝑉𝑇𝐻

𝑑ℎ
 = 

𝑑𝑉𝑇𝐻

𝑑𝑟
 . 

𝑑𝑟

𝑑ℎ
 

 
So we get for an cylindrical JLFET as, 

𝑑𝑉𝑇𝐻

𝑑𝑟
 =  – [

Ndoexp( − 
𝑊2 + h2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] + Z5.[

√𝑊2+ℎ2

(W.h)2 ]] . 
ℎ

√𝑊2+ℎ2
 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 = – 

Ndoexp( − 
𝑊2 + h2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] . 

ℎ

√𝑊2+ℎ2
 - Z5.[

√𝑊2+ℎ2

(W.h)2 ] . 
ℎ

√𝑊2+ℎ2
 

 

or, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 = – [

Ndoexp( − 
𝑊2 + h2

2
 )

(2𝜋).𝐿𝑔
 [Z3+ Z4] . 

ℎ

√𝑊2+ℎ2
] - Z5.[ 

𝟏

h.W2 ]  

(5.11) 
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The eqns.  (5.10) & (5.11)  g ives the rate of  change of  threshold 

vo l tage V T H  in  terms of  channel  width(w )  and channel  height (h )  

respect ively  for  a cy l indr ical  JLFET, under normal dopant  

d is t r ibut ion  when the carr iers suf fers f rom quantum conf inement.  

Using eqns.  (5.3)  ,  (5.5)  ,  (5.10) and (5.11) we plot  the graphs to 

show the performance analys is of  TG-JLFET & Cyl indr ica l  JLFET 

for  normal doping prof i le var iat ion wi th quantum conf inement 

ef fect  of  carr iers ins ide semiconductor bu lk.  

 

5.3 Linear Dopant Distribution with Quantum Confinement: 

 
As quantum conf inement of  carr iers is  on ly dependent  on the 

d imens ions of  the t ransistors and not  on the doping prof i le 

var iat ion so can d irect ly  wr i te as,  

Using eqns.  (3.1.16),  (3.1.22),  (4.1.21),  (4.1.22) and a lso using 

eqns.  (5.3)  ,  (5.5 )  ,  (5.10),  (5.11) ,  we get ,  

A . For TG – JLFET: 

 
 𝑑𝑉𝑇𝐻

𝑑𝑤
 = - [

𝑁𝑑𝑜

𝐿𝑔
.[ 

1 

𝑤
 - 

 1

𝑊𝑚𝑎𝑥
 ]. [Z1.H + Z2{ (

4𝑤𝐻3

(2𝐻+𝑤)3)}] + 
𝑍5

𝑤3] 

(5.12) 

Eqn. (5.12)  g ives the rate of  change of  threshold vo l tage V T H  wi th 

channel  width(w )  for  TG-JLFET, under l inear  dopant  d is t r ibut ion  

when the carr iers suf fers f rom quantum conf inement.  

and, 

𝑑𝑉𝑇𝐻

𝑑ℎ
 = - [

Ndo  

𝐿𝑔
.[1 - 

ℎ

𝐻𝑚𝑎𝑥
].[Z1 + Z2.{

2ℎ𝑊2

(2ℎ+𝑊)3}] + 
𝑍5

ℎ3]        (5.13) 
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Eqn. (5.13)  g ives the rate of  change of  threshold vo l tage V T H  wi th 

channel  he ight (h )  for  TG-JLFET, under l inear  dopant  d is t r ibut ion  

when the carr iers suf fers f rom quantum conf inement.  

B . For Cylindrical JLFET: 

 

𝑑𝑉𝑇𝐻

𝑑𝑟
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
]. [Z3 + Z4].[1 − (

 √𝒘𝟐+𝒉𝟐

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)] - Z5.[

√𝑤2+ℎ2

(w.h)2 ]   

(5.14) 

Eqn. (5.14)  g ives the rate of  change of  threshold vo l tage V T H  wi th 

channel  radius( r )  of  cy l indr ica l  JLFET, under l inear  dopant 

d is t r ibut ion  when the carr iers suf fers f rom quantum conf inement.  

 
𝑑𝑉𝑇𝐻

𝑑𝑤
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
].[Z3 + Z4].[

𝑤

√𝑤2+𝐻2
 −  (

𝒘

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)] - Z5.[

1

w.H2]  

(5.15) 

 

 
𝑑𝑉𝑇𝐻

𝑑ℎ
 = [

𝑁𝑑𝑜

2𝜋.𝐿𝑔
].[Z3 + Z4].[

ℎ

√𝑊2+ℎ2
 −  (

 𝒉

√𝑾𝒎𝒂𝒙
𝟐+𝑯𝒎𝒂𝒙

𝟐
)] - Z5.[ 

𝟏

h.W2 ]  

(5.16) 

 

The eqns.  (5.15) & (5.16)  g ives the rate of  change of  threshold 

vo l tage VT H  in terms of  channel  width(w )  and channel  height (h )  

respect ively  for  a cy l indr ical  JLFET, under l inear  dopant 

d is t r ibut ion  when the carr iers undergo quantum conf inement.  
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Using eqns. (5.12) , (5.13) , (5.15) and (5.16) we plot the graphs to 

show the performance of TG-JLFET & Cylindrical JLFET for l inear 

doping profi le variat ion in presence of quantum confinement of 

carriers. 
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5.4  Results and Discussion: 

A . For Normal Dopant Distribution: 

Considering TG JLFET: 

 

 

 

 

 

  

Figure 5.1  Vth  variation with gate length for normal doping profile 

and quantum confinement. 
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Figure 5.2  Vth  variation with channel width for normal doping profile and quantum confinement. 

Figure 5.3  Vth  variation with channel height for normal doping profile and quantum 

confinement. 
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Fig 5.1 ,  f ig 5.2 and  f ig 5.3 i l lust rates  the plot  of  V t h  var iat ion 

wi th  the gate length(L g ) ,  channel  width(w ) ,  and channel  height(h )  

respect ively  for  a TG JLFET  due to RDF ef fect   and quantum 

conf inement wi th normal dopant  d is t r ibut ion.  I t  is  ev ident  f rom 

the above f igures that  the quantum conf inement ef fect  doesnot 

changes the shape of  the graphs as i t  is  independent  of  the 

dopant  d is t r ibut ion.  The QSE only depends upon the dimensions 

of  the channel  so the magni tude of  var iat ion of  V t h  wi th QSE is 

super imposed on the magni tude of  va r iat ion of  V t h  due to RDF 

ef fect  so,  the overal l  var iat ion of  V t h  increases more rap idly  wi th 

reduced d imensions.   
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Considering Cylindrical JLFET: 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.4  Vth  variation with gate length for normal doping profile and quantum confinement. 

Figure 5.5  Vth  variation with channel width for normal doping profile and quantum 

confinement. 
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Fig 5.4 ,  f ig 5.5  and  f ig 5.6 i l lust rates  the plot  of  V t h  var iat ion 

wi th  the gate length(L g ) ,  channel  width(w ) ,  and channel  height(h )  

respect ively  for  a cy l indr ical  JLFET  due to  RDF ef fect   and 

quantum conf inement wi th normal dopant  d is t r ibut ion.  I t  is  c lear 

f rom the plot  that  the rad ial  s t ructure of  cy l indr ical  JLFET gives i t  

an edge over  TG JLFET to provide  bet ter  performance in 

presence of  RDF and QSE, as i t  prov ides less V t h  var iat ion 

comapred to i ts  l inear counterpart .  

 

  

Figure 5.6  Vth  variation with channel height for normal doping profile and quantum 

confinement. 
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B . For Linear Dopant Distribution:  

Considering TG JLFET: 

 

 

 

 

 

  

Figure 5.7  Vth  variation with gate length for linear doping profile and quantum confinement. 

Figure 5.8  Vth  variation with channel width for linear doping profile and quantum confinement. 
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Fig 5.7 ,  f ig 5.8  and  f ig 5.9 i l lust rates  the plot  of  V t h  var iat ion 

wi th  the gate length(L g ) ,  channel  width(w ) ,  and channel  height(h )  

respect ively  for  a TG JLFET  due to RDF ef fect   and quantum 

conf inement wi th l inear  dopant  d is t r ibut ion.  The explanat ion of 

the f igures is  same as that  wi th normal dopant  d is t r ibut ion  and 

has a lready been done above .  The ef fect  of  QSE on magni tude of  

V t h  var iat ion remains same as normal dopant  d is t r ibut ion as QSE 

is  independent  of  type of  dopant  d is t r ibut ion.  However,  the 

overa l l  magni tude of  V t h  var iat ion in  l inear dopant  d is t r ibut ion is  

less compared to normal dopant  d is t r ibut ion because the ef fect  of  

RDF is  minimal  in former compared to lat ter .   

Figure 5.9 Vth  variation with channel height for linear doping profile and quantum 

confinement. 
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Considering Cylindrical JLFET: 

 

 

 

 

 

 

 

 

 

 

  Figure 5.10  Vth  variation with gate length for linear doping profile and quantum confinement. 

Figure 5.11  Vth  variation with channel width for linear doping profile and quantum confinement. 
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Fig 5.10 ,  f ig 5.11 and  f ig 5.12 i l lust rates  the p lot  of  V t h  var iat ion 

wi th  the gate length(L g ) ,  channel  width(w ) ,  and channel  height(h )  

respect ively  for  a  cy l indr ical  JLFET  due to ef fect  of  RDF and 

quantum conf inement respect ive ly  wi th l inear dopant  d is t r ibut ion. 

The explanat ion of  the f igures is  same as that  wi th  normal  dopant  

d is t r ibut ion and has al ready been done above.  The cy l indr ical 

JLFET always provides less V t h  var iat ion along al l  the channel  

d imens ions under the inf luence of  RDF and QSE because of  i ts 

rad ial  s t ructure which provides bet ter  e lect rostat i c  cont rol  

compared to TG JLFET.  

  

Figure 5.12  Vth  variation with channel height for linear doping profile and quantum confinement. 
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5.5  Conclusion: 

In th is  chapter,  another phenomen on along wi th RDF named as 

Quantum Size Ef fect(QSE) is  int roduced,  which causes quantum 

conf inement of  carr iers.  The ef fect  ar ises due to  drast ic  reduct ion 

of  channel  d imensions as a resul t  of  dev ice scal ing.  I t  g ives the 

c lear idea about  the choice of  device  archi tecture in  ICs which 

requires aggressive scal ing for  provid ing bet ter  performance.
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CHAPTER 6 

COMPARISON OF THRESHOLD VOLTAGE VARIATION IN 

TG JLFET AND CYLINDRICAL JLFET DUE TO RDF 
 

In th is  chapter,  the resul ts  obta ined in chapter  3 to  5 related to  

the threshold vo l tage var iat ions due to  RDF in  a TG JLFET 

(FINFET) and a Cyl indr ical  (GAA) JLFET  are compared.  I t  is 

important  to note that  in the ent i re analys is  al l  the dev ices are 

considered to have n-  type channel ,  and so the donor used as 

dopants wi th a va lue N d o   = 1.125x10 1 9  cm - 3 .  We are much more 

interested to analyze short  channel  dev ices  and the impact  of  

RDF on their  V t h  var iat ion in the quantum regime.  

JLFETs invest igated in the present  thes is can be used as the 

basic bui ld ing b lock of  CMOS used in  industry.  The fundamenta l 

operat ion of  CMOS is  to work as an inverter ,  and we know that  to 

operate as an inverter  the (W/L) rat io of  the transistor  should be 

uni ty .  Therefore  we have considered,  the var iat ion range of  L g  =  

var iat ion range of  w. He re  both Lg  and w  are var ied f rom 3 to 

22nm. The channel  he ight  is  var ied in the range of  2.3 to 16 nm. 

Again i t  is  important  to note that  we have considered an 

assymetr ic  TG JLFET with (w>h ) .  Further,  as we have  radius of 

cy l indr ica l  JLFET r = √𝒘𝟐 + 𝒉𝟐, the range of  h  is  chosen by concept 

of  pythagoras tr ip lets making h ≈ 0.75w,  so that value of r  remains 

uniform for al l  values of h  and w .    
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6.1  Vth Variation with Normal Dopant Distribution: 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 
 

Figure 6.1 . Comparing Vth variation in TG JLFET and cylindrical JLFET with gate length 

for normal dopant distribution. 

Figure 6.2 . Comparing Vth variation in TG JLFET and cylindrical JLFET with channel 

width for normal dopant distribution. 
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Fig.  6.1  presents the comapar ison of  var iat ion of  V t h  wi th gate 

length(Lg )  in TG JLFET and cy l indr ica l  JLFET. The range of  Lg  is 

considered to  be f rom 3nm to 22nm .  I t  is  ev ident  f rom the graph 

that  the var iat ion of  V t h  w i th Lg  is  larger in case of  TG JLFET. I t  

is  because of  the st ructural  improvement in cy l indr ical  JLFET 

over a TG JLFET, s ince the lat ter  has i ts  gate wrapped f raom 

three s ides of  the channel ,  whereas in the former a s ing le  gate 

wraps the channel  a l l  around,  thus prov id ing bet ter  e lectrostat ic 

contro l  and reduced V t h  var iat ion.  Such di f ference in  V t h  var iat ion 

becomes more and more prominent  wi th shr inkage of  device 

d imens ion,  showing roughly 6%  less var iat ion of  V t h  in cy l indr ica l  

JLFET at  the smal lest  gate length of  3nm .  In th is  case we have 

Figure 6.3 . Comparing Vth variation in TG JLFET and cylindrical JLFET with channel 

height for normal dopant distribution. 
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considered w, h  and r  of  both JLFETS to be constants ,  and value 

of  w = 20nm, h = 16nm and r  = 25nm .  

The comapar ison for  var iat ion of  V t h  wi th  channel  width (w )  and 

channel  height(h )  between a TG JLFET and cy l indr ical  JLFET  

with normal dopant  d is t r ibut ion  is  i l lust rated in f ig.  6.2  and f ig.  

6.3 .  I t  is  ev ident  f rom the graph that  when the dopant 

concent rat ion N d  var ies along the w  and h  of  the JLFETs 

fo l lowing the normal d is t r ibut ion,  then the rate of  var iat ion of  V t h  

is  much lower in a cy l indr ical  JLFET when compared to a  TG 

JLFET.  

For f ig.  6.2 ,  we have considered L g  and h of  both JLFETS to be 

constants.  Here va lue of  Lg = 22nm, h = 16nm.  Here value of  r  

for  a cy l indr ical  JLFET wi l l  not  be a constant  as i t  depends on w  

which is  a var iable.  In case of  shr ink ing channel  width ,  there is  

roughly 24%  less var iat ion of  V t h  in cy l indr ical  JLFET at  the 

smal lest  channel  length of  3nm .  

For f ig.  6.3 ,  we have considered Lg  and w  of  both JLFETS to be 

constants.  Here va lue of  Lg = 22nm, w = 20nm.  S imi lar ly ,  value 

of  r  for  a cy l indr ica l  JLFET wi l l  not  be a constant  as i t  depends 

on h  in th is  case which is  a var iable.  The V t h  var iat ion becomes 

near ly  17%  less in cy l indr ical  JLFET when compared to  a TG 

JLFET at  the smal lest  va lue of  the channel  height  at  h = 2.3nm .   
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6.2  Vth Variation with Linear Dopant Distribution: 

 
 

 
 

 

  

Figure 6.4 . Comparing Vth variation in TG JLFET and cylindrical JLFET with gate length 

for linear dopant distribution. 

 

Figure 6.5 . Comparing Vth variation in TG JLFET and cylindrical JLFET with channel 

width for linear dopant distribution. 
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Fig.  6.4,  f ig.  6.5,  and  f ig 6.6  i l lust rates  the plots  of  comapar ison 

of  var iat ion of  V t h  wi th Lg ,  w  and h  by changing the dopant 

d is t r ibut ion to vary l inear ly .  Here the f igures shows that  the 

overa l l  magni tude of  var iat ion of  V t h  for  both the JLFETs  is  lower 

compared to normal dopant  d is t r ibut ion  because in l inear dopant 

d is t r ibut ion the rate of  f luctuat ion of  dopant  atoms are 

compari t ively  s lower  than normal dopant  d is t r ibut ion.  So,  the 

ef fect  of  RDF in  l inear dopant  d is t r ibut ion is  smal l  compared to 

normal dopant  d is t r ibut ion.  

From the above f igures,  i t  is  ev ident  that  that  the TG JLFET 

provides an extra var iat ion of  5.56%, 37.88%  and 28.3% 

respect ively  at  smal lest  value of  Lg ,  w  and h  wi th l inear dopant  

d is t r ibut ion.  

Figure 6.6 . Comparing Vth variation in TG JLFET and cylindrical JLFET with channel height 

for linear dopant distribution. 
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6.3  Vth Variation with Normal Dopant Distribution & 

Quantum Confinement : 

 
 

 

 

  

Figure 6.7 . Comparing Vth variation in TG JLFET and cylindrical JLFET with gate length 

for normal dopant distribution and quantum confinement. 

Figure 6.8 . Comparing Vth variation in linear TG JLFET and cylindrical JLFET with 

channel width for normal dopant distribution and quantum confinement. 
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Fig.  6.7,  f ig.  6.8,  and  f ig 6.9  shows the plot  of  comapar ison of 

var iat ion of  V t h  wi th wi th Lg ,  w  and h  in presence of  both RDF 

and quantum conf inement.  The quantum conf inement is  an 

addi t ional  ef fect  which is  ar is ing due to the quantum s iz ing of  the 

t ransistors which fur ther increses the V t h  var iat ion.  As descr ibed 

in the ear l ier  chapters,  unl ike RDF this  ef fect is  only dependent  

on the d imensions and doesnot  depends on the type of  dopant  

d is t r ibut ionso,  i t  can be inferred that  for  a part icu lar  dev ice the 

V t h  var iat ion due to QSE wi l l  remain same even though same 

device have di f ferent  dopant  d is t r ibut ions. As a resul t  the 

addi t ional  var iat ion of  V t h ,  due to th is  ef fect  is  super imposed on 

the magni tude of  V t h  of  f ig.  6.1,  f ig.  6.2,  and  f ig 6.3  wi thout  any 

change in shape.  

Figure 6.9 . Comparing Vth variation in TG JLFET and cylindrical JLFET with 

channel height for normal dopant distribution and quantum confinement. 
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6.4  Vth Variation with Linear Dopant Distribution & 
Quantum Confinement: 

 

 
 

 

  

Figure 6.10 . Comparing Vth variation in TG JLFET and cylindrical JLFET with gate length 

for linear dopant distribution and quantum confinement. 

Figure 6.11 . Comparing Vth variation in TG JLFET and cylindrical JLFET with channel 

width for linear dopant distribution and quantum confinement. 
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Fig.  6.7,  f ig.  6.8,  and  f ig 6.9  shows the plot  of  comapar ison of 

var iat ion of  V t h  wi th wi th Lg ,  w  and h  in presence of  both RDF 

and quantum conf inement  wi th l inear dopant  d is t r ibut ion .  The 

explanat ion for  these plots matches wi th the same for  normal 

dopant  d is t r ibut ion which has been c lear ly  descr ibed in previous 

sect ions.   

Figure 6.12 . Comparing Vth variation in TG JLFET and cylindrical JLFET with channel 

height for linear dopant distribution and quantum confinement. 
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6.5 Comparison of Vth variation by varying two dimensions 
of JLFET simultaneously : 
 

 

 

  

Figure 6.13 . Comparing Vth variation in two TG JLFETs with gate length for two different 

channel widths. 

Figure 6.14 . Comparing Vth variation in two TG JLFETs with gate length for two different 

channel heights. 
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Fig.  6.13  and f ig.  6.14 shows the plots  of  var iat ion of  threshold 

vo l tage wi th  gate length Lg  for  two l inear  TG JLFETs wi th  

d i f ferent  channel  widths and channel  heights respect ively .  In th is  

analys is ,  the ef fect  of  quantum conf inement of  carr iers is  ignored  

because our main analys is  is  to s tudy ef fect  of  RDF only and 

quantaum conf inment  ef fect  has no impact  on RDF .  

In f ig.  6.13 ,  the var iat ion of  V t h  is  s l ight ly  more in TG JLFET  with 

width(w )  = 5nm  compared to a TG JLFET with w=10nm .  The 

var iat ion of  V t h  is  near ly  8.64%  more in the device wi th smal ler  

width s ince,  as we are reducing w  RDF wi l l  increase as we know 

that  i t  is  d i f f icu i l t  to proper ly  dope a device wi th smal ler 

d imens ions and ef fect  of  RDF is  more dominant  in that  case . 

Figure 6.15 . Comparing Vth variation in two cylindrical JLFETs with gate length for two 

different channel radius. 
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In f ig.  6.14 ,  the var iat ion of  V t h  is  around 9.52%  more in  TG 

JLFET  wi th  he ight (h )  = 5nm  compared to a TG JLFET with  

h=10nm .  The reason for  th is  is  same as explained in case of  f ig 

6.13 .  

Fig.  6.15  i l lust rates  the plot  of  var iat ion of  threshold vol tage wi th 

gate length Lg  for  two cy l indr ica l  JLFETs wi th d i f ferent  radius.  In 

th is  analys is ,  the ef fect  of  quantum conf inement of  carr iers is  

ignored.  The var iat ion of  V t h  is  6.71%  more in cy l indr ica l  JLFET  

wi th radius( r )  = 5nm  compared to a cy l indical  JLFET with r  

=10nm .  The var iat ion of  V t h  is  more in the device wi th smal ler 

rad ius s ince,  we know that ,  r  = √𝒘𝟐 + 𝒉𝟐 so as we are reducing r ,  

the w  and h  component  ins ide r  wi l l  a lso reduce and,  because of 

that  RDF wi l l  increase as we know that  i t  is  d i f f icui l t  to proper ly 

dope a device wi th smal ler  d imens ions.  

 

6.6 Conclusion: 

This chapter  descr ibes the resul ts  of  performance comparison  for  

a l inear TG JLFET and a cy l indr ical  JLFET. I t  is  c lear ly  ev ident  

f rom the resul ts  presented in th is  chapter that  a  cy l indr ical  JLFET 

provides a bet ter  cont rol  over threshold vol tage than a TG JLFET 

for  a channel  wi th smal ler  d imens ions because of  i ts s t ructural 

advantage.  
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CHAPTER 7 

CONCLUSION AND FUTURE SCOPE 

 
7.1 CONCLUSION: 
 
The study in this thesis deals with analyzing the performance of 

different JLFET structures under RDF for smaller channel dimensions.  

The JLFETs have been evolved to combat the SCEs arising in 

MOSFETs because of aggresive scaling primarily to serve the 

increasing demand of modern day complex VLSI chips. Thus in the 

present study, JLFETs with smaller channel dimensions, are mainly 

focussed.  

The two devices that are proposed and analyzed in our work are  TG 

JLFET and cylindrical JLFET. The device performance has been 

investigated by varying the channel dimensions, viz. length, width and 

height, and studying the variation of  V th with them. The close 

agreement between the results obtained from the analytical model 

and the results present in our reference paper validates our proposed 

model. It was quite evident from our results that cylindrical JLFET 

provides less V th variation compared to a TG JLFET, and thus 

acheiving better performance. The reason behind better performance 

in cylindrical JLFET  is its greater elctrostatic control over the channel  

because of its structural modification, thereby minimizing the effect of 

RDF.  

The effect of quantum confinement of carriers is also considered in 

this study. The V th variation becomes more and more significant with 

the reduction in the channel dimensions, and thus degrades the 

performance of our proposed models.  
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The detailed investigations presented in the thesis reveal that the 

appropriate optimization of the proposed architecture may yield high 

performance device which minimizes the effect of RDF for short 

channel devices.  

 

TABLE SHOWING VTH VARIATION DUE TO EFFECT OF RDF 

WITHOUT QUANTUM CONFINEMENT: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The VTH variation at the smallest value of Lg, w and h is shown in 

Table 7.1. Table 7.2 ilustrates the data obtained from the results 

implying how much performance is improved using a cylindrical JLFET 

compared to a TG JLFET under the effect of RDF only, when the 

device has a very small channel dimensions.  

 

 

TABLE  7.1 
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TABLE FOR SHOWING BETTER PERFORMANCE IN 

CYLINDRICAL JLFET COMPARED TO TG-JLFET: 

 

 
 

 
 
7.2  SCOPE FOR FUTURE WORK: 
 
The present thesis deals with the comparison of performance for modern short 

channel devices such as TG JLFET (FINFET) and cylindrical JLFET (GAAFET) 

under the effect of RDF. However, here the parameter considered for analyzing 

the performance of the above devices is only by the variation in threshold 

voltage(Vth). The future studies could thus be extended to find the variation of  

𝑰𝑶𝑵
𝑰𝑶𝑭𝑭

⁄  ratio with the device dimensions for the above devices.  

The GAAFET is structured in such a way so that it can provide better 

performance than a FINFET when the device channel dimension is extremely 

small.  The future study can thus be extended where other short channel effects 

TABLE  7.2 



 

108 

like DIBL, velocity saturation, hot carrier effect, mobility degradation can be 

considered and study whether  GAAFET is providing better results over FINFET 

or not. 

The present thesis considers the GAAFET with of single material single gate 

only. The study can be generalised for multiple material multi gate GAAFET. If 

the material across the two gates of GAAFET are interchanged , the performance 

of the device can further be investigated. 
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