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ABSTRACT 

The junctionless (JL)atransistor is a resistor with uniform doping throughathe source, 

drain and channel regions. The fabricated junctionlessadevice with a high content of 

impurity concentrationawithin the channel and source/drain (S/D)aregions requires no 

junctions and exhibitsamany advantages, such as theasimplified flexible fabrication 

process, nearlyaideal subthreshold slope (SS ≈ 60 mV/dec), highaON–OFF current ratio 

(ION/IOFF > 10
7
), low S/D seriesaresistance, and small drain induced barrier lowering. 

In this dissertation, an analytical drain current model has been obtained in the 

subthreshold region for a symmetrical Double Gate junctionless MOSFET. A 2-

Dimensional analytical solution for Poisson’s equation has been derived by using the 

surface potential based charge model considering only the mobile charge carriers. A 

relation between the surface potential and gate voltage has been obtained in terms of 

Lambert-W function. Using this surface potential, the mobile charge density in the 

channel region has been evaluated which is used in the Pao-Sah integral in order to obtain 

the drain current in the subthreshold region. The developed drain current model is being 

compared with the drain current model of a symmetric double gate (DG) MOSFET in the 

subthreshold region and it has been found that the developed model has better 

subthreshold slope than that of the double gate (DG) MOSFET. 

Further, for 45 nm technologies the current-voltage characteristics of drain current model 

in subthreshold region for DG JL MOSFET and DG MOSFET are compared with the 

numerically simulated results obtained from Cogenda’s Visual TCAD tool. The 

developed model is in good agreement with that of the simulation results.  
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ACRONYMS 

IC                                 Integrated Circuit 

MOSFET                     Metal-Oxide-Semiconductor Field Effect Transistor 

CMOS                         Complementary Metal-Oxide-Semiconductor       

ITRS                            International Technology Roadmap for Semiconductors 

SCE                             Short Channel Effect 

SOI                              Silicon-On-Insulator 

FET                              Field Effect Transistor 

DIBL                           Drain-Induced Barrier Lowering 

SS                                 Subthreshold Slope 

PD-SOI                        Partially Depleted SOI 

FD-SOI                        Fully Depleted SOI 

DG JL MOSFET       Double Gate Junctionless MOSFET 

DG MOSFET            Double Gate MOSFET 
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Chapter 1 

 

1 Introduction 

 

1.1 Background 

Theacentral component of semiconductor electronicsais the integrated circuit (IC), which 

combinesathe basic elements of electronic circuits such as transistors, diodes, capacitors, 

resistors and inductors on one semiconductor substrate. Theatwo most important 

elementsaof silicon electronicsaare transistors and memoryadevices. For logic 

applications MOSFETsa(Metal Oxide Semiconductor Field Effect Transistor) are used. 

MOSFETs have been theamajor device for ICs over the past twoadecades. With 

technology advancementaand the high scalability of the deviceastructure, silicon 

MOSFET-basedaVLSI circuits have continuallyadelivered performance gain and/or 

costareduction to semiconductor chipsafor data processing andamemory functions. 

The semiconductor industryahas showcased a spectacular exponentialagrowth in the 

number of transistorsaper integrated circuit for severaladecades, as predicted by Moore’s 

law. Thearelentless evolution of electronics, informationatechnology (IT), and 

communications has beenamainly enabled by continuous progressain silicon-based 

CMOS technology. Thisacontinuous progress has been achievedaparticularly by its 

dimensional scaling. aCMOS scaling has been the mainadriving force of Si technology 

advancementato improve both device density andaperformance. The reduction in cost-

per-functionahas been steadily increasing the economicaproductivity with every new 

technologyageneration. Besides scalability, theaother unique device propertiesasuch as 

input resistance, self isolation,azero static power dissipation, simplealayout and process 

steps haveamade CMOS transistors as the mainacomponents of the current integrated 

circuits (ICs). aToday CMOS ICs are found everywhereaand indispensible in our daily 

life,aranging from portable electronics toatelecommunications and transportation. Aalot 

of research has gone intoadevice design over the lastathirty years, but the evolution 

ofaprocess technologies brings newaobstacles as well as new opportunitiesato device 
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designers. The afuture technology trend predicted by ITRS (International Technology 

Roadmap for Semiconductors), physical dimensionsaand electrostatic limitations faced 

byaconventional process and fabrication technologies willarequire the dimensional 

scaling of complementary metal-oxide-semiconductor (CMOS) devicesawithin the next 

decade. However, as the device scalingacontinues for the 21st century, it turnsaout that 

the historical growth doubled circuitadensity and increased performance byaabout 40% 

every technology generation, followed byaMoore’s Law cannot be maintained onlyaby 

the conventional scaling theory.aAs the CMOS technology scaling entersathe nanometer 

regime, manyaserious problems called the small geometryaeffects or short channel 

effects (SCEs) comesainto play. Some of theseaeffects are such as increased leakage 

currents, adifficulty on increase of on-current,alarge parameter variations, low 

reliabilityaand yield, increase in manufacturing cost, aand etc. In order to sustain 

theahistorical improvements, future technology scaling aand to mitigate these small 

geometry effectsato a considerable level, several strategies and new device 

structuresahave been researched and introduced. A few examples of thoseaare; increasing 

electrostatic control overathe channel by means of the continuousaEOT scaling with 

high-k/metal gate stack,aMulti-gate MOSFET structures, silicon-on-insulator(SOI), 

Strained Silicon (S-Si),aSi nanowire/carbon nano tube FETs, etc. Manyaof these devices 

have been shown toahave favorable device properties andanew device characteristics, and 

require new fabrication techniques.aThese nanoscale devices have significant potential to 

revolutionizeathe fabrication andaintegration of electronic systemsaand scale beyond the 

perceivedascaling limitations of traditional CMOS. 

 

1.2 Future Technology NodeaRequirements 

The factors or features toabe distinguished between severalalogic technologies options 

are [1]: 

a) High performance (HP): 

The high performance correspondsato high complexity ICs that requireahigh clock 

frequencies andaat the same time can dealawith high power consumption. The 

increaseain clock frequency from oneatechnology node to the next canabe achieved at the 

device level byaan improvement of the intrinsic switchingatime of a transistor of 17% per 
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year,awhile maintaining the transistor off stateacurrent to a value acceptable fromapower 

consumption pointaof view. The intrinsic switchingatime (τ) is the time neededaby a 

transistor supplying on-stateacurrent to make the gate ofaan identical transistor 

switchingafrom ground to the supply voltagea 
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where, C → Gateacapacitance V → Supply voltage I → On-stateacurrent of the device. 

Therefore,athe most efficient way toaachieve enhanced performance is toascale the gate 

length of theatransistor aggressively. Consequently,athis will result in reduced 

gateacapacitance while increasing the on-stateacurrent. 

 

b) Low operating power (LOP): 

The low operatingapower technology option mainly aimsaat relatively high 

performanceamobile applications such as notebookacomputers. The key challenge isato 

increase the circuit performanceawhile decreasing the dynamic poweraconsumption as 

much as possibleawhen the device is operating.aThe dynamic power consumption atathe 

device level is a measure ofapower-delay product given by 
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Therefore, the most efficientaway to reduce the dynamic poweraconsumptiona is thus to 

reduce theasupply voltage as far as possibleai.e. V ⇒ Pτ⇒ Dynamic Power 

Consumptiona(given by 0.5CV 
2
f) decreases.a 

 

c) Low stand-by power dissipation (LSTPD): 

The low stand-by poweraoption is used for loweraperformance, low-cost 

consumeraapplications such as cellular phones.aFor such applications, theamain concern 

or key issue isato continue increasingacircuit performance while maintainingathe power 

consumption as lowaas possible when theaIC is idle. This static poweraconsumption at 
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the transistor levelais governed by the leakageacurrent of the devices. Therefore,alow 

stand-by power technologyaoption requires very low transistor-offastate currents as well 

as veryalow parasitic currents such asagate leakage. 

 

1.3 Technology Scaling 

The lateralageometric dimensions of devicesaand interconnects are reduced.aThis 

reduction in size is referredato as “scaling” of the geometric dimensions ofathe integrated 

circuits(IC). The minimumafeature size is smaller size of objecta(e.g. gate length or 

interconnect line width)aon IC. Over the past decades,athe MOSFET has continually 

been scaledadown in size; typical MOSFET channelalengths were once several 

micrometers,abut modern integrated circuits are incorporatingaMOSFETs with channel 

lengths of tensaof nanometers. As a consequence ofathis minimum feature size of 

ICs,athe number of transistors has increasedaover time. The semiconductor industry 

maintains a “roadmap”, theaITRS, which sets the pace for MOSFET 

development.aHistorically, the difficulties with decreasingathe size of the MOSFET have 

been associatedawith the semiconductor device fabricationaprocess, the need to use very 

lowavoltages, and with poorer electrical performanceanecessitating circuit redesign and 

innovationa(small MOSFETs exhibit higher leakage currents,alower output resistance, 

lower transconductance,ainterconnect capacitance, process variations,aetc.) 

 

1.3.1 Why MOSFET Scaling? 

Smaller size of MOSFETs is highly desirable for several reasons.aThe primary reason to 

make transistorsasmaller in size is to integrate moreaand more number of devices in a 

givenachip area. This results in a chip withathe same functionality in a smalleraarea, or 

chips with more functionalityain the same area. Sinceafabrication costs for a 

semiconductor waferaare relatively fixed, theacost per integrated circuits is 

mainlyarelated to the number of chipsathat can be producedaper wafer. Hence, smaller 

ICs allowamore chips per wafer, reducing the priceaper chip. In fact, over the pasta30 

years the number of transistors perachip has been doubled every 23 years onceaa new 

technology node isaintroduced. For example the number of MOSFETs inaa 

microprocessor fabricated in a 45anm technology can well be twice as many as in aa65 
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nm chip. This doubling of transistor densityawas first observed by Gordon Moore 

ina1965 and is commonly referred to as Moore’s law.aIt is also expected that smaller 

transistorsaswitch faster. For example, one approachato size reduction is a scaling ofathe 

MOSFET that requires alladevice dimensions to reduce proportionally.aThe main device 

dimensions are theachannel length, channel width, andaoxide thickness. When they 

areascaled down by equal factors,athe transistor channelaresistance does not 

change,awhile gate capacitance is cutaby that factor. Hence, the RCadelay of the 

transistor scales withaa similar factor. However, this hasabeen traditionally the caseafor 

the older technologies, for theastate-of-the-art MOSFETs reductionaof the transistor 

dimensionsadoes not necessarily translate toahigher chip speed because theadelay due to 

interconnectionsais more significant.  

 

1.3.2 Moore’s Law 

In the lastaforty-five years since 1965,athe price of one bit of semiconductoramemory has 

been droppeda100 million times. The primary engineathat powered the proliferation 

ofaelectronics is “miniaturization”.aBy making the transistors and interconnectsasmaller, 

more circuits can be fabricatedaon each silicon wafer and thereforeaeach circuit becomes 

smaller.aMiniaturization has also beenaresponsible to the improvements in speedaand 

power consumption in ICs.aGordon Moore made an empiricalaobservation in 1965 that 

the numberaof devices on a chip doubles aevery 18 or 24 months or so asa shown in 

Figure 1.1 [2]. This Moore’s law is succinct description of rapid and persistent trend 

ofaminiaturization. Each time minimum line width is reduced, weasay that a new 

technology generation or a technology node is introduced. 

Historically, new technology node is introduced every two-three years. The main reward 

for introducing new technology node is reduction of circuit size by half.a(70% of 

previous line widthameans 50% reduction in area i.e., 0.7*0.7=0.49).aSince nearly twice 

as many circuit can be fabricated onaeach wafer with each newer technology node, the 

cost per circuit reduced significantly which drive down cost of ICs. It’s intuitive that 

Moore’s Law cannot beasustained forever. However, predictions ofasize reduction limits 

due to material oradesign constraints, or evenathe pace of size reduction,ahave proven to 
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elude the mostainsightful scientists. The predicteda‘limit’ has been dropping atanearly 

the same rate as the sizeaof the transistors. Further technologyascaling requires major  

       

Figure 1.1: Moore’s Law 

 

changes inamany areas, including: 1) improvedalithography techniquesaand non-

opticalaexposure technologies; 2)aimproved transistor design toaachieve higher 

performance with a smaller dimension; 3) migration from a current bulk CMOS devices 

toanovel materials and structures, includingasilicon-on-insulator, strained Si and 

noveladielectric materials; 4)acircuit sensitivity to soft errorsafrom radiation; 5) smaller 

wiringafor on-chip interconnectionaof the circuits; 6) stable circuits;a7) more productive 

design’automation tools; 8) denser memory, cells, and 9) manageable capital cost.,Metal 

gate and high-k gateadielectrics were introduced into productionain 2007 to maintain 

technology scaling trend. 

In addition, packagingatechnology needs to progress at rate consistent with on-

goingaCMOS technology scaling at a sustainable cost/performance levels. This requires 

advances inaI/O density, bandwidth, power distribution,aand heat extraction. System 

architectureawill also be required to maximize performance gain achieved in an advanced 

CMOS andapackaging technologies. 
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1.3.3 CMOS Scaling Trends 

For many years now,athe shrinking of MOSFETs has beenagoverned by the ideas of 

scaling.aThe basic idea is illustrated in the Figure 1.2 [3]: a large FET isascaled down by 

factor α to produce smaller FET with similar behavior. 

 

                            

           Figure 1.2: Schematic illustration ofathe scaling of Si technology by factor α 

 

Device scaling is based uponasimple principles; reducing the sizes of device and 

interconnect density, and power, speed and performance of transistors can be improved. 

Device scaling mainlyafocuses on 

a) scaling of thresholdavoltage with feature size 

b) scaling of gate oxideathickness with feature size 

c) scaling of supplyavoltage with feature size 

With technology scaling, MOS device channel length isareduced. When the dimensions 

of a MOSFET  scaled down, both voltage level and gate-oxide thickness also reduces. 

The supply voltage Vdd has to beascaled down in order to keep the power 

consumptionaunder control. The transistor Vth also had to beascaled down to maintain 

aahigh drive current and achieve performanceaimprovement. In a given technology 

node,asince the source-body and drain-body depletionawidths are predefined based on 

the doping, rate at which barrier height increases as a function of distanceafrom the 

source into the channel is a constant. Therefore, when channel length reduced, the barrier 

for majority carriers to enter the channel also reduces as shown in Figure 1.3 [5]. As a 

result threshold voltage reduces. In short channel transistors, the barrier height and 

therefore threshold voltage are strong function of drain voltage. Figure 1.3 [4] indicates, 
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the barrier reduces asathe drain voltage is increased. Aggressiveascaling of CMOS 

technology in recentayears has reduced the silicon dioxide (SiO2) gateadielectric 

thickness below 20˚A.aIn 90 nm, the gate oxide consists ofaabout 5 atomic layers 

equivalent to 1.2 nm in thickness.aThe thinner the gate oxide, higher the transistor current 

andaconsequently the switching speed. The scaling trendaof power supply voltage (Vdd), 

thresholdavoltage (Vth), and gate-oxideathickness (Tox) as function of CMOS 

channelalength is shown in Figure 1.4 [5]. When Vdd is reducedatowards shorter channel 

lengths, itabecomes increasingly difficult toasatisfy both the performanceaand the off 

current requirements.aTrade-off between leakage currentaand circuit speed stems due 

toasubthreshold no scalability. For thisareason and for compatibility withathe 

standardized power supply voltage ofaearlier generation systems, the general trend is 

thataVdd has not been scaled down in proportion to L and Vth has notabeen scaled down in 

proportionato Vdd as shown in Figure 1.4 [5]. When allaof the voltages and dimensions 

areareduced by the scaling factoraα and the doping andacharge densities are increasedaby 

the same  

                       

Figure 1.3: Channel length reducesathe barrier for theamajority of carriers to enterathe 

channel 
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factor, the electric fieldaconfigurations inside the FET remainathe same as it was inathe 

original device. This isacalled constant field scaling, whicharesults in circuit speed 

increasingain proportion to the factor α andacircuit density increasing as α2.aThese 

scaling relations are shown inathe second column of Table 1.1 alongawith the scaling 

behavioraof some of the other importantaphysical parameters. α isathe dimensional 

scaling parameter,aε is the electricafield scaling parameter,aand αd and αw are 

separateadimensional scaling parametersafor the selective scalingacase. αd is applied to 

the deviceavertical dimensions and gate length,awhile αw applies to theadevice width and 

theawiring. 

 

                                        

Figure 1.4: Scaling trend of powerasupply voltage (Vdd), thresholdavoltage (Vth), and 

gate-oxideathickness (Tox) as a function ofaCMOS channel length 

 

1.3.4 Challenges to Miniaturization of MOSFETs 

Despite formidable challenges,ahowever, many of those in the researchacommunity and 

industry do envisionaclose variants of conventionalamicroelectronic transistors 

becomingaminiaturized into the nanometer-scale regime.aFor example, the International 

Technology Roadmap for Semiconductors (ITRS) [6], published by the Semiconductor 

Industry Association,aprojects that chips will beamade from transistors with                                   
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                                 Table 1.1: Technology Scaling Rules foraThree Cases 

                                          

 

 

majorafeatures (gate lengths) of 70 nm in theayear 2010. Individual workingatransistors 

with 40 nm gate lengthsahave already been demonstrated in silicon.aTransistors with gate 

lengths asasmall as 25 nm have been madeausing Strained Silicon (S-Si). However,ato 

provide points of reference foracontrasting nanoelectronic devicesawith scaled-

downaFETs, a few of the obstacles toaFET scaling are simplyaenumerated below, in 

increasingaorder of their intractability [7].  

 

a) High electric fields: 

Due to bias voltage being appliedaover very short distances, one canacause avalanche 

breakdown byaknocking large numbers of electrons out ofathe semiconductor at high 

energies, thus causing currentasurges and progressive damage toadevices. This may 

remain problem in nanoelectronicadevices made from bulk semiconductors.a 

 

b) Heat dissipation: 

Heat dissipation ofatransistors (and other switching devices),adue to their necessarily 

limited thermodynamicaefficiency, limits their density inacircuits, since overheating can 

causeathem to malfunction.aThis is likely to be a problem foraany type of densely packed 

nanodevices.a 
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c) Vanishing bulk properties and non-uniformity of doped semiconductors on small 

scales: 

This can onlyabe overcome either by notadoping at all (accumulatingaelectrons purely 

using gates,aas has been demonstratedain a GaAs heterostructure) oraby making the 

dopant atoms forma regular array. 

 

d) Shrinkage of depletion regions: 

Shrinkage of depletionaregions until they are toathin to prevent quantum 

mechanicalatunneling of electronsafrom source to drain when theadevice supposedly is 

turned off.aThe function of nanoelectronic devicesais not similarly impaired,abecause it 

depends on such tunnelingaof electrons through barriers.a 

 

e) Shrinkage and unevenness of the thin oxide layer beneath the gate: 

This prevents electrons fromaleaking out of the gate to the drain.aThis leakage through 

thin spotsain the oxide also involves electronatunneling. Long ago, MOSFETs wereabig 

and could be described viaadrift currents and carrier controlavia the gate 

capacitance.aNow MOSFETs are smallain order to increase theiraoperation speed. 

Pushingathe dimensions of the gate length downainfluences the electrostatics of 

theadevices. In order to preserveathe electrostatic integrity of theaMOSFET scaling has 

proceeded in aacontrolled way: Lg ↓ hasato go together with tox ↓, NA ↓, tsi ↓, Vdd ↓ and   

W ↓. 

 

Some of the shortachannel effects resulting due toathe scaling of device dimensions 

canabe illustrated as follows [8]: 

a) Drain induced barrier lowering (DIBL) and punch through: 

When the depletion regionsasurrounding the drain extendsato the source, so that theatwo 

depletion layer merge,apunch through occurs. Punchathrough can be minimized 

withathinner oxides, largerasubstrate doping, shallowerajunctions, and obviously with 

longerachannels. The current flow in theachannel depends on creating and sustaining an 

inversionalayer on the surface. If the gate biasavoltage is not sufficient to invertathe 
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surface (Vgs<VT0), the carriers (electrons)ain the channel face aapotential barrier that 

blocksathe flow. Increasing the gate voltageareduces this potentialabarrier and, 

eventually, allowsathe flow of carriers under the influenceaof the channel electricafield. 

In small-geometry MOSFETs,athe potential barrier is controlledaby both the gate-to-

sourceavoltage Vgs and the drain-to-source voltageaVds. If the drain voltageais increased, 

the potentialabarrier in the channel decreases,aleading to drain-induced barrier lowering 

(DIBL).aThe reduction of the potential barrieraeventually allows electron flowabetween 

the source and the drain, even if the gate-to-source voltage is lowerathan the threshold 

voltage.aThe channel current that flows underathis conditions (Vgs<VT0) is called the sub-

thresholdacurrent. 

                                

                               Figure 1.5: DIBL effect in short channel MOSFETs 

 

b) Surface Scattering: 

As the channel lengthabecomes smaller due to thealateral extension of the depletion 

layerainto the channel region,athe longitudinal electric field componenta V  increases, 

and the surface mobilityabecomes field-dependent.aSince the carrier transport in 

aaMOSFET is confined within the narrowainversion layer, and the surfaceascattering 

(that is the collisionsasuffered by the electronsathat are accelerated towardathe interface 

by X ) causesareduction of the mobility, the electronsamove with great difficultyaparallel 

to the interface,aso that the average surface mobility,aeven for small values of V ,ais 

about half as much as that of theabulk mobility. 
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c) Velocity Saturation: 

The performance of short-channeladevices is also affected byavelocity saturation, which 

reduces theatransconductance in the saturationamode. At low V , the electron 

driftavelocity vde in the channelavaries linearly with the electricafield intensity. However, 

asa V   increases above 104 V/cm, theadrift velocity tends to increaseamore slowly, and 

approaches aasaturation value of vde (sat)=107 cm/s around V  =105 V/cm at 300 K. 

Note that theadrain current is limited by velocity saturationainstead of pinch off. This 

occurs in shortachannel devices when the dimensionsaare scaled without lowering 

theabias voltages.  

 

                            

Figure 1.6: Magnitude of carrieravelocity in inversion layeravs. magnitude of 

longitudinalacomponent of electric fielda[9] 

 

d) Impact Ionization: 

Another undesirable short-channelaeffect, especially in NMOS,aoccurs due to the 

highavelocity of electronsain presence of high longitudinalafields that can generate 

electron-holea(e-h) pairs by impact ionization,athat is, by impacting on siliconaatoms and 

ionizing them.aIt happens as follow normally,amost of the electrons are attractedaby the 

drain, whileathe holes enter the substrateato form part of the parasiticasubstrate current. 

Moreover, the regionabetween the sourceaand the drain can act like theabase of an n-p-n 
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transistor,awith the source playing the role of theaemitter and the drain that ofathe 

collector. If the aforementionedaholes are collected by the source,aand the corresponding 

hole currentacreates a voltage drop in the substrateamaterial of the order ofa6V, the 

normally reversed-biasedasubstrate-source p-n junctionawill conduct appreciably.aThen 

electrons can be injectedafrom the source to the substrate,asimilar to the injection 

ofaelectrons from the emitter to the base.aThey can gain enough energyaas they travel 

towardathe drain to create newae-h pairs. The situation can worsenaif some electrons 

generated dueato high fields escape the drainafield to travel into the substrate,athere by 

affecting other devicesaon a chip. 

 

e) Hot Electrons: 

Another problem, relatedato high electric fields, isacaused by so-called hotaelectrons. 

This high energy ofaelectrons can enter the oxide,awhere they can be trapped,agiving rise 

to oxide chargingathat can accumulate with timeaand degrade the deviceaperformance by 

increasing VTH andaaffect adversely the gate‘sacontrol on the drain current.a 

 

                                

Figure 1.7: Hot electron carrier effectain a region of high longitudinalaelectric field in 

inversion channel of aMOSFET [9] 
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1.4 Organization of the Dissertation Work 

Chapter-1 Introduction: - 

This chapter starts fromaMoore’s law and then discussesaabout scaling in bulk 

MOSFETs,aits challenges and their solutionain the form of advance MOSFETs.aThen,it 

looks upon the major SCEsain conventional short channel devices.a 

 

Chapter-2 Literature Survey: - 

This chapter starts with smallaintroduction about need of DG JL MOSFETs devices and 

thenatells about DG JL MOSFETs,aits advantages.  

 

Chapter-3 Two Dimensional Subthreshold Region Drain Current Modeling of 

Symmetrical Double-Gate Junctionless MOSFET: - 

In this chapter 2D potential function is derived and then a relation between surface 

potential and gate voltage  is obtained for the DG JL MOSFETs in terms of Lambert-W 

function. Next, these derived expressions are used to model drain current in the 

subhtreshold region. 

 

Chapter-4 Results and Discussion: - 

This chapter contains theacomparison of the device simulation resultsaof the DG JL 

MOSFETs from Cogenda’s TCAD tool with the model results. 

 

Chapter-5 Conclusion and Future Scope: - 

A brief conclusion and apossible improvements have beenadiscussed in this chapter. 
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Chapter 2 

 
2 Literature Survey 

 

2.1 Motivation 

In a conventional, bulk-silicon micro-circuit,athe active elements are located in a thin 

surfacealayer (less than 0.5 μm of thickness) andaare isolated from the silicon body with 

a depletionalayer of a p-n junction. The leakage current ofathis p-n junction exponentially 

increases withatemperature, and is responsible for severalaserious reliability problems. 

Excessive leakage currents andahigh power dissipation limit the operationaof micro-

circuits at high temperatures.aParasitic n-p-n and p-n-p transistors formed in neighboring 

insulatingatubs can cause latch-up failures and significantlyadegrade circuit performance. 

 

Silicon-on-insulator (SOI) technology employs a thinalayer of silicon (tens of 

nanometers) isolated from aasilicon substrate by a relatively thick (hundreds of 

nanometers) layeraof silicon oxide. The SOI technology dielectrically isolates 

componentsaand in conjunction with the lateral isolation,areduces various parasitic 

circuit capacitances, andathus, eliminates the possibility of latch-up failures.aFigure 2.1 

[10] shows the cross-section of the bulk andaSOI MOS devices. As shown in the Figure 

2.1 [10],aowing to the buried oxide isolation structure, SOIatechnology offers superior 

devices with excellentaradiation hardness and high device density.aSOI devices are more 

suitable with their steeperasubthreshold slope (SS) which facilitates scaling ofathe 

threshold voltage for low-voltagealow-power applications. Depending on the thickness of 

theasilicon layer, MOSFETs will operate in fully depleted (FD) or partially depleted (PD) 

regimes. When the channeladepletion region extends through the entire thicknessaof the 

silicon layer, theatransistor operates in a FD mode. PD transistorsaare built on relatively 

thick silicon layersawith the depletion depths of the fullyapowered MOS channel 

shallower than theathickness of the silicon layer. The PD-SOI devicesahave many 

advantages like the fabrication process ofaPD-SOI devices is totally compatible with bulk  
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Figure 2.1: Cross-sectional view of theabulk-Si (left) and SOI (right)aCMOS devices 

 

silicon technology while fabricationsaof FD-SOI devices require development ofaultra 

thin body, and, therefore needs moreasophisticated technology. Hence, the design of bulk  

Siadevices can be easily transferred to PD-SOI technology.aAlso VT in PD-SOI is 

relatively lessasensitive to the uniformity in the Si-film thickness while inaFD-SOI 

device, VT depends on Si film thicknessaand it is difficult to control the thickness ofathe 

ultra thin film body.aAs a result the film thickness becomes non-uniformaacross the 

surface. In spite of so manyabenefits, PD-SOI devices exhibit certain undesirableaeffect 

known as “kink effect”.aDuring the past few decades, excellentahigh-speed and 

performance have been achievedathrough improved design, use of high qualityamaterial 

and shrinking device dimensions.aHowever, with the reduction of channel length,acontrol 

of short-channel effects is oneaof the biggest challenges in further down-scalingaof the 

technology. The predominatingashort-channel effects are a lack of pinch-offaand a shift 

in threshold voltageawith decreasing channel length as well asadrain induced barrier 

lowering (DIBL) and hot-carrieraeffect at increasing drain voltage. Therefore, toareduce 

this short channel effects to aagreater extent a new device structure calledaJunctionless 

(JL) Transistors have been demonstrated.aJunctionless devices with a uniform doping 

concentrationaand type throughout the channel and source/drainaextensions overcome the 

challenges facedaby the conventional nano devices [11]. The schematic diagramaof DG-

JL MOSFET is shown in the Figure 2.2. JL MOSFETs haveaextremely low leakage 

current and simple fabrication processaand are less susceptible to SCEs when compared 

withaclassical inversion-mode devices. However, the highadoping concentration in the  
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Figure 2.2: Schematic diagram of Double Gate (DG) JL MOSFET. 

 

channel reducesacarrier mobility which results in lower drive currentaand 

transconductance (Gm) of JL MOSFETs. 

 

2.2 Junction-Less Transistor (JLT)  

Some of the process challengesafor scaling the CMOS devices can be reducedaby a 

device which does notaneed any junctions and this is the main advantage ofajunctionless 

transistor. Unlike the conventionalaMOSFET, JLTs [12] have heavy channeladoping and 

is fully depleted in the OFF state.aFor this purpose, a gate metal which has aalarge 

workfunction difference to that of theachannel is needed. Gate bias need to be applied to 

bring theachannel out-of depletion and to see a conductionabetween source and drain. As 

there is aasingle semiconducting silicon bar withauniform doping from the source to 

channel, it can beamodeled as a resistor whose resistance can byamodulated by the gate. 

However, for a reasonable conductanceabetween source and drain, the doping ofathe 

semi-conductor bar need toabe very high. On the other hand, the depletionawidth in a 

heavily doped semiconductor isavery small and this demands an ultra thin siliconabody 

for a JLT. 
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Figure 2.3: Schematic of an extremelyathin silicon on insulatora(ETSOI) FET. 

 
2.2.1 Theory of junctionless transistors 

The schematic representation of junctionlessatransistor is shown in Figure 2.4. It can be 

seenathat for an n-channel operation [13], the source,achannel and drain are of n-type 

dopingaand the gate is of a p-type workfunction (& 5.1eV).aSince the workfunction 

difference betweenathe n-type channel and the p-type gate is of & 1eV,athere is a 

depletion in the channel,awhere the depletion is decided by the doping of theachannel 

region (thin depletion width for high doping andavice-versa). Channel can be made fully 

depletedaby choosing an extremely thin channel and lowachannel doping in the range of 

10nm and 10
19

 respectively.aOnce the channel is fully depleted, the currentabetween the 

source and drain becomes veryasmall. The current is very small whenathe gate is at 0V. 

Also, it can be seen in theaband diagram (Figure 2.5) for VGS =0V [14], that thereaexists 

a barrier between the source and theachannel due to depletion of carriers in theachannel. 

There exists a similar barrier between the source andachannel, even in the conventional 

MOSFET. Once a positiveagate bias is applied (note this is for an n-channelaoperation), 

the channel is now broughtaout of depletion and the barrier betweenathe source and 

channel is reduced. Thisaresults in a high drain current for a non-zeroadrain bias. When 

the voltage applied at the gateais approximately equal to the workfunctionadifference 
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between the gate and channel,athe device is brought into the flat-band condition andathe 

transistor is said to be turnedaON. 

However, all this is valid when theachannel thickness is less than its depletionawidth, 

else, the device will not beaturn OFF at zero gate bias. Foraexample, if the depletion 

width calculated isa10nm and the channel thickness is 20nm,athe device will conduct due 

to the drainato source bias, even for a zeroagate bias, i.e., the device cannot beaturned 

OFF. Hence it isaimportant to maintain a very thin semiconductorathickness in 

junctionless transistorsato have proper switching characteristicsa[15]. 

      

                         Figure 2.4: Schematic of an SOI junctionless transistor. 

 

 

Figure 2.5: Lateral band diagram on JLT bothaon the ON and OFF states. 
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2.3 Double Gate Junctionless (DG JL) MOSFET 

The down scaling of the channel length in MOSFETs posesaincreasingly difficult 

challenges as leakage currentaand short-channel effects increase dueato the decreasing 

control efficiency of the gateaon the channel. In a MuGFET, the gateaelectrode is 

wrapped around a siliconananowire, forming a multigate structure withaexcellent control 

of the channel potential,awhich allows one to fully deplete the channelaregion. In very-

short-channel devices,athe formation of ultra sharp source andadrain junctions is quite a 

challenge andaimposes drastic conditions on doping techniquesaand thermal budget. The 

JLatransistor is a resistor with uniform doping.aThe doping concentration is constant 

throughathe source, channel, and drain [16].aThe absence of doping concentration 

gradientaeliminates diffusion of impurities andathe problem of sharp doping profile 

formationaaltogether. Any increase of temperatureainduces variations of the electrical 

parametersaof MOS devices (e.g., threshold voltage shift,aincrease of leakage current, 

andareduction of mobility [17].) 

 

Recently, a double-gate (DG) junctionless (JL) fieldaeffect transistor (DG JL FET) has 

been reported [16-18] as aapromising candidate for future technology nodes. Technically, 

allaundoped or lightly counter-doped DG MOSFETs areajunctionless if the doping in the 

channel is of theasame type as the source and the drain. Whatadistinguishes the recently 

developed junctionless MOSFET isathat the channel is heavily doped of the same 

typeaand to a similar magnitude of concentration asathe source and the drain. The 

fabricated junctionlessadevice with a high content of impurity concentrationawithin the 

channel and source/drain (S/D)aregions requires no junctions and exhibitsamany 

advantages [19-22], such as theasimplified flexible fabrication process, nearlyaideal 

subthreshold slope (SS ≈ 60 mV/dec), highaON–OFF current ratio (ION/IOFF > 10
7
), low 

S/D seriesaresistance, and small drain inducedabarrier lowering. Moreover, the JL 

transistorashows many interesting characteristics, likeaconductance oscillations at low 

temperaturea[23] and high temperature behavior [24]. Theajunctionless transistor (JNT) 

is a heavily-dopedaSOI resistor with an MOS gate thatacontrols current flow. Doping 

concentrationais constant and uniform throughout theadevice and typically ranges from 

10
19 

and 10
20

 cm
-3

.aThe device features bulk conduction insteadaof surface channel 
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conduction. Figure 2.6 shows the device structure of the double gate junctionless 

MOSFET. 

 

Figure 2.6 Structural view of double gate junctionless MOSFET 

 

The operational principle of an n-channel DG JL FET is different from that of a standard 

n-channel DG FET. In theasubthreshold region [see Figure 2.7(a)], a highly doped 

channel isafully depleted; hence, it can hold a large electricafield. 

By increasing gate voltage, theaelectric field in the channel reduces until a neutralaregion 

is created in the centeraof the channel. At this point, it is possibleato define threshold 

voltageabecause bulk current starts to flowathrough the center of the channel [seeaFigure 

2.7(b)]. Then,aby further increasing the gate voltage,adepletion width reduces until a 

completelyaneutral channel is created [see Figure 2.7(c)].aThis occurs when the gate 

voltageaequals flat band voltage. Atathe onset of this condition, the bulkacurrent reaches 

its maximum value.aThereafter, by increasing the gate voltageafurther, negative charges 

accumulateaon the surfaces of the channel [seeaFigure 2.7(d)]. These charges result in 

surfaceacurrent, which is similar to theacurrent in a standard n-channel DGaFET. 

However, the surface currentaflows at a gate voltage that is muchahigher than the 

threshold voltageafor the bulk current [22]. Hence, the bulk current drivesathe total 

current in the JL transistors. 
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Figure 2.7 a) Fully depleted channel in subthreshold regime, b) semi depleted channel in 

bulk conduction mode, c) Flat band mode, d) Accumulation mode 

 

Additionally, in contrast toathe regular junction-based devices, theaprinciple of operation 

of junctionless DGaMOSFETs is based on a current flow in the volumeaof the silicon 

layer instead of atathe Si–SiO2 interface. Ideally, theachannel doping density of DG JL 

MOSFETs shouldabe quite high to drive high current densities.aOn the other hand, 

turning OFF theadevice also needs to fully deplete the channelaof mobile charges [24], 

which can be difficultaif the doping concentration is exceedinglyalarge. (Recently, such 

an argument regardingafull depletion is also used to justifyathat SiO2 scaling in DG JL 

MOSFETs shouldafollow almost the same trend as in bulkaDG MOSFETs [25]). For 

instance, considering an n-typeadoped channel, if the silicon layer is tooahighly doped 

and/or too thick, it may beaunfeasible to fully deplete the channel fromaelectrons, even 

for the lowest gateavoltage that the device can bear.aDepending on the technological 

parameters,aa hole inversion layer can also build upaat the channel interface, further 

screeningathe gate electric field and preventing depletionaof electrons at the center of the 

channel.aRecently, this hypodissertation is experimentally verified [26].aTherefore, 

above a certain dopingadensity and silicon thickness, what ultimatelyalimits channel 

depletion and OFF-stateacurrent density is the inherent invertedahole layer at the Si–

SiO2 interface.aPreliminary studies are attempted to evaluateathe performance of DG JL 

MOSFET integratedaon bulk substrate [27]; however, key relationshipsato investigate the 

design spaceaof DG JL MOSFETs are still missing today. In [28] analyticalaexpressions 
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involving the silicon thickness and the doping density to assess channel depletion and 

related OFF-current performances are developed. 

 

2.4 Review of Junctionless Transistors 

Realizing the metallurgical junctionsabeyond 32nm node for a metal oxide 

semiconductorafield effect transistor (MOSFET) has become extremelyachallenging due 

to the need of ultra steepadoping profiles [29]. Recently, new kind of deviceadesigns, 

based on the Lilienfeld’s firstatransistor architecture [30] which do not haveaany 

metallurgical junctions, were developed [31-32]aand successfully fabricated on silicon 

[29,33,34]. Newadesigns include nanowire gate all around (GAA) architecturesa[31, 35, 

and 33], vertically stacked devicesa[36], tri-gated nanowire architectures withasilicon on 

insulator (SOI) [29] and bulkasubstrates [37]. Planar architectures on bulkasubstrates 

were also developed to furtherasimplify fabrication process [32]. Junctionlessatransistors 

have an ultra thin device layeraof highly doped semiconductor which is volumeadepleted 

in the OFF state (at zero gate bias) dueato its workfunction difference with that ofathe 

gate electrode. This resultsain very low leakage current [29]. A positiveagate bias forces 

the device layerato flat band and then into accumulation,aresulting in an increase in the 

drain to sourceacurrent [29]. The gate of junctionless transistoramodulates the resistance 

of the heavily dopedasemiconductor; hence, the device can be seenaas a gated resistor 

[29, 38]. Trigate junctionless transistorsa(JLTs) with channel length of 1 μmawere 

demonstrated on silicon-on-insulatora(SOI) substrates [29]. Recently 50nm [33] and 

26nma[39] gate length JLTs performance haveabeen reported. P-channel JLTs on 

Germanium-on-insulatora(GeOI) substrates [40] and N-channel JLTsawith poly-Si 

nanowire channels have alsoabeen reported [34]. It has been shown that JLT can beaa 

good candidate for flash memory,abecause of which this concept was applied toaNAND 

flash and 3D integrated flash memoriesalike vertical stacked-array-transistor memoryafor 

solid state drives [41]aand bit cost scalable memories. This device wasaalso shown as a 

suitable candidate for dynamicaand static random access memory [30]aapplications. 

Recent studies also include temperatureadependence of electrical characteristics,aeffects 

of strain on JLT performance,aits ballistic nature at shorter channel lengths, andaradio 
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frequency (RF) performance analysis.aThese devices are known to offer several 

advantagesaover the conventional MOSFETs which are asafollows: 

 1. Better scalability [42] 

 2. Reduced fabrication processacomplexity [32, 43] 

 3. Low electric field during the ONastate of the device [32] 

 4. Impact ionization induced sharpasub-threshold slope at a drain bias of 1.5V [44] 

 5. High mobility [45].  

 

We here list out the milestones duringathe evolution of JLTs. These architectures include 

theagate all around junctionless transistor, known as aananowire pinch-off FET [31] and 

Vertical Slit FET (VeSFET) [36].aThe schematics of nanowire pinch-off FETaand 

VeSFET are shown in Figure 2.8.aThe VeSFET is a double gated junctionlessatransistor 

wherein the two gatesacan be operated independently. Independent gateaarchitecture 

allows the designer to realizealogic functions such as AND, OR etc. Its verticalaassembly 

makes the VeSFET an attractiveadevice for 3D integration [36]. However, scalingathe 

channel lengthato ultra short regime would be difficult due to the circular natureaof the 

gate. The firstajunctionless transistor was fabricated by Colinge et al, in 2010.aThey have 

shown the JLTs asaa potential device alternative to the conventionalaMOSFETs. The ON 

current demonstrated ata1μm channel length is on par with the conventionalaMOSFET 

[29]. They have demonstratedaa device with negligible DIBL, near-idealasubthreshold 

slope etc. Even in the recentashort channel (& 50nm) junctionless transistor fabricatedaby 

Colinge et at., they show thatathe electrostatic integrity is intact [44]. Later, it wasashown 

by Choi et al., [33], that a short channel length (& 50nm)aGAA junctionless FET has an 

unacceptable variabilityawith nanowire width variations. A large shift (& 3V)ain 

threshold voltage is observedajust by doubling the width of nanowire. An 

inversionamode transistor fabricated with a similar process flowadoes not have such 

variability. Very recently, Rios et al. [39],ahave a contradicting version of resultsashown 

by [29] and [44]. Theyashow that for a given OFF current JLTs have lower ONacurrent 

with an increased shortachannel effects. In view of the above mentioned shortcomingsaof 

junctionless transistors,athere is a tremendous need for reducing the short channelaeffects 

to make the device an attractiveaalternative for low standby power applications. 
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Figure 2.8: Schematic representation of (a) nanowire pinch-off FET [31] (b) Vertical Slit 

FET (VeSFET) [36] 

 

2.5 Introduction to Device Modelling 

The rapid developments in semiconductor technology over the past 15 years have led to a 

dramatic increase in interest in device modelling. The need to understand the detailed 

operation and optimize the design of silicon very large-scale integrated devices (VLSI), 

very high-speed integrated circuits (VHSIC) and compound semiconductor devices has 

meant that device modelling now plays a crucial role in modern technology. As the scale 

of the individual semiconductor devices decreases and the complexity of the physical 

structure increases, the nature of the device characteristics depart from those obtained 

from many of the classically held modelling concepts. Furthermore, the difficulty 

encountered in performing measurements on these devices means that greater emphasis 

must be put on results obtained from theoretical characteristics. Modelling also allows 

new device structures to be rigorously investigated prior to fabrication. 

Semiconductor device models can be considered in two broad categories-physical device 

models and equivalent circuit models. Physical device models attempt to incorporate the 
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physics of device operation whilst equivalent circuit models are based on electrical circuit 

analogies representing the electrical behavior. 

The analysis requirements for physical models are normally satisfied using numerical 

techniques implemented on computers. Physical device models are solved using either 

bulk carrier transport equations (the semiconductor equations), solutions to the 

Boltzmann transport equation or quantum transport concepts. Historically, bulk transport 

solutions have satisfied most device models, whilst Boltzmann and quantum transport 

solutions have provided a strong insight into the detailed device physics. However, the 

trend towards very small geometry devices, operating in the hot electron range, means 

that non-equilibrium transport conditions must be accounted for and the importance of 

the latter two techniques has become more significant. Table 2.1 shows the advantages 

and the limitation of various semi-classical and quantum-transport device models [39]. 

Table 2.1 Advantages and the limitation of various semi-classical and quantum-

transport device models. 
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2.5.1 Standard MOSFET models 

Some semiconductor industry standard compact models,asuch as charge, potential and 

conductance based modelsaare reviewed here. 

2.5.1.1 Charge based MOSFET model 

The charge based modeling approachais one of the basic and primitive modeling 

approaches.aIt is based on the computation of the inversion chargeadensity in the 

MOSFET channel inaterms of the terminal voltages, i.e. gate and drain voltages.aThis 

model is a regional modelabecause it explains the behavior of the MOSFETaseparately in 

all regions of its operation.aSo, these models require smoothing parameters,athey are 

somewhat empirical in theainterfacing regions and, thus the device isanot described 

accurately. The prominent chargeabased models are level 1, level 2, and level 3,aBSIM 1, 

HSPICE level 28, BSIM 2, BSIM 3, BSIM 4, and BSIM 5. BSIM 5 is usedafor sub-

100nm CMOS circuit simulation.aThis model is applicable to deep sub-micronaregion, 

and attempts have been madeato include the modeling of strained silicon technologyain 

the latest spice models. BSIM 4aconsiders the influence of stress of mobility,avelocity 

saturation, threshold voltage, bodyaeffect and DIBL effect. But the equations expressed 

areamostly empirical and no analytical models have beenagiven. 

 

2.5.1.2 Potential based MOSFET model 

This model approach is moreaaccurate than the charge based models. It is based onathe 

calculation of the potentialain the channel of a MOSFET to determine the I-V andaC-V 

characteristics. Some of theamodels based on the approach are SP models byaPenn-state 

University, USA, HISIM (Hiroshima-University,aSTARC IGFET model) valid down to 

sub-100nm MOSFETs.aThis model is applicable to the sub micronaregion and attempts 

have beenamade to include the modeling of strained siliconatechnology. 

 

2.5.1.3 Conductance based MOSFET model 

This modeling approach is suitableafor low power, short channel applications foraanalog 

design. It is known as theaEKV (Enz-Krummenachar-Vittoz) model, which hasabeen 

developed by the Swiss Federal Institute of Technology, Switzerland.aThis model keeps 

the substrate as theareference rather than the source, as observed inathe potential based 
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and charge basedamodels. Due to its complexity, it is much lessaused for modeling 

purposes. Moreover,ano stress modeling has been done in this model.aIn all the 

approaches mentioned above, attemptsahave been made to model MOSFETs. But 

mostaof the models that have been developedaare either empirical in nature. Therefore, 

there is aaneed for a more physics based approach to accuratelyaexplain the behavior of 

the device [46]. 

 

2.6 Summary 

As dimensional scaling of CMOSatransistors is reaching its fundamental limits,avarious 

researches have been activelyacarried out to find an alternative way to continue toafollow 

Moore’s law. Among theseaefforts, DG devices have been well recognized foratheir 

advantages in integratingadeep sub-micron CMOS devices. However, with theareduction 

of channel length,ashort-channel effects are becoming increasingly important.aSCE 

degrades the controllabilityaof the gate voltage over drain current due toaincreased 

charge-sharing from theadrain/source regions, which leads to the degradationaof the 

subthreshold slope and the increase in drain off-current.aThe last decade has seen 

increasing amount of effortafocused to circumvent the undesirable short channelaeffects 

(SCE). Engineering channeladoping in a controlled way is prohibitively difficultawith 

extremely thin-films and scarce andarandomly positioned dopant atoms, implyingayield 

and reliability problems. Therefore,aan additional constraint, ‘reliability,’ has to 

beaadded to the conventional low-power, high-speedaand high-density design 

consideration. On the other hand,aburied oxides thinner than 100 nm are needed toaavoid 

coupling, which trades-off withajunction capacitance considerations. Multiple gateaSOIs 

offer a better immunityaagainst SCE but they are difficult to integrate inathe current 

CMOS fabrication technology.aRecently developed junctionless MOSFETs, 

anaalternative solution in suppressingaSCEs better than conventional inversion-mode 

devicesais discussed. Therefore, a systematicaanalysis of the effect of junctionless 

MOSFETsais required to aid in understandingaits efficiency in suppressing SCE in deep 

sub-micron CMOSadevices. 
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Chapter 3 

 

3 Two Dimensional Subthreshold Region Drain Current 

Modeling of Symmetrical Double-Gate Junctionless 

MOSFET           

 

3.1 INTRODUCTION 

In long channel MOSFETs the large spacing between source/drain regions providesavery 

small value of lateral electric field component (i.e. along the channel length) thus the 

“edge effect” along the sidesaof the channel can be neglected and only perpendicular 

electric field (i.e. along the silicon film thickness) is assumedato exist at the surface 

everywhere reducing the analysis to onlyaone dimension based on gradual channel 

approximation. Such one dimensional analysis fail in shortachannel devices as the source 

and drain are much closer toaeach other causing the drain electric field to influenceathe 

channel potential. Thus, a twoadimensional analysis is required for short channeladevices 

with large channel width and a three dimension approach is adoptedafor short channel 

devices with narrow width. 

A 2-Dimensional analytical solution for Poisson’s equation has been derived by using the 

surface potential based charge model for a symmetric double gate junctionless MOSFET 

by considering only the mobile charge carriers. On the basis of surface potential based 

charge model a relation between the surface potential and gate voltage has been obtained 

in terms of Lambert-W function. Then the Pao-Sah integral is evaluated to obtain the 

drain current in the subthreshold region. The result of the obtained drain current model is 

being compared with the drain current of a symmetric double gate (DG) MOSFET in the 

subthreshold region. 

 

3.2 DG JL MOSFET Structure 

In order to obtain the surface potential of the DG JL MOSFET the potential distribution  
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in the silicon film of the device is studied. Figure 3.1 represents a schematic diagram of a 

DG JL MOSFET where the channel length is represented by L, tox and tsi represents the 

oxide thickness and silicon film thickness. Nsi is the doping concentration in the channel 

and source/drain region. 

 

Figure 3.1 Cross-section of DG JL MOSFET 

 

3.2.1 POISSON’S EQUATION 

To model the physical behavior of symmetrical DG JL MOSFET at nanometer domain, 

the potential distribution across the thin silicon film under different drain and gate bias 

conditions must be explicitly obtained. Presence of two gates and thin silicon film causes 

the potential distribution in DG JL MOSFET to be different than single gate MOSFET 

and the maximum potential do not occur at the surface but at some depth in the film. 

Many different approaches have been developed to analytically determine the potential 

along the channel of DG MOSFET in the literature, of which depletion approximation for 

solving Poisson’s equation is one. 

Considering only the mobile charges, according to the classical model, the Poisson’s 

equation in the channel region of Figure 3.1 is given by:- 

           

                                   
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                                             ... (1) 
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where jl (x) is the electrostatic channel potential, si  is the silicon permittivity, thermalv  is 

the thermal voltage whose value is given by (kT/q)26 mV, V is the quasi-Fermi 

potential of the electron and q is the electronic charge. 

 

DG JL MOSFET being a majority carrier device, the hole concentration is considered to 

be negligible compared to that of electrons in the channel with the boundary condition to 

be considered as:- 

                                                      0

0







x
dx

d jl
                                                        … (2) 

The electric potential at  tsi/2 is given by jls termed as surface potential and the 

potential at the centre of the film at x=0 is denoted by 0jl . 

Integrating (1) from 0jl  to jls  once give:-  
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                  … (3)                                                                                                                                                                                           

 

Now using Gauss’s law, the relation between the surface potential and the gate voltage 

can be obtained by:- 

 

                                                        
2/

2

si

jl

si

tx
dx

d
oQ




                                             … (4) 

Where oQ , the space charge density within limits ( 0jl to jls ) is given by: 

                                       
jlsfbgox

jl

sio
C

dx

d
Q 


 22                                      … (5) 

Where 
ox

C  is oxide capacitance, 
g

  is the gate voltage, 
fb

 is the flat band voltage             

(
MSfb

 , the work function difference). 

The channel potential by using parabolic potential approximation [47] is designated by:- 
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Differentiating (6) with respect to x we get 

                                                       )(
)2(4

2 jl

si

jl

t

x

dx

d



                                               … (7) 

where 
jl

 =
jlsjl


0

 

Using (5) and (7) we obtain 

                                              )(
)2(4

)(
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                                    … (8) 

 

As he channel is considered to be fully depleted 
0jl

 is approximately zero. 
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ox

t
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jl
  of (9) is equivalent to [48] 

                                                  sisimobile
si
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tqNQ

t
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                                                  … (10) 

 

Putting (10) in (9) and solving by assuming Qmobile to be zero, the threshold voltage can 

be directly obtained at gate voltage, g =Vth as:- 
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Solving (3) and (5) we obtain, 
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Finally the relation between the surface potential and gate voltage for DG JL MOSFET in 

terms of Lambert-W function is explicitly obtained as:- 

                                         
 AWv

tqN
V thermal
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sisi
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8

2

                                   … (14)      

where A=

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thermal

thg
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v

VV

Cv

qtN
exp

4
 and W is the Lambert-W function which is defined 

as the inverse function of y=xe
x 
[49].  

 

3.3 POISSON’S EQUATION for DG MOSFET Structure 

Figure 3.2 shows the cross-section of a symmetric DG MOSFET. Both the gates have 

same gate voltage having same work function. 

 

 

                                      Figure 3.2 Cross-section of DG MOSFET 
 

Considering only the mobile charge carriers, the Poisson’s equation in the channel region 

is given by:-  
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where dg (x) is the electrostatic potential for the double gate (DG) MOSFET, ni is the 

intrinsic  carrier concentration [50] and other parameters being same as that in case of 

DG JL MOSFET. Here the device considered is an nMOSFET with hole concentration 
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negligible to that of the electron concentration and the silicon film is considered to be 

lightly doped or undoped. 

Integrating (15) once with boundary condition   we obtain:- 

                               


























 













 




thermal

dg

thermal

dg

si

idg

vv

kTqn

dx

d
0

expexp
2


                                   … (16)                       

Where 
0dg

  is the potential at centre of the silicon film at x=0. Again integrating once 

the potential being the function of x is obtained as:- 
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Thus, the surface potential 
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The relation between the surface potential and gate voltage is expressed by using Gauss’s 

law as:-  
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where i  is the work function difference between gate and intrinsic silicon. 

By using (16) the relation between surface potential and gate voltage is given by:- 
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The threshold voltage for a symmetrical DG MOSFET is given by [51]:- 
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Where Eg is the energy band gap for silicon, Vbi is the built in potential 
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where NA is substrate doping concentration,
gfs

 is the work function difference between 

the gate electrode and the body region, Qb= - qNAtsi is the depletion charge density, Cox is 

the oxide capacitance, Csi=
si

si

t


is silicon film capacitance, r is the gate to gate coupling 

factor given by 
si

tt

t
r

ox

ox




3

3
.                                                         

3.4 DRAIN CURRENT MODEL  

3.4.1 DG JL MOSFET 

Using the gradual channel approximation, the drain current equation can be expressed by 

Pao-Sah integral as:- 

                                           
D
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jl
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                                                  … (22) 

where Qmobile =Q0 – QD is the mobile charge density, QD = qNsitsi being the fixed charge 

density, µ is the carrier mobility which is constant along the channel, Wjl is the width of 

the DG JL MOSFET and L being the channel length. VD is the drain voltage with the 

source voltage assumed to be 0. 

Replacing Q0 from (5) equation (22) is obtained as:- 
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A compact analytical model for the subthreshold drain current model is developed using 

the surface potential equation in (14).For subthreshold region, thg V the channel of DG 

JL MOSFET is fully depleted. Differentiating (14) with respect to  jls  leads to:- 
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Solving (23) we obtain:- 
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Using (24) in (25) we get the subthreshold drain current as:- 
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where )0(jls and )(Ljls being the surface potential at x=0 and L respectively. 

Putting the limits, finally the subthreshold drain current of DG JL MOSFET is obtained 

as:- 
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with device dimension scaling, the subthreshold drain current is affected by the short 

channel effects such as DIBL (Drain Induced Barrier Lowering) and channel length 

modulation. Some parameters have been incorporated in the drain current model to 

account for these effects. 

A drain voltage dependent parameter DV accounting for DIBL is being included in the 

exponential term of the current model which was previously only gate voltage dependent 

parameter [52]. The value of   as developed by Meindl and Swanson [53] for bulk 

MOSFET is being modified for the case of double gate structure by adding an empirical 

parameter H, thereby modifying the value of   as:- 
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The channel length modulation parameter [54] is represented as:- 
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where  is the empirical fitting parameter and  
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Thus, the modified subthreshold drain current model for DG JL MOSFET is modeled as:- 
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3.4.2 DG MOSFET 

The subthreshold region drain current model for DG MOSFET is given by the BSIM 

drain current model [56]. Introducing the DIBL and channel length modulation 

parameters to the drain current model, the final subthreshold region drain current model 

for DG MOSFET is given by:-   
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where D

thg
V

n

V
 


 , n is the subthreshold swing coefficient [18], Wdg is width of the 

device and other parameters being same as that in case of DG JL MOSFET. 
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Chapter 4 

4 Results and Discussion 

The results of the developed model are being validated with the TCAD simulation tool 

Cogenda. A classical drift diffusion approach is being used for the simulation process and 

also Fermi-Dirac carrier statistics are incorporated throughout the process. The transfer 

characteristics of the developed device is obtained for channel length L = 45 nm and 

width as W = 50 nm. The effective mobility for simplicity is considered to be 500 cm
2
/Vs 

with the assumption that the carrier mobility is constant throughout the channel and the 

velocity saturation effect is neglected. The gate work function is considered to be 4.74eV. 

An n-type uniform channel doping for the DG JL MOSFET is considered as Nsi = 10
19

 

cm
-3 

and other device parameters such as oxide thickness and silicon film thickness is 

considered as tox = 2 nm and tsi = 10 nm respectively. These device parameters are 

considered throughout the simulation process for both DG JL MOSFET and DG 

MOSFET device. For DG MOSFET the doping concentration in both n and p region is 

considered as NA = Nsi = 10
19 

cm
-3

. 

4.1 Surface Potential Variation with Gate Voltage 

Figure 4.1(a) and Figure 4.2(b) represents the relation between the surface potential and  

 

Figure 4.1(a) Surface potential variation with gate voltage for DG JL MOSFET for quasi-

Fermi potential V = 0. 
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Figure 4.1 (b) Surface potential variation with gate voltage for undoped symmetrical DG 

MOSFET 

 

gate voltage for JL MOSFET and DG MOSFET respectively with quasi-Fermi potential  

V = 0. The model is found to be in good agreement with the TCAD simulation results.     

 

4.2 Subthreshold Region Drain Current 

Figure 4.2 (a) and 4.2 (b) represents the transfer characteristics of the DG JL MOSFET in 

the subthreshold region for VD = 0.1 V and VS = 0 V. The fitting parameter values 

considered for the drain current model are H = 0.4 and  = 1 where the value of   can 

be any value from 0.6 to 1.2. The figures represent the subthreshold region drain current 

in both logarithmic and linear scale respectively. From both the figures it is clearly 

observable that the developed model and the simulation results are in good agreement 

with each other for the subthreshod region (VG < Vth) and deviates after that. The same 

analysis is being done in Figure 4.3(a) and 4.3(b) for DG MOSFET in logarithmic and 

linear scale respectively and both the model and simulation results are found to be in 

good agreement for subthreshold region. 

Figure 4.4(a) and 4.4(b) compares the transfer characteristics of the developed model for 

the same defined device parameters in both logarithmic and linear scale with that of a 
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previous study [57] in which the subthreshold region drain current for DG JL MOSFET is 

given by:- 
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From the figure it is observed that the present current model using Lambert-W function is 

more close to the simulation results than that of the previous model.  

Parameters such as DIBL and channel length modulation were introduced in the 

developed drain current model to better the device characteristics curve at higher drain 

voltage. Figure 4.5(a) and 4.5(b) show the logarithmic transfer characteristics curve for 

both DG JL MOSFET and DG MOSFET respectively at VD = 1 V and it is observed that 

the model is in good agreement with the simulation result at higher drain voltage.  

 

Figure 4.2 (a) Transfer characteristics for symmetrical DG JL MOSFET in logarithmic 

scale for the developed model compared with simulation (symbols) results. 
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Figure 4.2(b) Transfer characteristics for symmetrical DG JL MOSFET in linear scale for 

the developed model compared with simulation (symbols) results. 

 

Figure 4.3(a) Transfer characteristics for symmetrical DG MOSFET in logarithmic scale 

for the developed model compared with simulation (symbols) results. 
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Figure 4.3(b) Transfer characteristics for symmetrical DG MOSFET in linear scale for 

the developed model compared with simulation (symbols) results. 

 

Figure 4.4(a) Transfer characteristics for symmetrical DG JL MOSFET in logarithmic 

scale for the developed model and published research model.  
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Figure 4.4 (b) Transfer characteristics for symmetrical DG JL MOSFET in linear scale 

for the developed model and published research model.  

 

Figure 4.5(a) Transfer characteristics for symmetrical DG JL MOSFET in logarithmic 

scale for the developed model at VD = 1 V and VD = 0.1 V. 
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Figure 4.5(b) Transfer characteristics for symmetrical DG MOSFET in logarithmic scale 

for the developed model at VD = 1 V and VD = 0.1 V. 

4.3 Threshold Voltage 

In DG JL MOSFET the threshold voltage shift is larger due to the presence of heavy 

doping in the channel region. In order to study this effect the change in threshold voltage 

is studied by varying the oxide thickness from 1.5 nm to 3.5 nm in Figure 4.6.  

 

Figure 4.6 Threshold voltage comparisons between DG JL MOSFET and DG MOSFET 

for oxide thickness variation for the developed model and simulation results 
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The threshold voltage change with varying oxide thickness for DG MOSFE is also 

calculated and compared with that of DG JL MOSFET. In case of DG MOSFET with 

increasing oxide thickness threshold voltage increases and for DG JL MOSFET with 

increasing oxide thickness we observe that the negative gate voltage increases that are 

more number of majority charge carriers are required to turn the device into conduction.  

4.4 Distribution of Electric Potential with Different Values of VDS  

Figure 4.7 shows the distribution of electric potential with varying values of VDS from 

0.2V to 0.8V. With the increase in value of VDS the accumulation of electrons that is the 

majority carriers increases in the surface of the body region and with the increase in 

electron concentration the curvature of the electric potential also rises with the increasing 

drain voltage as shown in Figure 4.7. 

 

Figure 4.7 Electric potential variation with VDS 
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Chapter 5 

5 Conclusion and Future Work 

 

5.1 CONCLUSION 

With the scaling of device dimensions, a need to suppress the short channel effects was 

felt and DG JL MOSFET is one of the promising future candidates in the field of device 

technology. In this chapter n-type DG JL MOSFET was explored to study its behavior. 

An analytical compact drain current model in the subthreshold region was developed and 

the model was validated with the simulation results and was found to be in good 

agreement. The developed model characteristics was compared to the DG MOSFET 

characteristics curve and was found that the developed model follows all the 

characteristics of a short channel device and has a beer subthreshold slope than DG 

MOSFET  

 

5.2 METHODOLOGY 
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5.3 Scope for Future Work 

The developed model has several possible extensions that could be attempted as ongoing 

research work. Some specific recommendations based on the present work are as follows: 

1. The developed drain current model for the subthreshold region can be extended for a 

full drain current model by considering the current in depletion and accumulation region 

using proper boundary conditions  

2. Present study can be well extended by adding other SCEs which are not considered 

such as GIDL, hot carrier effect etc and by taking mobility degradation and velocity 

saturation into consideration. 

3. The present model follows classical drift-diffusion approach and can be studied for 

semi-classical modeling as well. 

4. Quantum effects such as quantum confinement and nanoscale effects can also be 

incorporated into the model so that a more précised results are obtained. 
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