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Abstract

Non-conventional metabxide-semiconductor (MOS) devicesave attracted r
attention for future ultrdargescaleintegration (ULSI) applications since the channel
length of conventional MOS devices approached the physical limit. Among the non
conventional CMOS devices which are currently being putsioe the future ULSI, the
fully-depleted (FD) SOl MOSFET is a serious contender as the SOl MOSFETs possess
some unique features suds enhanced shechannel effects immunity, low substrate
leakage current, and compatibility with the planar CMOS teclgylélowever, dudo the
ultra-thin source and drain regionsD SOIMOSFETSs possess large series resistance which
leads to the poor current drive capability of the device despite having excellent short
channel characteristics. To overcome this large sedsistance problem, the source/drain
area may be increased by extending S/D either upward or downward. Hdecated
sourcédrain (ES/D) andrecessegourcédrain (ReS/D) are the two structures which can

be used to minimize the series resistance gmblDue to the undesirable issues such as
parasitic capacitance, current crowding effects, etc. witB/[E structure, the R&/D
structure is a better choice. The FD-B® SOI MOSFET may be an attractive option for
sub-45nm regime because of its low paitas capacitances, reduced series resistance, high
drive current, very high switching speed and compatibility with the planar CMOS
technology. The present dissertation is to deal with the theoretical modeling and cemputer
based simulation of thED SOIMOSFETSs in general, and recessed source/drain /g
ultra-thin-body (UTB) SOl MOSFETSs in particular. The current drive capability ofSR2

UTB SOl MOSFETs can be further improved by adopting the -thethlgate (DMG)
structure in place of the conventionainglemetatgatestructure. However, it will be
interesting to see how the presence of two metals as gate contact changes the subthreshold
characteristics of the device. Hence, the effects of adopting DMG structure on the threshold
voltage, subthresholswing and leakage current of D UTB SOI MOSFETs have been
studied in thigdissertation Further, highk dielectric materials are used uttra-scaledMOS
devices in order to cut down the quantum mechanical tunneling of carriers. However, a
physically tick gate dielectric causes fringing field induced performance degradation.

Therefore, the impact of higk dielectric materials on subthreshold characteristics of Re

e



S/D SOl MOSFETs needs to be investigated. In this dissertation, various subthreshold
chaiacteristics of the device withigh-k gate dielectric and metal gate electrode have been
investigated in detail. Moreover, considering the variability problerthigsholdvoltage in
ultra-scaleddevices, the presence of a bagdte bias voltage may be dgkefor ultimate

tuning of the threshold voltage and other characteristicaicélethe impact of baegate

bias on the important subthreshold characteristics such as threshold voltage, subthreshold
swing and leakage currents of 8¢D UTB SOl MOSFETs haselen thoroughly analyzed in

this dissertation The validity of the analytical modelare verified by comparing model
results with the numeri cal simul ation resul:'t
from SILVACO Inc.

Keywords recessegourcédrain (ReS/D) SOl MOSFET, drairinduced barrier lowering
(DIBL), hot-carrier effects (HCESs), duametalgate (DMG), highk gate dielectric, and back

gate
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Chapter 1

Introduction

1.1 Introduction

The semiconductomdustry haggrown enormously since 1960 and today it is one of the
w o r | largestindustries. Such a phenomenal growthas never seen before in any
sector in the history of mankindVorld Semiconductor Trade Statistics (WST8)ecast

its 2016 global semtonductor sales growth ®355.3 billion,which is 3.1% higher from
2015 sales. Moreover,hé¢ growth of the semiconductor industry has not been
monotonous but hasa great impact on other industries like communication,
transportation, healthcareecurity and surveillance smart buildingsand homesand
space etcA semiconductor material is one whose electrical conductivity lies in between
those ofinsulators and good conductowhich are classified as intrinsic (pure) and
extrinsic (impure) semiconductorEEven though some pure elements and several
compounds exhibit semiconductor properties, silicon (Si), germanium (Ge), and
compounds of gallium (Ga) are the most commonly used in electronic devices. Further
depending upon the used impurity, extrinsic ssanductors are suflivided into two
classes which are-type semiconductors angtype semiconductordApplication of the
semiconductors hdseenexpanding dayy day widely from radio in the 1960s to almost
every electronic device that has an-afh switch in 2016 Semiconductor devices have
been rigorously pursued targeting performance improvement in tefrnggher speed,
lower powerconsumption higher efficiency with much functionality. The continuous
need of performance improvement has been the motiydorce behind the invention of
newsemiconductor devices and makes this field reabcinatingas well as challenging.



Chapter 1 Introduction

1.2 History and Perspective ofTransistors

A transistor {ransfer + resistor) is a semiconductor device which can amplify or shvitc
electrical signals It was invented in the midl940s by a team of scientistemely
William Shockley, &hn Bardeenand WalterBrattain Brinkman et al. (1997)]. This
solid stateoption of thevacuumtubes revolutionized the field of electronics and led
smaller and cheaper radios, calculators, and computers, among other Tagea of

o0 f i-edfdctdransisto(FET)Y0 was presented and patented b\
respectively[Lilienfeld (1930)]. Shockleyproposed ad j u n c t ieffent trdnsistol d
(JF E Tip 8952 [Shockley (1952¥ased orthe unipolar concepwith three terminalsin
1960, Kahng and Atalla [Kahngt al. (1960)] presentedone of the most essential
unipolar transistors called the metaloxide-semiconductor fieleeffect transistor
(MOSFET) with four terminalsincluding a substratefor controlling the transport
property more effectivelyEven after the MOSFEDBanvention, the BJT remainethe
transistorof choicefor several analog circuitdue to its superior electrical gyerties and

ease ofmanufacturing.

In 1952, a technique to integratevariety of electronic componentsto a monolithic
semiconductor crystatasinvented[Internet Resourc@R1)]. In 1957, Jack KilbyKilby
(1964)] developedan integrated circuit (IC)}comprises oftransistors,resistors and
capacitors, andeceivedthe Noble Prize in physics in the year 20@urther,in 1959, a
monolithic chip made of silicomaterialwas presented by Robert Noyce, where metal
vaporization technique was used to ceeatterconnectsThe major breakthrough in the
improvement of the integration levanto the chip was marked in 1963, when the
complementarymetaloxide-semiconductor (CMOS)echnologywas invented [Wanlass
et al. (1963)]. A CMOS circuit is designed wittboth n-channel ang-channel MOSFETs
on a singlesubstratdWanlasset al. (1963)]. Using the CMOS technology, researchers
have been able to integrate hundreds of millions of transistors on a single chip which can
even operate at room temperat(ifaur et d. (1998)]. Today, theCMOS technology is
the lading semiconductotechnoloy and has been used for the fabrication of

microcontrollers, microprocessors, static RAM, and other did¢pigic circuitsbecause of



Chapter 1 Introduction

high packing density Fig. 1.1 gives a sketctof the major milestone events in the

development o€EMOStechnology.

Transistors per Die

A
Core i710 Core
il AMD Kiog
10t Core 2 Duo 16G
G 4G
ot /V
® Memory
109 T .
® Microprocessor
81 [tanigim
10 m| 4
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£ 256 Pentium Il
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(1952) (1960) transistor

DRAM cell
(1968)

Fig. 1.1: A brief timeline of the major milestones in the development of CMOS integration [Taur
et al. (1998)]

Mo o r e, proposedby Inteld so-founder Gordon Moore irl965, statesthat the
number of transistors per square irahan integrated circuvill get doublein every 18
months Moore (1965) Thompson(2006) . M olawhasbegn an important guideline
in developing the technology fahe semiconductor industry since 1965. Semiconductor
industry witnessed two important milestones in the year 1989 and Z0@5million and
billion transistors were fabricated onto a chip for the first time in the year 1989 and 2005,
respectively[Clarke (20095]. Thus, ultra-large-scale integration (ULSIyas possible in

3
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the year 2005 becauseof the MOSFET scalabilityand advanced manufacturing
technology.

1.3 MOSFET Technology Scaling

Scaling of CMOS transistorbelow 32nmtechnology nodecausessevereshortchannel
effects (SCEs) such as subthreshold swing-uplland threshold voltage raiff [Wong
(2002)] It also increases the standby power dissipation worsening the switching
characteristics and offetswer lon/loff ratio. Hence, the suppression of theESQup to the
tolerable level is of significant importance of the MOSFET scaling to continue the IC

technology scaling trend.

The first scalingtheory proposed by Dennaret al. [Dennardet al. (1974)] is known as
6con$i ahtd theorg The pripdple of this theoryis to scale the supply voltage

and device dimensions (both horizontal and vertical) bysdmescalingfactor S>1, in

order to keep electric field unchanged. As a result, the circuit speeds up by the same
factor S, and reducesthe power dissipation per circuit by a factor 8f. The other
important scaling schemes are constasitage scaling and generalized scaling. The
scaling rules for various device parameters and circelitopmance factors of constant

field, constartvoltage and generalized scaling are shown in Table 1.1

Severalattemptshave beemadeto find outthea | t er nati ve waykw t o f c
[leonget al. (2006), Thompsomrt al. (2006), Colinge (2008)]. Aaresult of these efforts,

several kinds of techniques and alternative materials have been proposed for CMOS
performance improvementChang et al. (2003), leong et al. (2006). Apart from
introducing rew materials for the manufacturingf transistors to improve the
functionality per unit area, new transistor structures are also finding significance in the
microelectronics industry to keep the scaling al[@hanget al. (2003), leong et al.

(2006). Further,new materialsstructuresand technologieshat have been adopted by

the semiconductorindustry to combat the increasing leakage power and other scaling

issues are discussed in section 1.4.
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Multip lication Factor, S>1

Device Parameters Scaling parameter, a
Constant | Constant Generalized Rules
-field -voltage
Rules Rules

Device dimensionst(, ,L W) 1/S 1/S 1/s
Scaling F : S 2 as
assumptions Doping concentrationi{, ,Ny ) IS

Voltage (V) 1/Ss 1 als

Electric field (E) 1 S a
Derived Depletiortlayer width (W) 1/S 1/S 1/S
scaling Capacitance € = éA/t) 1/'S 1/'S 1/'S
behavior of -
device Inver§|on/ layer charge 1 S 1
parameters | 4ensity@,)

Long Velocity
Channel | Saturation

Carrier velocity () 1 S a 1

Drift current (I ) 1/s S azl/s als

Channel resistanceR,) 1 1/s azls als
Derived Circuit delay time (£ °© CV/ 1) 1/'s 1/ 2 1/ as 1/S
scaling Jissipai — > ) >
behavior of Power dissipation per circuit 1/S S a3l/s az/s
circui (tecvi/l)

ircuit

parameters | Power density P/ A) 1 g3 ad a?

Powerdelay product per circuit 1/ s3 S az/sd

(recv/l)

Table 1.1: Scaling of device dimensions and circuit paramefi€asir (1998)]

1.4 CMOS Technology Boosters

As discussedn the previous sectigrthe main challengéaced bythe CMOS scalingis
the presence oéxcess shotthannel effectswhen the device channel length enters in
sub100nm regime. CMOS technology boosters such as strained channieyprid-
orientationtechnology (HOT), higi dielectric, multigate, baclkgate and nowonventional
MOS structureshdp to continue CMOS scalingn sub100nm regime Few CMOS

technology boosters are discussed below.
1.4.1 Strained-Silicon (s-Si) Technology

StrainedSi technology has been adopted blye microelectronics industry as a
performance booster famainstreamULSI since the introduction of 3fn technology
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node [Takagi (2007)]Basically, straired-Si technology modifieshe lattice constant of
the materialby a lattice deformationwhich changes it®€nergy band structure to trap

carriers throughhe well formationand enhances mobility.

One of the tehniques to generate tisé&rain in the silicorchannelis to grow a thirsilicon
epitaxial layeron the silicongermanium(Si;.xGe;) substrate [Barrauet al. (2005)],
where, x is the molefraction of germanium inthe silicon-germaniumcompound.The
mole fractionx can be varied in ordeto introduce different amountf strain in the
silicon film. In strained Si film, the Gold degenerate valley in the conduction band splits
into a 2fold non-planarand4-fold planar degnerate valleygChaudhryet al. (2010)]. In
the same way, the valence band also splits iwimband consisting of light and heavy
holes respectively [Chaudhmt al. (2010)]. The carriers then prefer the lower energy
valley, while occupying themresuling in the reduction ofnter-valley scattering and
effective mass of the carrier [Chaudretyal. (2010)]. Byincreasing the Ge concentration
in the relaxed SixGe, substrate, the amount of biaxial stramcreasesand, thereforea
higher magnitude ofthe mobility enhancement can be achievéte lattice structure

strainedSi which grows on SiGeis shown inFig. 1.2

Relaxed Si Strained Si
)
O Q © |
Relaxed Si/Ge Relaxed SiGe
O—(C ¢ O—(¢ ¢
0 C ) 0 C N
O O O 9

€)) (b)

Fig. 1.2: Lattice structure of (alinstrained Si and SiGe (b) strained Si on relaxed SiGe
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1.4.2 Hybrid -Orientation-Technology (HOT)

Hybrid-OrientationrT e c hnol ogy ( HOT) i mproves <carriers
[Yang et al. (2003)]. Properties that are exploited for mobility enhancéraes surface
orientation and tensile strain. Take full advantage of the carrier mobility dependence on
surface orientation, nFETs should be fabricated on the (100) silicon surface and pFETs on
the (110) silicon surface [Yangt al. (2006)]. The n-chanrel FET is formed in (100)
orientation layer due to low oxidaterface charge density and highest electron mobility. The

p channel FET is formed in (110) orientation layer in which the atom density is higher
compared to (100) orientation layas can be luserved from the FidlL.3. Mixing these two
orientations on a singlsubstrateis done byHybrid -Orientation-Technology (HOT). It
provides a way of reducing the current drive imbalance betwégpe andp-type channels
[Sherawet al. (2005}. Thetechnol@ical processes that fabricate these hybrid surface layers
are membrane transfer and overgromtOT has received considerable attention by
researchers since its introduction due to its fabrication processes compatibility with the
current VLSI technologyYanget al. (2003), Sheravet al. (2005)].

Fig. 1.3: Schematic images of silicon (100) and (110) surfaces. (Shadowed areas are the channel
areas indicating that the channeling effect of implanted ions is larger on thes(irife) [Yang
et al. (2006)]
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1.4.3 High-k Dielectric Materials in MOS Transistors

When the device channel length is scaled down belawn32n ultrathin gate oxide, i.e.,
less than am~five atomic layerdoecomes a necessitpidresaet al. (2007). However,
this very thin layerof gate oxidetends to leak a lot ofcurrentwhich leads to excess
power consumptiomnd a buildup of heatHence, to cut down the gateakage current,
a physically thicker gate dielectric without compromising the -gai@nnelelectrostatics
coupling is required. lmther words, thalielectric material need® be physically thick

but electrically thin[Internet Resource (IRR) The physical thickness of ahigh-k

dielectric gate oxide igiven by t, :tOX%ezkﬁg, where, eg, is the permittivity of dicon
(; -

dioxide, e, is the permittivity ofhigh-k dielectric material and,, is the effective gate
oxide thickness of the devic&kesearchers have found some suitablé-kiglielectric
materialsto control bothshortchannel effects and gateakage current simultaneously.
Materials like HfQ (relative permittivity, k =22), ZrQ, (k=25) and TaOs (k =26),
HfSiO4 (k =27), are strong contenders to replace $Mhenthe channellength isscakd
down below 32nnjParket al.2015 Robertson (2004)

1.4.4 Dual-Metal-Gate (DMG) MOSFETSs

DualMetalGate (DMG) structuravhich wasproposedoy Long et al. [Long et al. 1999]
is one of the prominent CMO&chnology bostes today The crosssectional view of
duatmetalgate DMG) FET is shownn Fig. 1.4. The gate electrode @ DMG FET is

made of two different materials which are termedcastrol and sreen gates with work

function 7, andf\,, respectively. The work function dhe control gate (f\,,) is higher
than thatof screen gatefy,, ) i.e. f\y, > 7y, for ann-channel MOSFET and vice versa

for ap-channel MOSFETLong et al. (1999)].A device with DMG structure is tond to be
superior than a conventional one as it possesses excgfieriichanneleffects (SCES)
immunity, lower hotcarrier effects (HCEs) and drainduced barrier lowering (DIBL)
[Longet al.(1999),Chaudhryet al. (2004), Kumaret al.(2004),Jinetal. (2010]}.
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< Gate >
Source thlnnel R Drain
M Region M, Region

Fig. 1.4: Crosssectional view of a duahetalgate (DMG)FET [Long et al. (1999)]
1.4.5 Non-Conventional MOSFETs

Beyond 32m technology node, neconventional MOS structures have been pursued
relentlessly in oder to continue the scaling of MOS structures. Monventional
MOSFETs may be classified into following two broad categories (i) planar siboen
insulator (SOI) MOSFETS, and (ii) ngulanar multigate MOSFETSs. In SOl MOSFETS,

a thin Si channel is growan a thickburied-oxide (BOX) insulator whichis grown on a

Si substrate. The thin Si channel on BOX causes the reduced parasitic capacitances,
improved electrical isolationpetter immunity to radiationrinduced leakage current
(RILC) anddiminishedlatch-up effect SOl MOSFETSs can be categorized into partially
depletedPD) SOl MOSFETSs and fulldepleted (FD) SOl MOSFETS. In tiRD devices,
the silicon film is made to be much thicker than the maximum defgetion width so
that a neutral body region exisbelow the gate depletion boundarysa®wn in Fig. 1.5
(a). On the other hand, the silicon channel thickness of fudpleted SOMOSFETS is
made to be thin enough so that the entire film is depleted uhdeerobiascondition of

the device. The s@matic structure oh FD SOIMOSFET is shown irFig. 1.5 (b).

It may be mentionedhat unlike the bulk MOSFETS, the body &D-SOI devices is not

tied to the ground. In other words, the body can be floated to different potentials
depending on the appliatftain and gate voltages. When the dewvoperatesunderlarge

drain bias conditions, carriers of the same type as that ohéuwtral body may be
generatedy impactionization near the drain and get stored in me@itral regionof the
device. The storedharges may alter the body potential and hence the threshold voltage
of the devicdeading to an adverse phenomenon called the floating body effect of the SOI
MOSFETSs[Yoshimi et al. (1989)].
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SiO SiIG;
Source DepletedSi Drain Source Fully depletedSi Drain
(NeutralSi~. e
Buried oxide
Buried oxide

(a) (b)
Fig. 1.5: Schematic structure of (a) partialtiepleted (PD) SOl MOSFET (b) fulgepleted (FD)
SOl MOSFET

The SOl MOSFETs have a number of advantages over the bulk MOSFETs. The
advariages of ultrahin SOl MOSFETSs include reduced junction capacitance, inmgmov
electrical isolation,the possibility of optimal operation with relatively light channel
doping betterimmunity to radigion-induced leakage current ariminished latch-up
effect [Colinge (2004)Celler et al. (2003) Markov et al. (2012). Further, SOI devices
have lower SCEs than the bulk devices. Theriedoxide (BOX) cuts off most of the
leakagecurrent path for a MOSFET fabricated on Atnhother important merit of SOI
technology is that it providethe base fonewdevice structures such as mudttefield-

effect transistors (MuGFETs) ashown inFig. 1.6. The MuGFETs may be classified as
doublegate planar SOI transistordoublegate non-planar FinFET, tri-gate FET,
guadruple-gate FET gateall-around(or surroundinggate) FETand nanowire FET [Park

et al. (2001), Yanget al. (2002), Colinge (2004),Jiménezet al. (2004), Manoj et al.
(2008), Bangsaruntiet al. (2009), Huanget al. (2010), Kuhn (2012)].The MuG MOS
strudures provide extragate control overthe channel region Hence effective
suppression of theff-state leakage current and SCEs can be achieved [Colinge (2008)].
Additionally, multi-gate MOS structures havke flexibility that they may be controlled

by a singlegate electrode, wherein thenultiple-gate suifaces act electrically a single
gate, or byindependengateelectrodes [Feraipt al. (2011)].

However, several technological problems of MUGFETs must be solved before, to use

MuGFETs in VLSI circuitsSome of these problems are discussed below.
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1 The design and fabrication processnoin-planarstructures (MuGFETS) are more
complicated than the planar structures (SOl MOSFETSs). MuGFETSs require more
advanced fabrication techniques such as improved etclimgacy and reliability
[Pacheet al. (2006),Masaharat al. (2009]).

1 MuGFETs exhibits a very undesiralitbaracteristic known as corneffect which
occurs due to the electrostatic couplimgtweentwo adjacent gates at the corners.
This effect degradethe device performance by increasing thfé-stateleakage
current Zhao(2006) Yu et al. (2007).

1 Another important challenge associated with the performance and reliability of
MuGFETs is that in order to retain the desired values for threshold voltage,
subthreshold currenand subthreshold swing, the width of the fin needs to be
decreased agate length is decreas¢asaharaet al. (2009)] This imposes a

difficult challenge orthe fabrication process.

Dielectric

©

Fig. 1.6: Various SOI evice: (a) mgle-gate SOI transistor, (b) doubtgmte planar SO
transistor, (c) doublgatenonplanar FinFET, (d) trgate FET, (e) quadruplgate (or gatell-
around) FET, (fgateall around (or surrounding gate) FET (nanowire FHK)m (2010)]
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1.46 Back-Gated SOl MOSFETs

SOl MOSFETSs arevery attractive for low power applicatierbecause ofmany reasons
including lower junction capacitance, stempsubthreshold slope, and higher short
channel effect immunityKumar et al. (2008)]. In addition, bak-gate of SOl MOSFETs
may be used to control the threshold voltage of the structure. Thesgossnal view of
a fully-depleted SOl MOSFETs with badate control is shown in Fig. 1.The front
gate can be used to switch the device, whereas the-daekcan be used to set the

correct threshold voltage.

SiO,
Source | Fylly depleted Si | Drain

Buried oxide

Fig. 1.7: Crosssectional view of dully-depleted SOl MOSFETSs with bagjate control

1.5 SOI MOSFET

In SOlbasedCMOS technology, the conventional silicon substrate of la BIOSFET is
replaced by a layered silicansulator (i.e. Si®@ or sapphirexilicon substrate to reduce
parasitic device capacitances. Tihp layer of the SOI substratéhich is used as the channel
of the deviceis usually a very thin layer of crystalénsilicon. The thin silicon layer is
electrically isolated from the suibate by a thick (typically 108m or more) buriegxide
layer.Many techniques have been developed for producing a film of sangétalsilicon
on an insuktor [Colinge (2004)]. Siliconon-insulatorstructure carbe produced from a
bulk silicon wafer by isolating a thisilicon layer fromthe substrate through tHeull
isolation by porous oxidized silico(FIPOS) or through the ion beam synthesfsa
buried insulator lagr separationby implanted oxygen (SIMOX) [Colinge (2004).
Moreover, there is another layer transfer technique in whiehsmartcut has enabled the
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"peelingoff” of a thinsilicon layerfrom a wafer and its transfer onto an oxidized wafer.

The appoaches for makin@Ol wafers have beafiscussedn section 1.5.1
1.5.1 SOI M anufacturing Technologies

1 SOS (Silicoron-Sapphire)
Silicon-on-sapphire (SOS) is obtained lay epitaxial growth of a thin layer of silicon on
a sapphire (AlO3) wafer. SOS is used for manufaahg of highfrequency and high
power CMOS integrated circuits in satellite communication systems, cellular telephones,
and othergInternet resource (IR3)]n the early days, SOS faced many difficultiesha
commercial manufacturing of smadtale tranistors. Later, various techniques including
solid-phaseepitaxialand egrowth (SPEAR)double solid-phaseepitaxial (DSPE),were
developed to reduce the problem associated with the fabrication of SOS based transistors
[Paulet al.(2004)] The SOS wafefabricationprocess is illustrated in Fig. 1.8.

Crystallization defects

Silicop Film /

|- Siligon [Film

(a) Silicon film formation (b) Implantation of silicon ion

Sio,

—» Ultra-thin Silicon

(c) Heat treatment & surface oxidation

Fig. 1.8: SOS wafer fabrication flow

1 SIMOX (Separation by Implanted Oxygen)
In SIMOX technique oxygenatoms are@mplantedinto Siwaferin order tosynthesise
SiO,. The formation of Si@ by O,-ion implantation into Swafer was first reported by
Watanabe andooi in 1966 [Watanabeet al. (1966)]. Later, in 1978, K. lzumiet al.
[lIzumi (1978)]inventeda new SIMOX technique and fabricated a-$¢age CMOS ring
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oscillator using a buried Si@layer formed by @ion (*°0") implantation into silicon.

The SIMOX process is shown in Fig. 1.9.

1 Smart-Cut
Using smarcut technique, avery thin surface layer of crystalline isibn materialis

igh temperature anneali

Fig. 1.9: SIMOX process

transferredonto the insulating substrate. In 1995, Michel Bruel invented the shtautt

process[Bruel et al. (1995)] This processcontains three major steps whidcre:

implantation of H ions, bonding to a stiffengand thermal annealkin[Colinge (2004)].

The wafers which are fabricated by the srart process are called as UNIBOND wafers

[Colinge (2004)]. The sequence gfaphics given in Fig. 1.1@8escribes the process of

SOl wafer fabrication using the smart cut technology.

Surfacé oxidation

H implant

EERNNE

I

Flip and bong to handle wafg

Handle wafer

Bubbl

formation

\|/\/

Fig. 1.10: Smartcut process
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1.5.2 Salient Features of SOl MOSFETSs

SOl MOSFETsoffer several advantages over bulk silicon CMOS sashigh speedjow
power dissipation, low drain/source junction capacitances, low leakagentyyriggh
shortchannel effects immunity, high subthreshold voltage swirapnd Dbetter
manufacturing compatibility with the existing bulk silicon CMOS technolp@glingeet
al. (2004),Kumar et al. (2008). Some of theadvantagesf SOl MOSFET are discusde
below.

1  Low Drain Junction Capacitance:

In bulk MOSFETs, the parasitic capacitance at the drain junction consists of two
components:Capacitance betweeé the drainsubstratejunction and the capacitance
between the drain and the channel stop implant utiteifield oxide as shown in Fig
1.11(a). Asscaling the MOSFET$ nanometeregime, higlhy doped subsate regions
are inevitable which leads to high unction capacitances. On the other han@l S
MOSFETsmainly containonly oneparasiic capacitancevhich exits between thieuried
oxide and the silicon substrafehis capacitance is typical much lower when compared to
the capacitance of bulk MOSFETSolinge (2004)] Thus, reduced parasitic capacitances
in SOl MOSFETs contribute to the high performance.addition, the buried oxide

thickness does not necessarily to be scaled deindevice miniaturization.

Field oxide
] AN

n Junction P

Junction

IO o e o

T Field implant TR B PSP

Substrate Substrate

€)) (b)
Fig. 1.11: Junction capacitancg¢€olinge (2004)
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1 ReducedShort-Channel Effects (SCES):

In SOl MOSFETs, SCEsuch as threshold voltage raff and DIBL are mainly
influenced by thehannelthickness, buried oxide thickness, substrate dopingcaadnel
doping concentration. The threshold voltage 1wl occursat the smaller gateoltagesin
SOl MOSFETs than in bulk MOSFETs, by usingultra-thin SOI film the threshold
voltage roll off can bereduced. AnotheSCE, DIBL occursdue to the charge sharing
betweenthe gate and the S/D junctimnHowever, in ultrathin SOl MOSFETS, the
channel region prohibits drain to take control of channel chafGedinge (2004)].

1 NolLatch-Up:

Latchrup is an unwantedondition occurs irbulk CMOS devicesas shown in Fig. 12 Ja
The triggering of inherent PNPN thyristor structdioemed by the Bipolar transistain
bulk CMOS device lead tosevere problesin device performance However in SOI
CMOS devices, the latehp problem is ruled out as there éectrically isolated Hick
buried oxide layer between thaevices as showin Fig 1.12(b) [Matloubian (1989),
Kushwaha (2011)].

GND T Voo
o)

Thyristor

(@)
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(b)
Fig. 1.12: Crosssectiaal view of (a) bulk CMO§b) SOl CMOS

1.5.3 Challenges and Rmedies

Although SOI technology is already a mature technology, there are still some serious
challengesexist Primary challengesnclude fabrication of ultrathin film, thin box,
excellent thickess uniformity and lower defect conte@tdlinge (2004}). Further, due to

the ultrathin source and drain regionsD SOl MOSFETSs possess large series resistance
which leads to the poor current drive capability of the device despite having excellent
shortchannel characteristicsZhang et al. (2004). Furthermore, interconnects are
essatial to be a minimum of suthOnm in diameter in order to connect extremely small
devices [Liet al. (2009)]. As the interconnect wires diameter scale downs to the mean
free path of electrons, the surface scattering and boundary scattering would delay the
electronic conduction in wires,L[ et al. (2009)]. Therefore, the circuit operation
becomes slower and it is not promising to attain performance enhancement from scaling
[Li et al. (2009)]. Hence the FD SOl MOSFET structure needsome structural
modifications to overcome these problems. The modification can be done possdle

ways (i) by elevating S/D regions upward (ijy recessing S/Degionsdeeper into the
buried oxide. Based on these, two different kindsFkdd SOI MOSFET structures have
been proposeds follows:
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1  Elevated Surce/Drain (E-S/D) SOl MOSFETs

Theelevated source/drain {§/D) MOSFET was proposed and fabricatedWygnget al.

[Wong et al. (1984). In Fig. 1.13 (a) the elevated source/drain -@&D) regions are
created by growing selective epitaxial silicon at the top of source/drain re$moBsS/D
SOIMOSFET, the elevated source/drain regions are separated from the gate electrode by
gate spacers. Aa result,a parasitic capacitanceViller capacitance)coming from the
coupling between the gate and the elevated source/drain regions [Ehahg2004)].
Further E-S/D regions are affecteavith current crowding effects whicform a non
homogenous disbution of current density through a semiconductor, especially at the
surrounding area of the contacts and over the PN junctions and leads to localized
overheating and formation of thermal hot spofbdanet al. (2006). Moreover due to

the elevated sace/drain regions in £5/D SOl MOSFET, the device structure loses its

planar nature. Hence-&/D may not be compatible with planar CMOS technology.
1 RecesseéSource/Drain (ReS/D) SOl MOSFETs

In Re-S/D SOl MOSFET the largeseries resistands cut downby extending the source
and drainregions deeper into the buriexide (BOX) [Hanafi et al. (2005), Ahn et al.
(2004), Ahn et al. (2006) Wu et al. (2015). The Re-S/D ultra-thin body (UTB) SOI
MOSFET wasdesignedand fabricated by Zhanet al. [Zhanget al. (2004)]. The cross
sectional view of R&/D SOl MOSFET is shown in Fig. 1.13 (lBy using the wet
etching process two trenches have been created at both edges of thin SOI film to remove
the thin Si film and BOX for the formation of source/drain and3R@ regions. The
formed trenches will be filled with the amorphous silicon to act as the S/D ai&lRe
regions. The filled amorphous silicon péanarisedup to the gate oxide region by using
the chemical mechanical planarization (CMP) technique. Furthdorm thep® S/D and
p° Re-S/D regions, the amorphous silicon regions have been heavily dopedhaith
arsenicmaterial. Finally, the backnd steps likeeontact holeetchng, metal deposition,

and metal patterning stepseperformed to complete the pcess.

In caseof ReS/D SOI MOSFET, the capacitance coupling between the gate and
source/drain regions are almost elinted Further, R&/D SOl MOSFETSs are free from
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current crowding effeciTheanet al. (2006). Moreover unlike an E-S/D SOl MOSFET,
theRe-S/D SOI MOSFET is a planar structufithus the Re-S/D SOl MOSFETseems to

be an excellent device structure which is compatible witanar CMOS process

technology
2 2
Source g : g Drain Sio,
) SiO (7)) .
si Source Si Drain
Buried oxide 4[ Buried oxide

(a) (b)

Fig. 1.13: Schematic crossections of UTB SOl MOSFETs with (a) recessed source/drain (Re

S/D) structure and (b) elevated source/draifS(B) structure

1.6 Dissertation Motivation

In the era of stli00nm device dimensions, contingirconventional MOSFET scaling and
keeping up with the ITRSoadmap are proved to be more difficult than evidris is
attributed to the severe SCEs in the shrinking nanometer order. In the conventional
MOSFET, asthe channel length diminishes, the gatetawrover the channel gets reduced
due to the increased source/drain capacitaiMa@®ous alternative MOS structures have been
pursued in order to further continue the scaldgong all of themSOI MOSFET is one of
the alternative CMOS devices that dam scaled more aggressively than the bulk silicon
MOSFET.The deviceoffers diminished SCEs, smaller subthreshold swing, smaller mobility
degradation and higher do-off current ratio compared to the conventional MOS devices
[Colinge (2004),Kumar et al. (2008). Being threedimensional structuresnulti-gate
FETs (MuGFETSs) haveeveral technological problems such as fabrication complexity,

corner effect and fabrication of thsilicon (fin) etc. Hencea planar fullydepleted (FD)
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SOl MOSFETscould be thebest option as the device offers almost equivalerbfbn
current ratio.

An ultra-thin-body (UTB) is used inFD SOI MOSFETSs in order to improve the short
channel effects immunity. However, the UTB gives rise tlarge series resistanand
contact formabn problems which leatb the poor current drive capability of the device
despite having excellent shaithannel characteristicSince,an UTBis required to diminish

the SCEs, the source/drain area may be increased by extending S/D either upward or
downward. Thus, two schemes discussed in the last section can be empldy®©dSOI
MOSFETs to counter the large series resistance and contact problem by elevating or
recessing source/drain regions. By keeping in mind the issues associatdst WithSOl
MOSFETs, theRe-S/D SOl MOSFETs have been pursued rigorously to address the large
series resistance problem.

Recessing source and drain deeper into buried oxide ensures high drive current and avoid the
contact formation problem. However, the recessed sourcediaial may deteriorate the
subthreshold characteristics, including threshold voltage, subthreshold current and
subthreshold swing of the transistor owing to a strong coupling betweeredbssed
source/drain and the back surface of the channel. It mayehaihat the strong coupling
betweenrecessed sourfdrain and back of the channel activates the channel at the back
surface before the gate voltage does the samtbe front-surface. If ithappensthe device

will show an anomalous subthreshold behavior.

In light of abovementionedfacts, an attempt has been made to analyze the subthreshold
behavior of ReS/D SOl MOSFETs. Theoretical models of thehreshold voltage,
subthreshold current and subthreshold swing have been developed -fofD R8OI
MOSFETSs. Tle impact of various device parameters on the subthreshold characteristics of
Re-S/D SOI MOSFETSs has been analyzed through the developed theoretical models.
Further, CMOS performanceboosters such asigh-k dielectric, multigate andoackgate

etc. helpto improve the orcurrent of FD ReS/D SOl MOSFETs Therefore, these
performance boosters have been employed in th&/BeSOI MOSFETs in order to
investigate their impact on the subthreshold characteristics of the device.
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1.7 Scope ofDissertation

The main objective of thisdissertationis to present a detailettiodeling& simulation-
basedstudy of the subthreshold characteristics of skadrannel fully-depleted (FD)
recessedourcédrain (ReS/D) SOl MOSFES. The dissertationconsistsof six chapters
including the present one &hapterl. The contents of the remaining chapters of the

dissertatiorare outlined as follows:

Chapter2 presents a detailed revieskthe modeling andimulation of SOl MOSFETS in
detail and Re5/D SOl MOSFET in particulaThe stateof-the-art works reported orthe
threshold voltage subthreshold swing and subthreshold current RES/D SOI
MOSFETshave been discussed in this chapter. Finally, some major observations from
the literature have been summarized at tinel ®f thechapter to justify the motivations
behind the research works carriedtdn the following threechaptersof the present

dissertation

Chapter 3 includes the analytical modeling and simulatiorthefthreshold voltage,
subthreshold current and subthresholdngwof shortchanneldualmetalgate (DMG)
recessedourcédrain (ReS/D) SOl MOSFESE. The formulated models are derived
considering the appropriate physics of the device operafidve model results are
analyzed with wide variations in the device paramsetdhe validity of the present
models is confirmed by comparing the model results with the numerical simulation

results

Chapter 4presentsthe analytical modeling and simulation dife thresholdvoltage,
subthreshold current and subthreshold swindgrRefS/D SOIMOSFETswith the high-k

dielectric materialThetwod i mensi on al (2D) Poi steochanbed e q u
region in order to obtain the surface potential under the assumption of the parabolic
potential profile in the transversdirection d the channel with appropriate boundary
conditions Subsequently hreshold voltagesubthreshold current and subthreshold swing
modek are presenteloly considering the influence tiefringing field in terms ofbottom

plate capacitanceC,,, which is formed betweebottom edge of the gate electrode and

the source/drain regiongollowing which, all the developed models are tested by
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varying the different device parameteModel results are also compared with the 2D

numerical simulationasults in order to show their validity.

Chapter Spresents the analytical modeling of subthreshold characteraftiRe-S/D SOI
MOSFETs with bacigate control. The impact of bacigate on the subthreshold
characteristics of R&/D SOl MOSFETSs has beenayzed in detail. Again, to confirm
the validity of presented models, 2D numerical simulations are carried out.

Chapter6 includes the summary and conclusions of the predessertation The major
findings of the entiredissertationhave been summarized this chapterIn addition,

suggestions to future the work in this thasipresented at the end of this chapter.
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Chapter 2

SOl MOSFETs: A General Review

2.1 Introduction

MOSFET miniaturization has enabled amazing improvement in the switdpegd
[Critchlow (2007), density [Tauret al. (1998)], functionality [lwai (2009)] and cost of
microprocessors Gavin et al. (2012]. However, the problems associated with
miniaturization of the conventional MOS transistors have increased with the imgreas
transistor density in integrated circuits (ICs) [leorg al. (2006)]. The CMOS
performance boostersyhich were discussed in Chapter are very useful in order to
counter the problems associated with miniaturization [Takagi (2007), ‘dngl.
(2006) Chaudhryet al. (2004), Kumaret al. (2004), Bangsaruntigt al. (2009), Kuhn
(2012),Amlan et al. (2009]. In Chapter 1, it was also discussed that fodly depleted
(FD) silicorror-insulator (SOI) MOSFET is one of the potential CMOS devices that can
be scaled down to a greater extent compared to the bulk silicon MOSFET bedause
their outstandinghortchannel effects (SCEs) controlling capability [Tatral. (1997),
Colinge (2008)]. However, owing to the ulthin source and drain regionsD SOI
MOSFETs exhibit large series resistance problem which results in the diminished
current drive capability of the device despite possessing excellent-dtarhel
characteristics [Chaudhmt al. (2004)]. In order to reduce the effect of this large series
resistance problem, Zhangt al. [Zhang et al. (2004)] proposed and fabricated a
recessedourcédrain (ReS/D) ultrathin body (UTB) SOI MOSFET. In the R®/D
UTB SOl MOSFETSs, source andrain regions are extended deeper into the buried

oxide (BOX) to mitiqate the effects of large source and drain resistances.
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The objective of thisdissertationis to perform the modeling and simulation of the
subthreshold characteristics of some SOl MOBREuctures. Since, the fututeends

in researchin any area can dy be predicted by having a thorough knowledge of the
stateof-the-art research in that particular field of interest, the present chapter is
dedicated taliscussa detailed review of thetateof-the-art-work on various aspects of
SOl MOSFETSs in general,nd recessedourcédrain SOl MOSFETSs in particular, in
order to validate the scope of tessertatioroutlined in the previous chapter.

The layout ofthe chapter is as follows. SectioA® and 2.3 includeghe review ofFD
SOl MOSFETs. Some statef-the-art works on the modeling and simulation of the
subthreshold characteristics of SOl MOSFETs have been briefly discussedion
2.4. Finally, some major findings of the literature review have been sumethiin

section2.5.

2.2 SOl MOSFETs

Fully depleed (FD) SOl MOSFETSs beat the conventional MOSFETS in various aspects
like ability to operate in critical environment such as high temperd&nanciset al.
(1992)], SCEs immunity [Colingeet al. (2004)], high drive current capability
[Chaudhryet al. (2004)], as well as low parasitic capacitances and leakage currents
[Markov et al. (2012)]. In addition, the SCEs emFD SOl MOSFET can be suppressed

by usingathinner silicon body and BOX [Ghanati&t al. (2009)]. Furtherthe FD SOI
MOSFET with a BOX thickness of less thannfnh may be treated as a doulglate
device structure on SOl substrate [Ghanat&nal. (2009)]. In contrast to BOX
thickness scaling, the silicon film thickness scaling is more feasible from a technology
point of view [Trivediet al. (2005)], which generates a great deal of interest in-ultra
thin bodyFD SOIMOSFETS.

However, as the film thickness decreases, the source/drain resistance increases and can
attain significantly high valueo degradecircuit speed performanceChaudhryet al

(2004). The source/drain resistance of the device can be pulled down by various
techniques such asilicidation of source/drain, tungsten cladchottky source/drain,
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elevatedsourcédrain (ES/D), and recessedourcédrain (ReS/D) etc. Chenet al.
(2007),Zanet al.(2003),leonget al. (1998), Wonget al.(1984), Zhanget al. (2004)].

2.2.1 Source and Drain Silicides

Formation of a lowresistance silicide layer on the source/drain is one of the common
techniques to reduce source and drain resistafiche device [Cheast al. (2007)]. For

this low-barrier silicide formation, firstly, metal is deposited asilicon substrate and
then itis energized by thermal heating @ser irradiation or iorbeam mixing.The
metal reacts with silicon at the imface, leaving a silicide there. This process is
depicted in Fig. 2.1 [Cheet al. (2007)]. The commonly used silicides are titanium
silicide (TiSk), cobalt silicide (CoS), platinum silicide (PtSi) and nickel silicide
(NiSi). Schematic view of an SMOSFET with lowbarrier silicide layer above the

source and drain regions is shown in Fig. [£Blingeet al.(2004)]

Thermal heating or
laser irradiation or
lon beam mixing

Fig. 2.1: Silicide formation

SiO,

Source Si

Buried oxide

Fig. 22: Schematic view of an SOl MOSFET witlilicide layer above the source addain

regions
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Deng et al. [Deng et al. (1997)] calculated the source/drain sheet resistgiRg

against the thickness of the deposited titanium. THeseoved that the sheet resistance
decreased fr om 3duére wjth thegncreasesin titaaiunthicgness from
Onm to 45nm respectivelBut, silicon possesses a tendency to diffuse into a titanium
silicide. Hence, the silicon in the source/drain and channel region starts diffusing into
silicides formng Kirkendal voids [Tu et al. (2005)] under the gate edg€Bhis may

lead to failure of the device. Therefore, the thinner silicide layer, which gises to

comparatively lower resistance than the conventional SOl MOSEHIBedn practice
2.2.2 Tungsten dad

For the first time,the ultra-thin-channel polysilicon thin-film transistor(TFT) with
tungstenclad source/drain (WFT) was proposed by Zagt al. [Zan et al. (2003)] to
reduce S/D resistance by selective tungsten chemical vapor deposition (SWCVD)
techrology. SWCVD is one of the best ways to reduce source/drain resistance because
of its small silicon consumption. The schematimsssectionalview of W-TFT is

shown in Fig. 23 [Zanet al. (2003). The W-deposition on silicorfilm can be done by

CVD (chemcal vapor depositionprocesswhereSiH, chemically reduces Wfto W at

250°C followed bya rapid thermal annealing at 55D temperature. Zast al. [Zan et

al. (2003} also compared the output characteristics of conventional TFT aiidFW

and they repded that the output characteristics of WFTs are better than those of the

conventional TFTs.

Tungsten clad

acer
Spacer

SiG,
Source Si Drain

Buried oxide

Fig. 2.3: Schematicrosssectionalview of the WTFT. [Zanet al. (2003)]
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2.2.3 Schottky Source and Drain

The source/drai resistance can be decreased as well by using Schottky source and drain
[leonget al. (1998)]. The Schottky source/drain gives rise to lower shesstancebut

leads to ahigher contact resistance because of its finite Schottky barrier height. Hence,
a material with lower barrier height must be used as a contact in order to reduce contact
resistance [leongt al. (1998)]. It had been reported that in shontannel devices, if a

very small or negative Schottky barriers developed, then both the soumce/dra
resistance and contact resistance were significantly reduced [Letrsdr{2006)]. For a
p-channeland rchanneldevices, platinum silicide (PtSiand erbium silicide (ErSj.7)

have beerused for Schottky junctiomespectively[leong et al. (1998)] leonget al.

[leong et al. (1998)] analyzedI-V characteristicof a Schottky source/drain MOSFET

for various Schottky barrier heights and observed that the drive current severely
degrades with higher Schottky barrier height, but increases substantidilya @écrease

in barrier height due to decreased contact resistance.
2.2.4 Elevated ®urceanddrain (E-S/D)regions

An elevated source and drain regia@also cut dowrthe seriegesistanceof a MOS
device In this, an ultrathin Si film is used in thehannel regioralong with athicker Si

film for source andlrain regionsas shown in Figl.13 (a) of Chapter 1[Wong et al.
(1984). This can be done ieither of thetwo ways, i.e. (1) by adopting elevated source
and draintechnique[Colinge (2004], or (2) by adoptingthe local oxidation of silicon
(LOCOS technique Colinge (2004). In the former approach, firstly an ultthin Si

film is used and then, a selective epitaxial growth (SEG) is carried out to increase the
thickness of source/drain regiofSolinge (2004)]. In the latter approach, a thicker Si
film is used first and then, the channel region is thinned uaingdCOStechnique
[Colinge (2004)].

2.2.5 Recessedsource/Drain (ReS/D)

Recessing of source and drain regiai®inishesthe large sees resistancef a MOS

device EZhanget al. (2004). The crosssectional view and fabrication process of the
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Re-S/D SOl MOSFET have already bepresented in section 1.5.4 oh@pter 1. Zhang

et al. [Zhang et al. (2004)] designed and fabricatea self-aligned ReS/D UTB SOI
MOSFET. The comparison of series resistances/parasitic capacitance&¥/Dfdhd Re
S/D structures were presenteg Zhanget al. (2004) It was found that the /D
structure offers an extra parasitic capacitance which is called ateaaqsource/drain
Miller capacitance. However, increasing the spacer thickness between the gate and the
E-S/D can reduce the gate to S/D Miller capacitance, batsib increases the series
resistance. Hence, itaseof an E-S/D structure, a compromisenang series resistance
or Miller capacitance isnevitable Zhanget al. (2004). Further in caseof ReS/D
structure, there is no spacer adjacent to the gate as inSHe FIOSFET, therefore, a fall
of 25% miller capacitance is attained in -B#® strucure [Zhang et al. (2004]).
Furthermore, ES/D regionsarealso affected by current crowding effects and planarity

which were discussed sectionl.5.3 ofChapterl.

2.3 Earlier Works Related to SOl MOSFETs

The first SOI transistor was fabricated by Meelet al.in the year 1964 [Muelleet al.
(1964)]. Most of the early SOl MOSFETs were fabricated w8®S (siliconon-
sapphire) wafetechnology. SOI technology was advocated enorrydmg J. P. Colinge

i n 19®Ihgeq1991)]. Introducing a BOX in awentional MOS structure delivers

a lot of improved characteristic such as excellent isolation [Colinge (1996)], less
leakage current [Markowet al. (2012)], enhanced SCEs immunity [Colinge (2004)],
improved latchup free condition [Narayanagt al. (2013}, enhanced switching speed
due to less draibody capacitance [Markoet al. (2012)] and radiation hardness [Chan
et al. (1994)]. The SOI CMOS technology emerged as an alternatov@lanar CMOS
technologyfor deep submicron CMOS. It appeared to be onktbe best options for
low-power electronics [Colinge (2004)]. SOl MOSFETs attracted a number of
researchers [Colinge (1986), Youmg al. (1989), Yanet al. (1991), Joachimet al.
(1993), Yanet al. (1992), Wonget al. (1998), Kumaret al. (2005), Reddyet al. (2005),
Palet al. (2014), Mohapatrat al. (2003), Kumaret al. (2007), Lu et al. (2011), Zhang

et al. (2004), Keet al. (2007), Svilicicet al. (2009)] due to their several advantages
over conventional MOSFETS.
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In 1986, J. P. Colinge [Colinge (1986resented a subthreshold slope model of-thin

film SOI MOSFETSs. Onedimensional(1D) Poi s sonaos equation was
channel region using the suitable boundary conditions to model the electrostatic
behavior of SOl MOSFETs. A subthreshold slope ofneZ/decade which is almost
equivalent to the ideal subthreshold slope & mV/decadewas observed in a lorg

channel undopedFD SOI device [Colinge (1986)]. However, thenearideal
subthreshold slope cannot be obtained in sbhbannelFD SOl MOSFETs wih thick

BOX due to the lateral field coupling into the channel throdlgh BOX [Colinge

(1986]).

Young [Young (1989)lderiveda two-dimensional (2D) potential distributiomquation

of FD SOI MOSFETSs in the silicon thin film by assuming a simple parabfulitction
perpendicular to the channel regidbh.was found thatthe vertical field through the
depleted film strongly influences the lateral field across the source and drain regions. It
was obsereved that the SCiusre found to be decreaseslith decreasig silicon film
thickness[ Young (1989)]. Il n t h etale(E091)]also 8ebivied , R.
a 2D channel potential for SOl MOSFET@lowing K. K. Youngds @a&pproac
al. (1989)]. Howeverboth Young and Yamassumedhe electric field iside the thick

BOX to bezeroin order to simplify the problemTherefore, these models didt show

BOX thicknessdependencyJoachimet al. (1993)]. Joachimet al. [Joachimet al.

(1993)] however,specified that2D effects in the BOX region could not beglected

for shortchannel devices [Joachiet al. (1993)]. Joachinet al.[Joachimet al. (1993)]

modified the boundary condition at the bottom of the SOI layer to account for the
nonlinear potential distribution inside the BORhey [Joachimet al. (1993)] found that

in a FD SOl MOSFET, the subthresholdslope is improved by increasing the channel
doping concentration.

Yan et al. [Yan et al. (1992)] in year 1992,introducednatural length scalél ) as a
scaling parameter for several SOI devices suctapsonventional, (b)ateall-around
and (c) ground plane, which are shown in Fig42Ilt was mentionedthat in a deep
submicrometer regime, to achieve better subthreshold leakage control, heavily doped

devices were essential, bhigh channel dopindeads to undesirable large junction
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capacitance and degraded mobility. Hence, éaral. [Yan et al. (1992]) rigorously
studied about the scaling &D SOl devices and found that the horizontal leakage due
to shortchannel effectgould be very less inon-planarstructures|It was observed that
the gate length of the device needed to be lengthier thafor obtaining better
subthreshold characteristics [Ya al. (1992)]. The minimum scalable channel length
of a FD SOI device could be simply projected bg gcale length [Yamt al. (1992)].
Yan et al. [Yan et al. (1992)] reported that the minimum channel lengthgateall -
around could be scaled by 30% shortlean theconventional SOl MOSFET with good
subthreshold characteristics. It was also reportedttfeagroundplane structureshows

an improvement il about 75% over the conventional SOI and a 20% ovegé#te

all-around structure respectively.

Structure Conventional Gate-All -Around Ground Plane
Source Gate Drain

; Gate Oxide |

. o L
Schematic = &
Silicon oxide ( insulator )
Silicon substrate Ground Plane
Back Gate
e — es‘ tst
. / = SI 1:S|tox / = = tSitox / I I 01
Scaling Eox 2e,, 21 gt @
é xtS| U

Fig. 24: Various SOI structures: (a)onventional (b)gate-all-around (c)ground plane[Yan et
al. (1992),Sasakiet al. (2015),Chenaet al. (2016)

Wong et al. [Wong et al. (1998)] investigated the severity &CEs in 25nnFD SOl
groundplane and doublgate (DG) MOSFETs based on 2D simulations. It was
observed that the FBOI MOSFET does not provide adequate stobidnnel immunity

for 25 nm channel length devicesven though the channel potential control was
increasedFurther,in groundplane MOSFETS, bottom gate insulator must be kept thin
to allow effective tuning of thehreshold voltage by a bottom gateltage not
exceeding the power supply voltag¢owever, the thickness of bagate insulatowas
consideredo be 1.5 timesthan that otop gate insulator thickness. The design space for

the oxide thicknesst(,) and thechannel thicknesétg;) were alsostudied [Wonget al.
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(1998)]. The obtained models were validated with the simulation results which were
obtained from the device simulators FIELDAY program from IBM [Woag al.
(1998)].

Kranti et al. [Kranti et al. (2010) investigated the analog/radigrequency (RF)
performance of sul0Onm SOI MOSFETsvith gatesource/drairunderlap channel for

low voltage applications. It was reported that the use of underlap source/drain
architecture over conventionahe enhanceshe analog/RF performance. [Krangt al.
(2010)]. It was further,claimed that the nderlap channel design possessiggh voltage

gain up to 3@B andcutoff frequency up to 100 GHz.

Patil et al. [Patil et al. (2013)] proposed the asymmetsourcedrain (AS) underlap
channel dopanrsegregatedschottky barrier(DSSB) SOl MOSFET and comparetthe
performancewith the same of e symmetric S/D (SSD) overlap and underlap
structures. The fabrication steps of the ASD underlap structure were also specified in
detal [Patil et al. (2013)]. The RF figure®f-merits (FoMs) of the considered structures
were extracted using H and Y parameters found by carrying out the-sigradll AC
analysis [Patilet al. (2013)]. It was reported that ASD underlap struct(uwhere the
source sideand drain sidewere consideredto be overlappedand underlapped
respectively reduced the gatmmduceddrainleakage (GIDL) and improved the analog

figures of merit such as transconductangeg, Y and cutoff frequency {;) [Patil et al.

(2013)]. Futher, the optimization study revealed that the miseghal circuit
performance of the ASD underlap devideowever,degraded significantly beyond

certain underlap length at draside[Patil et al. (2013)].

In 1999, Longet al. [Long et al. (1999)] propsed a novel structure named as dual
material gatg DMG) FET, whee the two gate materials were cascaded such that the
source side gate metaM(;) had a relatively higher work function than the drain side
metal (M,). The DMG structure providethe benefits ofhigh electron velocity and

enhanced source side electric field resulting in increased carrier transport efficiency in
the channel region [Longt al. (1999)]. Longet al. [Long et al. (1999)] observed a

steplike channel potential profile which ensuredresening of the minimum potential

31



Chapter 2 SOl MOSFETSs: A General Revie

point from drain voltage fluctuations. Hence, the metal dgdte behavesas thescreen

gate and the metall, behaved as theontrol gate.

In 2005, for the first time, Reddgt al. [Reddy et al. (2005)] developed an analytical
threshold voltage model fordoublematerial eublegate (DMDG) SOl MOSFET. The
front-gateand backgate surface potentials of the DG and DMDG SOl MOSFETs were
compared along the channel region [Redayal. (2005)]. It was observed that the
DMDG SOI MOSHET illustrated asteplike profile in the surface potential at both the
surfaces [Reddgt al. (2005)]. It was reported that icaseof an asymmetrical DG SOI

MOSFET the surface patéial at the baclgate dominates determining the threshold
voltage ;).

Pal et al. [Pal et al. (2014)] recently developed an analytical threshold voltage model

for the dualmaterial surroundinggate MOSFET (DMSG). The threshold voltagé,

variations were compared for DMSG and SG MOSFETs [aal. (2014)]. It was
obsened hat the DMSG MOSFETs offdrigher efficiency toV,, roll-off compared to

SG MOSFETs [Pakt al. (2014)]. It was reported that in gaémgineered MOSFETS,
due to the electric field discontinuities in the channel, the increased drain to source
potentialis absorbed by the screen gate

In 2010, the concept of DMG waisivoked in strainedsilicon-on-insulator (sSOI)
MOSFETs by Jinet al. [Jin et al. (2010)]. It was analytically demonstrated thhe
significant improvements in the SCEs such as DIBICEs and carier transport
efficiency could be obtaineith strainedSOI MOSFETSs [Jiret al. (2010a)](2010)].

By utilizing the concepts of thstraddlegate structure of the MOSFETs [Tiwagt al.
(1998)] and the electrically induced shallow junction MOSFETSs [ldamal (2001)],
Goel et al. [Goel et al. (2006)] presented a new structure calleehtdterial gatestack
(TRIMAGS) MOSFET in 2006. The gate dielectric of their proposed structure consisted
of a gate oxide layer on the substrate, followed by a highdielectric layer. The
polysilicon at the gatelectrode was replaced by laterally connected three different
materials with three different work functions placed in such a way that the materials
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with the highest and lowest work functions weretla¢ sourceside and dain side

respectively.

Chiang [Chianget al. (2009)] reported a subthreshold current model for -antaterial
gatestack (TRIMAGS) SOI MOSFET using evanescent mode analysis. The two

di mension (2D) Poi ssonds equati onsutabkes s ol
boundary conditions to obtain channel potential which was finally used to derive the

subthreshold current model of the device. It was observed that a thin effective stack

gate oxide, a thin silicon body and lardg: L, ratio were required to deliverekier
subthreshold behavior, wherd,;and L, be the lengths of control and screen gates

respectively [Chiangt al.(2009)].

As per the device scaling rule [Dennaet al. (1985)], an ultra-shortchannel length
device should havea very thin gate oxide in adler to diminish the unwanted short
channel effects. Buthrough theultra-thin gate oxideguantum mechanical tunnelirog

the charge carriers inevitable [Basaket al. (2015)]. Therefore, the gate dielectric
material (SiQ) should be replaceby a highk gate dielectric material (Hf§) TaOs and
ZrO,) which offers large physical thickness and small electrical thickness [Tripathi
al. (2012)]. However, the highk dielectric material induces fringing field lineshich
influence the channel electrostapotential; hence, it is very important to examine the
subthreshold characteristics of the device in the presenceeohigh-k dielectric
material. Several attempts have been made in the past, to model the capacitance
associated with thbottom edge of tk gate electrode and the source andrdragions
for different CMOS devices [Kumaet al. (2007, Mohapatraet al. (2003), Liuet al.
(2002)].

Mohapatraet al. [Mohapatraet al. (2003)] presented parasitic capacitance medsl
MOS transistors withhigh-k dielectric materiglas shownin Fig. 2.5 It was reported

that three types of parasitic capacitances might affect the device: the first Gg ,is

the sidewall fringing capacitance between gate and source/drain regions (through high

k); the secondone isC,,, the parallel plate capacitance between gate and source/drain

pp?
electrodes and the last oneG@g,,, the top fringing capacitance between top surface of
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the gate and source/drain electrodes through the first layer of passivation dielectrics
[Mohapatra et al. (2003)] Mohapatraet al. [Mohapatra et al. (2003)] used the
developed model to study the dependence of parasitic capacitance on different
parameters such as channel length, gate dielectric constant, gate electrode thickness,

gate dielectric thickness, amsgacer thickness.

Metal \R Ciop Metal
Cop Cop
S || D

Source / \ Drain

Substrate

Fig. 25: Crosssectional view ofa MOS transistor with various capacitance components
[Mohapatraet al.(2003)]

Further, Kumaret al. [Kumar et al. (2006)] presented a parasitic capacitance model for
high-k gate dielectric SOl MOSFETSs by considering the effect of the parasitic internal
fringe capacitance allied with the bottom edge of the gate electrode and the source and
drain regions. A threshold voltage ol including the effect offringing capacitane
wasalso presented by Kumat al.[Kumar et al. (2006)]. It was observethatthereis a
significant threshold voltage drop because of fringing field lines from the bottom edge
of the gate electrode to the source/drain regiorhigh-k dielectric. Inaddition, it was

also mentionedhat this significant threshold voltage drop might degrade the device

characteristics and performance considerably.

Considering the variability problem of threshold voltage owing to the random dopant
fluctuation in the dopedhannel, thebackgate biasing is one of the unique features of
MOSFET devices for ultimate tuning of threshold voltage even after the device has been

fabricated [Yanget al. (2013)]. Hence, one approach tontrol the threshold voltage
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fluctuation is toapply an apppriate backgate bias volige with low dopedsubstarte
[Yanget al.(2013)]. Thus the threshold voltage 6D SOIMOSFETSs can be controlled by
three parameters, the gate work functidi, (), the channel dopingN,), and the back

gate voltage, Vs ) [Numataet al. (2004)].

Yang et al. [Yang et al. (1995)] presented a novel S@kvice called FD silicoron
insulatorwith-active substrate SOIAS) MOSFET structure in which an oxidsolated
polysilicon backgate electrode was formed beneath the channel anegbéekvas used to
control the threshold voltage of the device. The fabricatioB©fAS MOSFET using
bonded SIMOX an®E (bond andetch-back -SOI processewas presented in detail [¥ig

et al. (1995)]. It was reported that a dynamic threshold voltage control scheme was needed
for high-performance and loygower requirements [Yargg al].

Lu et al. [Lu et al. (2011)] presented an analytichreshold voltagenodel forFD SOI
MOSFETSs inwhich the frontgateand backgatewere independently biasetu et al.[Lu

et al. (2011)] consideredthe nonideal effects such as sharhanrel effects (SCESs),
guantum effects, leakage currents, field dependent mobility, and parasitic effects to

model the characteristics of a real devicéhe tresholdvoltage {,, ) versus baclgate

voltage V) for both symmetric and asymmetric dowglate (DG) MOSFETS were

compared The derived model wawalidated with the simulatin results which were
obtainedfrom the device simulator TCAD.

Ultra-thin-body (UTB) SOl MOSFETs exhibit excellent shatiannel characteristics

such as low parasitic capacitances and leakage currents; but suffer from poor contacts
and source/drain resistees because of ultthin source/drain regions [Chaudhey al.
(2004)]. As discussed in section 2.2,-B® SOl MOSFETs not only facilitates better
contactsbut also possesses smaller source/drain resistafrcether, the R&/D SOI
MOSFET fabrication pcess steps are almost similar to those of CMi@&hce, due to

the above advantages of D SOl MOSFETSs, researchers haveeleped an interest

towards it.

Ke et al.[Ke et al. (2007)] performed a comprehensive study on theSR2 UTB SOI

MOSFET in detd using a commercial simulator ISE 7.0. The-8® structure offer
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significantly reduced source/drain series resistance than 4B Estructure [Keet al.
(2007)]. Further, it was also observdtht the ES/D SOl MOSFETs showlegraded
SCEs immunity tharthat of ReS/D SOl MOSFETSs. The design guidelines and design
window were also proposed for the 86D SOl MOSFETs by Keet al. [Ke et al.
(2007)]. It was claimed that the F&¥D SOl MOSFETs wer capable of scaling down to
10nm node [Keet al. (2007)].

Zhang et al.[Zhanget al. (2004)] presented a drain current characteristic of th&Re

SOl MOSFET with a reasonably good andoff current ratio 0f3.8% 10°. The step by
step procedure for the fabrication of UTB-B8& SOl MOSFET was given by Zhaeg
al. [Zhanget al. (2004)]. Zhanget al.[Zhanget al. (2004)] compared thperformance
of E-S/D and ReS/D SOI structures. It was reported that the UTB-SXB SOI
MOSFET had many advantages over UTBSE> SOl MOSFET, such as lesser

source/drain series resistance aeduced Miller capacitance [Zhaweg al. (2004)].

Svilicic et al. [Svilicic et al. (2009)] developed an analytical threshold voltage model

for ReS/D SOl MOSFETSs. It wapointed outhat in case of R&/D SOl MOSFET, the
front-channel got inverted justkie the conventional SOl MOSFET for lower recessed

S/D length, but as the recessed source/drain thickness was increased, the source/drain
coupling with the bacichannel dominated over the gate coupling with the front
channel which leadto an early inversio in the backchannel [Svilicicet al. (2009)].

The backchannel barrier heightound to besmaller compared to the freohannel
[Svilicic et al. (2009)]. Sincethe back inverted channetmained too far from the front

gate, and also under the controlsmiurce and drain, poor subthreshold characterisfics

the device were inevitable.

2.4 Subthreshold Characteristic Models of SOl
MOSFETs

Moreover, many attempts havealso been made to model and investigate the
subthreshold characteristics of SOl MOSFHLse et al. (1989), Wooet al. (1990),
Bannaet al. (1995), Suzikiet al.(1995), Svilicicet al. (2009),Kumaret al. (2014), Yeh

et al. (1995), Yanet al. (1992), Kumaret al. (2013), Dinget al. (2011), Chenet al.
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(2011), Deyet al. (2008]. Few of these attempts are summarized in forthcoming

sectiors.
24.1 Threshold Voltage Modelsof SOI MOSFETs

The threshold voltage\,,) of a MOSFET is defined as the gdtesource voltage at
which the conduction of current begins. The role \§f has become increasingly

important in designing of VLSI circuits and systems targetowgvoltage,low-power,

and highspeed applications [Schrosat al. (1996), Giustolisiet al. (2003)]. A number
of attempts have been made to model the threshold voltage of SOl MOSE&€Tet fl.

(1989), Wooet al. (1990), Bannaet al. (1995), Suzikiet d. (1995), Svilicicet al.

(2009),Kumaret al.(2014).

Leeet al.[Lee et al. (1989)] presented a numerical study of the threshold voltage of a
long-channellightly dopedultra-thin SOl MOSFET, where Hilm was assumed to be
thin enough so that complettepletion of the film could take place at the threshold
condition. The results obtained by Leeal.[Lee et al.(1989)] were limited only to the
conditions at which the back channel was neither accumulatethwented enough to

cause significant floatig body effects or leakage current. It was found that the classical
definition of the threshold voltage condition (i.é,=2f,, where f was the front
surface potential and was the Fermi potential of the film) of the conventional bulk

CMOS device could not be consideréar SOl MOSFETdLee et al. (1989)]. Instead,
Lee et al. [Lee et al. (1989)] assumed that the etean concentration of the front

surface must reach a critical valle at the thresholdandition and accordingly, front

surfa@ potential was approximated &g =7, +/, [Lee et al. (1989, Chen (2003)
where 7, =7, if N, >hor f, :Eln%g if N, <A, -qwas the electron charge,
' q ¢+

N_,was the channel doping concentration,was the intrinsic carrier concentratiok,

was the Boltzmann's constant, and was the temperature. Based on the simulation
results, Leeet al. [Lee et al. (1989)] concluded thatigh-performancesubmicrometer
complementary MOSFETs could be achieved by using lightly doped orimeasic
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ultra-thin SOI films, gate materials with an agpmriate work function, and bagakate
biasing of the SOl MOSFET. Further, Balesttaal. [Balestraet al. (1987)] discovered
an importantp hy si c al phen-omeeeons DAID MASKHETs in the
year 1987 Volume inverson is aphenomenorwhich appears in thifilm multi-gate
SOl MOSFETs As per volume inversion concepthe inversion carriers are not
confined near the Shannel/SiO2 interface, but somewhat at the center offikime
[Balestraet al. (1987]).

In year 195, Bannaet al. [Bannaet al. (1995)] developed a threshold voltage model

for FD SOIMOSFET using a quasiD approach inhesub-um regime. It was observed

that the threshold voltage rediff in FD SOl MOSFET was less than that of
conventional MOSFET fothe same effective channel length. Baemhal. [Bannaet al.

(1995)] usecexperiential fittingp ar a meét ewhidol e fi nding the cha
FD SOI MOSFET. The obtained model was validated with the simulation results which

were obtained fronMINIMOSS5 and found to be in excellent agreement.

Sualki et al. [Suziki et al. (2003)] presented an analytical threshold voltage model for
FD singlegate SOl MOSFETs by assuming the 2D effects in ksiticon film and
BOX. This modelis valid for both longand shorchannel SOl MOSFETgSHowever,
Suaiki et al. [Suziki et al. (2003) limited their investigation to the highly doped base

substrates only. It was stated thiag¢ tightly doped substrates givesgativeV,, in most

cases.

Zhanget al. [Zhang et al. (2008)] derived an analytical 2D model of the threshold
voltage ofa FD SOl MOSFET with vertical Gaussian doping profile by considering the
2D effects in both SOI and BOX [Zhargt al. (2008)]. Zhanget al. [Zhang et al.
(2008]) limited their analysis withan approximation that the lateral channel doping
concentration was assumed uniform and the vertical dogioncentration be nen
uniform distribution (Guassian profileThe reslted characteristic lengths of tiheodel
was in agreemenwith Suzuki et al. [Suziki et al. (2003)] uniformly doped~D SOI

MOSFETs model, whers , < <R_; where, R, and s, werethe projected rangand

straggle of the Gaussian dopingrofile.
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In the year 2014, our groufiKiimar et al. (2014)] presented a threshold voltage model
of shortchanrel ReS/D UTB SOI MOSFETs considering the substrate induced surface
potential (SISP) effecti(umaret al.[Kumaret al.(2014)] derivedhe surface potential
expression of the frorgurfaceand the backsurfaceof the channel region using the

evanescenimode analysis method. It was observed that the recessed thickngsss(

an important parameter to decide the threshold voltage of the device and the threshold
voltageis switched from baclsurface dominance to the frestirface dominance of the

channel aghannel doping K, ) isincreased [Kumaet al.(2014)].

24.2 Subthreshold Current Modelsof SOl MOSFETSs

Since the subthreshold current plays key role in determining the static power dissipation
of any MOS device, an accurate subthreshold ctimeodel d an SOl MOSFET could

be an extreme concern for researchers for the optimization of the power dissipation in
shortchannelFD SOI MOSFET based VLSI/ULSI circuits [Yeét al. (1995)]. Various
attempts have been made to model the subthreshold curréid 801 MOS devices

[Yeh et al.(1995), Yaret al. (1992), Kumaret al. (2013)].

Yeh et al. [Yeh et al. (1995)] presented a physicalibthreshold current modef FD
SOl MOSFETSs in a sulmicrometer regime considering th#te diffusion current is
dominant in tle subthreshold regime of device operatidhe effect of abstrate charge

(under sorce/drain regions) was included in the mopéth et al. (1995)].

Analytical models of the subthreshold current and subthreshold slope of asymmetric
threeterminal (3T) and fourterminal (4T) DG MOSFETs were presented by Deyy

al. [Dey et al. (2008)] using the evanescent mode analysis method to solve the 2D
Poi ssonb6s equati on ietral[Delyet al.d2008)p usedthemodelg i o n .
to study the subthresholcharacteristics of a DG MOSFET with asymmetry in gate

oxide thickness, gateoltage and gate material work function.

Luan et al. [Luan et al. (2009)] presented a subthreshold current model of DMG SOI
NMOSFETs witha single halo(DMGH) near the source remn. The parabolic potential

approximation was considered in the channel region and the current of the device was
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obtained by utilizing the driftiffusion theory [Luanet al. (2009)]. To obtain a fully
analytical model for subthreshold current, a piecewapproximation was employed to
the surface potential [Luaet al. (2009)].

2.4.3 Subthreshold Swing Models of SOl MOSFETSs

Subthreshold swingS) is one of the important parameters of a device as it determines
the switching characteristics. It is defined the amount of gate voltage required to
change the output current by one decade. Since the subthreshold swing has vital
implications in device scaling, it is important to develop analytical models to study the
subthreshold swing characteristics of thel MDSFETs.Various theoretical models for

the subthresholdswing of SOl MOSFETs have been reported in the literature [@hen

al. (2011),Svilicic et al.(2010),Kumaret al. (2013)].

Chenet al. [Chenet al. (2011)] developed an analytical subthresholdngwmodel for
FD SOl MOSFETs with vertical Gaussidrike doping profilein the channel regianit
was reported thathe subthreshold swing decreasesth increasing peak doping
concentratiofChenet al. (2011)].

In 2010, an analytical subthreshold swimgdel for a ReS/D UTB SOl MOSFET was
developed by Sviliciet al. [Svilicic et al. (2010)]. Svilicicet al.[Svilicic et al. (2010)]
used the developed model to analyze dependence of subthreshading on various
device parameters, such as channegtienchannethickness, gate material, gas&ide
thickness, BOXmaterial, and R&/D thickness.

Kumar et al. [Kumar et al. (2013)] presented a subthreshold swing model of the
strainedSi on silicon-germaniumortinsulator §GOl) MOSFETs for different gate
lengths. It was reported that the subthreshold swiogeasesvith the increase in strain

(Ge mole fraction (x)). For an increase in the Ge mole fraction from 0 to 30%, the
subthreshold swing found tobe increasetty 14.73% for 30nm gate length, 2.9486

50nm gate length and 0.8% forni@ gate length [Kumaet al. (2013)]. The switching
characteristics were observed to be degraded with the increased strain and decreased

gate length of the device.
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2.5 Summary and Conclusion

Based on the literature sy presented inabove sections, Chapter 2 can be

summarized undesome important observations as follows:

1 The FD UTB SOl MOSFET carbeat the conventional MOSFETs in various
aspects like ability to operate in critical environment such as high temperature
[Francis et al. (1992)], enhanced SCEs immunity [Colingé al. (2004)], high
drive current capability [Chaudhret al. (2004)], enhanced effective carrier
mobility [Chu et al. (2009}, enhanced transconductandanj et al. (2009}, low
parasitic capacitanseand leakage currents [Markoat al. (2012)], and high
scalability [Colinge et al. (2004). Above mentioned advantages b UTB SOI
MOSFETs make it suitabléor a number of applications like subthreshold logic
operation, low-power analog circuits, RF aligations, memory applications,

systemson-a-chip (SOC) applicationsIfrivedi et al. (2005).

1 In FD UTB SOI MOSFETSs, the ultrthin source and drain regiorcdfer large
series resistance and contact formation problems which lead to the poor current drive
capability of the device despite having excellent skbennel characteristics
[Chaudhryet al. (2004). Hence, it was observed from the literature that the large
series resistance and contact formation problems could be reduced by implementing
various tebiniques such as silicide source/drain, tungsten skauhttkysource/drain,
elevatedsourcédrain (ES/D), recessegourcédrain (ReS/D) etc. Chen et al.
(2007), Zan et al. (2003), leong et al. (1998), Wonget al. (1984), Zhanget al.
(2004). Among thee aforementioned techniques,-8® is the viable option
[Zhanget al. (2004), Svilicicet al. (2009). Further, the R&/D SOl MOSFETs
offer several advantages over the conventional SOl MOSFETs such as (i) higher
drive current capability (ii) reduced emitic resistances (iii) enhanced
transconductance (iv) higher scalability [Zhagtgal. (2004), Chenget al. (2003),
Kuchipudi and Mahmoodi (2007)].

1 It was observed from the literature that CMOS performance boosters such as dual

metatgate, highk dielectic, and backgate etc. help to mpr ov e currerg O on o
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drive capability, reduce the subthreshold leakage current, and reduce the threshold
voltage roltoff of FD ReS/D SOl MOSFETs. Therefore, an investigation is
requiredfor subthreshold characterissioof ReS/D SOI MOSFETs with CMOS
performance booster§kagi (2007), Yanget al. (2006), Chaudhryet al. (2004),
Kumar et al. (2004), Bangsaruntiget al. (2009), Kuhn (2012),Amlan et al.
(2009].

1  Threshold voltage modeling of shathannel ReS/D SOl MGSFETs has drawn
the significantattention of the researchers because of its better scalability features
over the conventional CMOS devices [Kumar al. (2014)]. Various models
[Kumar et al. (2014), Svilicicet al. (2009),] have beedeveloped to estimatihe
SCEs by inspecting the sensitivity of threshold voltayg )(towards channel

length (L), channel thicknesst{), and oxide thicknesst(). The impact of

performance booste on threshold voltage characteristics have yet to be
investigated on R&/D FD SOIMOSFETSs.

1  Subthreshold current is another important characteristic of &S/Re SOI
MOSFET as it decides the standby power dissipations carodff current ratio
which is animportant parameter for characterizing the switching performance of a
device. A number of subthreshold current models for SOI MOSFETs were
presented based on surface potential expressi@m pt al. (1995), Yanet al.
(1992), Kumaret al. (2013). However, to the best of our knowledge, no
subthreshold current models for D SOl MOSFETSs as well as F&D FD SOl
MOSFETs with CMOS performance boosters h&éween reported yet. Thus, it is
very important to analytically analyze the subthreshold current fdn bt Re
S/ID SOl MOSFETs as well as D FD SOl MOSFETs with CMOS

performance boosters.

1  Along-channel SOl MOSFET is an ideal candidate for subthreshold logic circuits
targeting ultra-low-power applications, since it provides an ideal value of
subthreshld swing, i.e 60 mV/DecadeYgh et al. (1995). But with reduced
channel lengthsthe subthreshold swing of sharhannel SOl MOSFET increases
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continuously, thereby degrading the switching performance of the dévces, it

Is very important to search fdhe new techniques for improving the switching
performance of the device. Further, various subthreshold swing models for SOI
MOSFETs were presente@hienet al. (2011), Deyet al. (2008). However, only

one model is available for R&/D SOl MOSFETs $vilicic et al. (2010). Hence,
there is an ample scope of work in modeling of subthreshold swing #&/B&D
SOIMOSFETs with CMOS performance boosters.

1  Further, it was observed from the literature thextessing source and draimay
deteriorate the subthrdesld characteristics including threshold voltage,
subthreshold current and subthreshold swing of the structure due to a strong
coupling betweerrecessedsource/drain and the back surface of the channel. It
may happen that the strong coupling betw&mS/D and back of the channel
activates the channel backsurface before the gate voltage does the samtbe
front-surface. If it happens the device will show an anomalous subthreshold
behavior. However, CMOS boosters such as ngdte, highk dielectric, and
backgate etc. are expected to improve the subthreshold behavior of t&¢DRe
SOl MOSFETs. Therefore, modeling of subthreshold characteristics «8/Re
SOl MOSFETs with CMOS boosters becomes requisite.

In brief, there is a lot of opportunity in theoakeling and simulation of the subthreshold
characteristics of R&8/D SOl MOSFETs The scope of thalissertationoutlined in

Chapterl is based on the observations discussed above.
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Chapter 3

Analytical Modeling and Simulation of
Subthreshold Charactersstics of Short
Channel DualMetal-Gate Fully-Depleted
Recessedsource/Drain SOl MOSFET

3.1 Introduction

As discussed in kapters 1 and Z dualmetalgate (DMG) MOS structure can be used

for improving both thehot-carrier effects ICEg and draininducedbarrier lowering
(DIBL) simultaneously [Kumaet al. (2004)]. The structure provides the benefits of
high electron velocity and enhanced source side electric field resulting in increased
carrier transport efficiency in the channel region [Reddyal. (2005)]. The DMG
structure creates a stéige channel potential profile which ensurdé® screening of the
minimum potential point from drain voltage fluctuations. It may be noted that the DMG
concept has already been implemented in the conventional sdicamsulator (SOI)
MOSFETs and significant improvements have been observe@rims of enhanced
shortchannel effects (SCEsand hotcarrier effects (HCEs)[Kumar et al. (2004)].
However,it can beobserved fronChapter2 thatno significantwork has beemeported

on the modeling of the subthreshold characteristics of the-sharinel DMG R&S/D

SOl MOSFET. Hence, in this chapter, an attempt has been made to evaluate the impact
of DMG on subthreshold characteristics of the&®® UTB SOl MOSFET.

The layaut of the present chapter is &sllows. Section3.2 describes thenodeling of

the twodimensional () surface potential fustion. Using the results of sectidh2,
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the shorichannel threshold voltage model of theviceis presented irsection 3.3.
Analytical models for the subthreshold current and subthreshold savayyesented in
sections 3.4 and 3.5 respectively. Results and discussion related to the developed
modelsare presented isection3.6. Finally, the present chaptisrconcluded insedion

3.7.

3.2 Modeling of Two-Dimensional D) Surface Potential

A crosssectionalview of a duatmetatgate (DMG) ReS/D UTB SOI MOSFETwhich is
used inour modeling and simulation is shown in Fig. 3.1. The entire Si channel is
considered to be fully depleted avoid the floating body effecthe position alonghe
channel length is represented by thexis whereas the channel depth is represented by the
y- axis as shown in thieig. 3.1 Two different metals for control and screen gates with work
functions 7\, ;andf\, , , respectivelydivide the entire channel into two virtual regions which
are named as region | and region Il. The regisdefined within0< x<L; and0<y <ty

while the region lis within L, < x<L, +L, and0O<y<tg;whereL,and L, arelengths of

the controlgate and screen gate respectivély,s silicon channel thicknesghus the total
channel éngth isL=L, +L,. The potential distributions of regions | and Il are taken as
71(X,y) and F,(X,y) respectivelyThe symbolst,, andt,,, represent the thicknesses of
the gaé oxide and the BOXThe source and the drain regions penetrate into the buried oxide

by a thicknesdt, 4, which is also known as the recessed thickness. The sytpgé the

length of the source/drain overlap over thegiedoxide. The channel region is assumed to

be lightly doped witha doping concentration ofN, while source and drain regions are
considered to be heavily doped wéldopingconcentration ofN, each. The source/an to
channel junction is assumed to be abrijpte sibstratedoping concentration i, . The
MOSFET is biased bthe gatevoltage oVg, drainvoltage ofVy5 and substrate voltage as
V,

<ub Keeping the source voltage ¥t =0. The notations and parameter values used in

modeling and simulation are given in Table 3.1.
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V

sub

Fig. 3.1: Crosssectional view of duainetalgate (DMG) R-S/D UTB SOl MOSFET
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Fig. 32: The DMG ReS/D UTB SOl MOSFET with dominant intrinsic capacitance

components
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Device Parameters (Notation) Value and Units
Control gate work functionf 4.8eV
Work function ofscreengate, 7., 4.4eV- 4.6eV
Channel dopingN, 10%cm’®
Source/ drain dopingNy 10°°cm”®
Substrate dopingNg,, 10"%cm*
Frontchannel oxide thicknes$,, 1.5nm- 3nm
Buried oxide thicknesd,, 100nm- 300nm
Silicon thickness{ 6nm-10nm
Substrate thickness$, 3000m
Lengthof the source/drain overlap 3nm

over the burieebxide, d,,

Control gate to screen gate length rati 1:2,1:1,2:1
L L,

Channel length 30nm- 300nm

Table 32: Device parameter values used for modeling and simulafia DMG ReS/D UTB
SOl MOSFET

The two-dimensional (2D) potential distribution in the channel regiora@MG Re
S/D UTB SOI MOSFET before the onset of strong inversion can be obtained by solving
foll owing Poi ssoena@988guati on [ Young

2 2
W7 (xy) M fi(x.y) — N, , where 1 =1, 2 for region | and I (3.1)

S by’ &g
where, N,, gand eg; are the doping concentration of channel region, electronic charge

and the permittivityof Si film respectively The D electrostatic potential distribution
in regions | and Il are approximated by following parabolic polynomidtsuhg et al.
(1989])

£i(%,y) =7 (x) + Ciy (x)y + Cip (x)y? (3.2)
where,i = 1 stnds forregionl, andi = 2 for region II, f;(x)be the frontsurface

potential atSiO,/Si interface under both metalgl; andM,. The coefficientsCil(x) and
Ciz(x) are he functions ofxonly and can be determined by using following boundary

conditions:
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1) The electric flux at Si@Si interface is assumed to be continuous in the device.
Therefore, it can be writters§Svilicic et d. (2009)]

eufl(x,y)gf _Cox fea(x)- Vos - Vie)

& (3.3)
e W Hyzo €s; Ly

&uf,(x,y)e _ Cop fi2(¥)- Vas - Vess)
gty = (3.4)
e W Oy Gsi L,

where, V¢ is the applied gate to source voltage,,, C,, are the fronigate

oxide capacitances per unit length under mefdisandM,  respectivelyand are

given by
e, L
Coxt =2, (3.5)
tOX
L
C,p = S22 (3.6)

t

ox

where, e,, is the permittivity of gate oxigl material.

Veg and Vg, are the flatband voltages for the control and screen gates and are

given by
VFBl =fMl - fSi (3-7)
Vego =Fyo - fy (3.8)

where, £\, andfy,, are the metal work functions of the control gate and the screen

gate respectivelyf is thesilicon work function given by

c. E
fo="3+"2+f 3.9
Si q 2q f,Si ( )

where,cg; andEgare the electron affinity andcenergy band gap of the silicon

respectively, 7, 4 is the Fermi level potential

an, o
fis7Vt Ingn—ag (3.10)
¢~

where, n, is theintrinsic carrier concentration of the silicon.
49



Analytical Modeling and Simulation of Subthreshold Characterist
of ShortChannel DualMetal-Gate FullyDepleted Recessec
Chapter 3 Source/DrainSOlI MOSFET

2) The electric flux at the Si / BOX interface should also be continuous in the device.

Therefore, it can be writteas[Svilicic et al. (2009)]

eoc (X Y) — Crsor Vs ~Vigs - fbl(x) + Crsaz Vo ~Vees - fbl(x)
Q/ Hy_tsl Esi Ly €5 Ly
(3.11)
CboxL Ve ~Vesa - f bl(X)
€5 Ly
eoc (X y) - Crsas Vs ~Vess - Th2 (X) + Crsaa Vo -Vegs -7 (X)
e Hy_tsl Esi L, € L,
(3.12)

+ Cbox2 Vsub _VFB4 B fb2 (X)
eSi L2

where, Vg, V,,, andVy are source voltage, substrate voltayel drain voltage
respectively f,,(x)=7;(x,y=tg) is the channel potential at the channel/BOX
interface and named as baslrface potentialC,¢y;,Ccq2, Cieqz @and C,oy, are

recessed source/draiback channel capacitare@er unitlength as shown in Fig
3.2 and are given bjysvilicic et al.(2009)]

é a 0
0 Cox - ~Ingd+ L g, for L <t
1£+£Sed’latrsd g ¢ box =+
C _12 2 gt (3.13)
rsd1 1 o ¢ ~ .
% ™ ~In£+ rsd 8 for L >t ort, =0
~P P a'trsd Q dbOX
1—+—sed1% 8
2 2 CUbox +
é ~
G:f’x ~In§+L§,for L, <t
PP sechip b Q¢ (G + L) 2
C:rs:dz = ° (314)

Q
A 8,f0r Ll >trsd Or.trsd =0
E +£ ot 1:rsd g C (dbox + LZ)+
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é a 0
i efx t ~In§+ﬁ§,for L, <t.
TE_'_Bsed,]a rsd Q Q box 1/~
C _1 2 2 %dbox + I‘l)8 (3 15)
rsd3 — | o ~ )
i e & ty 0
A X In§+;8 for L, >t_, ort_, =0
| o ~ + ;’ 2 rsd rsd
PPy Bsed}agtmd g ¢ (dbox Ll) -
T 2 2 %dbox + Ll)—
e ) Q
7 e°xo ~Ingd+ L, g,for L, <t
[ Bsedwa Lisa g v box =
S Do) 2 (3.16)
rsd 4 = | o ~ -
0 a
% eoxo ~Ingg + b g,for L, >t ort,, =0
1P P senglee g ¢ Bt
12 27 Hdy)2

Cooq and C,,,, are theburied oxide capacitances per unit length in the regions

which are under the influence of metd¥§, andM ,, respectively and are given by

e. L

Coou =~ (3.17)
box

Cooe = 22 (3.18)
tbox

Cs,and Cg;, are the chanel capacitances per unit length under meMlsandM,

respectively given as

L

Coy =22 (3.19)
Si
L

Csiz = Esi2 (3.20)
tSi

C.. and C_, are thefront-gateoxide capacitances per unit length in the regions

under tle metalsM; andM ,, respectively given by

— beLl
(:bom."

(3.21)
tbox
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e

— OX

L
Cbo>Q - 2

(3.22

tbox
Vegs and Vg, are the source/draiback channel flaband voltage andubstrate

backchannel flatband voltage, respectively and are gilmn

kT, &N,N, &
Vees :Fln%\la—zdg (3.23
¢ T

&N, 0
:E|n§ subg

& (3.24)

VFB4
a —

where, N,, Ny and N, are the channelsource/drainand substrate doping

concentration respectively.

3) The potential at the source end is

fl(o’y)zvbi (3.29
aN,N4 8 . - : . .
where, V,; =Eln§\|‘"—2d8 is the built in potential across tls®urce/drain and Si
q ¢ =
junction.

4) The potential at the drain end is
fz(l-1y) =Vy, +Vps (3.26)
where,V,g is the applied source/drain biasltage.

The coefficient€;,(x),C;,(x), Cy(x) and C,,(x)of Eqg. (3.2) are obtained by

utilizing boundaryconditions of Eqs(3.3), (3.4), (3.11) and 8.12)in Eq. (3.2) and
can be written as

C
C11(X) = C O);l (ffl(x)‘ (VGS - VFBl)) (3.27)
sitlsi
Cl’S + Crs
Cp (X) = M(\/DS - Npgs - 2f bl(X))

2C t.°
Sil*Si C (328)
- ﬁ,:;z(ffl(x)- (VGS - VFBl))
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C
C21(X) =% (f f z(x) - (VGS - Vg )) (3.29)
Csiztsi
Caln)= S22 Sy v, - 27, (X)
2CSiZtSI 3 30)
+ Cbox22 (Vsub - 2VFB4 - sz (X))' CLzz(ffz(x)' (VGS - VFBZ)) ( |
CSiZtSi CSiZtSi

Thus, the expressions fof,(x,y) andf,(x,y) are obtained by substituting the
values of C;;(x), C,(x), C,,(x) and C,,(x) into Eq. (3.2). Now, by utilizing Eq.
(3.2) in the expressions df,(x,y) andf,(x,y), potential f; (x,y) can be written in
terms of front and back surface potential separately as follows

2

é, Coxl C:oxl 2 2~
f.(xy) = ffl(x)gl-'_ C y- 7Y - (2C3i1 +Cox1)zly u
g SiltSi CSiltSi E]

+ (V V )? COXl + C
- & y
Gs - VFB1 é Cails 2C..te

ox1 2

V- (Cou)y

[caF e ]

(3.31)

€Coxan + Cs
+ (\/DS - Z\/FBS)W y2 + (Crsdl + Crs.dz)zly2
Si1tSi

[caFag ]

ng—"”z y? + (Cboxl)ziyzg

*+ (Veup - VFB4) :
§2C5i1t5i 9]

= é% - 2(Crsdl + Crsdz) + Cboxl g (332)
?Csiltsi (ZCSil + 2(Crsdl + Crsdz) + Cboxl)g
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c:ox2 C 2?
O = a2y S i (o G, ey
g s|2ts| Cs.zts| ¢!
Vo Vi) 2y e (el
Z u
GS ~ FBZ g Cslztsl y ZCSIZtSIz y 0x2 2y g
‘ (3.33)
eCrs + Crs g
+(Vps - Fss)eM y2+ (Crsds + Crsd4)22 yzl‘J
g 2C,t 9]
€ Cyox 2
+ (Ve - VFB4)?2Cb—22 y2 + (Cboxz )ZZ yzl;l
e sizlsi ¥
a 2lc_..+C_,)+C Q
Where 22 -2 - ( rsd3 rsd4) box2 O (334)
?CSiZtSi (2C8i2 + 2(Crsd3 + Crsd4) + Cb0x2 )9
€42C, + 2(C +C )+ Coox @
f X, f X) &8 Sil rsdl rsd 2 box1 OZ _
( y) bl( )g ZCSil +COX1 93
%Crsdl Crsdz + Cboxl - §y28
C Conts 2Cqts 2 |
& C,, Cou , & Cou 00
+ & = +ae b Qz.0 (3.39)
(VGS FBl)g CSiltsi y Csiltsiz y ?Csil + Coxl 9 3g
é,C:rsdl + Crsdz 2 écrsdl + Crsdz 6 g
+(Vps - NVegg)e———— Y _69—6 3U
g CSiltSi (éazcsil + Coxl ¢
Cboxl 2 é‘ Cboxl 6 9
+ C - & OZ l‘,l
o FB4)€CS|1 S| y ?Csu + Coxl 9 3[;'
Co C Q
where, z, = 3@+ y- — > y*0 (3.36)
e CSlltS| 2CSiltsi 9

¢
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800 2(C +C )+C Q
Fo(Xy) = Fop () EE—2 o il T2 gy, -
2(%,y) =7 ( )g 2C,, +C,,, oF
%Crst Cr5d4 bon gyzﬁ
(;‘e CS|2tSi 2C:S|2tSI 9 H
+(Vos - Vigs)6 =22 y+—22_y?re T2 075 (337)
s~ Va2 ‘ Conle Csiztsiz gazcsiz +C,, 9 4E|
ec._..+C 8Cs+Ciaa § 2
+ (\/DS FBB)\‘ 48 = ? - & — .- 8Z4L:'I
g Cots’ ~ ECa*Conlly

Cbox2 2

a
+ sub ~ )" y &
FB4 6C3|2 s| (?@Csiz + Cox2

a C, C a
where, z, =8+——2 y. % _y?0 (3.39
(o CSIZtSI 2CSi2tSi 9

Further, by substitutingf,(x,y)and 7,(x,y)in Eq. (3.1) and puttingy=0 and
y =t respectively, the following differential equations of fromind backsurfece

potential are obtained

2
f.

d—ﬂz(y)' fifﬁ(Y):bfw =12 (3.39
dx
2

d fbiz(y) - ayly, (Y) =b, ,i=12 (3.40)
dx

where,

Co>a (CSil + Crsdl + Crsdz + Cbon)
CSil (Crsdl + Crsdz + Cboﬂ) (341)
a 2Co;

SBTC ic.,+C 8
C rsd1 rsd2 boxt ~+

1+

1+ C0x2 (CSiZ + Crsd3 + Crsd4 + Cboxz)
(;:Siz( Crsd3 + Crsd4 + Cbox2 ) (342)
tSiZ%_'_ 2C:SIZ 8
C Crsd3 + Crsd4 + Cboxz -
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2 Co>d. (CSil + Crsdl + Crsdz + Cboxl)
CSil (Crsdl + Crsdz + Cbon)

eqN,
by, = &€ (VGS } VFBl) 3 °C 5
e Csi t5i2§+ si 8
c Crsdl + Crsd2 + Cbo>d -
Crsdl + Crsdz
Crs + Crs +C 0
- (VDS - 2VFB3) = < et ~ (3'43
28, 2Csy Q
o BT iC., +Cu D
C rsd1 rsd2 boxi =
2Cbo>d 3
c.,+tC_.,+C )
_ (Vsub _ VFB4) . rsdi1 rsd2 boxl ,..3
,a 28y, [0
ts g+ gy
C Crsdl + Crsdz + Cboxl =
2 Co><2 (CSiZ + Crsd3 + Crsd4 + Cboxz)
egN C,C. +tC_,+C
bfz — ;q a _ (VGS _ VFBZ) °S|2( rsd3 rsd4 box2)~
e Csj t 2%+ 2CSi2 g
Si
¢ Crsds + Crsd4 + Cboxz -

Crsd3 + Crsd4

Crsd3 + Crsd4 + Cbox2 (344)

- (VDS - 2VFB3) o

tsf%"' 2Cs;, g
C Crsd3 + Crsd4 + Cbox2 -
2Cbox2 g
Crs + Crs +C 0X. )
- (Vsub - VFBA) o = o R ~3
,8 2Cq, o
ts g+ gy
C Crsd3 + Crsd4 + Cbox2 -
1+ Coﬂ (CSil + Crsdl + Crsd2 + Cboxl)
. + +
abl - 2 CSll(Cridl ZCéSdZ - Cboxl) (345)
a - 0
tsizg-l- C Sit 8
¢ oxl
1+ Coxz (CSiZ + Crsd3 + Crsd4 + Cboxz)
abz 2 CSiZ (CridS +2(zr:sd4 f Cboxz) (346)
a - Q
tsiz + Si2
? C0x2 8
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— gqNa - Z(VGS N VFBl)
bl C o ~
a26eg tSi2%+ ngu g
¢ oxl +
%:rsdl + Crsdz 8 ?ébon + Cbo>d 8 S
0 C i o C 1=
2(VDS - Z\/FB3)Q ; CSl G 2(Vsub VFB4)(; é)d CSl 5 3 (3-47)
@2 CF e X
¢ oxL + c e =
- 2qNa - 2(VGS B Vpsz)
b2 < o ~
eze& t5i2%+ zgsm §
C ox2 +
é‘%crscw + Crsd4 g Cbox2 Cbox2 8
oX Ci - CI =
2(VDS - Z\/FBS)Q éz CSZ 5 - 2(Vsub - VFB4)Q =2 E (348)
t i2 +2 Si2 | 4+ 7si2. S|2 U
® ? Cox2§ S g C0x2 8@

Now, the following equations of front and backsurface potential fﬂlbi(X), are

obtained by solving the differential Eq3.39) and @.40) with the telp of boundary
conditions of EQgs.3.25)-(3.26)

ffl,bl(x) =.yfd1,bdl Smr(/flm;(i)n-l,i; fsl,bsl_ljmh(/fl,bl(x' L1))_ S (1 (349)
fl,bl
ffz,bz(x) L aen Smr(/fzbz sm['(a ylf_sz)b52 Smr(/beZ - L)) ~ Stop2 (3.50
where,
=.Ja, (351)
=\/7 (3.52)
bfl
Se = (3.53
afl
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Shi =ﬁ’ (3.54)
a,,
Y =V ¥S1 (3.55
Y =Vpt+Sn (3.56)
Y 2=V tS54, (3.57
Y a2 =V +Vps +5 ¢, (3.58)
Vg Vi +Sm (3.59
Y oa1 =Vop S (3.60
YV vs2 =Vop T Sh2 (3.61)
Y baz =Vhi +Vps + S, (3.62)
Vv _V a2 Cosecd/sz)+Yf,ﬂcoseCd/f Ll)' 5f100ﬂ'(/f Lz)' szcOtr(/f Lz) (3.63)
P coth/ L, )+coth/ , L,) '
Y bd2 Cosecr(/bl-z)-l_ybslCosecr(/bl-l)_ S COtr(/bLl)- Sh2 COtk(/bLz)
V,, =— : (3.64)

P coth(/,L,)+coth/,L,)
where, /, =/, and /, =/, are the characteristic lengths associated with the -front

surface potential and backrface potetial, respectively.

The position (x ) of the front and backsurface minimum potential value (virtual

min

df 11(%)
cathode) lies under the control gate and is estimated by SOW ’ =0
(Xmin)
which yields
1 &by, 0
(Xoin)20 = In&—=@Q (3.65
el 2/f,b (;)%fl,blg

Now the front and back channel minimum surface potentiaf, \pm, » under the

control gate region carebobtained by putting Eq. (3.65) into Eq.49.andits value is
found to be

f f 1minblmin :2\/af1,b1bf1,bl = Stip (3.66)
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where,
-1 -/ ripla
f161 = 23|nh(/f,bL1)[J/f51bSle . 'yfdl,bdl] (3.67)
-1 /f1p1 Ly
By = ZSinh(/fybLl)[- e LJ/ fsps TV fdl,bdl] (3.68)

Here, it is worth mentiang that 7 and f are two important parameters which

f1min blmin

determine the soureehannel barrier heights at front and back surfaces e@fctirannel

respectively. The condition 7 >fumn iNdicates that the sourazhamel barrier

f1min

height at the fronsurface of the channel is lower compared to the same at the back
channel. And, as a result the inversion layer is formedha frant-surface of the
channel when gate voltage is raised topthe threshold voltage leveSimilarly, the
<f

condition f facilitates the inversion layer to be formed at the back surface of

f1min blmin

the channel under suitable gate bias conditiona loonventional SOl MOSFET, the

condition 7 >fumn holds generally true because the back surface of the channel

f1min
remains far away from the frogfate. Further, the weak source/drbiack channel
coupling also does not help much. Howevercase of Ré&S/D SOl MOSFETS, both

>f orf <f

blmin f1min blmin

conditions (i.e f ) may hold true depending upon the device

f1min
parameters [Kumaet al. (2014)]. For example, if the channel region is highly doped or
the device channel lengis considerably large, the F&D SOI MOSFET behaves as a
conventional SOl MOSFETs [Kumat al. (2014)].However, in case of a shechannel
undoped/lightly doped R8/D SOI MOSFET, a strong electrostatics coupling between

source/drain and back surfaoéthe channel buildsip, and the conditiorf <Fiimin

f1min

is found to be exist. This strong coupling may lead the back surface of the channel to
the inversion.

Now, we derive the following equation of tre-calledvirtual cathode potergl 7,(y)

[Chenet al. (2003)] (7,.(y)=7£.(x,y) _, .wherex=x_, is the position where minima

n

of front-/backsurface potentialexisty. The obtained virtual cathode potential

f,.(y)which is a functiorof the minimum value of the frorgurface potential is
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e  Cou Coa 22
fvc(y) = fflmin@]‘_i_ C t y 2 y ( CSil + Coxl)ziy L\J
e Si1-Si CSlltS| g
Coa .. G, o
+(Vos = Vs )e' y+ < > y2 - (Coxl)zlyzl\J
e CSIltSI 2CSiltSi U
\ (3.69
eCrs + Crs g
+(Vos - XVeg, )(';’dl—zdz y* + (Crsdl + Crst)Z:Lyzl:l
e ZCSiltSi U
e C, a
+(Vaw = Veas )éb—)dg y* + (Cbon)zﬂ’z u
éZCsutSi Y

Similarly, another equation of theo-calledvirtual cathode potentialhich isa function

of the minimum value of the back surface potentehalsobe obtained

f ( y) f %chu + 2(Crsd1 + Crst) + Cboxl gZ _ éé:rsdl + Crsd2 Cboxl gyzg
ve blmmg 2C5i1 + Coxl 9 3 ée Csi1t8i2 2CSi1tSi2 9 H
+(Vgs - V, )‘:? 2T _y+ Coa g’ o 82 o
Gs - VFBL Q’ y y 0 Sl‘J
g Cautsi CSiltSiz 8@ st * Coa 2 ¢ (3.70)

€C.y +C +C,,0
A& rsdl rsd2 ,2 rsdl rsd2
+(VDS - 2VFB3 c - FFC OZ

GSC&

g Cs|1ts| éezcsll +C
a cC 0 92
+ V _ V é box1 2 _a&e box1 OZ U
( 0 e )éCSiltsi2 ?Csu Coxl 9 SU

Here, it should benoted that either of Eqs. (3.69) or (3)7€an be utilized for the

formulation of the subthreshold charge carrier dgrest virtual cathode position.
3.3 Threshold Voltage Formulation

The threshold voltagd,, of a MOSFET is defined as that value of the gate volMge

at whicha numberof minority carriers at the channel surface equals the majority carrier
concentration in the bulkdn other words,n a conventional MOSFET, the threshold

voltage is takn to be that value of the gadeurce voltage at which the virtual cathode

potentialbecomes equal to the twice tife Fermi potential (i.e/ ;1min.pimin = 27 s
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where, f is minimum surface potential)Svilicic et al. (2009)]. However, this

f 1min,blmin
definition of the threshold voltage does not hold completely true for a lightly doped or
intrinsic SOl MOSFET owing to the volume inversion in the whole channel region, as
discussed inChapter2. Because of the early inversion of the charge carriers in an
intrinsic/lightly doped SOI film, the threshold voltage definition is modified as
discussed irsedion 2.4.1 of Chapter 2. In this chapter, the modified threshold voltage
definition of [Chenet al. (2003)] is used for threshold voltage formtida. Further, any

of the frontchannelor back channel may be inverted at first and form a conducting
channel between source and drain, threshold voltage associated witisurtadeand

backsurfaceof the channel regions have been formulated separately.

3.3.1Front Channel Threshold Voltage Formulation

The frontchannel threshold voltageVy ) is considered to be the value of the gate

voltage at which the minimum of frorthannelsurface potentialf is found to be

f1min

2f " ¢ si,

_Ffo,Si for ,Na>ny
ie. f =2f" s — |

e. . KT, &n; 0 3.71
flmInVG:\/thf 'f f f'Si+Flné§:TT§ for ,N,<ny ( )

where, q is the electron chargeN,is the channel dopingoncentration,n, is the

intrinsic carrier concentratiork is the Boltzmann's constant, aiidis the temperature,

f:  is the Fermi potentialp; is a critical concentration of electron in thkannelto

turn on thedevice Lee et al. (1989]. It should be noted thah, depends on device

parameters like channel thickness and channel length; it has been determined following
the method of Chen [Chen (2008vilicic et al.(2010}.

Thus, solving £, =2,/a;b;; - S¢;

front-channel threshold voltagd;

=2f 1 s gives the following expression for
Vs =V
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2
V. = Ay /0" - 4P;ly (3.72

thf —

2p;
where,p, =v,v,, - n? (3.73)
Q¢ =Ug Vi, U,V - 20, (3.74)
f=UgU, -1, (3.75)
U.. = (pr11+mf1)' Wbi +mfl)exd_ /le)
" sinh/ L) (3.76)
_pr12 +(1' eXF(' /le»nf
V,, = sinh(/le) (3.77)
U.. = Wbi +mf1)eXF(/fL1)- (\/fp11+mf1)
2 s/, ) (378)
_ (exd/ f Ll)' 1)nf - pr12 379
Yea = sinh/ L) (3.79)
|, =2f, +m, (3.80)

l(vbi +Vys )JcosecH/ , L, )+ (V,, )cosecH/ , L, )+ m, (cosecH/ , L, )- coth/  L,))
+ mfl(cosecf(/ ] Ll)- COﬂ{/ f Ll))] (381

V =
foun COtI’(/ f L1)+C0tr(/ f L2)
_n |cosect(/, L, )- cothl/ L, )+cosect/ L, )- coth/ , L, )| (3.82
P12 COtr(/ f Ll)+COtr(/ f L2)
éqN a Coa 0 & Coa &
p a - b o -k +b . )
ml = é eSi ?fz " Crsdl + Crsdz + Cb0><l§ ?fz " Crsdl + Crsdz + Cbon % (3 83)
f and,- bybi,
C,uCor & o 0
),Elz_ Sl@ffbflc +C ﬂ+C 8
nf — Si (; rsd1 rsd2 boxi = (384)

agpdi,- bflbfz
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3.3.2 Back Channel Threshold Voltage Formlation

=2f ¢, gives the following expression for
Ves=Vinp

Similarly, solving f,,.., =2J/ah, - sy,

backchannel threshold voltag¥,,,

V.. = - Qs +\/Qb2 - 4Py, (3.85)

thb —

2p,

Where,pb = VpVoo - o (3.86)
Op = UV +Up,Viy - 20l (387)
fo = UpgUpy = 1y (3.88)
U = (prn + mol)‘ (Vbi + rnol)eXF(- /bLl)

o sinh(/,L,) (3.89)
V. = pr12 + (1' exd’ /cLl))nb

- sinh(/,L,) (3.90)
U = (Vbi + rnol)eXF(/bLl)_ Nbpll + mal)

- sinh(/, L,) (391)
v, = (eXF(/blfl) - 1)nb - Voo (3.92

sinh(/,L,)

l, =2f, +m, (3.93)

[(Ves +Vos )eosect/ L, ) + (v, )Jcosectl/, L)
tmy (COSGC[(/ b Lz) B COﬂ‘(/ blo ))mf 1(COS€C[‘(/ b L1) j COtl‘(/ b L1))]

v - 394
bpyy coth/ L, )+coth/ L) o

V, = Ny [COSGC}‘(/ b Lz) B COﬂ’(/ b Lz) + COSGC?’(/ b Ll) - COtI"(/ bl )] (3.95)
by, coth(/,L,)+coth(/, L,) |
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éqNa a C, 0 & G, ®
é "c +CXl+C bb28+k§]blc +CX1+C D
m = 66 ¢ it T Creiz T Croa E sdt T Crsaz T Cpoa g (3.96)
! ayudy, - bblbbz
CoxaCsi a Coa

2 bl
tSi c Crsdl + Crsdz Cbo>d.
la b2 bbl be

n, = (3.97)

As mentioned above, DMG FD R&D SOI MOSFET may have two different threshold
voltages associated witthe front-surface and backsurface of the channel region,
respectively Hence,the threshold voltag®,, of a DMG Re-S/D SOl MOSFET cou

be determined either by frosurface threshold voltageV/(; ) or by the back surface

threshold voltage\(,,) depending on the frontand back minimum surface potential.

In this way, the theshold voltage of DMG UTB R&/D SOl MOSFET is defined as

b,1min

v, (3.98)

1‘3 thf fOf ff,lmin >f
v <t

Vi » for f

f,1min blmin

3.33 Threshold Voltage Modifications due to Quantum Mechanical
Effects (QMES)

The modek accuracycould beimproved for ultrathin body structure by adding

following quantum effects induced correction tefi¥,, in the threkold voltage model

of Eq. (3.8) [Dort et al. (1992)].

et
D/th - Dzogj_ Sitox
G Elg + 65t

(3.99

-|-ODO

box

where, DE, is the difference between the first discrete energy level and the lowest

conduction band energy lewshich is given asort et al. (1992)].

. /3 2/3
a h? o

9
[E, = "B 8 ggpqEH (3.100

O
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where, h is the planks constantm is effective mass of the electroi is the normal

electric field due to the charge in the depletion layer.

3.4 Subthreshold Current Formulation

The diffusion dominantsubthresholdcurrent in weak inversion is assumed to be
proportional to the carrier concentration at the virtual cathogg(y), andhence can

be defined as [dmaret al.(2013), Dey at al. (2008)]
tsi

Lo = [P (y)dy (3.101)
0

) DN (Y)
L

e

where, J, (y - ex;% \\//ﬁgé) (3.1®)
C T -

g

D, is the coefficient of diffusiort, is the effective channel lengtk; is the thermal

voltage.The electron density at the virtuemthode,nmin(y) can be expressed addy at

al. (2008)
N () = %exr%ff/ﬂg (3.103
a c T -

wheren; is the intrinsic carrieconcentration.
The effective chanel length can be expressed Bgy at al. (2009)
L.=L- (L +L,)+2L, (3.109

where, L, andL, represent the source and drain depletion width, be the Debye

length, all of which can be formulated #gh et al. (1995}

— 2(Vbi ” fvc(ym))
L= (3.105

dX x=0
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2(Vbi +Vy - f vc(ym ))

L, = 3.10
‘T dr(xy) (3109
dX x=L,+L,
eV
L, = [T 3.10
b aN, (3.107

where, f (ym):fvc(y)is the value of the minimuraurfacepotential function alonghe

17 ve

channel thicknesat y = y,,, wherey,, can be obtained by solving

W, (y)
Ly

vc(ym) = fvc(y)( Y=Y (3108

Equation (3.101)s a complex equation and cannot be solved analytically. However, an
approximate solution of Eq3.101) can be obtained by invoking a piecewise linear
approximation of the virtual cathode potential equation. For thisqa&rghe channel

region may be divided into two parts; regionA&y ¢ y, ) contributing current -, and
region 2 (y, ¢ y¢tg) contributing another current,. Further, the virtual cathode

potential variation is approximated by two straight lines in regionsl apdeh et al.
(1995]. Finally, the subthreshold currecdannow be written as

Isub = I F + I B
(3.109)
m ° tSl (y)
- KemX%@y+ L S
2 2 o s
whereK :M%- exp% \@% (3.110
e'Va C c T =

Assumingthe linear variation offvc(y)in y direction, Eqg. (3.109 can besolved as

[Dey at al. (2009)
(; 3.11)
, 0 .
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where,
| ¢ = ex%éfVc(\)// - O)g_ eX|%éfVC()\//: ym)g (3113
T - c T -
Ib - ex%éfvc()\//: ym)g_ ex@é‘fvc(i//: tSi)g (3113)
¢ Vv £ ¢ Vi<
E; =(Fe(y=0)- £uely = Yu))/ Y (3.114
Eb = (fvc(y = ym)_ fvc(y :tSi))/(tSi - ym) (3115

Egs. 8.114 & 3.115) are theelectric fields associated with the fremnd back surfaces
of the channel. Eq3(111) is the desired expression for subthreshold current derived for
DMG Re-S/D FD UTB SOl MOSFET

3.5 Subthreshold Swing Formulation

The switching property ofa MOS device is governed by the subthreshold swing

characteristics in the weak inversion region. It is defined as the inverse slope of the
log(l,) vsV,s characteristics in the subthreshold region. The typical value of

subthreshold swing is 60mV/dec (at rob@emperature).

The subthreshold swing of a F¥D SOl MOSFETSs can be expressed as [Svilatial.
(2010)]

? 3 é-dfflmin 61
,:\VT (lnlO) %V8 for.fflmin > fblmin
5= ¢ Tes = (3.116
i a 0
’:\VT (|n10)3 %8 forfblmin >fflmin
i o} Gs +

Utilising Eq. 3.65) in Eq. 3.116) and after some mathematicalculations we obtain
the following closed form expression of the subthreshold swing oDiWé& ReS/D
UTB SOl MOSFET
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3.6 Results and Discussion

In this section,we have analyzedhe derived theoretical models of sutgshold
characteristics of the DM®e-S/D UTB SOl MOSFETsFurther, the models have also
been validated againshe numerical simulation data obtained &yumerical device
simulator ATLAS™. The dift-diffusion model has been used while simulating the
carrier transportatiom thedevice. The CVT mobility moddias also beensed as it is

a complete mobility model in which mobility depends on doping density, temperature,
laterd and transverse electrifield. FermiDirac carrier statistichas beeremployed to
minimize the carrier concentration in the heavily doped regiédisng with this, a
guantum transport equation (NEGF) is used to include the quantum efféets
numerical threshold voltagehas ben extracted from thedrain currenigate voltage
curveby considering the Jae of thatgate voltage at which drain current magnitude is

given byl, =(W/L)3 107 A/ nm, whereW and L are width and length of the channel,
respectively [Condet al.(2002)].

3.6.1Surface Potential

Figure 3.3shows both frorthannel and backhannel surface potential profiles along

the channel length direction for a device channel length sf60nm and t,.4 = 30nm.

It may be noticed that the backannel minimum surface potential is significantly
higher than the froathannel minimum surface poteritidhis implies thajust like Re

S/D SOI MOSFET as discussed sdion 3.2, the sourcehannel barrier height is
found lower at back surface of tikeannel in case of DMG R8&/D SOl MOSFETSs. The
estimated value of the source channel barrier height associated with thehazaxiel is
lower than that of the frorthannel by ~76mV. This leads to a significant inversion at
the back channel when gaseure voltage is raised, and the threshold voltage of the
device should be determined by the threshold voltage of the-dfatkce of the
channel. Since, we have considered only lightly doped sti@thnel length devices in
this chapter, the status of back fawe of the channel will determine the subthreshold

characteristics of the device.
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Figure 3.4demonstrates the baahannel surface potential along the channel length

direction for different contrebate toscreengate length ratiod, : L,. It should be

noted that the contrdb-screen gate ratio is varied whereas the total channel length

remains fixed td.. As the source side metal gate has higher work function (control gate,

fy,=4.8eV) than the drain side metal gater¢sm gate,f,,,= 4. 6eV) ,

cathoded position is found below the

t he 0

contr

when the contribution of screen gate is increased in total channel length. Increasing the

contribution of screen ga length from1/3 to 2/3 in the total gate length, the minimum

surface potential increases from 0.19 V to 0.27 V. Thus, varying the gate length ratio

(L, : L,) could modulate the position and magnitufeéhe minimum surface potential,

which in turn could modulate the subthreshold characteristics of the device.

Surface potential (V)

0.8

0.7

fMl: 48evaf|\/| 2= 466‘V,L :GOnm, Ll . L2 :1:1’ tSi = 10nm’
Tox = 2NM, trgg = 30NM, by, = 2000m, dpo,=3nm, N, =10'°cm®,

Vps=0.1V, Vgs=0.1Vv

0.€f
0.5 FrontSurface Potential
- — — - Back Surface Potential

0.4}

0.3

0.2| -
Lines: Model
Symbols Simulation|

0.1 | | | | |

10 20 30 40 50 60

Position along the channel length (nrr

Fig. 3.3: Surface potential along the channel length at figateand backgate
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fy,=4.8eV,f,=4.6eV, L=60nm,tg; = 2nm, t,, = 2nm,
0.7 ty = 200nmd,,=3nm,t,o4 =30nm, N, =10"° cm* Vp5=0.1V,

Back surface potential (V)

Lines: Model
Symbols: Simulation

1 | | | | |

05 10 20 30 40 50 60

Position along the channel length (nn

Fig. 34: Back surface potential along the channel at different control to screen gate length ratio
3.6.2 Threshold Voltage

Figure 3.5exhibits the threshold voltage variati@gainstthe gate length at different

oxide thickness. Its obsered from the figure thathe threshold voltage remains almost
constant irrespective of the oxide thickness variations if the device channel length is
selected above 150nm, howeydevices with channel length less than as0become
sensitive to the gate ak¢ thickness. Further, the threshold voltage of device with
channel length less than 150nm is found to be decreased severely when a thicker gate

oxide is considered in the device.

Figure 3.6demonstrates the threshold voltage versus device channel fengtifferent
Si film thicknesses. The threshold voltage is found to be increased with the decrease in
the thickness of the silicon channel. As the thickness of the channel is increased, the
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controllability of the gate over the entire channel region isiced due to the reduction
in the gate electric field at the deeper section of the channel. Therefore, devices with
thinner silicon films have higher channel barrier heights and higher threshold voltage.
Thus, a thin Si film is preferred as a channel regasnit causes a strong coupling

between gate and channel region.

Figure 3.7 shows the threshold voltage versus device channel length at different
recessed source/drain thicknessks,. It should be noted thait t, =0, the device
structure is similar to a conventiondDl MOSFET where the frofgate controls over

the channel. As observed, the threshold voltage is found to be decreased with more and
more penetration of source/drain in the BOX (larigg). The decrease in the threshold

voltage may be attributed to the coupling of the bagkace of the channel region to
the extended source and drain through blueied-oxide. Further, Fig. 3.proves the
accuracy of our model and its applicability, waeReS/D SOl MOSFET with two

different recessedource/drain thickness as well as conventional SOl MOSFET

(t,sq =0) have been compared.

Figure 3.8plots the threshold voltage versus channel length at diffetgntl, ratio
keeping the other device parameters constant. The threshold voltag#frdlfound to
be decreased gradually with channel length if a higher ratib, ot,(2:1) is chosen. It

may be attributed to better shantannel effects (SCEs) immupyiin such devices as the
control gate length is larger than the screen gate length which in turn shifts the virtual
cathode point away from the source end. As a result, it could be said that varying the

ratio L, : L, may be an additional ojpin to control the threshold voltage of the device.

72



Chapter 3

Analytical Modeling and Simulation of Subthreshold Characterist

DualMetal-Gate FullyDepleted Recessec

ShortChannel

Source/DrainSOl MOSFET

Threshold voltage (V)

o
(@8]

o
D2

o
=

fui=4.8eV,fy,=4.6eV, L:L, =1:1,t; = 10nm,
t o = 200nmt,.y = 30nm, di,,,=3nm Na:1015cm'3,
Vps=0.1V

= 4nm Lines: Model
| Symbols:SimuIation

50 10C 15C 20C 25C 30C
Channel length (nm)

Fig. 35: Threshold voltage versus channel length for varying oxide thickness.
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Fig. 36: Threshold voltage versuihannel lengthor varying Si film thickness.
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Fig. 3.7: Threshold voltage versus channel length for varying recessed oxide thickness.
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Fig. 38: Threshold voltage versus channel length for varying control to screen gate length

ratio.
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3.6.3 SubthresholdCurrent

Figure 3.9plots the subthreshold current against the -gatgource voltage for different
channel lengths keeping other device parameters constant. The higher value of
subthreshold current at a shorter channel length for adfigate voltage may be
attributed tothe reduced threshold voltage due to the shbannel effects.The
influence of control to screen gate length ratio on subthreshold current characteristics of
Re-S/D UTB SOl MOSFETs is investigated in Fig. G.1Keeping L, :L, =1:1 as
reference, the subthreshold current can be observed increasing with smaller control gate
length (L,) for L, :L, =1:2; whereas in casef L :L, =2:1, the longerL, helps to

boost the electrostatics in the channel region rendering reduced leakage current.

In Fig. 3.11 the subthreshold current characteristics are plotted with-tgedeurce
voltages for two different gate oxide thicknesskgreasing the gate oxide thkitess
weakens the penetration power of electric field in the channel, which decontrols the
channel. Such relaxation in gate control on channel causes enhanced leakage current in
the channel. The effect of Si film thickness on the subthreshold currenamsimed in

Fig. 3.12. It is observed from the figure that the subthreshold current is increased with
the silicon channel thickness which is attributed to the fact that in case of a thinner
silicon body, both the frorthannel and the back chanrak undeithe instant control

of the gate and thus, the improved shdrannel immunity results in reduced leakage

current.

The influence of recessed source/drain thickness on subthreshold current is shown in

Fig. 3.13 by keeping all other device parameters corstins found that at,.; = Onm
(conventionalSOI with backgate),subthreshold current is 2*10A/um and ast,

increases to 30nm and 100nsupthreshold curreris ~ 9*10**A/um and 1*10"A/um,
respectively.lt is due to the facthat the thickerrecessed source/drain thicknesfters
higher shorchannel effects due to the coupling reicessed source/drasnd channel

region and thus increasing the subthreshold current. Howevstiglat increase in

subthresholdurrent is noticed with increasirtg,; above 30nm.
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All the theoretical results are well matched with the simulation results obtained from
the 2D numerical simulator ATLAY [SILVCO Int. (2012)] for a gate voltage below
the threshold vaage of the device.

i
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Fig. 39: Subthreshold current variation with gatesource voltage for different channel

lengths
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Fig. 3.10: Subthreshold current variation with gdtesource voltage for different control to

screengate length ratios
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Fig. 311 Subthreshold current variation with gatesource voltage for different oxide

thicknesses
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Fig. 3.12: Subthreshold current variation with gdtesource voltage for different Si film

thicknesses
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Fig. 3.13: Subthreshold current variation with gdatesource voltage for different recessed

source/drain thicknesses

3.6.4 Subthreshold SwindS)

The results of Fig. 3.and Fig. 3.0 are reflectedn Fig. 3.14that demonstrate the
subthreshold swingy variation against the device channel length) (for different
control to screen gate length ratiok, (: L,). The subthreshold swing is found to be
decreased with #thincrease in the control gate length fofixaed total channel length.
The length of the control gate plays important role in determining the device

characteristics as devices with longer control gate suffer less with-dhamnel effects.

The influence of gate oxide thickness and channel thickness on switching
characteristics are displayed in Fig. 8.4nd Fig. 3.1Gespectively. The subthreshold
swing is found to be decreased with the decrease in-fam@ oxide thickness and

channel thickness for fixed value channel length. This is due to flaet that a thin
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