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RESUMO

Esta Tese apresenta os resultados da simulacamamkpadrte eletronico em trés
dimensdes (3D) no nano dispositivo eletrénico coileecomo “SOI-FINFET”. Este
dispositivo € um transistor MOS em tecnologia &ilisobre Isolante — “Silicon-on-
Insulator”, SOI — com porta dupla e cujo canal pasode fonte e dreno séo realizadas
em uma estrutura nanométrica vertical de siliciantdda de “finger” ou “fin”. Como
introduc&o ao dispositivo em questao, € feita ueves@io basica sobre a tecnologia e
transistores SOl e sobre MOSFETs de multiplas porta implementacdo de um
modelo tipo “charge-sheet” para o transistor SOISFET totalmente depletado e uma
modelagem deste dispositivo em altas frequéncrabdm é apresentada. A geometria
do “fin” é escalada para valores menores do quentdCcom uma espessura entre 10 e
20 nm. Um dos objetivos deste trabalho é a defindgiparametros para o SOI-FINFET
que o viabilizem para a tecnologia de 22 nm, comcomprimento efetivo de canal
menor do que 20 nm. O transistor FINFET e uma tes&wbasica simplificada para
simulacdo numérica em 3D séo descritos, sendaadiis dados de tecnologias atuais
de fabricacdo. Sdo apresentados resultados deag@ouhumérica 3D (curvas-Ve,
Ib-Vp, etc.) evidenciando as principais caracteristieaincionamento do FinFET.

E analisada a influéncia da espessura e dopageffintle do comprimento fisico
do canal em parametros importantes como a tensabmi e a inclinacdo de
sublimiar. Sao consideradas e analisadas duaspiosgles de dopagens da area ativa
do “fin”: (1) o caso em que esta pode ser consitiergio dopada, sendo baixissima a
probabilidade da presenca de dopantes ativos, ® @so de um alto niumero de
dopantes ativos (> 10 é provavel). Uma comparagée e€ois simuladores numéricos
3D de dispositivos é realizada no intuito de exalicdiferencas entre modelos de
simulacao e caracteristicas de descricdo de estsuBD. Sdo apresentadas e analisadas
medidas em dispositivos FINFET experimentais. Doigstodos de extracdo de
resisténcia série parasita sao utilizados em FigFBimulados e caracterizados
experimentalmente. Para finalizar, sdo resumidg@siasipais conclusdes deste trabalho
e sdo propostos os trabalhos futuros e novas \disetha pesquisa dos transistores
FINFETS.

Palavras-Chave: MOSFET, SOI, FIinFET, dupla-porta, mdultiplas-portasano-
dispositivos, simulacdo numérica em 3D.






Nano-Transistores de Porta Dupla em Silicio Sobrsolante
Simulacéo de FINFETs sub-20nm

ABSTRACT

This thesis presents the results of 3D-numericaliktion of electron transport in
double-gate SOI-FINnFETs in the decanometer sizgeraA basic review on the SOI
technology and multiple gates MOSFETS is preserited.implementation of a charge-
sheet model for the fully-depleted SOI-MOSFET ardgh frequency modeling of this
device are first presented for a planar device ltgpo The second part of this work
deals with FInFETS, a non-planar topology. The getoynof the silicon nano-wire (or
“fin”) in this thesis is scaled down well below 16, with fin thickness in the range of
10 to 20 nm. This work addresses the parametera Wable 22 nm CMOS node, with
electrical effective channel lengths below 20 nine Dasic 3D structure of the FInFET
transistor is described in detail, then it is siatetl with various device structural
parameters, and results of 3D-numerical simulafigtV s curves, p-Vp, etc.), showing
the main features of operation of this device aesented.

The impacts of varying silicon fin thicknesses, gibgl channel lengths, and silicon
fin doping concentration on both the average tholesioltage and the subthreshold
slope are investigated. With respect to the dopomgrentration, the discrete and highly
statistical nature of impurity presence in the\actarea of the nanometer-range fin is
considered in two limiting cases: (1) the zero-dgpr undoped case, for highly
improbable presence of active dopants, and (2)rttwey-dopants case, or high number
(> 10 are probable) of active dopants in the degl@nnel. A comparison between two
3D-numerical device simulators is performed in ortte clarify differences between
simulation models and features of the descriptibBDstructures. A structure for SOI-
FINFETs is optimized, for the undoped fin, showitsyapplicability for devices with
electrical effective channel lengths below 20 nn@QI-EiNFET measurements were
performed on experimental devices, analyzed andpeoed to device simulation
results. This thesis uses parasitic resistancaaiin methods that are tested in FInFET
simulations and measurements. Finally, the mainclosions of this work are
summarized and the future work and new directionghie FinFETs research are
proposed.

Keywords: MOSFET, SOI, FinFET, double-gate, multiple-gat@nordevice, 3D-
numerical simulation.
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1 INTRODUCTION

Silicon-on-Insulator (SOI) technology (Colinge, 199with single-gate (SG) SOI-
MOSFETS, has become in the last years a serioupetdor for traditional BULK
technology (Flandre, 1996, 1999; Ifiguez, 1996rdtex, 1997). Double-gate (DG)
SOI-MOSFETs have superior performance over singte-gones (Doyle, 2003;
Colinge, 2007; Kranti, 2007). SOI-FInFETs (Linde2001), also called vertical SOI
MOSFETs have demonstrated a good potential fouuitipplications, in particular
low-voltage analog applications (Pei, 2002; Giagun#007; Pavanello, 2007a-
b; Kranti, 2004, 2007). Geometry and process patens@ptimization are a key factor
to increase the performance of the SOI-FINFET faudt design and fabrication. 3D-
numerical simulation is a powerful tool to modedastudy the device characteristics
and it has been extensive used (Pei, 2002; DiRiD52 Trivedi, 2005; Fossum, 2007;
Zhao, 2008).

1.1 Objectives

The main goal of this work addresses the paramébera viable 22 nm CMOS
technology node, with electrical effective chanferigths below 20 nm. In order to
achieve this goal a good understanding of the ckeniatics of the FINFET and the
influence of process and geometry parameters omdtgvior is fundamental. The
dependence of important parameters such as thdesiolage \f and subthreshold
slope S on silicon fin thickness,Tand silicon fin doping k) is addressed.

Due to the three-dimensional nature of the FinFEViak, 3D-numerical simulation
is a necessity. Thus a 3D-device structure basegamology standards and suitable
for 3D-numerical simulation is defined and the fesof a 3D-numerical simulation of
the SOI-FINFET are presented and analyzed. Also-Fa@HET measurements are
presented and analyzed.

Two brief chapters about SOI technology and mudtegVIOSFETSs are included as
a basic introduction to the FINFET device and aptdrais dedicated to describe the
implementation of a charge-sheet model for the/fdépleted SOI-MOSFET and a high
frequency modeling of this device.
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1.2 Organization of the Chapters

This thesis is organized as follows. Chapter 1gmtssan introduction to this work.
Chapter 2 presents an overview of SOl CMOS teclgyland SOI-MOSFETSs.
Chapter 3 presents a high frequency modeling afigol&&OI-MOSFETS, with single
active gate, that was developed by the author. €hdppresents an overview of multi-
gate MOSFETSs, with emphasis on possible FinFETcgiras to be used in the 22 nm
technology node and beyond. Chapter 5 presentsrabglts and analysis of 3D-
numerical simulation of the Double-Gate (DG) SOHHET. These analyses have the
goal of finding the structural double-gate FinFEdrgmeters that are most suited for
devices with effective channel length below 20 i@hapter 6 presents the results and
analysis of measurements of experimental SOI-Firg-Blanufactured at IMEC -
Interuniversity Microelectronics Center in Belgiufinally, Chapter 7 summarizes the
conclusions of this thesis pointing out the mogpamant goals and new directions in
the FINFETSs research.
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2 SOI MOSFETS

In this chapter a brief overview of the Silicon-msulator (SOI) CMOS technology
and SOl MOSFET structures is presented.

2.1 SOI CMOS Technology

SOl technology (Colinge, 1991) is mentioned onftret description of an IGFET
(Insulated-gate-field-effect-transistor) as far baas 1926, but unfortunately the
technology of that time was unable to produce aaratpnal device over a solid
substrate. In the first half of the 1960's decade tMOSFET (metal-oxide-
semiconductor field-effect-transistor) fabricated tulk” silicon substrates became
available. Since 1982, CMOS (Complementary MOS) e the driving technology
for the microelectronics industry throughout theridointegrated circuits fabricated on
“bulk” silicon substrates represent the majoritycoimmercial production today, with
Silicon-on-Insulator over silicon substrates gagniground on the commercial
applications. The availability of electronic-graddicon material and the excellent
characteristics of silicon dioxide are key aspeuting the predominant position of
silicon devices in the industry.

SOl technology has been developed for over two dkscand commercial circuits
became available. Many techniques have been deactfmp producing a film of silicon
on top of an insulator (see Figure 2.1). Some efaiincipal techniques are:

* SIMOX (Separation by lon-Implanted Oxygen)

« BESOI (Bonding and Etch-back SOI)

e “Smart Cut” (Cut by lon-Implanted Hydrogen)

* ZMR (Zone Melting Recrystalization)

* FIPOS (Full Isolation by Porous Oxidized Silicon)

Silicon film

Silicon Substral

Figure 2.1: Cross section of an SOI wafer.
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In fact the SOI technology has many advantages theetraditional bulk one. A
simplified CMOS inverter structure in bulk and S@thnology is shown in Figure 2.2
and Figure 2.3 respectively, where the basic diffees can be compared. First, the SOI
structure is more compact offering a higher integradensity; there is no need of wells
in SOI and the direct contact between P+ and N-<tjans is possible. Second, the
buried-oxide (SiQ) layer prevents and/or reduces most of the parasfiects verified
in bulk silicon devices; also the known body effescteduced. Third, the silicon film is
thin enough for the junctions reach through thedexXayer, reducing the capacitances
between these junctions and the substrate andalyrtaliminating the possibility of
latch-up; SOI offers also the ease control of mglghallow junctions by controlling the
thickness of the silicon film.

Gate oxid:

N+ N+ P+ P+ N+

N - well

P - substrat

Figure 2.2: A simplified bulk CMOS inverter struptu

Gate oxid:

Figure 2.3: A simplified SOI CMOS inverter struatur

Some of basic advantages of SOI over bulk techiyalbgummarize as follows:
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Higher integration density;

Lower source and drain capacitances;
Higher current capability;

Virtual immmune to latch-up;

Better HF characteristics;

Lower short channel effects;

Better transconductance subthreshold slope;
Better radiation hardness;

2.2 The SOI MOSFET

A previous description of SOl MOSFET structure dmakic characteristics are
presented as background to the Section 3.

2.2.1 Structure

The basic structure of the SOI MOSFET is shown igufe 2.4. The NMOS
transistor is used as reference hereafter. The lmesiessary three terminals, source,
drain and gate, and the forth called back-gateshosvn. The thickness of the silicon
film tg (or t,) makes the distinction between thick-film and thim devices. The
presence of the buried oxide layer acts as a segatedor back-gate. From now on the
normal gate is called front-gate and the termirgtages are namedy (voltage of
front-gate), \&p, (voltage of back-gate), & Vp, to avoid confusion.

7 FTITTITTIT 7T,
Y
\S //////,Sclr?rz////g/a,tr/% of |

BHEEHHESHEHEE Y Y oo

(IN"- Source | |tg(=tp) Si-film(p-type)::N"- Drain |

dEmamna . Si-Substrate (type, iiiiiiii

Figure 2.4: A simplified SOl NMOS transistor stiue.

2.2.2 Basic Characteristics

As a result of the presence of the back-gate theMBOSFET offers many modes
of operation depending on both terminal voltageg:,(Ven Vs, Vp) and thickness of
the silicon film & (or t,).

In thick-film devices the depletion zones from tinent and back gates do not
reach each other, resulting in a neutral zone enntiddle of the silicon film. If this
neutral zone is somehow connected to ground, the MM\OSFET shows the same
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characteristics of a bulk device; otherwise a fl@paheutral zone results in an effect on
the |-V characteristics called kink effect and alsothe presence of an open base
parasitic bipolar transistor. Thick-film MOSFETseanot the subject of this overview

and do not offer advantages over bulk counterparts.

In thin-film devices the depletion zones from thent and back gates reach each
other, resulting in a fully-depleted silicon fill@epending on ¥; and &, the front and
back interfaces can operate in depletion, inversioth accumulation, resulting in nine
different modes of operation. However, most of ¢h@sodes of operation are not
practical, especially those with back-gate intezfawverted or accumulated. Therefore
fully-depleted (FD) SOl MOSFETs with back-gate nfee depleted offer many
advantages over bulk MOSFETS.

In the last decade the thickness of the silican fif has been reduced by 10x and
is nowadays around 10 nm or less. The buried obigkness also has been reduced
by 10x and is nowadays around 25 nm. Now the bat&-gcts as an affective second
gate and these devices are called UTBB or UltraxBudy-and-Box.
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3 HIGH FREQUENCY MODELING OF SOI-MOSFETS

In this chapter a physical charge-sheet modeluity-tiepleted (FD) SOl MOSFETs
is developed and used as a basic tool on a methedténd the validity of the quasi-
static MOSFET models beyond the frequency on wttiese models fail.

3.1 A Charge-Sheet Model

The modeling of MOSFETs requires an accurate anmdiracous model for the
transistor behavior. A numerical resolution of Boiss and continuity equations in two-
dimensions can achieve this goal, but imposes demsome numerical process. The
problem have been made analytically tractable bgmaef certain approximations, two
of which were first introduced in Brews (1978) aak the gradual channel and the
charge-sheet approximations. Models based on tasstvo approximations and others
ones have been developed, but many of them sufffehatcomings (Tsividis, 1994),
such as non-continuity in the MOSFET's regions pération, non-conservation of
charge, only quasi-statically validity, etc.

The purpose of this chapter is to presents a nealecharge-sheet model for thin-
film SOI MOSFETSs valid for back-channel in depletifsom source to drain, based on
the gradual channel and the charge-sheet approgmsathat can predict the behavior
of the transistor at high frequencies (microwaveajhwa good accuracy and be
physically-based, with few fitting parameters. Thasic model is only valid for
long-channel devices so that short-channel effegth as velocity saturation, channel
length modulation and drain-induced conductivitthhamcement (DICE) are included.
An effective front-gate voltage is used to link thedocity saturation effect to the drain
saturation potential. The model is based on thetfgate surface potential that is
computed with a newton-raphson method. The cuaedtcharge equations are derived
from the model and integrated in Matlab routines.

3.1.1 Model Definitions

3.1.1.1Poisson’s Equation

A four-terminal SOl nMOSFET structure is shown ilgufe 3.1 as a reference to
evaluate the Poisson’s equation inside the silitom-film. The front-gate, back-gate,
source and drain voltages are representedday\Mén, Vs, and \b, respectively.
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Vv
= 1Gf qu
polysilicon
YS SiO, \{D
N < - > N X

N

Ty SiO, Si-film (p-type)

Si-Substrate (p-type)
\
Vb

Figure 3.1: A simplified four-terminal SOl nMOSFETructure.

Inside the silicon thin-film the Poisson’s equattan be written as

Y (xy), 2w (xy) __p(xy)
VS &’ £

(3.1)

si

where ¢ is the electrostatic potential of silicop;is the charge density; arad is the
silicon permittivity. Assuming a gradual channepegpximation, which states that the
longitudinal electrical field X-direction) is much smaller than the transverse one
(y-direction), leads to

%o” z/;g,y)% «%o" z/;;;cy)% (3.2)

Thus the x-direction dependence @fin (3.1) can be neglected and the Poisson’s
equation is then given by

2 2
d ‘f =-F£ or dE = _2p (3.3)
dy £ dy £

si

whereE is the electric field and thedirection dependence is omitted for clarity. The
charge density can be defined as

p==-qn-p+N,] (3.4)
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where N, is thin-film doping concentration;n® and ‘p” are the electron and hole
concentrations, respectively; ang’“is the electron charge. The condition of neutyalit
in the film implies that

N, =[p, -n,] (3.5)

where n, and p, are the thermal equilibrium electron and hole eom@tions,
respectively.

Thus, using (3.5) and (3.4) in (3.3), Poisson’satigu can be rewritten as

dE’ __2p_2
dy Eq &g

SI

[n-p+p,-n,] (3.6)

To clarify the conventions adopted Figure 3.2 shaw®nergy-band diagram at the

surface of a p-type semiconductor, where the alstatic potentialy is measured with
respect to the intrinsic Fermi levE|] and defined as zero in the bulk. At the oxide-

semiconductor interfacg is calledthe surface potentials. The quasi-Fermi levej is
define asg = (Er — E)/q.

oxide-semiconductor interface

S0 / p-type

Figure 3.2: Energy-band diagram at the surface gb-tgpe semiconductor. The
electrostatic potentialy is measured with respect to the intrinsic Fermeldy and
defined as zero in the bulk (the surface potetias positive as shown).

Since the structure of Figure 3.1 is under nonddaiim conditions (currents are
flowing), quasi-Fermi levels for electrons and tsolg, and ¢, respectively, should be
introduced. The hole current is negligible and tiggncan be set tgz, the latter taken
in a region of the thin-film wherg=0. In addition, ¢, can be considered constant in
the y-direction since the vertical electron current egiigible, leading to the expression
@¢n = @ + V(X), whereV(x) is the potential in a positior along the channel that
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represents the difference betweegp, in the channel andg, Using these
considerationgo, no, p andn are given by

p, = ne*
no et e_ﬂ:/uT = poe_sz/uT

! (& -y)/u -/ (3.7)
p =ne® ™ = pe

n = n e(‘//_ﬂ: _V)/UT = poe(‘/’_zﬁ _V)/UT

wheren; is the intrinsic-carrier concentration auglis the thermal voltage. Using (3.7)
in (3.6) and considering that = N, then finally the Poisson’s equation takes thenfor

below, in a region of the thin-film wheg= 0.

dE2 - _2_,0 — ZqNA [e(z//—Z(pF “V)ur _ e—l///uT +1- e‘2(ﬂF/UT ] (38)
dl// gsi gsi

An one-dimensional active portion of the structof&igure 3.1, taken ig-direction
at an arbitraryx-position, is shown in Figure 3.3 as a referencetfe following

considerations.

AV
(VGf - %Sf) (VGb _ wnsb)
v
tof to tob
|<—>|<—> -—
: Si-film : Si-Sub
Vor POy Si0al  (ptype) | SIO2 | (p-type) [V

tyor— + yp — — Yot

Figure 3.3: One-dimensional active portion of theigure of Figure 3.1, taken in
y-direction at an arbitrangposition.

The equations that express the coupling betweent &od back gates can be found
integrating on both sides of (3.8) and using tlomtfrand back-gate surface potentials,
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s and Y, respectively, and the front and back-gate suréeetric fields Ess andEgy,
respectively. Thus

PN

dE? = G2 ‘: =E?-E? =G2(¢) -G2(¢y)

OE;
E (3.9)
dE? =G? ZSb —E’-E} =G*(¢)-G*(¥y)

oL,

whereG? is a function defined as

T

W
2
G2 = J‘(_i_pjdw = iu_;{(e(w—zfpp V) _ gl-2e-V)u )+ (e—tlf/uT - 1)+ F ot (%H (3.10)
si B
0

UrEg . - y
wherel, = TNS' is the characteristic length arg,; = (1—e 2¢’F/”T)
A

A parametemy, that represents the interaction between fronttawdk gates can now
be defined. Thus combination of the equations (§\&)s

ag, :Eif _Gz(l/’sf ):Eib_Gz(wsb) (3.11)

It is important to note thatr does not change significantly when the depletion
approximation is applied (Ortiz-Conde, 1988; Madlikin, 1990).

The relations between the applied gate voltagesand Vg, respectively, and/
and ¢, can be written taking into account the potentiedps across the front and
back-gate oxidesis and ¢ep, respectively (Figure 3.3), and the front and bgate to
thin-film work-function differencesgnsrand gnsn respectively. Thus

VGf - ¢msf = wsf + wof

(3.12)
VGb - qomsb = wsb + wob

Application of Gauss'’s theorem to the front andkoaxide-film surfaces gives
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£l |
wof — é:Esf _glof
of of (313)
['U b = —gS_ESb —%
° CIob CIob

whereQ's andQ'qp are the front and back-gate oxide charges peraned, respectively;
and C',; and C',, are the front and back-gate oxide capacitances updr area,
respectively.

Combination of (3.12) and (3.13) yields two usedigfinitions, Vg and Vg, that
represent, respectively, the difference betw#gnand the front-gate flatband voltage
Vess and the difference betwedf, and the back-gate flatband voltage,. Thus

_ gsiEsf
Vg =Vgr ~Vege =Wy +C'—
o (3.14)
V EV _V — l// _ gSESb
gb Gb FBb sb C
ob
where
(2I of
Vg = _C'_ * Gt
I°f (3.15)
V... = ——Q b+ @
FBb C. o msb

3.1.1.2Poisson’s Equation - Depletion Approximation

To find simple relations between front and backfae potentials and electric
fields, the assumption that the film is completelgpleted can be done, excepting
narrow inversion or accumulation layers at theae$. Thus the charge density in (3.4)
can be replaced by

p=-aN, (3.16)
and the Poisson’s equation takes the simple form

or dE __aN, (3.17)
dy £

si
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The coupling between front and back gates can ledfintegrating on both sides of
(3.17), as in the rigorous analysis in Section1311.with the front and back-surface

electric fields from depletion approximatidfs.a)andEspa.a) respectively, being used
in the place oEgssandEs, Thus

PSS
y gN
dE = Gua) 0 E—Ega) =~ gé
o (3.18)
PSS
_ y _ OGN,y | gN,t,
dE =G4, . =E -Egyqa) =~ g: + E:i\
[ 4=

whereG a) is a function defined as

Combination of the equations (3.18) gives

N ,t
(Esf(d.a) _Esb(d.a)):% or & (Esf(d.a) _Esb(d.a)): _le (3.19)

whereQ', = —gN,t, is the thin-film depletion charge density per waria.

Eq. (3.18) can be rewritten as

d AN,y
_‘/’ =E= _Esf(d.a) + A=

3.20
dy . (3.20)

si
and its integration yields the relation betwegpand (.

Thus
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oy
dy =H| =@ -w, = H(y)
.‘//sf
- (3.21)
dy =H[ = ¢ -y, =H(y)-H(t,)
.‘//sb
where H is a function defined as
y 2
_ aNLY |, _ aN,y
H= J‘(_Esf(d.a) +£—:jdy— )Yt 229
0
Combination of (3.21) gives
_ SVAN . _ Q
( sf —lﬂsb) - Esf(d.a)tb _?A_b or C b (lﬂsf —lﬂsb) - gsEsf(d.a) +7b (3-22)

Eg . . . .
where C', = t—s' is the thin-film capacitance per unit area.
b

3.1.1.3Numerical Solution for ¢ and ¢«

To calculate the drain current and the terminatgés of the structure of Figure 3.1,

the surface potentialgs and ¢k, have to be obtained. A numerical newton-raphson
method has been employed.

Using a depletion approximation to the previousraef g, i.e., aq.a, EQ. (3.11) can
be rewritten as

O sy =Eq ~C° (W ) =Es ~ G (Ysp) (3.23)
and the following functions can be defined.

f =B ~G* (W)~ paa) =0

0 =E% -Gy, ) -3 -G%(y))=0

The parameteniy.a) Can be derived (Ortiz-Conde, 1988; Mallikarjun9@y using
the following expression to:

(3.24)

p=0dp-N,] (3.25)

wherep is accounted to avoid large errors in the chahgetsmodel.
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Use of the same considerations that lead to (34) taking (3.25) forp and
neglecting the exponential term ¢h results in

G*(¢) = 2UT2 {thf(lffbj - 1}((13-) (3.26)

| 2
B T

Combination of (3.19) and (3.22) gives

C, (wsf —lﬂsb) =€ Funaa) _% (3.27)
and use of the previous expressionsd@grandQ’, results in
_ (wsf _wsb) u
Esvaa) = T - 2|T2 L (3.28)
b B

Using (3.26) and (3.28) in (3.23)(4.a) Can be expressed as

202 |(¢s~¥s CY W,
T

Ly

V21,

The surface potentialgs: and ¢, required to calculate the drain current and the
terminal charges of the structure of Figure 3.1y ba found solving (3.24), using
(3.10), (3.14) and (3.29). This procedure of findithe surface potentials was
implemented using a newton-raphson method in aamatiutine.

whereC =

3.1.2 Model Formulation (Long-Channel)

3.1.2.1Basic Equations

The charge sheet model (Brews, 1978), which asstimaéshe inversion layer is an
infinitesimally thick layer at the interface betwethe gate oxide and silicon, leads to
the approximation of the front and back-channekgbalensities per unit are@js and
Q'ib, respectively. Thus
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Qi =€ Fetaa) ~ EEsr
Qi =EEb — € Fenaay

This last approximation avoids the numerical soluf the integrals

Q,=- Q(n; no)d[/l
Wm
Q ib — q(nE_ no )dl/’
W

wherey, is the minimum potential in the thin-film.

Use of (3.30) in  (3.14) gives

& ’

ng :wsf + sEff(d.a) _ Qllf
Cof Cof

gsEsb(d.a) Ql‘b

Voo =g~ . -
’ Cob Cob

(3.30)

(3.31)

(3.32)

In the last equation&ss andEg, can be replaced by the expressions derived frem th
depletion approximation analysis. Thus use of (Ba2®l (3.27) in (3.32), results in

(le + Q " j
c C 2 '
V, =1+ =2 —
of [ C. o stf C. o wsb C o
1 CI 2 ib
Vg, = 1+ =2 -2
gb ( C o jwsb C.Ob wsf Clob

(3.33)

Expressions foQ's andQ'j, , normalized taC'ys andC'yp,, respectively, can be found

rearranging the terms of the last two equationsisTh
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% _[, , @ o by, + S
f :—ng +2(é—lb—[l+clb }/Isf +wa3b:|

CI of L of of of (3 3 4)
Qib =_ng+ Qb —11+ Cb l//sb+ Cb wsf
CI ob ZCI ob CI ob CI ob

The previous assumption that the back-channel resmiaidepletion from source to
drain implies thaQ= 0. Use of this condition in (3.34) results in an eegsion that
gives the relation betweeafy, and (.

c, f c
l//sb =Kl C_.bb ng + Zilbb + c bb wsf:| (335)

where K| = i
CIb-'-C:Iob

This last expression (3.35) can be used to re\{Bit4) that takes the simple form

31=—VG—KwJ (3.36)
Cof

where XG = |V, + o, Cw ng+Q— C'bbzﬁ and K=|1+Sm
¢, C 2, C

of

of of

3.1.2.2Current Equations

In Section 3.1.1.1 a four-terminal SOl NMOSFET esiuiwe, shown in Figure 3.1,
was used as a reference to evaluate the Poissquidien inside the silicon thin-film.
Now, the same basic structure is shown in Figutea8.a reference to find the current in
the channel, where; represents an arbitrary position in the channel lans the
effective channel length. Also as a reference, rdimiiesimally thick inversion layer
that represents the channel shown in Figure 3épscted in Figure 3.5.
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\{Gf
polysilicon
\{5 Sio, che}nnel \{D

N+ F ““““ ‘ ““““ R N+
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Figure 3.4: A simplified four-terminal SOl nMOSFETructure.

inversion layer

! ™~ !
x=0 dx x=L
Ysfs Yst YsiD

Figure 3.5: Infinitesimally thick inversion laydrdt represents the channel (Figure 3.4).

Taking Figure 3.5 as a reference, the currentenitkersion layer (front-channel in
this case) can be expressed as a sum of two comigo(iEsividis, 1987)drift and
diffusion The term due to drift is proportional to the Idndinal electric field in the
layer, i.e., the derivative ofl in the x-direction, and the term due to diffusion is
proportional to the derivative @’ in thex-direction in the layer. Thus, an expression
for the total currentipsin the inversion layer can be written as

@
- cowl | Qi |9 Co
los = H(X)C' oy W (C’ J dx U dx (3.37)

of
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that can be rewritten as

I os | Q' Qi
mdx—{ (C'Of ]d‘/jsf +qu(C'Of J:| (338)

where dx represents one infinitesimally thick portion ofetlnversion layer in the
position x; (Figure 3.5);W is the effective channel width (Figure 3.5x) is the
semiconductor mobility function of anduy is the thermal voltage.

Use of (3.36) in (3.38) gives

| bs _ _
mdx = [XGT Kwsf ]dl//sf (339)

where XGT = XG +u,; K

Defining f, = u.C % , Wherey, is the low-field mobility, equation (3.39) can

be rewritten as

los [ Mo |OX _
= = |— =|XGT - Ky [dy 3.40
B, (,U(X)J L | vulto (840

For now it is assumed thatx) is constant along the channel and equaktdn the
Section 3.1.4.3 it will be considered the problein noobility degradation. Thus,
equation (3.40) turns into

| ps dX

=T (xGT-Kky, Ja, (3.41)

The normalized total currehésd/ 5 can be found integrating on both sides of (3.41),
from x=0 to x=L. Thus

| 1 ‘//st
ﬂL: = [xewsf - Kyl } (3.42)

Y sfS

where (s and ¢kip are the front-gate surface potentials at the soandl drain levels in
the channel, respectively.

It is useful for the next derivations to find exgs®ns fordx and for the normalized
distance along the channéL.
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Fordx, equation (3.41) can be simply rewritten, resglim

dx=— " _[XGT-Ky, Jdy, (3.43)

7

For the normalized distancgL, integration on both sides of (3.43), from0 to x;
(Figure 3.5) and rearrange the terms, gives

:( 1 j[xewsf ~Lkys - xs} (3.44)

| x

IDS

>|

where XS= [XGTL,Z/SfS —% K[/Iszfs}

The expression (3.42) can be used directly to fimednormalized total current ifi;
is evaluated first. A numerical method to figgi was outlined in the Section 3.1.1.3.
Equations (3.43) and (3.44) will be used to detive total charge expressions of the
model.

3.1.2.3Charge Equations

The total charge equations, associated to the netenof the structure of Figure 3.4,
can be found taking integrals of charge densittemfsource to drain. Thus for the
front-channel total charge&)s front and back-gate total charge®gs and Qgp,
respectively, the following integrals can be wntte

Q; =—Cy WI(Sf jdx (3.45)

ol
Qy =C W (ggf jdx (3.46)
of
o0
ol
Qg =C' W [ggb jdx (3.47)
ob
o0

Use of (3.36) and (3.43) in (3.45) gives a nornaliexpression fa@; as follows.
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l// sfD

[xe.xewsf —% K(XG+ XGTy?2 += 2 Lg l//sfj| (3.48)
Ysis

Qif _ - 1

C, WL ( I j
B,
The potential drops across the front and back-gaiges, (s and ¢y, respectively
(Figure 3.3), can be identified with the front drmtk-gate normalized charge densities

per unit areaQ'ys andQ'qp Normalized taC'yr andC'op, respectively. Thus use of (3.12)
gives

% = wof = gmf _wsf (349)
of

Ql

._gb = wob = Vgmb l//sb
o (3.50)

where V, . =Vq - @, and Vg, =Ve, — @

Use of (3.43) and (3.49) in (3.46), and (3.35)483.and (3.50) in (3.47), results in
normalized expressions Qs andQgp.

QGf 1 |: 1 :|‘/’st
= XGT KV ¢ T XGT += K 3.51
C. o WL | s j gmf * w 2 ( M 3 ‘// v ( )
B,

CIob
QGb _ C' 1 l//st
= XGBXGTy, - =(K.XGB+ KI.XGTy?2 += 2 3 K2 (3.52)

c of WL ( | j Yss
B,

where XGB= [ngb - KI ﬂ(vgb + D H
o

The charge balance and the neutrality condition mamused to find a normalized
expression for the thin-film total char@g. Thus

Q, A _ Qi Qo _ Quw _Qu (3.53)

C,WL C,WL C,WL C, C, WL C,

of
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The source and drain total charges; @nd Qy, respectively, are representative
partitions of Q. In the case the mobility is spacially dependsath a partition is not
obvious. In this work it is used a common partitsmmeme (Tsividis, 1987; Park, 1991;
Veeraraghavan, 1988) and thus the following exprasscan be written foQs; and

Qo

oL

Qp =—CyW f[gf jdx (3.54)
Qs =—Cy W (1-8(3” jdx (3.55)

Use of (3.36), (3.43) and (3.44) in (3.54), givediral normalized expression
for Qpr.

_ s
[XSXG.XGT]y, +%[XG.XGT2 — KXS(XG+ XGT)?

Qoo _ -1 +%{K2XS—% KXG.XGT - K. XGT(XG + XGT)}//; (3.56)

C WL (,DSJZ
Po) |+ kexaT+ 2K?(xG+ xGT) gt - L[kl
T 2 10 b

To avoid the solution of the integral of (3.55)ttaavesQs; an expression that take
into account the charge conservation can be udegs, B normalized expression Qg
can be written as

Qg — Qy _ Qo
C WL C, WL C_ WL

(3.57)

3.1.3 High-Frequency Small-Signal Model

In the last section the current and charge equatidra charge-sheet model for the
intrinsic SOI MOSFET were developed. These equatioan be used to find the
parameters of a complete high-frequency small-$iggaasi-static model, i.e.,
transconductances and capacitances.
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3.1.3.1Transconductances and Capacitances

To clarify the analysis Figure 3.6 shows an NMQG#hsistor with terminal voltages,
i.e., a DC voltage source plus a time-varying sm@hal voltage source. A complete
guasi-static model requires that the transcondoetaand capacitance effect of each

terminal be considered.
DUT
||f @ vd

— VGf — VGb

— VS

Figure 3.6: Schematic view of a NMOS transistor [DUwith terminal voltages
indicated (DC voltage source plus a time-varyingksignal voltage source).

First, considering the transport of charges in thW&OSFET channel, four
transconductances can be defings,gdno, Ons and ghs, Which represent the partial
derivative of the drain curreng with respect to each terminal voltage:Wp, Vs, and
Van, respectively, and can mathematically be exprebge

(3.58)

=+
gmk avk

where gw={dme Gmd, Ons, Gns} and V={Ve:, Vb, Vs, Vep}. Three of these
transconductances are independents and the othdrecamitted, i.e., & + g + Gns
+ Omg = 0.

Second, considering the variation of charges Qp, Qs, and @y with respect to

each terminal voltage /, Vp, Vs, and &y, Sixteen capacitances can be define or, in the
strict sense, transcapacitances. These capaciteacaesathematically be expressed by
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Cuc = +0&
oV,
; (3.59)
Cy = —a—(\?/k,l %k
|

where Q={Qecr, Qb, Qs, Qe and  V,\Vi={Ver, Vb, Vs, Vep. Nine of these
transcapacitances are independents and the otikeerdan be omitted, i.e.c€- Cop -
Css- Css=0, and so on.

3.1.3.2A General y-Parameter Model

Now a complete high-frequency small-signal quaaiistmodel can be define using
the y-parameters. The compact matrix representaiosed to simplify the expressions.
Then the small-signal terminal currengs ip, is, and &y, in terms of the small-signal
terminal voltages &, Vp, Vs, and \&p, are expressed by

I Yoo Yoo VYos VYes| | Ver
o |_|Yoe Yoo Yos Yoe|,|Vo (3.60)
is Yso Yso Yss Yss| | Vs

IGb yBG yBD yBS yBB VGb

or using the transconductances and transcapacstamsilts in

in 0 0 0 0 + CGG - CGD - CGS - CGB A

i-D - *O0ws TO9mw TOns 1t 0ng + ja) - CDG + CDD - CDS - CDB % Vb

Is “Ome "9 "Yns " 9me - CSG - CSD + Css - CSB Vs

iGb 0 0 0 0 - CBG - CBD - CBS + CBB Veb
(3.61)

From the y-parameter definitions of (3.60) and 13.@ small-signal equivalent
circuit of three or two ports can be found. Usihg substrate terminal - the back-gate
terminal Vgp in the SOI case - as the reference, only nineefjieddents) small-signal
parameters are necessary. Then a general threg-parameter model can be defined
and is shown in Figure 3.7. This model will be usethe analysis of the next section.
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Figure 3.7: A general three-port y-parameter maogig¢h the substrate terminal (the
back-gate terminal &, in the SOI case) used as the reference.

3.1.3.3Experimental Results

To verify the accuracy of the model simulated ressulvere compared to
measurements on SOl NMOS transistors and a goamgnt between experimental
and simulated data was verified.

The data was measured for SOI-MOSFETs with thevioiig structural parameters
(see Figure 3.3):

tof = 30 NmM
tp or t5; = 80 nm
top = 400 Nnm

The DC, AC, and high frequency measurements wergedaout by the staff of the
Microelectronics and Microwave Laboratories of UGhiversity , Belgium.

Figure 3.8 shows a plot of the transconductance thesdrain currentglp versus
the normalized drain current/Bo, for a Lg =3 um (W/L = 30) SOI NMOS transistor
in the saturation region @/=2.5V), and Figure 3.9 shows a plot of small-aign
capacitances & and Gs versus the front-gate voltagesMor a Lg = 20 um (W/L = 1)
edgeless SOI NMOS transistor, and for differentugal of drain-voltage (/= 0.05,
1.05, 2.05, and 3.05 V).
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Figure 3.8: Transconductana®ser the drain current,@ip versus the normalized drain
current b/3, of a SOl NMOS transistor .= 3 pm, W/L = 30).
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Figure 3.9: Small-signal capacitancesp@nd Gss versus the front-gate voltage;Nof
an edgeless SOl NMOS transistor for different valokdrain-voltage ¥ (Lg = 20 um,
WI/L = 1).
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3.1.4 Second-Order Effects

To improve the model some important seconder effects were introduced. These
effects are: drain-Induced conductivity enhancemdgICE), channel-length
modulation, mobility degradation and velocity sation.

3.1.4.1Drain-Induced Conductivity Enhancement Effect

The SOI MOSFET is affected by the Drain Induced dionivity Enhancement
(DICE) effect due to charge sharing between the gatl the junctions, similarly to the
Drain Induced Barrier Lowering (DIBL) effect in tretandard bulk technology. This
effect has been included in the SOI charge sheelehny means of a coefficient that
multiplies the thin-film total charge QIt increases the output conductangegthe
saturation region, but it is less important thaarotel length modulation.

3.1.4.2Channel-Length Modulation

The channel-length modulation has also been induche the model for the
accuracy, but it is not so important to simulate 801 MOSFET in saturation. As the
DICE (DIBL) effect it causes a non-zero value gigthe saturation region. It has been
included by means of a modulated effective chalemajth L= L - Ly, Lg being called
modulation channel parameter and calculated as@ifun of Vbserr = (Wsip - Ysis), Vb,
Hef, Vsat @aNd geometric factors. For the reason mentionéardyeneither DICE (DIBL)
nor channel-length modulation effects have beed uséhe simulations and analysis of
the high-frequency behavior of the SOl MOSFET wita output conductance o the
saturation region being included as an extrinsraipater by means of the early-voltage
Va.

3.1.4.3Mobility Degradation and Velocity Saturation

The normal component of the electric field i the inversion layer degrades the
mobility in the transistor channel. A common apgioéo model this effect is to define
an effective mobitiltypes (Tsividis, 1987), i.e., a low-lateral field molbyli that is
affected by E The following relation has been used to take iamxount the
dependence of mobility on normal fields (Veeraragima 1988).

Hg = —He— (3.62)
1+ yeff

C

where Eerr iS an average of JFon the front-gate inversion layer surface, using t
electric fields at source and draingdEand Eqp respectively; and Eis a fitting
parameter.

When the channel length decreases and the latiettie field E increases the
assumption that the carrier velocity varies limégavith the K may be no longer valid.
With the increase of i the carrier velocity tends to reach a saturatialue, called
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saturation velocity a; following a nonlinear relation that implies in the reduction of
the mobility. This phenomenon is called velocitjusation effect.

To take into account the effects of lateral elecfield, it is used a mobility
expression (Tsividis, 198&hat also includes the degradation by normal ete&tld
expressed in the previous equation. This expresgsion

lueff

= 3.63
IU(X) (:ueff jd‘/’sf ( )
1+

\ dx

sat

d
Where% represents the lateral electric field & Es.
X

Figure 3.10 shows the dependence of carrier vglogiton longitudinal (lateral)
electric field K for three different vales of normal (vertical) eléc field E,.. The curves
saturate at a value called saturation velocity v

(Vo= HOOER)

Vsat S

longitudinal electric field Ex

Figure 3.10: Carrier velocity.wersus longitudinal (lateral) electric field, Eor three
different vales of normal (vertical) electric fiel). The curves saturate at a value called
saturation velocity 8

Now it can be assumed thatvaries along the channel and (3.63) can be us#tkin
current and charge equations of Section 3.1.2i2ctade mobility reduction effects.

Thus the use of (3.63) in (3.40) gives

| osefr My Mg d[/le 2(_ )
ﬂo [:ueff J|:1+(V j dx :I L _[XGT Kwsf]dl//sf (364)

sat

where bser IS the total current that includes second ordéeces. The integration of
both sides of (3.64) from source to drain and &leaation of terms finally gives
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Ysio
[”e”j.[xewsf = Kz/fff}
IDSeff _ ,U 2

o Ysts

B, K,
{1 + (VS:L jAwsts}

where Ay s = ( siD ‘l//sfs)

(3.65)

The term in the brackets in the numerator of (3.6&h) be identified as the
normalized total current of (3.42). Thus, it can wetten for the normalized total
current a simplify expression that is simply theéatocurrent without secordrder
effects multiplied by a factor that includes suffeds, i.e.

AT e
ﬁo Fsat ﬁO

where F_, E(ﬂEﬁj is a factor to include the mobility degradation fogrmal fields;

andF_, = [1+{ Her jAwsts} is a factor to include the velocity saturatioreetf
Vv

sat

The expressions for dx and x/L can be found in game manner as in Section
3.1.2.2. For dx, (3.64) can be rewritten as

L

( I DSeff J
B,

|
where XGTI = XGT—(_'Uo j DSeff
v B,

dx=F,, [XGTI- Ky, dy, (3.67)

sat

The integration on both sides of (3.67) from souaceome point xin the inversion
layer (Figure 3.5), results in an expression fr x

X=Fy [XGTIlﬂsf - Ky - xsq (3.68)

XSl = {XGTIwaS _1 ngfs}
where XSl can be defined as 2
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The equations (3.67) and (3.68) are more generalesgions for dx and x/L that
include seconarder effects, while equations (3.43) and (3.44¢ @articular
expressions when mobility degradation and velogdtyiration can be neglected.

The effect of velocity saturation is clearly noted the saturation currenpska
reducing its value. As a result &34y i.e., a \bs where the drain current reaches its
maximum, can be derived as follows.

First, (3.64) is rewritten as

I DSeff L d ‘ﬂ sf

) :'u—o,u(x) ™ [XGT—K[,USf] and
IDSeff L
=— V(X)) XGTS-KA 3.69
v | Ve (3.69)
d‘//sf

where v(x)= u(x)

XGTS= (XGT— Klﬂsfs) and Ay E( sf _wsfs)

The equation (3.69) expresses the normalized tih current resulting directly
from the considerations difift anddiffusioncomponents of the current in the inversion
layer. It is equivalent to (3.65) but uses the iearvelocity as a parameter. This
equivalence can be used to findsvy: Thus considering v(x) = v(L) anisi = APsips

at the end of the channel (x=L in Figure 3.5), atmuns (3.65) and (3.69) can be
rewritten as

[”e”j.[xeTsm/fsm . KAz/fsts}

IDSeff _ :uo 2

= (3.70)
; [u[ Her Jawm}

VsatL

IDSeff _ L

L L)[XGTS- KAy e (3.71)
[o] ﬂo

The last two equations can be equalized and thdtaes expression solved to
AUsips. When the drain current saturates, the carrieyoigl reaches its saturation value
Vsatat the end of the channel and afsjpps reaches its maximum and can be identified
to Vpssai 1.€., V(L) = VarandAPsips = Vpssat
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Thus

,U eff :u eff K ,U eff

When mobility degradation and velocity saturatioan cbe neglected the last
equation simplifies to

_XGTS_ XG-K¢ys Vo ~Vis
VDSsat - - tU =————
K K K
where Vfs is the threshold voltage at the source level.

2
Vossar = -(—VsatLJ + {V“’“L] +2 XGTS{ Vse“LJ (3.72)

+U; (3.73)

Figure 3.11shows the velocity saturation effect on the draimrent b, greatly
reducing its value and the saturation voltaggs¥ It is observed adump” for values
of Vp greater than Mss It is an undesirable effect that finds explamabo the manner
by which the frorgate surface potentigls is evaluated. In Figure 3.11 is also plotted
st as a reference and to stress thatdturates whetg; saturates. The introduction of
the velocity saturation effect reducegss):(when the carrier velocity tends tg.y; but
Wsr continues to grow and saturates a little furthengn Q tends to zero) causing the
“bump” in Ip. A simple solution will be considep I= Ipsat from Vpssar and beyond,
clamping the current, but it results in a discomty in the curve. The solution
implemented in the model and that preserves itsirnaity is: an effective ¥ voltage
Varerf IS USed to evaluat@ss generating an effectiv@s; or Yseetr that saturates whenpV
reaches Ysa; Solving the problem.

97 T T T
- ID without vel. saturation—y, ]
8- 1
7" Psisf w/ VGfeff:
6 . |
& 5 Psisf without VGfeff |
o °f
S _ 1
L 4 ID W/ vel. saturation. -~ ]
a ! d w/ VGfeff 1
— 3 .
2 / ]
10 ID w/ vel. saturation ]
| and without VGfeff ]
O’ | | | | ]
0 1 2 3 4 5
VD V]

Figure 3.11: The velocity saturation effect ondnain current (g = 1 pum).
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To demonstrate the effect of velocity saturation o $imakllsignal capacitances
Figure 3.12 and Figure 3.13 show plots with norpeali capacitancesgg, Cop, Cos,
Cop, and Gg versus Vs and \b, respectively, and for adl=1 um SOl NMOS
transistor. These capacitances were chosen betteysare useful in a two-port small-
signal lumped model. Solid lines represent the rhadeually without velocity
saturation effect, setting the parametes=tx10*cm/s; dashed lines represent the
model with a finite parametera=1x10 cm/s. It can be seen a great influence of this
effect on the drain saturation voltages¥: and producing a different distribution of
charge in the linear and saturate zones.

___vsat=1lel2cm/s _. vsat=1le7cm/s VD=]

o
S

o
(S}

Intrinsic Gate Capacitances [1/Cof]
o

|
o
N

VGF [V]

Figure 3.12: Normalized small-signal capacitances, CCep, Cgs, Cop, and Gg
versus \ for an SOl NMOS transistor with two different vakiof Wai(Lg = 1 um).
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____vsat=lel2cm/s _. vsat=1le7cm/s VGf=

Intrinsic Gate Capacitances [1/Cof]

Figure 3.13: Normalized smadignal capacitancesdg, Cep, Css, Cop, and Gg
versus \ for an SOI NMOS transistor with two different vaguof vo(Lg = 1 um).

3.1.4.4Experimental Results

Figure 3.14 and Figure 3.15 show the normalizethdrarrent b/p, versus & and
Vp, respectively, and for ad.= 1 pum SOI NMOS transistor. Model and measurements
are compared in terms of velocity saturation andifitp reduction effects. It can be
seen from that the inclusion of an extrinsic sowutha@@n resistance improves the fitting
(dashed line). In Figure 3.15, three curves g3 were generated (solid lines) with
different values for the critical electrical fiehrameter Eand \,: In the first curve,
with Ec and vy tending to infinity, neither mobility reduction neelocity saturation is
present. In the second curve, with a finitg Bnly the mobility reduction by vertical
electrical field is present. In the third curvethwa finite v, all effects are present. The
“bump” mentioned before is present in the curvehwitlocity saturation effect (the
solution with an effective ¥ were not active in this case) but the value ofstiration
current agrees with the measurements.

Figure 3.16 and Figure 3.17 also show the normaldrain currentd/3, versus &
and \b, respectively, and for ad.=2 um SOl NMOS transistor, but here the model
and measurements comparison is more in terms omthiglity reduction by vertical
electrical field (Figure 3.16) and channel-lengtiodulation (Figure 3.17). With an
appropriate critical field parametercEa good agreement between model and
measurements is found. Considering the channetHengdulation effect, it can be
seen from Figure 3.17 that the effect is taking iatcount by the model but the
agreement is not so good.
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Figure 3.14: Normalized drain curreny/fl, versus fronigate voltage ¥ for an SOI
NMOS transistor comparing model and measurementerins of velocity saturation
effect (L =1 um).
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Figure 3.15: Normalized drain curreffl, versus drain voltage g/for an SOl NMOS
transistor comparing model and measurements instesmvelocity saturation and
mobility reduction effects (& = 1 um).
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Figure 3.16: Normalized drain curreny/fl, versus front-gate voltagegyfor an SOI
NMOS transistor and for different values of thelbgate voltage ¥, (L = 2 um).

Qshtsoi 000 Measur.
0.2 : : : : :
L | | | | |
| | | | |
| | | | -
| | | | ﬂ“‘“\‘
- VGf=1.3V s
[ | I ‘.““‘m‘@(ﬁ*‘“““’"
,,,,,,,,,,,,, g ]
0.15;¢ i \ s.,w““ : i 4:
[ S5
& : : :
| | | |
Ry 2 I I I I
= D
= P : : : o
CU r g 7\ 777777 L | | | ) ‘\ .
-oq-j 0.1 ) } 4‘ ! “‘“‘\iﬁ-
Q '. | | |
~— | | .‘.‘.‘. |
s
= b r'a"'""’@“m | |
"'0’ | | |
[ D@ : : . | Q‘
0.05 /-~ SRR : 5
@ I I .““‘.‘.]L\“ i
, .Iol‘lolllm_l- IO EIIE :
[ D oSO
e | | ]
| | | ‘\“"“‘\ 8
‘ O : VIO LR i

25 3

Figure 3.17: Normalized drain curreifl, versus drain voltage p/for an SOl NMOS
transistor and for different values of the frontegaoltage V& (Lg = 2 um).
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3.2 A Method to Extend the Validity of the Quasi-StaticMOSFET
Model

Quaststatic MOSFET models are largely used, but theeelimit frequency beyond
which these models fail to predict the real chamastics of the transistor. On the other
hand, non-quasi-static models result in complicatethematical expressions. Special
cases in which the transistor is assumed to oparatesimple MOS models are usually
considered to simplify the analysis.

In this Section, a method to extend the validitythed quasi-static MOSFET model
that has been suggested in (Tsividis, 1987) is eptesl. This chapter deeply
investigates the conditions required for the mettwdork properly, especially in the
case of short-channel devices, and leads to thextdavaluation of the small-signal
parameters without running a complete circuit satiah. Furthermore, although this
method can be applied to an nMOS transistor, iugses on SOI technology, in
particular fully-depleted (FD) nMOSFETS, which fea very promising performance
for microwave applications. This technique has bemplemented in MATLAB
routines starting from an accurate FD SOI chargesmodel. This model follows the
basic numerical procedure proposed in (Ortiz-Corid®88). To account for second-
order effects, mobility degradation and velocityusation have been included in this
particular charge-sheet model. The basic goal tsakee a good physical model, in the
case, based in a charge sheet model, from whicpleirmodels capable to predict the
MOSFET behavior at high frequencies can be valdlate

3.2.1 Distributed Channel Analysis

Quasi-static models are no longer valid when thergs distribution in the channel
can not follow the temporal variation of the teralimoltages. The actual distribution of
the charges has to be considered in order to nibddtansistor when it operates at this
limit and beyond.

One way to deal with this problem is to divide thensistor in a cascade of several
elementary transistors (Tsividis, 1987), as showrFigure 3.18, each section being
short enough to be legitimately represented by dbasi-static model. The sub-
transistors are intrinsic with the exception of tingt and last ones.

To model this cascade of “N” sub-transistors (Mwrarel sections), the general
y-parameters are used. The principle of this meikoas follows. The first two sub-
transistors, shown in the area marked with a dashedn Figure 3.18, are taken first
and the y-parameters of each individual sub-trémsiare combined. The resulting
y-parameters are combined once again with the grpaters of the third sub-transistor
and so on. This procedure is repeated until theslas-transistor is reached and finally
the global y-parameter matrix is obtained.
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Vb = Vbn
|
Vv :I VSn - VDn -1
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Ven-1= Vpn-
VG_| EVB — _I Sn-1 Dn -2
| Vg3 =V
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:I Vs2 = Vb1
-
Vs = Vs;

Figure 3.18: Schematic nMOSFET considered as aadasof several elementary
transistors (N channel sections); the subscriptéptesents the number of sections.

To explain this method in more detail, Figure 3slfbws a general y-parameter
model using the substrate terminal (the back-gatmihal in the SOI case) as the
reference.

This model represents the first two sub-transisioithe area marked with a dashed
line in Figure 3.18. A set of equations which reygr@s the currents in the terminals of
Figure 3.19 is written using the y-parameters ahesub-transistor.

le1 = YoeeiVor T YopiVor T YesVs:
I'p1 = YoeiVer T YooiVor T Y osVar (3.74)

ISl = ySGlVGf + ySDEI.VDl + ySS].V31

le2 = YeeaVor T Yep2Voz Y osVs2
Ip2 = Yoe2Vor T Yop2Vp2 T Y psVs2 (3.75)

ISZ = ySGZVGf + ySDZVDZ + yS&VSZ
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Figure 3.19: A general-garameter model for the first two elementary tistoss in the
area marked with a dashed line in Figure 3.18. Juiestrate terminal (the back-gate
terminal it in the SOI case) is used as the reference.

USing the fact thatgi= ig1+ ic2, is2 = -ip1 and \s2= vp1 in (374) and (375), results
in

iG = (yGGl * Yo )VGf * YepoVoe ( Yoo T Yos )Vm T YeaVa (3.76)
Ve, =V = _Klva - szoz -K Va1 (3-77)
where K, = Yoo * Yse) Q= Yo K, = Yoo
(yDDl + yssz) (me + ys&) (me + yssz)

Now using (3.77) to eliminatepyand \s, from (3.74), (3.75) and (3.76), a new set
of equations that represents the terminal currehtle first two sub-transistors can be

written.

Is = YocVer T YooVo2 T YasVs
Ip2 = YosVer T YooVo2 T YosVs (3.78)

Is = YseVor T YspVp2 T YssVs
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where each yparameter of the two combined sub-transistorgiaen by

Yee = (yGGl + yGGZ)_ (yGDl + szz)Kl
Yoo = Yo ~ (yGDl + szz)Kz (3-79)
Yos = Yoo ~ (yem + szz)Ks

Yoe = Yooz ~ Yos2K1
Yoo = Yooz ~ Yos2 Ko (3.80)
Yos = ~Yos2 K3

Yse = Ysa ~ YsmK1
Ysp = _yssz (3-81)
Yss = Ysa ~ YsmKs

All y-parameters are determined in the quasi-staticle (Section 3.1.3).

As already stated, the procedure is repeated cemsidthe third sub-transistor and
so on, to find the global y-parameter matrix treggiresents the whole transistor. This
method requires that the y-parameters of each ramigistor be known. To determine
these y-parameters all intermediate voltages atbegchannel, from source to drain,
have to be known too.

The interest is in the intrinsic transistor, ifeom x=0 to x=L (see Figure 3.4). The
front-gate surface electrostatic potentlgl(x) and the potential V(x) are related to an
intermediate point "x" along the channel. V(x) egents the difference between the
quasi-fermi potential for electrons in the changgland the quasi-fermi potential for
holes@,. V(x) is either a drain or source voltage of a-samsistor. Assuming that the
current in each sub-transistor has to be the samexpression which relates “XJis
and a “V” voltage, or in other words, xfd)s) ands=f,(V), can be obtained.

Two different ways of dividing the channel have meeplemented: the first
procedure consist in choosing a set of “V” voltages finding “x” along the channel,
so the functions;fand $ can be used directly; the second consist in chgoglues of
“X”, i.e., setting each section lengix and finding “V” voltages along the channel. This
second procedure needs to invert the functigramdl $ and is computationally slower
than the first one. The two methods were implenteiet the first one gives better
results since the front-gate surface electrosfatiential Ps¢(x) and the potential V(x)
are nonlinear functions of “x”.

Another problem is to include expressions for mpitlegradation due to normal
electric fields and velocity saturation at highateral electric fields which remain valid
in each short sub-transistor. These effects amntakto account in the FD SOI charge-
sheet model presented in Section 3.1.4. The foatffect is included using an effective
mobility per, i.€., a low-lateral field mobility affected byemormal electric field &
or equation (3.62) rewritten below.
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_H

1 + Eyeff

C

lueff =

Velocity saturation effect has been included ad wsihg a mobility expression
equation (3.63) - which also combines the lastti@iefor s, Or

p(x)=— et
1+ (:ueff j d‘//sf

\ dx

sat

d
Where% represents the lateral electric field & Ex.
X

3.2.2 Distributed Gate Analysis

Another important effect to be considered is theppgation time along the gate.
The poly-silicon gate of a transistor can be tréats an RC network since, in general,
the poly-silicon resistance cannot be neglectedthedRC network delays the signal
that arrives at the gate. The result is that tlmehts under the gate, intrinsic and
extrinsic ones, respond at different times to igaa. Similar to the distributed channel
analysis, one-way to deal with this problem is ¢msider several gate sections short
enough to minimize the propagation effects.

To illustrate the analysis explained later in tlisction, Figure 3.20 shows a
simplified layout of an NMOSFET putting in evidengarasitic capacitances and
resistances along the gate and how y-parametertakirgy into account; Figure 3.21
shows a schematic NMOSFET considered as a castadgaral elementary transistors
along the gate (M gate sections). The substraisinaf (the back-gate terminal in the
SOl case) is omitted for simplicity and the sulggictm” represents the number of sub-
transistors. Be1, Rgez --- Reem-» @nd Rsem represent elementary gate resistances each
one equal to the total gate resistaneg @vided by the number of gate sections “M”;
Copet Copez --- Copem-1, @and Gpem and Gser Cosez ... Cosem-1 and Gsem represent
elementary capacitances each one equal, respgctioe¢he total gate-to-draingg. and
gate-to-source §se extrinsic or parasitic capacitances divided by iuenber of gate
sections.

To model this cascade of sub-transistors alonggtite, the y-parameters and a
matrix analysis are used. The principle is as fe#loThe y-parameters that represent the
whole transistor are determined and extrinsic efeameuch as4g Cope and Gseare
added. The resulting y-parameters are divided byntimber of gate sections yielding
an elementary set of y-parameters calledwhich represents the first sub-transister T
plus Gspe1 and Gsses (at the end of the gate) show in Figure 3.21. Nlo&velementary
gate resistance dg; can be added. The set;Yis transformed in the corresponding
z-parameters, &, is added and the resulting z-parameters are sftnamed in
y-parameters. The procedure is repeated usingettend sub-transistor and so on, until
the last sub-transistor is reached and finallygllobal y-parameter matrix is obtained.
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Yi+1

Figure 3.20: A simplified layout of an NMOSFET putting in evidem parasitic
capacitances and resistances along the gate andylpasameters are taking into
account.
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Figure 3.21: Schematic nMOSFET considered as a cascade of tesleraentary
transistors along the gate (M gate sections). Tihstsate terminal (back-gate terminal)
is omitted for simplicity and the subscript "m" repents the number of sections.
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3.2.3 Results and Model Comparison

Some results are illustrated in Figure 3.22 forgael0.75um SOl nMOS transistor
with Vgr= Vp = 3V and \§ = Vg, = OV. Ten channel sections (N=10) based on afset o
“V” voltages have been considered, which have tmeuated to be a good trade
between accuracy and complexity. In Figure 3.28r Bubplots are shown representing
the lateral electric field &, the carrier velocity “vel”, the normalized mobylip/pes,
and the front-channel charge density normalizedhto front-gate oxide capacitance
Qi/Cor versus normalized distance along the channel kKAch subplot shows two
curves with either 3= 1.1x10 cm/s or v tending to infinity.

lateral electric field carrier velocity
1.5 3 ——
__ | vsat-->infinity
= %
S 1 gz;ﬁf
E N~
s e O
.:'0 . vsat --> infinity 11
i 0 vsat =1.1e7 cm/s
0 vsat = 1.1e7 cm/s 0
0 0.5 1 0 0.5 1
X/L - XL _
normalized mobility normalized charge density
1.5 3

vsat = 1.1e7 cm/s

N

vsat --> infinity

0.5 1
vsat = 1.1e7 cm/

OO 0.5 1 0O 0.5 1

x/L x/L

mu/mueff

Qif/Cof [V]
H

vsat --> infinity

Figure 3.22: E, vel, WHerr (Mu/mueff) and @/Cys vs. x/L foralg = 0.75 um SOI
NMOS transistor with ¥ = Vp = 3V, Vs = Vgp = 0V, 10 channel sections (N = 10) and
with either vq= 1.1x10 cm/s or ¥t tending to infinity.

The effect of the finite & is quite clear. At the end of the channel, theriear
velocity tends to equalsy and the charge densityQends to a non-zero value. Since
the carrier velocity saturates, a non-zefoifessential to assure the current continuity.
Also the mobility tends to zero as the lateral gledield increases. With an infinite,y
Qi at the end of the channel tends to zero sincealréer velocity becomes infinite and
the mobility remains constant being affected onhtte normal electric field.
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Figure 3.23 shows the magnitude of;Yhormalized to its lowrequency value
Y21, and the phase ofY vs. frequency for ad-= 0.75 pm SOI nMOS transistor in
the common source configuration withsn=Vp =3V and Vs=Vg,=0V. The curves
with solid lines J ) are for the model using the method describethi;iwork, with 10
channel sections (N = 10) and 20 gate sections Z8);the curves with dashed lines
(- - -) are for the single transistor complete dusdatic model. The limit of validity of
the latter model corresponds to the point whegg pbes upward.
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Figure 3.23: |¥i1|/Y210r) and the phase ofyY vs. frequencyor a Lg = 0.75 pum SOl
nMOS transistor in common source configuration wits=Vp=3V and
Vs=Vep=0V. The model [{l ) corresponds to the subdivided transistor, 10 icblan

sections (N = 10) and 20 gate sections (M =20),thadnodel (- - -) corresponds to the
single transistor.

In the common source configurationgy= gne — j.®.Cog IS equivalent to ¥, a
complex transconductance G Figure 3.24 shows the transconductancg .
frequency(magnitude and phase) for @ £ 0.75 pum SOI nMOS transistor in common
source configuration. The model (- --) correspotml the single transistor. The other
curves represent the transistor subdivided intcers¢vchannel (N) and gate (M)
sections. The influence of multiple gate secti@guite visible on magnitude and phase
of Gy, as well as the inclusion of a parasitic ovedapacitance &. Figure 3.25 shows
the dependence of the S-parameters on carrierasiaturvelocity ¥, S21 and S22
being the most affected.
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Figure 3.24: Transconductance {5vs. frequency(magnitude and phase) for a
Lg = 0.75 um SOI nMOS transistor in common sourcdigaration. The model-(- -)
corresponds to the single transistor.
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Figure 3.25: S-parameters (model) for a for a 20x(25/0.75) SKAO$ transistor in the

common source configuration with different valudsvgy (from 0.1 to 1000 GHz,
N =10, M = 20).
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Figure 3.26 shows the -@rameters measurements (0oo) and the predicted
parameters[{ ) for a SOl nMOS transistor in common source canfjon, consisting
of 20 parallel fingers each with W = 25 ung £ 0.75 pm, and with %= Vp = 3V and
Vs = Vgp = OV. Measurements have been performed in thd.GHz frequency range
with a cross (+) marking each decade. The modelpdr&meters are shown in the
0.1-1000 GHz frequency range with a star (*) magkéach decade. It can be seen that
the agreement between the model using the methesemied in this work and the
measurements is quite good.

15
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Figure 3.26: S-parameters for a 20x(25/0.75) SOl nMOS transistahe common
source configuration with = Vp = 3V and \§ = Vgp, = OV. Model () from 0.1 to
1000 GHz (N = 10, M = 20) and measurements (o@oh 0.1 to 24 GHz.

3.3 Conclusions

A numerical charge-sheet model for thin-film futhepleted (FD) silicon-on-
insulator (SOI) MOSFETSs valid for back-channel ieptetion from source to drain,
based on thégradual channel"and the"charge-sheet"approximations, has been
presented. Short-channel effects such as veloattyraion, channel length modulation
and drain-induced conductivity enhancement (DICE acluded. The model is
physivally-based and has only a few fitting pararetsuch as the critic transversal
electric field E, saturation velocity &; low-field mobility p,, and flat-band voltages of
front and back gates. The formal definition of ¥ not needed nor a related fitting
parameter.
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A method to model thifilm fully-depleted SOI-MOSFETSs at frequencies whéhe
guasi-static model is no longer valid has beengmtesl. The methodology is based on a
distributed channel model. The approach based ahmaice of voltages along the
channel followed by the determination of each cledsaction length is more suitable in
terms of computational procedure. The influencetted mobility degradation and
velocity saturation effects has been stressed agubd agreement between the model
and the measurements has been found. The basiodo&ify can be applied to multi-
gate MOSFETs, but the numerical charge-sheet modetl has to be changed or
substituted by other model to incorporate very ingrtt details of the physics of multi-
gate devices.
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4 MULTI-GATE MOSFETS

In this chapter a brief overview of MulBate MOSFETSs is presented. The general
concepts of alternative 3D structures are sumnrize

4.1 Multi-Gate Devices

The continuous necessity for increasing the ciscpérformance, for example, in
terms of current drive and better short-channedatéf has driven the development of
MOS transistors and technology. Silicon-on-Insulg®&0l) technology (Colinge, 1991)
has evolved as a need of better performance of BlttbKitional counterpart. In the
same manner, single-gate devices have evolvedveripthree-dimensional multi-gate
devices, achieving a better gate control over tinengel (Lindert, 2001; Chau, 2002;
Doyle, 2003; Colinge, 2007; Cristoloveanu, 200/Figure 4.1 shows a comparison
between single-gate (SG) and double-gate (DG) MASFml terms of coupling,
subthreshold slope S, drive current and DIBL - Brémduced Barrier Lowering
(Tsividis, 1987).

Channgl GATE Channel

Ny N\

BODY (Nautral) SNE

U5 { Ao}

Single-Gate FET (@) Double-Gate FET
*— DG
a&—h Bulk 5i

400 120 o
i MY - 4100 E
s %0 b = B e s 04 08 08 10
> I BD =
E. = ..ll—L_il = Vas(¥)
3 20| o % ---a {s0 3 _
3 1% *_,.*» Single-Gate/Bulk z (a) Coupling
100 ! ‘ D:lL.Dl&GEtE/ 14¢ %
50 - (b) Subthreshold (S)
0 A |, & and DIBL
i > s 4 & (c) Drive Current
ety (D)

Figure 4.1: Comparison between Single-Gate and [ReGhte MOSFETs (IEEE
Circuits & Devices Magazine, 2004).
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Figure 4.1 schematically shows the coupling betwibengate, channel and drain.
The drain potential influence on the channel paaémicrease as the channel length is
reduced, degrading the control of the channel otiiog the gate. This shechannel
effect can be weakened by reducing the gate okidkrtess 4 and the depletion region
Xg. Unfortunately, the decrease i ¢an lead to an increase in power consumption due
to gate leakage and became a serious problem. ¥ampte, at 90 nm BULK
technology this parasitic consumption is compardbl¢he power used for switching
circuits. A double-gate control can alleviate soohé¢hese short-channel effects, acting
in the potential channel in a more efficient wayd aeducing the coupling with the
drain. In particular, DIBL effect is reduced ane tsubthreshold slope S is decreased.
Figure 4.1(b) shows simulation results comparingdmted values of these two
important parameters (figures of merit) on singld double gate MOSFETS. It is noted
the improving of S and DIBL on DG-MOSFETSs. Subtlwa&d slope affects the drive
and turn-off current of the transistor and consatjyehe threshold voltage vV Figure
4.1(c) shows simulation results that illustrate iim@rovement of the drive current on
DG-MOSFETs when compare to BULK SG MOSFETSs. Itlesacthat on DG one can
use a lower voltage for a given off-current.

These so called multi-gate MOSFET devices can &ssifled in: double, triple (or
tri) and quadruple (or quad) gate devices. In noastes these multiple gates are all
connected together, wrap around silicon channel, et they can be independent. In
Figure 4.2 the basic difference in the structureblltra-Thin-Body (UTB) MOSFETs
can be seen. Figure 4.2(a) shows a UTB SOI-MOSH#Ictsre, similar to those
shown briefly in Chapter-2, and Figure 4.2(b) shavBbG SOI-MOSFET. Although
these devices have a three-dimensional (3D) steictwormally they have a strong
symmetry in one axis that allows a two-dimensidgi2&)) analysis. On the other hand,
Figure 4.2(c) shows a multi-gate MOSFET called EmnFthat have a strong 3D-
structure where a 3D-analysis is a must.

() (b)

(a) Single-Gate (SG) SOI-
MOSFET

| Substrate

(b) Double-Gate (DG) SOI-

UTB MOSFET Double-Gate MOSFET MOSFET

(©)

(c) FINFET and Multi-Gate

FinFET/Multi-Gate MOSFET MOSFET

Source

Figure 4.2: Ultra-thin-body MOSFET structures (L2Q07).
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Figure 4.2 focus only the multiple gates aspecanmdigss of technology. Although
SOl technology is very well suited and have manyaathges over BULK , the last one
can also be used to perform mugtite devices. Figure 4.3 shows a summary of plessib
configurations of multi-gate MOSFETS, regardinghtealogy. They can be performed
either on SOI or on BULK, either on planar techggi@mr on vertical and, of course,
with double, triple or quadruple gate. Figure 4¥wss many possible multi-gate SOI
MOSFET structures. These figures are very intergsto avoid confusion with the
terminology.

io— . — ®  Planar or Vertical

Planar or
Vertical

¢ SOlor BULK

Double or Triple
or Quad Gate

®  Double, Triple or
Quaduple

Figure 4.3: Summary of possible configurations Multi-Gate MOSFETs (DUNGA,
2008).
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Figure 4.4: Multi-Gate SOl MOSFET structures (COQHN, 2007).
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In Figure 4.5 is shown a schematic view of an &Jlthin-Body nano-device
structure, a FInFET (Lindert, 2001), in more detailhe channel, source and drain
regions are performed in a silicon vertical nanadtire called “finger” or “fin”. The
gate wraps around the silicon fin inducing eledatis control from opposite sides. This
is a great advantage in terms of reducing shontoblaeffects as was discussed earlier.

Drain and source pads (enlarged silicon areas)patterning to contact and low
resistance.

Drain « Gate
(Fin Extension) « Silicon Fin
-Channel

-Source/Drain
Extensions

e Source/Drain

Source Pad Drain Pad Pads

Figure 4.5: Schematic view of a FINFET structureria, 2008).

4.2 FinFET Fabrication

In the same way SOI CMOS process flow (Colinge,1)%&n be very close to the
traditional BULK CMOS, with the basic difference tre starting wafers, SOI-FINFET
(double-gate or triple-gate) process flow (ColingeQ7) is also very closely related to

SOl process flow. Moreover, the starting wafers $®I-FINFETs can be the same
standard SOI material.

Figure 4.6 shows the basic geometry features afilBEH structure layout with five
parallel fins (N-=5). The critical dimensions are indicated:

« mask channel length @);

 silicon fin thickness (in);

* the maximum S/D extension lengthsfmay), Which is the spacing between
the gate mask and the silicon pad that connecfmajl

* and the fin pitch (), which is the spacing between fins plus fin thiegs.

Considering only one fin and for a double-gate EffFthe effective or equivalent
width is Wer= 2Hq,. The fin pitch has to scale down appropriatelyjlevithe third-
dimension (fin height, k) needs to scale up, in order to have an effeativdti-fin
FINFET width (W¢.Nt) larger than that of a planar SOI-MOSFET laid dowrthe
same direction ({®.Nt). This way, 2H, has to be larger than;R for providing
advantages in terms of density over planar SOI-MER-
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LSDmax

Figure 4.6: FINFET device structure layout withefiparallel fins (M= 5). Critical
dimensions indicated: mask channel lengt,Lsilicon fin thickness &, maximum
S/D extension lengthdomax and the fin pitch £.

In Figure 4.7(a) and Figure 4.7(b) a comparisoproicess flows of SGFINFET
and conventional SOI is illustrated in very simipkf steps.

The basic process flow steps depicted in Figureade? fin formation; gate stack
deposition and planarization and gate etch; sodrae extension implantation and
halos; spacer formation; epitaxial raised soure#fidiformation; deep source/drain
implantation and anneal. The fin formation stepirdef the fin height | and fin
thickness F,, two important transistor dimensions that will Befined in the next
chapter. It is similar to trench isolation, withride/oxide films deposition, etch fin and
source/drain regions, very similar to the converdld&SOI process.

Considering starting wafers with (100) surface mtaéion, patterning fins at’r
90° with respect to the (110) notch results in (11@ewall surface fins, while
patterning fins at 45results in (100) sidewall surface fins. The (180)face is the
higher mobility surface for electrons and the lowmsbility surface for holes. On the
other hand, the (110) surface is the higher mgbdiirface for holes and the lowest
mobility surface for electrons (Colinge, 2007).

The aspect ratio {4/Ts, are very important too and high ratios are a dedesign
goal and also a challenge. The transistor curnewé dthcreases with the increase af,H
and the decrease of fin pitch (distance betweencadj fins). There is a trade-off
between H,, T, fin pitch and gate patterning. Aspect ratio amd gitch can be
improved beyond optical lithography by using a gpatefined fin formation (Colinge,
2007) (Choi, 2002). Gate etch is also very simath less severe demands on the
selectivity. On the other hand, implantations aatb$ differ for geometrical reasons,
but in the essence they are similar.
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Figure 4.7: Simplified FINFET and conventional S@bcess flow (IEEE Circuits &
Devices Magazine, 2004; Nowak, 2003).

In Figure 4.8 and Figure 4.9 are shown a few pasuwf real FinFET transistors
that exhibit the very thredimensional (3D) nature of this device. Figure di#®ws a
cross section of a nickel-silicide gate FInFET &ngure 4.9 shows a multi-finger SOI-
FinFET.
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Tei= 25nm |

Figure 4.8: Cross section of a niclstlicide gate FInFET (TEM) (IEEE CIRCUITS &
DEVICES MAGAZINE, 2004; Kedzierski, 2002).
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Figure 4.9: Picture of a multi-finger SOI-FinFETvile (SEM) (Lederer, 2005).
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4.3 Bulk FinFET

In the previous Section 4.1 a brief overview of thghte MOSFETS structures was
presented. Vertical structures called FinFETs camianufactured on SOI or BULK
substrates. Although the present work addresgeS® technology and SOI-FInNFETs
it is important to stress that Bulk-FINFETs can &e&iable option at 22 nm CMOS
technology node and beyond. Figure 4.10 shows #ietplcross-sections of a Bulk-
FINFET and a SOI-FInFET. At this level of simplicthe major difference, in the case
of Bulk-FinFET, is the contact of the silicon finittv the substrate body. On SOI-
FINFET the silicon fin is isolated from the subtgraody by the buried-oxide (BOX).
But considering the complete 3-D device there aamyrother differences concerning
doping and isolation.

Bulk FinFET SOI FinFET
Gate
Hf--?I Si-fin
BOX —»

Figure 4.10: Cross-sections of a Bulk-FInFET ar8d-FinFET.

-+
W,r..-,.

FINFETs characteristics (Bulk or SOI) such as vgopd short channel effects
control, high integration density and near ideditsreshold slope~(60 mV/dec, 300K)
have made these devices very attractive to implenaeéwanced node technology
applications (like 22 nm down to about 10 nm), ipatarly analog circuits and SRAMs.

Comparative studies have been made stressing adesndf one type of FINFET
over another (Chiarella, 2009; Poljak, 2009). Sadeantages of Bulk-FINnFETs over
SOI-FIiNFETs are pointed out in (Poljak, 2009): cotthe starting material, heat
transfer from the channel and compatibility witlaqr Bulk CMOS devices. On the
other hand, (Chiarella, 2009) pointed out that E@FETs may offer a better choice in
terms of voltage gain and mismatch for analog appbns, as well as speed of the
device.

4.4 Ultra-Thin Body and BOX

In Chapter 2 a brief overview of the Silicon-ondfeor (SOI) CMOS technology
was presented and its differences and advantages bulk technology were
emphasized. The SOI technology has been developedver two decades and
commercial and very complex digital circuits becaawailable in the 1990’s.
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Although the SOI technology is inherently digalte, the more effective control of
the front-gate over the back-gate makes the teolggolery competitive as single-gate.
Recently the use of FD-SOI with ultra-thin body aritla-thin BOX (UTBB) has made
the technology competitive with Bulk-FINFETS andISEhFETSs. Figure 4.11 shows a
simplified UTBB MOSFET structure.

Gate First, Dual Metal

Epd Juncthons l | TPin Filrmi & Thin Box
r - Bulk-like Isolati
. et ‘,.-" ulk-like Isolation

b Body Bias
| If v

Ground-Flans Hybarlc/Bulk

Figure 4.11: Ultra-thin-body and Box (UTBB) MOSFETructure (STMicroelectronics,
IEEE SOI Conference 2011).

One example is pointed out in (Skotnicki, 2011) meheesults have indicated that
fully depleted (FD) SOI UTBB could be as good as BNFETs for mobile multimedia
systems-on-chips (SOC) and could be competitiv2&tm technology node and
beyond. Devices with 7 nm thin silicon film thiclsseand 25 nm buried oxide thickness
demonstrate manufacturability.

The following characteristics of FD-SOI UTBB areryattractive when compared
to FINFETs: powerful body biasing and efficient tiplé Vr control in contrast of no
body biasing on FINFETS; simple process and easy ®{gration from traditional Bulk
technology, while FINFETs are a new technology aepresent a more complex
process. A comparison between FIinNFETs and an eglyetimn FD-SOI (ETSOI)
devices is presented in (Lammers, 2011) showing IBigl researchers believe today
that the ETSOI are a serious competitor for FINEETS

4.5 Conclusions

Multi-gate MOSFETs are considered as key to theticoimg development of
CMOS technologies to meet the targets set by thecemductor industry. The devices
called FInFETs has gained momentum in recent yasaesway to relax the complexities
required in manufacturing state-of-the-art CMOSidey for advanced node technology
like 22 nm down to about 10 nm.

FINFETs are multi-gate MOSFETSs with vertical stawes and can be manufactured
on SOI or BULK substrates. The process flow of FOIFETs (double-gate or triple-
gate) is very close related to SOI process flow tedstarting wafers can be the same
standard SOI material. SOI-FINFETs rely on the &0hnology that has evolved as a
need of better performance of BULK technology, sutmportant to note that Bulk-
FINFETs are a viable option.
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Both alternatives, SGFINFETs and Bulk-FInNFETs, show better scalabitityan
planar MOSFETs and have advantages and disadvantelggive to one another. As
(Chiarella, 2009) pointed out, in terms of voltagain and mismatch for analog
applications the SOI-FINFET may offer a better chdbut in terms of cost of wafers,
heat transfer from the channel and compatibilitthwalanar Bulk CMOS devices, the
Bulk-FInFET has advantage.

Recently another option has been considered akeanative to improve the trade-
off between complexity-performance and compatiysidibst. The use of FD-SOI with
Ultra-Thin Body and Ultra-Thin BOX (UTBB) has madiee planar SOI technology
competitive with SOI-FINFETS and Bulk-FIinFETSs.
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5 DOUBLE-GATE SOI-FINFET SIMULATION

This chapter describes a basic dotdp¢e n-type SOI-FInFET structure (Chau,
2002) as a reference device and presents the gemult analysis of a 3D-numerical
simulation of this device. The effects of varyingyktechnological parameters of the
FINFET are investigated in this chapter. In thstfpart of this simulation study only the
influence of the variation of the silicon fin thiokss and the silicon fin doping on the
SOI-FINFET |-V characteristics are investigated.eThecond part addresses the
influence of the variation of the physical gategdgmand the silicon fin doping. In the
third part, several improvements on the 3D strectolr the FINFET are implemented
and only an undoped fin is used. Finally, the laatt presents comparative results
between different 3D numeric device simulators, elgnbavinci (Synopsys, 2006) and
Sentaurus (Synopsys, 2009), and simulation resilthe effects of S/D extension
implantation methods.

5.1Basic SOI-FINFET Structure

In the last chapter the basic structure of thelsingd multi-finger SOI-FInNFET was
shown and some aspects of his fabrication werenpevidence. In order to perform a
3D-numerical simulation study of this ultra-thindyonano-device, a basic SOI-FInFET
structure, based on technology standards, wasedefifhis structure and its principal
geometric characteristics are shown in Figure bigure 5.1(a) shows the gate, gate
oxide, silicon fin and silicon fin extensions (sceirand drain), buried oxide (called
“BOX” for short) and silicon substrate; Figure %)l(hows the top-gate, two lateral-
gates, lateral-gate extension, top-gate oxiderdhtate oxide (both sidewalls of the fin)
and fin extension (e.g., drain). The source anthdgrads, that can be seen in Figure 4.5
of Chapter 4, were omitted for the sake of simpli@and reasonable computational
times.

The SOI-FINFET structure shown in Figure 5.1 idfaict, a triple-gate device for the
gate acts on both lateral and top sides of siliton(Chau, 2002; Doyle, 2003). A
double-gate control is obtained setting the toggaide much thicker than the lateral-
gate oxide, avoiding the influence of the top-gaidace on device characteristics. This
top-gate (cap) oxide acts like a “hard mask” befibve etching of the silicon fin and
avoids the formation of parasitic inversion regi@ighe top of the fin, particularly in
the top corners, called “corner effects” (Burenk®®03; Xiong, 2003). Parasitic corner
effects are not investigated in this work.

The critical dimensions of this basic SOI-FinFETusture and the values used in
the simulations are shown in Figure 5.2. They #ne: physical gate lengthgl the
source or drain (S/D) extension lengtipLthe lateral-gate oxide thicknegg the top-
gate oxide thicknessytiop the buried oxide thicknesssdl, the silicon fin height K,
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and the silicon fin thicknessqid Tsn, Sometimes is referred to ass\Wor silicon fin
width. In this work, however, s} is used instead of }V to avoid confusion with the

gate and effective or equivalent gate width (/= 2.Hs, for the doublegate SOI-
FinFET).

Gate Gate Oxide
Fin Extension

Fin Extension
(e.g. Drain)

(e.g. Source)
Silicon Fin
(Finger or Fin)
Buried Oxide

(BOX)

(@)

Substrate

Top-Gate Top-Gate Oxide

Lateral-Gate Lateral-Gate

Lateral -Gate Oxide
(both sidewallls of the Fin) Fin Extension

(e.g. Drain)

Lateral -Gate

Extension

(b)

Substrate

Figure 5.1: Basic SOI-FInFET structure: (a) theeggate oxide, silicon fin (“finger” or
“fin™), silicon fin extensions (source and draimyried oxide and silicon substrate; (b)
the top-gate, two lateral-gates, lateral-gate esitem top-gate oxide, lateral-gate oxide
(both sidewalls of the fin) and fin extension (edyain).
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The values of the critical dimensions used in tingt part of the simulations are
explained next.

Hiin /Ttin Lg Critical Dimensions:
(Aspect Ratio)

l<z
y X

®  tx=2nm
(t:)x_top > OO)

®  Hfin=60nm

®  Tin from 20 to 200 nm
®  Tgox=150nm

® Lg=1um

® Lsp=0.25um

®  Wes = 2xHin
(double-gate)

Substrate

Figure 5.2: Basic SGFINFET structure with critical dimensions indicd&tand the
values used in the simulations.

Since only T, variations are now consideredgy]is set at 150 nm, 44 is set at
60 nm, §x is set at 2 nm andxtwp iS consider much thicker thag.tin fact, in the
simulation structure described in the next secttbme, top-gate and top-gate oxide are
deleted. These values are currently used in SGHEInfabrication. For now, second-
order effects such as the gate-leakage currenslaoid-channel effects are avoided. L
is set at 1 um (long-channel device) ang Is set at 0.25 um.sJ ranges from 20 to
200 nm, which means an aspect ratig/fi, from 0.3 to 3. The aspect ratio of the fin is
an important geometric parameter and is depictdelgare 5.2. For a double-gate SOI-
FINFET Wers = 2H4i, what defines, in principle, the basic drive cutrespability.

5.2 Double-Gate Structure Simulation

5.2.1 Description of the Structure

Based on the 3D SOI-FInFET structure and critigatlathsions defined in the last
section, a simplified 3D simulation structure ad@uble-gate SOI-FINFET was defined.
This structure, herein referred to as “Structureit’ shown in Figure 5.3 and is
simplified for the sake of simplicity and reasore@lbbmputational times. The lateral-
gate extensions were omitted and only areas lodakxv silicon fin were considered.
The top-gate that connects the two lateral-gates meanoved and the connection
between gates is set by boundary conditions séeisimulation software tool. Also the
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top-gate oxide was removed since it is supposed tadxeh thicker than the lateral-gate
oxide.

After determining the simulation structure to bedisthe initial simulation grid is
specified according the chosen dimensions of teedaction. For each value of,Ta
different grid is obtained. The type of materiaspecified and the silicon fin area and
oxide (gate and BOX) areas are defined along withgositions of the electrodes of
source, drain, gate and substrate. The doping otrat®ns are defined now.
Considering first the doping of the active areah# silicon fin N, which has to be
p-type (Nin=Na) for an n-type SOI-FInFET, three cases are imtianalyzed:
Nisin = 6x10" cm®, Niin = 2x10%cm™ and Ni, = 6x10cm™. The doping concentrations
are the large-area average doping of the silidandver the buried oxide.

Gate Electrodes Lateral -Gate Oxide

Source Electrode Drain Electrode

(cross section area)

\

Buried Oxide

(cross section area)

Substrate

Figure 5.3: SOI-FInFET structure used to definedineulation grid - Structure-I.

The source-drain (S/D) extensions of the fin (nam®) need very accurate
modeling since this portion of the device is vempportant to the final I-V
characteristics and represents one main challemgeanoscale FinFETs. Avoid non-
uniformities of dopants across the fin height ggoal, but difficult to achieve in real and
practical ion implantation (I/l) conditions. In tearocess, tilted I/l with an angley}
with respect to the perpendicular of fin top suefdg-axis) are used in practice. An
ideal case of S/D extension doping using an ionlamtption angled;) of 90° on both
sidewalls of the fin is considered in the simulatiand is depicted in Figure 5.4. Also
ideal Gaussian and complementary error functiofcffrofiles are considered.

Considering then these ideal conditions, the S/Eeresions are doped with two
Gaussian profiles with the typical expression: N(\taexp(-[(z-R))/)\z]Z), perpendicular
to the sidewalls of the silicon fin (z-axis), wheM,, R, and A are the peak
concentration, the projected range, and the chaatit length, respectively. The
characteristic length is related to the standandatien ¢ or AR, “straggle” by

A=+20R,

A peak concentration N 1x10° cm® at the interface of silicon (R= 0) is used
with a characteristic length, = 6.5 nm, resulting in an initial 10 nm/dec ratithe
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doping along zaxis results in a lateral profile along x-axis. @escribe this lateral
profile, an Erfc function is used with a charadgc lengthAx = 2 nm, resulting in an
initial 2.33 nm/decade ratio and an effective clgntength shorteningAL of
approximately 5.4nm, 3.6nm and 1.5nm, respegtiveor Ng, = 6x10"cm?,
N¢n = 2x108cm™and Ni, = 6x108cm™.

V4 * 04 = 90-J
1 y
Fin cross ) 1/
section -—
v
+—>
W or Tn

Figure 5.4: Silicon fin cross-section considerimgideal case of ion implantation (I/1)
angleo; of 90°.

The final 3D simulation structure with grid (for given value of %), doping
profiles and electrodes definition are shown inuFey5.5. The typical doping profiles
used in the S/D extensions are shown in FigureUsiBg the left one (e.g., source) as

example.
Lateral Diffusion
Gate _ .
Source Electrodes Yniform profile
Electrode ~ : 7 8
. . (neutral) Na = 6x107 2x10'
z\; _ and 6x10° cm™
X i Drain
y Electrode
Buried __|

Oxide (BOX) &+

Substrate
Electrode

Figure 5.5: Simulation grid for the double-gate SGWHFET structure. Doping profiles
and terminal electrodes are indicated.
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Figure 5.6: Doping profiles for the S/D extensidesy., left one): (a) Two Gaussian

profiles along zaxis (Tin = 20 nm), with left and right limits at gate-oxidéicon fin

interface; (b) Erfc profile along x-axis with zemeference point set at the beginning of
gate-electrode.

The source, drain, gate and substrate (below B@Xjacts are defined as neutral.
By setting the gate contact to neutral in the satarl the gate electrode work-function
is set to mid-gap. This is an ideal structure, eitite materials complexity of the
metallurgy of a specific metal gate is not withne tscope of our work. The definition of
gate electrode work-function is a key to the achmeent of controlled enhancement-
mode complementary devices.

The grid is refined two times following a refineni@miterion of include a new grid
point where a particular variable exceed some vale first refinement is achieved
considering the doping concentration variation Hresecond, after a preliminary zero
voltage solution (all terminal electrodes are gued), is achieved considering the
electrostatic potential variation.

5.2.2

The simulator Davinci provides several mobility nrebdhoices that can be classified
into three categories:

* Low Field Mobility

» Transverse Field Mobility Degradation

* High Parallel Field Mobility

The following models were used in the simulaticgfemred herein:

Concentration-dependent Mobility Model (CONMOB): Aow field
mobility model that includes the effect of impurggattering by using mobility values
from tables which depend on the local total imguabncentration. The table values
may be modified by the simulator user. The defaalties were used in the simulations
herein presented.

Davinci Simulation Models
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e Surface Mobility Model (SRFMOB): This is a transserfield mobility
model. Due to surface scattering along insuta@miconductor interfaces the carrier
mobility is substantially lower than in the bulk tife semiconductor. Davinci allows
surface mobility degradation factors and the selaaif an effective-field based surface
mobility model that is applied only at insulatomgeonductor interfaces. It is important
to note that a low-field mobility model should belexted to properly model current
flow away from the surface.

* Field-dependent Mobility Model for High Electrickields (FLDMOB): A
parallel field mobility model that accounts for edts due to high field in the direction
of current flow, such as carrier heating and vélosaturation effects. Davinci uses
analytic expressions for the drift velocity as andiion of the electric field in the
direction of current flow.

Quantum mechanical effects are very important feepd submicron devices,
especially FInFETs with a extremely narrow silidon in which quantum confinement
causes distortion of the electron waves with resfethe bulk silicon band structure.
Silicon wires with thickness around 10 nm and be(@yy < 10 nm) are at the scale of
the thermal electrons/holes wavelengths, and theswature of electrons and holes can
no longer be neglected. The quantization of electmmwtion in the inversion layer
affects carrier distribution and also all the raletvelectrical model parameters, like the
threshold voltages, terminal currents, C-V chargsties, etc. The solution of
Schrédinger's equation is needed to correctly adcdar such effects, but it is
extremely time consuming and approximate methoésuseful in many situations.
Davinci program has basically two options regardipngntum mechanical effects in
MOSFET inversion layers: (1) using the van Doresidigap widening approach (van
DORT, 1994) and (2) an alternative model basedh@& modified local density
approximation (MLDA) that is capable of calculatitige confined carrier distributions
that occur near Si/SiQinterfaces (Paasch, 1982). The first option wasduis the
simulations:

e Quantum Mechanical Effects in Inversion Layer (®MILI): An
approximate method of accounting for quantum meiclahreffects in the inversion
layer using the van Dort's bandgap widening apgrdean DORT, 1994).

5.2.3 Simulation Results

After the definition of both the basic n-type doetHglate SOI-FInFET structure and
the simplified simulation structure, a set of siatidns were carried out under several
terminal voltage conditions. For now, onlyV s characteristics in the linear region are
addressed. The drain electrode voltagas/set at 100 mV. Sinceglis very long (um
channel length) a condition of low longitudinal ethecal field is also achieved. The
voltages of the source and substrate electrodesaand b are grounded. Once a
particular solution is obtained for a given setaiminal voltages, important quantities
in the device structure such as electrostatic piaierelectric field, electron and hole
concentration can be analyzed. The terminal cwsregit each electrode are also
available for analysis. A good qualitative analyisl is the 3D contours of a chosen
variable, although this tool of Davinci has manyitations in the manipulation of the
3D object view. For example, Figure 5.7 shows edstatic potential contours obtained
from a simulation solution for &=0.5V and \ = 100 mV (other terminal voltages
grounded) for the n-type double-gate SOI-FinFETdtre. In this work, however, the
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focus will be in the analysis of the terminal cmtee which lead to the-V
characteristics of the device.

z o Electrostatic Potential Contours
i
&
&
X = Lo
149
y
8, gg ‘;‘;g ____ s, !
B 4g '
8.5g 2 s f 7.
x Loy B, 3
£ g TR e Qg"“‘
Vogs = 5@@mV L4g &

Vds = 1@V

- ! ‘ I .

0.88 @.18 .28 .38 . 4@ 8. 58 a.60 A.78 8.38 8.90 1.8@
Nolta?

Figure 5.7: Potential contours obtained from a &mn solution for \6 = 0.5V and
Vp = 100 mV for the n-type double-gate SOI-FinFE Tisture.

In the first run of simulations, {Nis set at 6x18 cmi® with Ty, of 20, 50, 100, 150
and 200 nm, kK =60 nm ands =2 nm. The simulatedhdVs characteristics in the
linear region are shown in Figure 5.8 (linear scaed Figure 5.9 (log scale) for
different values of f,. The currents are normalized by the effective EiKdouble-
gate) channel width (W = 2H,) to facilitate the comparison with single-gate
MOSFETS.

> | |
Hfin= 60 nm :
41 tox= 2nm |- BN o BR S8
Na = 6x107 cm? |
E‘s” LG = 1 llm 77777 37
=3 | |
2 [« T,=200nm| |
2 o T, =150nm [
Tg, =100 nm
v Tg,= 50nm
17 o T4= 200m g 4 7

0.7

Figure 5.8: -V characteristics (long-channel FINFET) for diffarealues of silicon
fin thickness Fn (Lg =1 um).



97

10 :
10—6 i Hin= 60 nm ]
10'7 tox = 2nNm
8 Le=1um
10
o | 61 mVidec
gm 0— -
= 107 o
<10 N, = 6x10" cm’®
_010-117
12| * T =200 nm ]
10 o T4 =150 nm |
10‘1:2 Tﬁn =100 nm| |
14 v Tg = 50nm ]
10 f o Tg= 20nm|:
-15| ‘ ‘ 7
10 0 0.25 0.5 0.7
VsVl

Figure 5.9: -V characteristics (long channel FINFET - log scébe)different values
of silicon fin thickness 4 (Lc = 1 um).

The threshold voltages Vwere extracted by three different methods, named
methods “LE”, “SD”, and “GMLE” for short, and expfed in Appendix A. For now
only the values obtained by method “GMLE” are preed. The subthreshold slopes S
were extracted by linear fitting of the log{V¢s curves in the linear portion of the
subthreshold. The values off\and S for “Structure-1” were extracted from Fig&w8&
and Figure 5.9 and are shown in Figure 5.10 andr€i§.11, respectively, as a function
of Tsn. These results are summarized in Table 5.1.

0. ‘ :
Ab 25 50 75 100 125 150 17% 200 22%
Tﬁn [nm]

Figure 5.10: Threshold voltagerV¥s. silicon fin thicknessf (method “GMLE”").
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Figure 5.11: Subthreshold slope S vs. silicontiokness T,

Considering first the threshold voltage, Mt is observed that Vincreases assl
increases and tends to saturate in the transitmm fully-depleted (FD) to partially-
depleted (PD) fins. The transition occurs around =T100 nm (see Figure 5.8 and
Figure 5.10). As {, decreases the total depletion charge €ntribution to \f
decreases and becomes small compared to the edimnibof the gate electrode to
silicon work-function difference,s and tends to be negligible. This dependenceof V
can be better understood regarding the followingression (Tsividis, 1987) which is
normally used for a long-channel MOSFET.

Vy =0, 29 + 22 - 2 5.1)

(02,6 0oXx

where@ is the Fermi potential; & is the oxide capacitance per unit area; apd<$xthe
gate oxide charge per unit area.

This agrees with a depletion approximation analg$ia SG-MOS structure where
the maximum width of the semiconductor space-cheggmn xmaxiS taken at the onset
of strong inversion. However, for fins thin enoughquantum effect of electron
guantization energy has to be considered (ColiBg@7). In fact, this effect can lead to
an opposite behavior, with an increase ¢fag T, decreases, and an additional term in
equation (5.1). These quantum-mechanical effeetsar subject of this work. The gate
oxide charge contribution tof\tan be considered small and in this case neghigHir
large Tin and high M (=Nsn) equation (5.1) tends to be more accurate.

Regarding now the subthreshold slope, S is gresdfhcted in the transition from
FD to PD fins (see Figure 5.9 and Figure 5.11)sThehavior can be expected since
partially-depleted thin-film SOI-MOSFETs exhibitBULK behavior with a greater S
value.
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Now considering the dependence of ® Na (Nsin), Figure 5.12 and Figure 5.13
show the -V characteristics (= 1um, long-channel FINnFET) for differentaNwith
Tin = 20 nm, §x = 2 nm. The values ofVare show in Figure 5.14 as a function af N

A
NA = 2x10ma:mm

7 I I I

6 Hqin= 60 nm :
Tin=20nm ||

5 fin i
tox= 2 nm |

Ea Le=1lpm |
< |
Ia.. | | I
2 oty SR

Hsin= 60 nm
Tfn=20 Nnm

tox= 2Nm

Lc=1pm

61 mV/dec

A~ 6x10”a::mn3

A~ 2x10ma::mn3

A~ 6x10manmn
10, 0.5 1 15 2

Figure 5.13: -V characteristics (log. scale) for different valoéa.
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Figure 5.14: Threshold voltagerVs. silicon fin doping N (method “GMLE").

As N, increases the total depletion charge €ntribution to \f increases. The
subthreshold slope S is not significantly affeceedthe fin remains FD (see Figure
5.13). An analysis of the electrostatic potentiak lshown that a fin doping around
1x10" cm?®, for the structure to which Figure 5.12 refers appears to be the limit
between a FD and a PD fin of 20 nm width. A depletapproximation analysis of a
SG-MOS structure where the maximum width of the isemductor space-charge
region (¥may IS taken at the onset of strong inversion cao ks used to predict this
limit, as in the case of dependence ol Ts, mentioned earlier in this section.

The results of the 3D-numerical simulation donehvidavinci simulator tool for the
SOI-FINFET are summarized in Table 5.1. It is ckisat for CMOS applications with
low Vpp (less than 1.0 V) the Wis too high (0.5V or higher) and in the next
simulations it will be consider an effectively ther SiQ equivalent oxide, by using
higher-k insulator around the fin (see section.5.4)

The effects of random dopants fluctuations are waportant. The results above do
not consider an important effect that, in practitaims, may render the mid-range
doping of 18" to 10°® cm® unsuitable for circuits on whichsT is below 20 nm and
channel length is aggressively scaled below 20 Table 5.2 shows the ideal average
number of dopants in a silicon fin volume of 20 mm60 nm x lg of a FINFET
transistor.

The results indicate that, for FInFET technolodetow 22 nm, the undoped case is
the most practical, since the actual thresholdagatwill depend mostly on the gate
work-function and silicon fin width only. Randonojing problems and corner-effects
can be neglected in undoped FInFETs (Fossum, ZIX,). In the next section, it will
be consider very lightly doped silicon fins, witlgpical doping on the order of
1x10" cmi®. The many-dopants case will have doping densife8x10’ cmi®, which
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will be far worse for the reason of doping atoncfiation in the fin, both in random
numbers and random positioning within the fin.

Table 5.1: Threshold voltage tV(method “GMLE”) and Subthreshold slope S for
different values of silicon fin thicknessis-Tand fin doping M or Ngn. Bold figures are
related to the dependence of &hd Son N (Lg =1 um).

Vi (V)  S(mVidec) Tin(nm)  tox(nm)  Na (cm®)
0.61 70 200 2 6x10
0.61 69 150 2 6x10
0.60 68 100 2 6x10
0.51 61 50 2 6x10"
0.43 61 20 2 6x10"
0.59 61 20 2 2x10'8
0.96 61 20 2 6x10'°

Table 5.2: Ideal average number of dopants inieosilfin volume of 60 nm x 20 nm X
Lg of a FINFET transistor (e.g. k= 60nm, T, = 20nm).

L [nm] 10 20 50 1000
Nfin [cm'3]
1x10'° 0.012 0.024 0061 | 1.212
6x10t" 7.212 14.42 36.06 721.2
2x10'8 24.12 48.24 1206 | 2412

5.3 Improvements on the Double-Gate Structure - Simulgon for
Ultra-Short Gate Lengths

In this section, several improvements on the 3D efind of the FINFET are shown.
A new 3D FInFET structure is defined, similar taylie 5.3, herein referred to as
“Structurell”. Figure 5.15 shows this new simulation struetu The top-gate that
connects the two lateral-gates is not removed atmpayate oxideok 1op Of 20 Nm is
considered. Now there is a gate electrode covetiegtop of the fin, which is the
realistic case for production double-gate devicepractice and renders the structure a
de-facto double-gate device. The effects of lomytal channel length reduction are
also considered and simulated. It is importantaosaer that, for ultra-short FinFETS,
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the device characteristics are also influencedhieyeixtrinsic regions (outside the gate
region) of the drain and source of the FInFET.

Gate Electrode

(both sidewalls and top)

Top-Gate Oxide

Source Electrode

(cross section area)

Drain Electrode

(cross section area)

Lateral -Gate Oxid
(both sidewalls of the Fin)

Figure 5.15: SOFINFET structure used to define the simulationl grstructure-1l. The
top-gate that connects the two lateral-gates isvaho

The values of the critical dimensions used in $eistion are indicated in Figure 5.16
and are explain next:

The buried oxide thicknessgd and the silicon fin height | are 150 nm and
60 nm, respectively, the same as initially definéde S/D extension lengthsk. is
25 nm long, compatible with gate lengths aroundhi2Q two values of silicon fin
thickness #,, 20 nm and 15 nm, were considered in differentadegimulations; the
lateral-gate oxideof is 2 nm and the top-gate oxidg {pis ten times (10x) thicker to
minimize the influence of the top gate surface emick characteristics; the physical
gate length was simulated witl Lfrom 1000 nm (long-channel FIinFET) to 20 nm
(short-channel FINFET).

Considering the process parameters and in partitutadoping concentration of the
active area of the silicon fin N which has to be p-type {N=N,) for an n-type
SOI-FInFET, two limiting cases are took into accouhe zero-doping case, for highly
improbable presence of active dopants in the fip, 98t at 1x1&cm®, and the many-
dopants case, or high number (> 10 are highly friedaf dopants present in the active
fin, Nqn set at 6x18 cm®,

Note that after the actual fabrication of the siicnano-wire (i.e., fin) the average
number of dopants fluctuates over the length ofitlre due to its narrowq} and ultra-
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Lo Critical Dimensions:
® tx=2nm
(bx_top> 10 X £y)
®  Hfp, =60nm
® Ty =15and 20 nm
®  Tgox=150nm
® Lgfrom20to 1000 nm
® Lsp=25nm

®  Wer = 2xHhin
(double-gate)

Figure 5.16: Basic SGFINFET structure with critical dimensions indicdtand the
values used in the simulations.

Consider the Table 5.2 presented in the last seftg,=60nm, F,=20nm). For the
zero-doping case (N=1x10"cm™) and a gate length of 1 um, there is an averageof 1
active dopants; with a gate length of 50 nm, theran average of only 0.06 active
dopants. On the other hand, for the many-doparge @&,=6x10""cm®) and a gate
length of 1um, there is an average of 721 actiyeadts; with a gate length of 50 nm,
there is an average of 36 active dopants. Regattimgloping atom fluctuation in the
fin, the doping concentrationsNfor the many-dopants case could have been set at a
higher level than 6x¥@cm™. This particular doping level, however, was usedélp
the comparison with previous results. A more adeuteansport simulation for the
intermediate doping cases needs to consider thet éo@ation of the dopant atomic
position within the active region. This is a capi@pithat the Davinci tool does not
support. As in the previous section, the S/D extarssof the fin are doped with two
Gaussian profiles perpendicular to the sidewallghef silicon fin (z-axis). A peak
concentration N=1x10°cm? is used withA,=6.5nm, resulting in an initial
10 nm/dec ratio. To describe the lateral profile Eafc function is used withx = 2 nm,
resulting in an initial 2.33 nm/decade ratio ande#fiective channel length shortening
AL of approximately 5.4nm and 11 nm, respectivety Ng,=6x10" cm® and
1x10®°cm®,

As differences with respect the previous simulaiowith the Structure-l,
simulations with Structure-Il have:

« undoped fin case (N=1x10" cm’);

* only two (high) aspect ratios;HTs, = 3 and 4 (§, = 20 nm and 15 nm);
» shorter S/D extension lengtiyd-of 25 nm;

» physical gate lengthsdfrom 20 to 1000 nm;
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5.3.1 Simulation Results

5.3.1.1 |p-V¢ Characteristics

The following figures in this section show the slatad b-Vg characteristics of the
SOI-FInFET with improvements on the structure. s applied in the simulations
was: \b= 100 mV in the linear region antb¥ 1V in saturated region, withaand \g
grounded.

The comparison between the two doping regimes @sden directly in figures
below. Plots “a” depict the many-dopants casg, &6x10‘cmi®) and plots “b” depict
the zero-doping case {N= 1x10°cm®). Figure 5.17 and Figure 5.19 show\V¢
characteristics in the linear region (linear angl $zales, respectively) and Figure 5.18
and Figure 5.20 showsdV characteristics in saturated region (linear argldoales,
respectively). Each plot has four curves for défargate lengths d-of 20, 50, 100 and
1000 nm) and & = 20 nm.

The degradation of device characteristics for dangths below 50 nm is clearly
noted in subthreshold regime (log scale), with arghncrease in subthreshold slope S
and DIBL (drain-induced barrier lowering for theeetron transport in the fin). A poor
I-V characteristic, resulting from large DIBL efteds observed inptVg curves
(comparing linear and saturated regimes). The dswuth Lg of 20 nm, which have
effectives g (=L) of approximately 14.6 nm and 9 nm, for the ypra@lopants case and
zero-doping case, respectively, due to lateratidiin AL ~ 5.4 and 11nm), shows very
poor off-characteristics. The FInFET for ultra-desyb-100nm gate length needs to
consider thinnery and narrower & to improve the off-characteristics and make this
device circuit-worthy. The reduction gktand T, can alleviate the DIBL problem.

25

_ = 15 -

V=100mV || N —ex10em Vp=100mV | N =1x10""cm
Fin n

3

Tﬁn=20nm - 20+ Tﬁn=20nm

» L_=1000nm
% L;=1000nm G

| LG=1OOnm 15| © LG=lOOnm
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o) LG=50nm
LG=20nm

Ip [WA]
>

+ LG=20nm 10
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Figure 5.17: -V characteristics in the linear regionpg&100mV) for different values
of Lg and F,=20 nm. (a) M,=6x10"cm* and (b) N,=1x10”cm®
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Figure 5.18: 3-V s characteristics in the saturated regiop£¥V) for different values
of Lg and F,=20 nm. (a) M,=6x10"cm™ and (b) N,=1x10”cm?®
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Figure 5.20: 3-Vs (log) characteristics in the saturated regiop<1V) for different
values of lg and F,=20 nm. (a) K=6x10""cm® and (b) N,=1x10"cm?®

The influence of a silicon fin thickness reductiomm T, of 20 nm to 15 nm, on
Ib-V characteristics (linear and saturated regionsphef FINFET devices, is shown
from Figure 5.21 to Figure 5.24p-V¢ characteristics for gate lengths of 50 nm and
20 nm are plotted.

The I-V characteristics ford-of 50 nm are slightly improved, especially in #exo-
doping case. Ford.of 20 nm a good improvement in |-V characterisikc®bserved.
The improvements are noted in subthreshold regilog gcale), with a decrease in

Ip [MA]

subthreshold slope S.
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Figure 5.21:3-V ¢ characteristics in the linear regiong&100mV) for different values of

10t

Tiin and Ls. (a) Nin=6x10""cm™ and (b) Nn=1x10cm?.
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Figure 5.23: }-V¢ (log) characteristics in the linear regionpf100mV) for different
values of T, and Ls. (a) Nin=6x10""cm™ and (b) N,=1x10"cm>.




108

10° : 10°
ﬁ e
10° | 1° |
i
l Y
- -2
— 10 _ 10
3 | N, =6x10""cm™® 3 Ng,=1x10"°cm
=T -1
10 7 o T.,=20nm 10 v Tg,=20nm
o) TFin=15nm N A TFin=15nm
10°} x T =200m| 10" (b) e T, =20nm
i — —
+ TFin—15nm x TFin—15nm
10'8 | | | | 10'8 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
VeV Ve M

Figure 5.24: }-V¢ (log) characteristics in the saturated regiom<\V) for different
values of T, and Le. (a) Nin=6x10""cm™ and (b) N,=1x10"cm™.

5.3.1.2 Transconductance

The transconductance, yersus gate voltageafor different values of &, (20 nm
and 15 nm) and 4.(50 nm and 20 nm) are shown in Figure 5.25 andrEi§.26. In the
linear regime (%=100mV), the peak,gdecreases with the narrowing of the fin. This
characteristic is probably the result of seriesstasces of source and drain. Thg g
curves for the zero-doping and many-dopants case shat the parasitic fin regions
outside the gate control is of utmost importancédadesigned to reduce the parasitic
resistance, and thus render this device worthgifouit design.

70 | 100

o T =20nm| |V, =100mv o Tg,=20nm V,=100mV
60+ 1 =

o) TFin:lSnm 80l © TFin 15nm ‘
50F| = TFin:20nm Nﬁn:6x1017cm'3 1 % TFin=20nm Nﬁn=1x1015cm'3

Figure 5.25: Transconductance, \gs. gate voltage ¥in the linear region (y¥=100mV)
for different values of f, and Ls. (a) Nin=6x10""cm™ and (b) Nn=1x10"cm?,
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Comparing Figure 5.25(a) and (b) one can see tbkehig, peak (about 40%
higher) for the zeraloping case when compared to the many-dopants case

+ T_ =15nm + T_ =15nm
Fin Fin

E 80/ V=1V
3 ] LG:ZOnm
—_ 60 _
mE LG—SOnm

il 40 L

(a) (b)
il 20 L
0.5 1 0 0.5 1
Ve IV] VsVl

Figure 5.26: Transconductance, \¢s. gate voltage ¥in the saturated region (#1V)
for different values of f, and Ls. (a) Nin=6x10""cm™ and (b) Nn=1x10"cm?,

5.3.1.3 Threshold Voltage, Subthreshold Slope and DIBL

Threshold voltages ¥ and subthreshold slopes S fop2100mV, and DIBL are
shown in Figure 5.27, Figure 5.28, and Figure 5r28pectively, and were extracted
from Ip-V curves (linear region) of Section 5.3.1.1.

DIBL effect was extracted as follows: first; 6 extracted from theytVg curve in
the linear region (e.g. 3= Vpin = 100 mV); second,pl(= Ipo) for Ve= Vris found;
third, using bo in the b-Vg curve in the saturated region (e.gh ¥Vpsat= 1V), Vs
(= Vo) is found; forth, DIBL effect is calculated by £V Vgo)/(Vpsat- Vbiin)

The variations of ¥, S and DIBL with respect tod.and are presented for two
silicon fin thicknesses and two silicon fin dopingncentrations. The Vroll-off is
present below gate lengths of 100 nm, what furith@icates that the significant drop in
V1 below 50 nm gate length calls for a thinner gatel® and a narrower fin, in the
range of 10 to 15 nm. On both doping concentratitms reduction of #, of 20 nm to
15 nm reduces the{Vroll-off and improves S and DIBL. Acceptable vauwill be
below 80 mV/dev for S and below 100 mV/V for DIBL.

However, a J§ reduction below 2 nm is also mandatory to improke device
characteristics. Further reduction of gate oxidewe nm causes significant tunneling
through the gate oxide. Hence, for this device wrkwbelow Lg of 20 nm it is
mandatory to use effectively high-k dielectric gateterial to minimize the gate
tunneling current and to provide also good contfathe fin conductance by the metal
gate.
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For circuit reasons, to provide both and p-type FIinFETs with symmetrical
thresholds and reasonable circuit performance idarate to strong inversion, it is also
necessary to use metal gate with mid-bandgap worktion (mig-gap gate material).
This is the more adequate gate structure beingsiigate to provide both n-type and p-
type complementary |-V behavior.
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Figure 5.27: Threshold voltager\(method “GMLE”) for different values of s} and
Nin (Vp=100 mV). (a) versus gate length &nd (b) versus normalized gate length
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Figure 5.28: Subthreshold slope S for differenueal of &, and N, (Vp= 100 mV).
(a) versus gate lengthsland (b) versus normalized gate lenggTl,.
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Figure 5.29: DIBL for different values of;J and Ni,. (a) versus gate lengthsland (b)
versus normalized gate length/Lsn.

5.4 Improvements on S/D Extensions and high-K dielecits

In order to improve the Vroll-off, subthreshold slope S, and DIBL, incremental
changes in the FinFET structure parameters wereeraad simulated. A new device
structure, herein referred to as “Structure-lll'dashown in Figure 5.30, was used to
simulate both high-K and SiQ@lielectrics.

The values of the critical dimensions used in $ieistion are indicated in Figure 5.31
and are explain next:

A structure with F, = 15 nm was simulated but with a higher gate oxiaectric
constant (&= 7.2 instead = 3.9), similar to high-K materials, keeping+ 2 nm and
avoiding a thinner gate oxide and higher paraguimeling oxide currents, with an
effective oxide thickness (EOT) of 1.1 nm. The @xdielectric constant,gor K is also
called relative permittivity (&= e/e,). Previous simulation results forVoll-off, S, and
DIBL behavior, show in Figure 5.27, Figure 5.28,daRigure 5.29, respectively,
indicate that the ratio d{Ts, (or normalized gate length) has to be larger than
approximately 1.5 to 2. Hence, a narrower fin, ot 10 nm is needed foglz 15 nm.

A structure with the previous modifications buthvi narrower fin with f, = 10 nm
was simulated with the standard S/D contact aredsvéth a new S/D contact areas (on
both sidewalls and top of the last portion of th® &xtensions). These new contact
areas are shown in Figure 5.30, a 3D simulationcsire similar to Figure 5.15. A
structure with previous modifications but withil 40 nm (Rn/Ts, ratio of 4) was
simulated. Only the zero-doping casen{N 1x10® cmi®), or undoped case, was
considered, and only for a gate length of 20 nm.

As in the previous section, the S/D extensions h&f tin are doped with two
Gaussian profiles perpendicular to the sidewallghef silicon fin (z-axis). A peak
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concentration N=1x10°cm® is used with A,=6.5nm, resulting in an initial
10 nm/dec ratio. A complementary error functionf¢rs used to describe the lateral
profile with Ax=2 nm, resulting in an initial 2.33 nm/decade cdatind aAL of
approximately 11 nm (5.5 nm of each side).

Gate Electrode

(both sidewalls and top)

Top-Gate Oxide

Source Electrode
(both sidewalls and top)

Drain Electrode

(both sidewalls and top)

Lateral-Gate Oxide
(both sidewalls of the Fin)

Figure 5.30: SOI-FINnFET structure used to defire gshmulation grid - Structure-Ill. A
new source and drain contact areas (electrodesharen.

Lo Critical Dimensions:
® tx=2nm
(bx_top> 10 X 1)
®  Hjf, =40 and 60 nm
® Tiy=10and 15 nm
®  Tgox=150nm
® Lg=from20to 500 nm
® Lsp=25nm

®  Wer = 2xHhin
(double-gate)

Figure 5.31: Basic SOI-FInFET structure with catiddimensions indicated and the
values used in the simulations.



113

As differences with respect the previous simulaiowith the Structurd,
simulations with Structure-Ill have:

e new source and drain contact areas (electrodes);

« only the undoped fin case is considereg,@4x10"” cm®);
* physical gate lengthsdfrom 20 to 500 nm;

e simulation cases with,g= 7.2, (instead g= 3.9);

* simulation cases forif= 10 nm;

* a simulation case forgg=40 nm;

5.4.1 Simulation Results

5.4.1.1 |p-V¢ Characteristics

Figure 5.32 and Figure 5.33 show the simulate®d characteristics of the SOI-
FINFET with the last improvements on the structiitee bias applied in the simulations
was the same as in the previous section, i.g5 Y00 mV in the linear region and
Vp=1V in saturated region, with vand s grounded. d-Vs characteristics for
devices with J, = 20 nm and 15 nm, but without the last improvetsem the structure
(see Section 5.3), are plotted for comparison. Eptdt has three curves for
Tin = 10 nm, all with high-k (&= 7.2). The plot marks are explained next:

=“*"for T §in = 20 nm, H = 60 nm;

=“X" for T fin = 15 nm, K = 60 nm;

- "0" for T, =10 nm, H = 60 nm, high-k;

- “o” for Tn = 10 nm, H, = 60 nm, high-k, new S/D contact structure;

- “A” for T, = 10 nm, K, = 40 nm, high-k, new S/D contact structure;

Considering the three structures witf310 nm and high-k (“o0”, &”, “A”), a good
improvement on |-V characteristics is observed vétliecrease of the subthreshold
slope to around 70 mV/dec. The turn-off currept(Ip for V= 0V) was reduced by
two orders of magnitude. The use of high-k andréddiction of EOT (1.1 nm) andl
alleviated the DIBL problem.

Considering the structures withi;£10 nm and K =60 nm (“0”, ‘0”), an increase
on turn-on currenty (Ip for V= 1V) of 18% and 7%, respectively forp\= 100 mV
and \b =1V, is observed when the new S/D structure islu3ée use of new S/D
contact areas has reduced the parasitic resis{(&agg) of the S/D extensions regions.
On the other hand, a decrease 4ol 20% and 27%, respectively fop¥ 100 mV and
Vp=1V, is observed for the structure withn E 10 nm and kK, =40 nm (A”). The
impact of the reduction of {5 by 33% and the consequent increase in the fisteexsie
compensates the reduction afpgR
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Figure 5.32: §-Vg characteristics for different values af,Tand Lg of 20 nm. (a) linear
region (\b=100mV) (b) saturated region {\ 1V).
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Figure 5.33: 3-Vs (log) characteristics for different values af, Bind Ls of 20 nm. (a)
linear region (\v=100mV) (b) saturated region {¥1V).

A particular method that accounts for a quantum haeical (QM) effect in the
inversion layer was used in the simulations toneste the influence of such effect on
the SOI-FINFET I-V characteristics (see SectionZ.2Figure 5.34 and Figure 5.35
show b-Vg curves in the linear and saturated regions, withw&ithout a QM effect in
the inversion layer. Considering the nanometricetisions of the fin, i.e., {§= 40 nm
and Tin = 10 nm, this particular QM effect made little fdience, with a reduction of
around 5% in the final drain current (saturatedaegand a slight shift in the threshold
voltage.
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Figure 5.34: 3-V¢ characteristics with and without a quantum meda@r(iQM) effect
in the inversion layer. (a) linear regiong®100mV) (b) saturated region {#¢1V).
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Figure 5.35: -V (log) characteristics with and without a quanturachmanical effect

(QM) in the inversion layer. (a) linear region ¥ 100 mV) (b) saturated region
(Vp=1V).
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5.4.1.2 Transconductance

The transconductance,@nd the transconductance over drain currgfiibgboth
versus gate voltage & and the g/lp versus normalized drain curreny/(W/L) are
show from Figure 5.36 to Figure 5.41 for differeatues of §,. For each figure, curves
for structures with §, =20 nm and 15 nm, but without the last improvermeam the
structure (see Section 5.3), are plotted for compar As in the previous section, each
plot has three curves fokI= 10 nm, all with higkk (e,x= 7.2), but has also a curve for
Tin = 15 nm and high-k (g= 7.2). The plot marks are explained next:

=“*"for T in=20 nm, K = 60 nm;

=“X" for T fin = 15 nm, K = 60 nm;

=“+" for Tn =15 nm, H = 60 nm, high-k;

- "0" for Tsn =10 nm, H = 60 nm, high-k;

- “o” for Tn = 10 nm, H, = 60 nm, high-k, new S/D contact structure;
- “A” for T, = 10 nm, H, =40 nm, high-k, new S/D contact structure;

As in the case ofptV characteristics of the previous section, consimdgtine three
structures with §, =10 nm and high-k (0", %", “A”), a good improvement on,gand
On/lp is observed. An increase op/lp in the subthreshold regime can be noted, first
with the use of high-k (glp around 28 V) and second with a new S/D contact
structure (g/lp around 34 V).

70
V,=100mV %y L =20nm o Tg,=20nm
60; 7, | * . T_ =15nm
Fin
50+ TFin:15nm
ure | o T_ =10nm
; 40! Fin
i 5 Tg,=10nm
'_'E 30+ N TFinzlonm
(@]
20 N =1x10*°cm
n
10+
High-K (e ox

0.5 1
Ve V]

Figure 5.36: Transconductancg gersus gate voltage @Vfor different values of #
(Le= 20 nm, N, = 1x13°cm™ and \l, = 100 mV).
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Figure 5.37: Transconductance, gersus gate voltage QVdifferent values of
(Le= 20 nm, N = 1x10°cm® and \b = 1V).
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Figure 5.38: Transconductance over drain curregilpgversus gate voltage Qvfor
different values of F, (Lg= 20 nm, N = 1x10°cm™® and \l,= 100 mV).
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Figure 5.39: Transconductance over drain curregilpgversus gate voltage Qvfor
different values of F, (Lg= 20 nm, Nn = 1x10°cm® and \b = 1V).
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Figure 5.40: Transconductance over drain currgfibgyersus normalized drain current
Io/(WI/L) for different values of F, (Le= 20 nm, N, = 1x10°cm® and \b = 100 mV).
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Figure 5.41: Transconductance over drain currgibgersus normalized drain current
Io/(W/L) for different values of 7, (Lg= 20 nm, N, = 1x13°cm™ and \b = 1V).

5.4.1.3 Threshold Voltage, Subthreshold Slope and DIBL

Threshold voltages W are shown in Figure 5.42 and Figure 5.43, respelgti
extracted by method “GMLE” and “SD”. Subthresholdpg S is shown in Figure 5.44.
DIBL is shown in Figure 5.45 and Figure 5.46, respely using \t from Figure 5.42
and Figure 5.43.
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Figure 5.42: Threshold voltager\(method “GMLE”) for different values of 5} and
Nin (Vp=100 mV). (a) versus gate lengtly bnd (b) versus normalized gate length
LG/Tﬂn.
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Along with the values of ¥, S and DIBL shown in Section 5.3.1.3, new curves
(“*") are presented, for & = 10 nm, H, =60 nm, highkk and new S/D contact
structure. Considering these new curves, one cenabetter Y roll-off, present now
below gate lengths of 50 nm.
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Figure 5.43: Threshold voltager\(method “SD”) for different values ofs] and Ni,
(Vp=100 mV). (a) versus gate length &nd (b) versus normalized gate lengiiTl,.
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Figure 5.44: Subthreshold slope S for differenueal of &, and Ny, (Vp= 100 mV).
(a) versus gate lengthsland (b) versus normalized gate lengéiTl,.
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Figure 5.45: DIBL for different values ofi7and Ni,. (2) versus gate lengthsland (b)
versus normalized gate length/Ls,. Using \y from Figure 5.42.
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Figure 5.46: DIBL for different values ofiJ and Ni,. (a) versus gate lengthsland (b)
versus normalized gate length/Ls,. Using Vr from Figure 5.43.

5.4.1.4 Turn-on and Turn-off currents

Turn-on current §, is extracted takingsl (= lon) for the maximum values of &/and
Vp (e.g. \6 =1V, Vp = 1V). Turn-off current s is extracted by extrapolation of the
log(lp)-V¢ curve in the linear portion of the subthresholdtfee maximum value of y
(e.9. \b = 1V), Vg = 0, and takingd (= lof).

Figure 5.47, Figure 5.48, and Figure 5.49 showeekd#d values of, respectivelys,|
lowr, @and turn-on/turn-off ratio,¥los, versus gate lengthcland versus normalized gate
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length Ls/Tsin. Along with the values ofy), log and b/l for the devices without the
last improvements on the structure (see Section Be3v curves (“*”) are presented, for

Tsin = 10 nm, H, = 60 nm, highkk and new S/D contact structure.
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Figure 5.47: Turn-on currengylfor different values of &, and Ni, (Vo= 1V, Vp= 1V).
(a) versus gate lengthsland (b) versus normalized gate lengéiTl,.
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Figure 5.48: Turn-off current,d for different values of # and Nn (Ve=0V,
Vp=1V). (a) versus gate lengtly land (b) versus normalized gate lenggiTl,.
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Figure 5.49: Turron/turn-off ratio §/los for different values of & and Ny, (Vp= 1V).
(a) versus gate lengthsland (b) versus normalized gate lenggTl,.

5.4.1.5

| b-Vp Characteristics

Figure 5.50, Figure 5.51, Figure 5.52, and Figus& Show }-Vp characteristics for
different gate voltages. Figure 5.54, Figure 5&%] Figure 5.56 show, respectively, the
output conductancegsghe output resistance L/gnd the early voltage A/ versus drain
voltage \b. These figures show the impact of the improvememsS/D extension
regions, use of high-k dielectrics and reductiofg@f
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Figure 5.51: }-Vp characteristics for different gate voltages. FilEEwith (—)
Tin=15nm and (—.—) fi=10nm (Nin = 1x10°cmi®, Hsi, = 60 nm, = 7.2, Ls= 20 nm).
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Figure 5.52: 3-Vp characteristics for different gate voltages. FimEkvith (—) old S/D
structure and (—.—) new S/D structure j{N 1x10° cm?® Hs,=60 nm, g:=7.2,
Le=20 nm).
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Figure 5.53: §-Vp characteristics for different gate voltages. Satioh without (—)
QM effects and (—.—) with a QM effect {\c 1x10°cm®, Hs, = 60 nm, = 7.2,

Le=20 nm).
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5.5 Method of Extraction of Rgpe

The series S/D resistance play a significant roléhe worth of FETSs circuits. It is,
therefore, of great importance to have a quantgatneasure of the parasitic resistance
(Rspe) of the S/D extensions regions, often referredasoS/D parasitic resistance.
Considering the source voltage §founded, the effective drain voltageevapplied do
the transistor channel is the drain voltagge Minus the voltage drop inske or
Vet = Vp — Repelp. Dividing the last expression by, Iresults in the resistance relation
Rch = Rsp— Repg, Where Ry is the channel resistance angpRs sourcedrain total
resistance. Many methods of extraction gfpRhave been proposed (Terada, 1979;
Suciu, 1980; de la Moneda, 1982; Whitfield, 1985).

In the Whitfield method, I-V characteristics in theear region of two transistors
with the same gate widths @A~ Wg1) and different gate lengths > Lg1) can be
used to extract an approximation foggR Thus, considering the last resistance relation
expression for two transistors (with sub-indexesntd 2) and considering that the
parasitic resistancesie of the source-drain extrinsic regions does nohgkawith bias,
the difference of the S/D total resistancespgRspy) is equal to the difference of the
channel resistances - Rcni). Then with the increase of bias in linear region,
(Rspz2— Rsp1) tends to zero since @3- Rcui) does the same, anddR (or Rspy) tends
to Rspe. This dependence can be approximated by a liretation. The ratio of the
channel resistances is approximated by

Rewe — (Rspz ~ Rspe) 0 L err2 1
Romn  (Rs ~Rspe)  Loers @

(5.2)

where GEM, and leer and Llgern are the effective gate lengths
(VG1_VT1)
LGeff=LG-AL.

The parameterd” is a correction introduced to account for a difiece in the
threshold voltages between devices and it was maheé Whitfield method. Other
corrections to account for other effects, such ability differences, or the modulation
of the effective channel length by the gate voltdgerres-Torres, 2002), are not
considered in this work. Considering that

(LGeﬁZ _aj D("Geﬁz _1j (53)
LGeffl LGeffl
(LGeffZ - LGeffl) = (L G2 LGl) (5-4)
the expression (5.2). is manipulated to result in
Lez - LGl
a-(Rsoz - Rsm) U —=——= -(Rsm - RSDE) (5-5)
Geffl

The expression (5.5) represents a linear relation @an be plotted from |-V
characteristics in the linear region of two tratis. The S/D parasitic resistancesfB
is found at the point of intersection between thedr fitting of data and thesB; axis.
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5.6 Simulation Comparisons and S/D Extensions Effects

This section presents comparative results betwé&emuBmeric device simulators
Davinci (Synopsys, 2006) and Sentaurus (Synops§89)2 Variations on the S/D
extensions profiles are addressed, as well astsesith varying device models that are
used to adjust the transport in the devices acemmissented.

5.6.1 SOI-FinFET Structures

The first step was the description of the STHFET structures, double-gate, to be
simulated with Sentaurus. These structures wereritbes for the simulator Davinci. It
IS necessary to get great similarity between strest both geometric and in terms of
process parameters, thus allowing a better congradietween simulations and the
differences resulting from the different modelsdise

Two structures with # =20 nm were used: a long-channel and a short ehann
structure with gate lengths otE 1000 nm and &= 50 nm. Two others structures with
tox_top= 2 NM (tri-gate) were used to compare the |-V ab@ristics of the double-gate
and tri-gate devices. One structure witk,xFE 100 nm, instead of ghx= 150 nm, was
also simulated. Figure 5.57 shows the basic sinomlagtructure defined for Sentaurus
and, in this case, withxwp=20 nm (double-gate). Figure 5.58 and Figure /58w
the doping profiles of S/D extension regions (Gausand Erfc) with the characteristic
length A, along z-axis (transversal) ang along x-axis (lateral), i.e., parallel or along
current flow. Contacts are at the end of S/D exterssfor all structures.

1: el 60x20x2_50n 1215 ModelfFindel_des.idr 0-0

CopingConcentration [cm#-3]
P 1.0EH19

7EE+1G
57E+14
43E+12
-7.BE+1Z

. -1.0E+15

Figure 5.57: Basic 3D simulation structure defimeth Sentaurus.
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Figure 5.58: Crossection at the middle of the silicon fin in the-piane showing the
doping profile of the S/D extensions. Gaussianif@aoh the z-axis X; = 6.5 nm) and
Erfc in the x-axis Xx=2 nm). The 1D doping profiles for cuts B-B’ andAA are
shown in the Figure 5.60.
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Figure 5.59: Cross-section at the middle of theail fin in the xz-plane showing an
alternative doping profile of the S/D extensions.sBallow Gaussian profile in the
z-axis f;=1.5nm) and an abrupt Erfc in the x-axids£ 0 nm). The 1D doping
profiles for cuts B-B’ and A-A’ are shown in thegtire 5.60.
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Figure 5.60: Doping profiles for cutsB and A-A’ of the cross-sections of Figure 5.58
and Figure 5.59.

5.6.2  Simulation Models - Comparing Simulators and TheirModels

Previous in Section 5.2.2, the mobility models argliantum mechanical model that
were used in the simulations with Davinci were fiyiglescribed. These models are
listed below:

* Concentration-dependent Mobility Model (CONMOB): Aow field
mobility model that includes the effect of impurdgattering by using mobility values
from tables which depend on the local total impucbncentration.

e Surface Mobility Model (SRFMOB): A transverse fietdobility model.
Davinci allows surface mobility degradation factarsd the selection of an effective-
field based surface mobility model that is appliealy at insulator-semiconductor
interfaces.

* Field-dependent Mobility Model (FLDMOB): A paralldield mobility
model that accounts for effects due to high fieldhie direction of current flow, such as
carrier heating and velocity saturation effects.

* Quantum Mechanical Effects (QM.PHILI): An approxitmamethod of
accounting for quantum mechanical effects in thesiision layer using the van Dort's
bandgap widening approach (van DORT, 1994).

The following models were used in the simulationth&entaurus:

* Doping Dependence Model (DOPINGDEP): A model foe tmobility
degradation due to impurity scattering. Several ehogtions are available. The default
is the Masetti model (Masetti, 1983).
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e Lombardi Mobility Model (ENORMAL): A transverse figd mobility model
that accounts for effects of mobility degradationnéerfaces where carriers under high
transverse electric field are subjected to scatjeby acoustic surface phonons and
surface roughness (Lombardi, 1988).

High-k gate dielectrics are being considered as annaltiee to SiQ to reduce
unacceptable leakage currents as transistor dioehdiecome smaller. One obstacle
when using high-k gate dielectrics is that degracider mobility is often observed for
such devices. Although the causes of high-k mgbdiggradation are not completely
understood, two possible contributors are remotel@wob scattering (RCS) and remote
phonon scattering (RPS).

e« Canali Model (HIGHFIELDSAT): A saturation mobilitymodel that
accounts for effects due to high electric fieldshie direction of current flow, where the
carrier drift velocity is no longer proportional the electric field and the velocity
saturates to a finite speed (Canali, 1975).

e Philips Unified Mobility Model (PHUMOB): A low fiall mobility model
that includes acceptor, donor, and carrier-carfiére Philips unified mobility model
(Klaassen, 1992), unifies the description of m#&orand minority carrier bulk
mobilities. The model describes the temperatureedégnce of the mobility and takes
into account electron—hole scattering, screeningmiked impurities by charge carriers
and clustering of impurities.

*  Generation-Recombination model (SRH(DopingDep))SKhockley—Read—
Hall Recombination (SRH) model in which the evalmatof the SRH lifetimes is done
according to the Scharfetter model (Fossum, 1982).

 Intrinsic carrier concentration model (EffectivelnsicDensity
(BandGapNarrowing (OldSlotboom))): This is the il bandgap narrowing model
that determines the intrinsic carrier concentratibm this case, using the Slotboom
model (Slotboom, 1976).

Sentaurus implements four quantization models toaat for quantum mechanical
effects: the van Dort model (van DORT, 1994), th2 Schrodinger equation, the
density gradient model (Ancona, 1987) and the nnedliifocal-density approximation
(Paasch, 1982). These models are based on a ptté@iquantities introduced in the
classical density formulas for electrons and holéy differ in numeric expense and in
physical sophistication. The following model wasedisin the simulations with
Sentaurus:

* Quantum Potential Model (QUANTUMPOTENTIAL): A dehgigradient
guantization model (Ancona, 1987) (Ancona, 1989kedword has to be specified if
only one carrier is considered. For example, eQURANIPOTENTIAL for electrons.

The conventional drift-diffusion transport modehds to lose its full validity in the
deep submicron regime and fails to predict effeaish as velocity overshoot and often
overestimates the impact ionization generationsraiéne solution of the Boltzmann
kinetic equation using the Monte Carlo Method ibedter approach. However, it is
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normally very expensive in computational time. Térergy balance model (Roberts,
1990) or the so called hydrodynamic model offerseay good tradeff between
numeric expense and physical sophistication. THiewag model was used in the
simulations with Sentaurus:

e Hydrodynamic Transport Model (HYDRODYNAMIC): An ergy balance
model that solves the temperature equations fatreles and holes. If only one carrier
equation is to be solved an argument or keywordtbase specified. For example,
HYDRODYNAMIC (eTemperature), for electrons.

5.6.3 Comparison of Simulators and Models

In this section, Davinci and Sentaurus simulati@amse compared under several
model conditions.g-Vg characteristics in linear region ¥ 100 mV) were simulated.
In the first part of the simulations, the FinFETustures have the same doping profiles
and only the simulator and models were changeé@doh gate length. The exception is
the curve market with the legend “Sent(trig)”, ohigh the top-gate oxidefttop) IS
reduced to 2 nm, making the structure a tri-gateFET. In the second part of the
simulations (next sections), the FINFET structurage different doping profiles for the
S/D extensions. In Table 5.3 are summarized thelitons under which each curve
was obtained. It is necessary to give a few expians about the models used in the
simulations.

In the case of Davinci device simulator (SYNOPSY806), mobility for low,
transversal, lateral and high electrical fieldsxdgafor: a mobility model for low fields
that includes the effect of impurity scatteringingsmobility values from tables, which
depend on the local total impurity concentratiortitamsverse field mobility model that
allows surface mobility degradation factors and fedection of a surface mobility
model (based on effective-field) that is appliedlyomt insulator-semiconductor
interfaces; a lateral field mobility model that aaats for effects due to high field in the
direction of current flow, such as carrier heatmgl velocity saturation effects.

In the case of Sentaurus device simulator (SYNORSX089), mobility for low,
transversal, lateral and high electrical fieldsnd& for: a model for the mobility
degradation due to impurity scattering (default 8fasnodel is used); a transverse field
mobility model that accounts for effects of molyildegradation at interfaces, where
carriers under high transverse electric field anbjected to scattering by acoustic
surface phonons and surface roughness (default amtnmodel is used); a saturation
mobility model that accounts for effects due tobhagectric fields in the direction of
current flow, where the carrier drift velocity i® nonger proportional to the electric
field and the velocity saturates to a finite sp@bd Canali model is used).

Other models used: a low field mobility model tiatludes acceptor, donor, and
carrier-carrier, is the Philips unified mobility w©hel; a Shockley—Read-Hall
Recombination (SRH) model in which the evaluatidntte SRH lifetimes is done
according to the Scharfetter model; a silicon bapdgarrowing model that determines
the intrinsic carrier concentration (Slotboom model used); a density gradient
quantization model by Ancona; and an energy balamuelel that solves the
temperature equations for electrons and holesy bydrodynamic model.



Table 5.3: Conditions under which each simulat&ddharacteristic curve of the SOI-

FinFET structure was obtained.
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# gﬁ?&gg) Simulator | Models (keywords) No, bz, ;T“XE;:X"X' foxtop
Np=1x10"cm™
(peak), A,=6.5 nm,
o o conmob srfmob =2 nm, t=2 nm,
1 Davinci Davinci fldmob tox 105720 NM,
Tin=20NnmM
Teox=150 nm
DopingDep
HighFieldsat
2 Sentaurus Sentaurus IEP:]SI(/I%? Idem, as #1
SRH(DopingDep)
OldSlotboom
DopingDep
3 Sent(basic) Sentaurus HighFieldsat Idem, as #1
Enormal
Idem, as #2, plus:
4 Sent(hydro) Sentaurus Hydrodynamic Idem, as #1
(eTemperature)
5 Sent(trig) Sentaurus Idem, as #2 Idem, a_s #1, but
tox top=2 NM
Idem, as #2, plus:
6 Sent(quant) Sentaurus eQuantumPot Idem, as #1
Idem, as #1, but
7 | Sent(2e19) Sentaurus Idem, as #2 Np=2x10" cm®
(peak)
Idem, as #1, but
8 | Sent(1e20) Sentaurus ldem, as #2 Np=1x10°cm’®
(peak)
Np=5x10" cm’®
(peak), A,=1.5 nm,
9 Sent(5e20) Sentaurus Idem, as #2 xX—Onm,_tox—Z nm,
tox_top=20 Nm,
T#in=20nm
Teox=150 nm
10 | Sent(tbox100) Sentaurus Idem, as #2 Idem,_as #9, but
Tgox=100 nm
Idem, as #2, but:
11 | Sent(iImob) Sentaurus | . Enorm_al W'th. . Idem, as #9
increase in mobility
degradation
12 Sent(Imob2) Sentaurus Idem, as #11 Idem, as #1
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(a) short-channel =50 nm) and (b) long-channeldE 1 pum).
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Figure 5.62: -V characteristics (log. scale) ¥ 100 mV) for FINFET devices with
Tsin = 20 nm: (a) short-channel & 50 nm) and (b) long-channeldE 1 pm).

Figure 5.61 and Figure 5.62 show the simulate®/'d characteristics in linear

region (\b =100 mV) for the SOI-FINFET devices, in linear dad. scale respectively.

A good agreement was obtained in the sub-threstegjibn, for both short and long-
channel devices, where the difference in modet®isvery significant. However, in the
moderate and strong inversion regions, signifiadifferences appear (x25% in final
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current), suggesting a probable over estimationd@in current by the simulator
Davinci (see Table 5.3).

Little difference is noted between Sentaurus sitiuia, especially for the loRg
channel FINFET, even when a quantization modekeduThe top-gate of the tri-gate
structure contributes only with approximated 5% tfog final current due to the aspect
ratio Hin/Tsn of 3. Great differences are apparent with the hyggnamic model,
indicating the need for a better set of coefficsantthis case.

The contribution of the series resistance of tH2 &{tension regions 43¢ for the
final current is certainly very important, espelgidibr the short-channel FInFET.

In Table 5.4 are summarized the extracted threskolthges \, subthreshold
slopes S, turn-on currentg, (for Vg= 1 V) and source-drain total resistances.Rhe
Vtvoltages were extracted with the method “GMLE".

Table 5.4: Threshold voltages {imethod “GMLE”"), subthreshold slopes & dand Rp
from Ip-Vs simulated data (y= 100 mV).

d lon (HA) Rsp (kQ)
Caption V1 (mV) S (mV/dec) (Ve=1V) (Ve=1V)
(curves) Le Le Le Lo
50nm lpm| 50nm 1pm| 50nm 1pm | 50nm 1um
Davinci 334.7 382.6 67.1 59.8 20.5.57 5.0 18.0

Sentaurus 3326 3758 68.0 59.7 815442 6.3 22.6

Sent(basic) 332.9 375.) 68.0 59.7 7.61 4.46 5.7 22.4
Sent(hydro) 3229 - 69.0 -+ 849 - 11.8 -
Sent(trig) 333.6 379.7 67.7 59/7 .016 4.70 6.2 21.3
Sent(quant) 329.2  ----- 679 -4 157 - 6.4  --—---
Sent(2e19) | 328.1 37656 69.6 59.7 .2224.73 45 211
Sent(1e20) | 326.3 3778 726 597 .442526| 24 190
Sent(5e20) | 3324 3779 704 597 .741525| 24 19.0

Sent(tbox100)| 3329 379.4 705 59.8 415 15p 24 192
Sent(imob) | 332.0 372.7 70.4  59.¢ 36.4 04p 2.7 252

)
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Figure 5.63, Figure 5.64, and Figure 5.65 showpeaetively, the extracted
OmVS. Vs, GW/lp vs. Vs, and @/lp vs. b/(W/L), from Ip-Vg characteristics of Figure

g, [HA/V]
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Figure 5.65: g/lp-Ip/(W/L) characteristics (=100 mV) for FINFET devices with
Tsin = 20 nm: (a) short-channel {& 50 nm) and (b) long-channeldE 1 pm).
5.6.4 Comparison of FINFET Structures and Extraction of Rspg
In this section, the FInFET structures simulatedhwsentaurus have different
doping profiles for the S/D extensions (see Fidguf® and Table 5.3). Figure 5.66 and
Figure 5.67 show simulated-V ¢ characteristics in linear region % 100 mV) for the
SOI-FInFET devices. The over estimation of drairrent by the simulator Davinci is
more evident. For the long-channel case, even thieEH structures with the highest
doping concentration for the S/D extensions giveraximated 6% less final current.
25 6
©  Davinci ©  Davinci L ,=1000nm
* Sentaurus 5t * Sentaurus 5
20 o sent(2e19) 7 Sent(2e19) 2
+ Sent(1e20) 4l + Sent(1e20)
15 Sent(5e20) ] A Sent(5e20)
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o
10t L=50nm -

05 1
V.V
Figure 5.66: -V s characteristics (Y= 100 mV) for FInFET devices withs= 20 nm:
(a) short-channel (=50 nm) and (b) long-channeldE 1 pum).
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Figure 5.67: -V characteristics (log. scale) ¥ 100 mV) for FINFET devices with
Tsin = 20 nm: (a) short-channel {& 50 nm) and (b) long-channeldE 1 pm).

Figure 5.68, Figure 5.69, and Figure 5.70 showpeetvely, the extracted
OmVS. Vs, G/lp vs. Vs, and @/lp vs. b/(W/L), from Ip-Vs characteristics of Figure
5.66.
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Figure 5.68: @-Vg characteristics (¥=100mV) for FIinFET devices with
Tsin = 20 nm: (a) short-channel {& 50 nm) and (b) long-channeldE 1 pm).
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Figure 5.69: g/lp-Ve characteristics (¥=100 mV) for FInFET devices with
Tsin = 20 nm: (a) short-channel & 50 nm) and (b) long-channeldE 1 pm).
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Figure 5.70: g@/lp-Ip/(W/L) characteristics (=100 mV) for FINFET devices with
Tsin = 20 nm: (a) short-channel & 50 nm) and (b) long-channeldE 1 pm).

The simulated data for two SOI-FINFET devices ajure 5.66 were used for the
extraction of the parasitic resistancgpRof the S/D extension region. Figure 5.71
shows these data from pairs of FInNFET devices @tsand a long-channel SOI-
FINFET) plotted as in expression (5.5), in Sectoh. The data were selected to be in
strong inversion but with a gate voltage overdo¥enly a few hundreds of milivolts to
avoid that expression (5.5) lose its validity. THe@ameter d” is a correction introduced
to account for a difference in the threshold vaigag
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Figure 5.71: Simulated data from pairs of FinFEVides (a shortand a long-channel
FINFET) plotted as the difference of the sourcerdratal resistances @3>Rspi)
versus the source-drain total resistangg; Rf the short-channel FinFET.

Data set “Data-1" are from simulations with Davirftic;= 100 nm, lg2=1 pm).
The simulated data for the SOI-FINFET of gate Ibrif20 nm are not plotted in Figure
5.66. Data set “Data-2” are from simulations fromvilici and Sentaurus .= 50 nm,
Le2=1 um). These two data sets share the same dapsh@eometry for the source-
drain extrinsic regions and the results point ®thme S/D parasitic resistancg,Ras
expected. The values extracted fgpRare around 3.5Q&. Data set “Data-3” are from
simulations with Sentaurus but with an increaseakmoping concentration of the S/D
extrinsic regions of two times (2x). The value argted for Rpg is around 2 &, a
reduction of 43%. Data set “Data-4” are also framuations with Sentaurus but for
two doping of the S/D extrinsic regions: a ten #nf&0x) increased peak concentration
and a fifty times increased (50x) peak concentnatioit with shallow doping (see
Figure 5.59 and Table 5.3). Both values extracbedr§pe are less than 1k A further
reduction of more than 50% is verified. Considerihg error generated by the method
in the extracted values ofsR, this values are in agreement with the values &f R
listed in Table 5.4.

5.6.5 Comparison of FINFET Structures and Models Parametes

In this section, the FIiNnFET structures simulatedhwsentaurus have the same
doping profile for the S/D extensions, a fifty tismmecreased (50x) peak concentration
but with shallow doping (see Figure 5.59 and T&b8). One can compares the impact
of the reduction of d,x and the increase in mobility degradation. Congndethe
Sentaurus structures, the reduction of 33 %gisx fas produced negligible effect in the
drain currentd while the increase in mobility degradation hasseaua reduction inpl
of 14 % (short-channel device) and 23 % (long-ceadevice).
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Figure 5.72 and Figure 5.73 show simulatgd/§ characteristics in linear region
(Vp =100 mV) for the FINFET devices.

45 w 6
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Figure 5.72: -V characteristics (Y= 100 mV) for FInFET devices withs= 20 nm:
(a) short-channel (=50 nm) and (b) long-channeldE 1 pum).
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Figure 5.73: §-Vs characteristics (log. scale) ¥ 100 mV) for FinFET devices with

Tsin = 20 nm: (a) short-channel {& 50 nm) and (b) long-channeldE 1 pm).
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Figure 5.74, Figure 5.75, and Figure 5.76 showpeaetively, the extracted
OmVS. Ve, /lp vs. Vg and g/lp vs. b/(W/L), from Ip-Vs characteristics of Figure

g, [HA/V]
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Figure 5.74. @-Vg characteristics (yY=100mV) for Fi

NFET devices with

Tsin = 20 nm: (a) short-channel {& 50 nm) and (b) long-channeldE 1 pm).
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Figure 5.75: g/lp-Ve characteristics (=100 mV) for FinFET devices with
Tin = 20 nm: (@) short-channel & 50 nm) and (b) long-channeldE 1 pm).
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Figure 5.76: g@/lp-Ipo/(W/L) characteristics (=100 mV) for FINFET devices with
Tin = 20 nm: (@) short-channel & 50 nm) and (b) long-channeldE 1 pm).

5.6.6 Ip-Vp Characteristics

Figure 5.77 showptVp characteristics for different gate voltages. Fegr.78,
Figure 5.79, and Figure 5.80 show, respectivelg,dhtput conductance ghe output
resistance 1/g and the early voltage,y all parameters versus drain voltage Yhese
figures show the impact of the increase in mobdiégradation (see Table 5.3).
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Figure 5.77: §-Vp characteristics for FINFET devices withi, 8 20 nm: (a) short-
channel (=50 nm) and (b) long-channeldE 1 um).
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The two mobility models disagree by up to 10% td62@h saturation current
calculation. For the incrementa] ggreement is very good even faf £ 50 nm.
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Figure 5.78: gVp characteristics for FINFET devices withi, 8 20 nm: (a) short-

channel (=50 nm) and (b) long-channeldE 1 um).
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Figure 5.79: 1/gVp characteristics for FINFET devices with,F 20 nm: (a) short-
channel (=50 nm) and (b) long-channeldE 1 um).
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Figure 5.80: \-Vp characteristics for FINFET devices with,E 20 nm: (a) short-
channel (=50 nm) and (b) long-channeldE 1 um).
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5.7 Effects of S/D Extension Implantation Methods — $nulation
Results

In multi-gate FINFET technology is a common practice thee afshigh-angle, two-
pass, implants to dope the sidewalls of the siliwonThis section addresses the effects
of S/D extension implantation methods, as a functod the ion implantantion (/1)
angle (), resulting in different doping profiles for thélBextensions.

5.7.1 SOI-FinFET Structures

The scheme of ion implantation (first-pass) inte Hource-drain region is depicted
in Figure 5.81, showing its incidence angle and howaffects the doses, transversal
(Dwans z-axis) and top (fa, y-axis) doses. The nMOS SOI-FIinFET structuresewer
simulated with Sentaurus simulator.

Angles of 0°, 10°, 45°, and 90° were used. Thel08 by far the easier practical
method but it results in high non-uniformity dopimgthe lateral fin wall. To achieve a
better doping uniformity, higher I/1 angles havebi considered. The 45° I/l results in
the same ion beam incidence on top and lateraldiih with the top receiving a double
dose after the two-pass tilted implant. There idinaitation for the tilt angle
(Colinge, 2007) due to the shadow effect and caysine fin height K, and pitch R,
(see Figure 4.6 in Chapter 4) that can be exprgsisebequation (5.6).

P -T.
a, < tan‘l{u] (5.6)

fin
Then, beyond a maximum angle, one fin blocks thplamt from reaching the
others. The 90° I/l is used as an ideal referetthewgh it is not achievable in practice.

Diop = D.cos(u) ’(/
Dyans= D.sin@y) Tfin.COS(u) ,/’/ I/l

1
1
1
1
1
I
’ I(X|/
I
1
1

/ o " Hiin .Sin((l|)
A
Z
y
H Fin cross
fin section
a
v 2
W or Tiin

Figure 5.81: Silicon fin cross-section and how e implant (I/1) anglew, affects the
doses, transversal {ks z-axis) and top (&, y-axis).
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The program TRIM (the Transport of lons in Mattgrart of the SRIM (The
Stopping and Range of lons in Matter) software ($R1008) was used to calculate the
projected range fRand the “straggleAR, of the ions distribution in the topaxis (top
of the fin) and z-axis (transversal or sidewallsha fin). It is a Monte-Carlo calculation
leading to a 3D distribution of the ions in thegetr material, where an angle of
incidence can be considered. TIMR, is related to the characteristic length by

A=+20R,

The S/D fin extensions were doped with Gaussiafilps along z-axis (transversal)
and y-axis (top) and the lateral profile along xsawas considered an Erfc function.
The process parameters used to define these impudtiles in the simulated FINFET
structures are shown in Table 5.5, wheggis the characteristic length of the lateral
profile (x-axis).

TRIM simulations provided RandAR; for each I/l angle. The energy of 10 keV for
the I/l was used in TRIM simulations. The sameltdtse (D) on each side of the fin
was considered for all I/l angles. This total deses calculated choosing a (z-axis) peak
concentration of 1x8 cmi®in the 45° I/l method as a reference.

Then the corresponding transversaj {9 z-axis) and top (&, y-axis) doses were
obtained using the effective area related to thangplantation angle,. This relation is
depicted in Figure 5.81. Partial impurities activatafter the thermal annealing is not
taken into account.

Table 5.5: Process parameters used to define tperity profiles in the simulated
FINFET structures. The ion energy (Arsenic) of 8¥ kvas used in TRIM simulations.

a Of I/ Dose - each fin| Axis _ N, R, AR, | A= /2 AR, | A

d side Dose AXis 3

( eg) (#/sz) (#/sz) (#/Cm) (nm) (nm) (nm) (nm)

45 1.4x10* 1x10* | z-axis | 1x16 9 3.96 5.6 5.4

2x10* | y-axis | 2x16° 9 | 3.96 5.6 5.4

45 1.4x10* 1x10* | z-axis | 1x16° 0 3.96 5.6 5.4

2x10* | y-axis | 2x16° 0 | 3.96 5.6 5.4

10 1.4x10* 2.4x10° | z-axis | 3.6x18 | 4 2.69 3.8 5.0

2.7x10* | y-axis | 2.5x16° | 12.7 | 4.45 6.3 5.4

90 1.4x16* 1.4x10% | z-axis | 1.2x1& | 13 | 4.74 6.7 55

0 2.8x10% | y-axis | 2.4x16° | 13 | 4.74 6.7 5.5
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5.7.2 Simulation Results

The different I/l angles result in different dopipgpfiles in the S/D extensions what
affect the S/D parasitic resistancepRand also affect the characteristic length of the
lateral profile wheré\|y; (x-axis). The threshold voltagerVon the other hand, depends
strongly of the gate stack configuration and silidm thickness (f, = 20 nm), that are
the same for the simulated FInNFET devices.

Figure 5.82 and Figure 5.83 show simulatg®¥k characteristics for a long-channel
FINFET (Lc=1 um) and for a short-channel FInFET; .50 nm), respectively, both
for five different I/l angles of S/D extension.
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Vv VI V.Vl

Figure 5.82: }-Vg characteristics (Y =100 mV) for a long-channel FInFET
(Le=1 um) and for five different I/l angles of S/Dtersion. (a) linear scale (b) log.
scale. (i, = 20 nm)
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Figure 5.83: -V characteristics for a short-channel FINFEE £.50 nm) and for five
different I/l angles of S/D extension. (a) lineaate (b) log. scale. ¢F = 20 nm)
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Figure 5.84 and Figure 5.85 show, respectively #xtracted gvs. Vs and
On/lp vS. Vs, from Ib-V characteristics of Figure 5.82 and Figure 5.83h bor five
different I/l angles of S/D extension.
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Figure 5.84: g versus \¢ for two FInFET devices with different gate lengths
(Le=50nm and 1um) and for five different I/l anglesSdD extension. (a) y= 100 mV
(b) Vb = 1V. (Tsin = 20 nm)
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Figure 5.85: g/lp versus § for two FInFET devices with different gate lengths
(Le=50nm and 1um) and for five different I/l anglesSsD extension. (a) y¥= 100 mV
(b) Vb = 1V. (Tsin = 20 nm)

Figure 5.86 shows the S/D total resistangg RVp/Ip versus \ for a long-channel
FINFET (Ls= 1 um) and for a short-channel FInFET @50 nm) and for five different
I/l angles of S/D extension. The extrapolation gf For high values of ¥ tends ideally
to the parasitic resistancefr. Although simple, this extrapolation method is mety
accurate for extraction ofdge.
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Figure 5.86: S/D total ResistancepR Vp/lp versus \ for two FINFET devices with
different gate lengths @=50nm and 1um) and for five different I/l angles $fD
extension. (a) ¥ from 0 to 1 V; (b) \& from 0 to 3 V; \b = 100 mV. (&, = 20 nm)

The simulatedd-V ¢ characteristics in linear region of operatiorp, 100 mV) of
Figure 5.82 and Figure 5.83 were used for the etxtra of the parasitic resistancedr
of the S/D extension region. Figure 5.87 showsdluzga from pairs of FINFET devices
(a short and a long-channel SOI-FInFET) plottethasxpression (5.5), in Section 5.5.

100
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' Lec1=50nm, Lg2=1000nm
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10 deg Bl o al > Nl n
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(Le1=50nm, Ls2=1000nm)
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Figure 5.87: S/D total resistancessfiR= Vp/lp; and Rp2= Vp/lpz) from simulated
Ib-V data (linear region, y= 100 mV, in strong inversion) of pairs of FinFB&vices
with different gate lengths @; and Lsy, Le1 < Lgp), plotted as the difference of the
resistances (§-Rsp1) versus RBpi.

The data were selected to be in strong inversiamith a gate voltage overdrive of
only a few hundreds of milivolts to avoid that exgsion (5.5) lose its validity. The
parameter d” is a correction introduced to account for a diffiece in the threshold
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voltages. However, the modulation of the effectihannel length by the gate voltage is
not taken into account on the analysis.

The S/D parasitic resistancedr is found at the point of intersection between the
linear fitting of data and the d3; axis. The values of the extracted S/D parasitic
resistances &g ranged from 110to 599, as seen in Table 5.6. This is actually
impacted by the implantation angle, and the consequent differences in the
characteristic length.

Threshold voltages W subthreshold slopes S, DIBL, S/D total resistarigg, and
S/D parasitic resistancesfr were extracted and are summarized in the TableTh®
V1 voltages were extracted with the method “SD”. Apewted, the extracted values of
V1 are not affected by the different I/l angles.

Table 5.6: Threshold voltagesr\(method “SD”), subthreshold slopes S, DIBL, S/D
total resistancesdg, and extracted S/D parasitic resistancgssRom simulated J-Vg
data.

DIBL Rsp (KQ
Vi (V) S (mV/dec) (MVIV) (VDS=D1(OOrr)1V
a, of I/l (Vp=100mV) (Vp=100mV) (Vp=100mV V=1V) " | Reoe Q)
(deg) Le=50nm Le=50nm and 1V) L.=50nm
Le=1um Le=1um Ls=50nm Le=1um
45 0.400 0.450 81 60 99.4 2.1424.4 137
45 (peak)| 0.400 0.450 77 60 97.8) 432. 2438 290
10 0.400 0.450 76 60 89.0 2.5524.9 395
90 0.400 0.450 82 60 98.9 2.0924.3 110
0 0.400 0.450 74 60| - 3.85 26.1 592

The simulatedd-V ¢ characteristics for a long-channel FINFET €.1 pm), shown
in Figure 5.82, are very similar for the differdfitangles since differences in doping
profiles in the S/D extensions are not relevarthat range of channel length. For short-
channel FINFET devices =50 nm), shown in Figure 5.83, however, there are
noticeable changes.

The practical 45° I/ method and the ideal 90°nhéthod show similar results
(Io-Ve, gn, and @/lp), with almost de same S and DIBL, with higher (34R4pe in the
45° 1/l case. The 45° I/l (peak) method, with tlopidg peak at the interface of silicon
fin, shows a better S ang/@p but an even higherdge

The 10° I/ method, with more asymmetry in the dgpbf silicon fin top and
sidewalls, shows also a better $/lg, and DIBL but a much higher8x) Rspe. The
shorter characteristic length of the lateral peohly (x-axis) and better subthreshold
regime of this I/l method end up to a highgpR The 0° I/1, the easier practical method
but with very high non-uniformity doping in the éaal fin wall, shows poorptVg
characteristics for short-channel FInFET c&.50 nm) devices and presents a
completely degraded behavior in the subthreshofinte for a high drain voltage
(Vb=1V).
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5.8 Conclusions

The variations of ¥, S and DIBL with respect tod-were presented for different
silicon fin thicknesses and two silicon fin dopingncentrations. The Vroll-off is
present below gate lengths of 100 nm, what furith@icates that the significant drop in
V1 below 50 nm gate length calls for a thinner gatel® and a narrower fin, in the
range of 10 to 15 nm. On both doping concentratitms reduction of #, of 20 nm to
15 nm reduces the\foll-off and improves the subthreshold slope.

The results indicate that, for FInFET technolodie®ow 22 nm, the undoped silicon
fin is the most practical, since the actual thréshmltage will depend mostly on the
gate work-function and silicon fin width only. Ramd-doping problems and corner-
effects can also be neglected in undoped FIinFETS.

The degradation of device characteristics for gategths below 50 nm and
Tsin Of 20 nm is clearly noted, and the device withof 20 nm and 7, of 20 nm shows
very weak characteristics that need considerabprawement. The device simulations
showed that the degradation of device charactesistir gate lengths below 50 nm is
alleviated in subthreshold regime by the combinkelce of Ts, reduction from 20 to
10 nm andd reduction below 2 nm. Further reduction of gateleXelow 2 nm causes
significant tunneling through the gate oxide. Herfoethis device to work belowdof
20 nm it is mandatory to use effectively high-kléatric gate material to minimize the
gate tunneling current and to provide also goodrobof the fin conductance by the
metal gate. Simulation results for Voll-off, S, and DIBL behavior, indicate that the
ratio Lg/Tn (or normalized gate length) has to be larger tgproximately 1.5 to 2.

The top-gate of the tri-gate structure contribudely with approximated 5% for the
final current due to the aspect ratig,H7, of 3 of the FINFET structures. The reduction
of 33% (from 150 nm to 100 nm) ingdx has produced negligible effect in the drain.
current.

The optimization of the implantation angle and do$ehe S/D regions is a key
factor in the I-V characteristics of the FINFET oeg, controlling many important
parameters such as parasitic S/D resistances,resbtid slope, and DIBL. Also, to
minimize the parasitic S/D resistances, the ingusind advanced labs developed
process steps to enlarge the fin (through epitag@owth of Si-Ge alloys, for instance)
in the S/D regions that connect the active deviih the silicon pad that connects the
parallel fins of the same electrically effectivevide. In this work it is only considered
the silicon resistance, and no consideration weasngio the beneficial effects of a Si-Ge
regrown S/D regions.
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6 SOI-FINFET MEASUREMENTS

This chapter presents, compares, and discussegiregptal characteristics of
fabricated FinFETs with fin widths in the range ®fto 20 nm. These devices were
manufactured at IMEG Interuniversity Microelectronics Center in Belgiuand were
measured on wafer by microprobes. This chaptergarozed as follows: first, the
description of the FINFET process runs; second, tteasurements procedures are
explained; and third, the data analysis and thepawison with simulation results.

6.1 FIinFET Process Runs

The process runs will be described briefly. Twosrwith differences in the process
steps were used for the experimental charactesizaiihese runs were classified as:

a) Reference Process
b) Highly Doped Process

The basic process or “Reference Process” stants 801 wafers with 145 nm of
buried oxide thickness £y and a 88 nm silicon film on top. The silicon film
decreased to 65 nm £} after the fin etch. The gate stack is formed tymac layer
deposition (ALD) deposition of 2.5 nm SiON resulfim 2.2 nm EOT. A 5 nm thick
TiN ALD film is deposited followed by a 100 nm palyson layer and a 60 nm silicon
oxide layer. After the gate stack is formed theegatpatterning using the silicon oxide
as hard mask and a dedicated etch. Tilt lightlyedb®B/D implants (LDD) are
performed (45° I/) and the nitride spacers of atb@5 nm are formed. Highly-doped
drain implats (HDD) and a nickel silicidation fanet device electrodes complete de
process. In the “Highly Doped Process” there is aalditional step of LDD tilt
implantation that increases the doping concentnatiadhe S/D extensions.

The mask channel lengthd}k) of the measured transistors, with good contreladbl
current, ranges from 45 to 10000 nm (45, 70, 90, 250 nm, 1 um, and 10 pm); and
the silicon fin thickness f) ranges from 5 to 20 nm (5, 10, 15, and 20 nm).

Figure 6.1 shows the basic geometry features ofirteasurement test structures.
The maximum S/D extension lengthsfmay, Which is the spacing between the gate
mask and the silicon pad that connects all fin®0sim long, and the fin pitch (B,
which is the spacing between fins plus fin thicleyas 200 nm long. The number of
parallel fins (N) are 5. Using the equation (5.6) of section 5.@ anTi, of 20 nm
results in a maximum tilt angle for the S/D impkaround 79 This high tilt angle is
not practical and it is a result of an also high &f the test structures. A more compact
array of fins is possible by decreasing.RVith a practical tilt implantation angle of 45
a minimum R, of 85 nm would be possible {f= 65 nm).
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I—SDmax

Figure 6.1: FInFET measurement test structure kayoth five parallel fins (N=5)
and critical dimensions indicated: mask channegtlerisy, silicon fin thickness ,,
maximum S/D extension lengthdbmay), and the fin pitch (R).

6.2 Measurement Procedures

The FV measurements presented in this Chapter and Assnerre carried out with
the equipment HP4156 — a semiconductor parameadyzar - and a probe station Suss
Wafer Prober PB300, kindly provided by IMEC in Belm. The measurement
equipment is shown in APPENDIX D - Measurement pment.

In Figure 6.2 the measurement setup is depictedhiBoDUT (Device Under Test)
with SMUs (Source Measure Units) configuration.Ufeg6.2a shows the setup for the
FINFET devices with SMU3 and SMU4 active (gate drain respectively), and SMU1
and SMU2 grounded (source and back-substrate ribsggy; Figure 6.2b shows the
setup for the lead and contact resistance testhioh only SMU1 and SMU4 are used
(SMUL1 grounded).

Lead and contact resistance can be a problem witerfaring with the voltage
received by the DUT, especially when its valuenishie same order of magnitude of the
resistance of the DUT. Remote-sensing (“Kelvin s&nsvas used with force/sense
connection reaching the last end of the micro-maatpr that holds the microprobe.

Lead and contact resistance measurements werectaurt with \gyy ranging from
-200 mV to 200 mV in steps of 10 mV, resulting imlues around 2. Ip-Vg
measurements were carried out on n-type FinFETee®gwith \i ranging from -0.5 V
to 1V in steps of 10 mV, in the linear region gfecation for two values of drain
voltage (\b =50 mV and ¥ = 100 mV), and in the saturated region of operafar
Vp = 1V. b-Vp measurements were carried out with rdnging from zero volt to 1 V,
in steps of 10 mV, anddfanging from O V to 1 V in steps of 125 mV.



155

(@ SMU4 (b) SMU4

SMU3 SMU2 SMU3 SMU2

Figure 6.2: Measurement setup for the DUT (Devicalét Test) with SMUs (Source
Measure Units) configuration. (a) fortype FINFET; (b) for lead and contact resistance.

6.3 Measurement Results

A set of measurement plots of Threshold Voltage Subthreshold Slope S, Drain
Induced Barrier Lowering (DIBL), transconductangg ,gransconductance over drain
current g/lp, Early voltage ¥, and Voltage Gain Awere produced from the original
measurements, and are shown in APPENDIX B - Measemé Plots.

6.3.1 Comparison Between Measured and Simulated Devices

It is important to stress that the simulationshe touble-gate n-type SOI-FInFET
devices were made before the experimental measantem@/hat devices could be
measured and the exact structural features andessocharacteristics were not fully
known. It was then adopted in the simulations ach&©I-FINFET structure with the
process characteristics of a n-type FinFET.

Chapter 5 describes this basic double-gate n-typeFS\FET structure and the
variations adopted in the simulations. These Janat translate into three structures
called “Structure-1", “Structure-11”, and “StructesllI”.

The buried oxide thicknessgd and the silicon fin height {1 were set in the
simulations at 150 nm and 60 nm, respectively.hin measured experimental FInFET
devices these values are 145 nm and 65 nm andsegprenly 3.3 % less ingdx and
8.3 % more in k. A simulation comparison of FINFET structures ub-section 5.6.5
showed that a reduction of 33 % igoJproduced negligible effect in the drain current
(Ip). On the other hand, even a small increase (lems 5 %) in the kK has a direct
impact on p, although the deviation of the shape of the fonfrthe rectangular ideal
profile could compensate the effect.
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In the simulations, the physical gate lengthrdanges from 20 nm (shechannel
FINFET) to 1 um (long-channel FinFET), and thecsiti fin thickness & or Wy, ranges
from 10 to 200 nm, which means an aspect rafig T, from 0.3 to 6. Considering the
simulated structuressdJranges from 20 to 200 nm for “Structure-I'j,Tis set at 15 nm
and 20 nm for “Structure-II”, and;T is set at 10 nm and 15 nm for “Structure-I111".

For the experimental FINFET devices the mask gatgth Ls,, of the measured
transistors ranges from 45 nm to 10 um and theosilfin thickness & ranges from
5to 20 nm. There are measurements for FINFET dswgth T, of 5 nm, well beyond
the limit where quantum effects can be disregariéith an aspect ratio ¢/ Ts, around
12 a great deviation of the shape of the fin frdva tectangular ideal profile could be
expected. In the simulations these geometries wheamtum effects dominate were
avoided. On the other hand, FInFET devices withspa gate length & of 20 nm were
simulated.

The source or drain (S/D) extension lengthpjLis set at 250 nm for “Structure-I”
and is set at 25 nm for “Structure-II" and for “&tture-111". This extension of the fin in
the simulated FInFET structures corresponds iredtperimental FInFET devices to the
portion of the fin that receives only the LDD impla mentioned in the previous
section, and is masked by a nitride spacer fromHB® implant. In Figure 6.1 is
depicted the S/D extension lengtipkax Of the experimental FINFETS ¢bmax Of
90 nm). With the nitride spacers thickness formesuad 35 nm, the S/D extension
length (Lsp) is around 35 nm. Then the simulated FIinFETs fStrdcture-11” and
“Structure-Ill” have smaller extension lengthssglof 25 nm), with a reduction around
28 %.

The portion of the fin that receives the HDD imglas not in the simulated
structures and a contact electrode (neutral) isl tiseconnect the LDD portion of the
fin. In structures “Structure-1” and “Structure-lkhe contact electrodes are on the
vertical cross-section at the end of the S/D extmss (Figure 5.15); in structure
“Structure-Ill” the contact electrodes are on bsittewalls and top of the last portion of
the S/D extensions (Figure 5.30).

For the experimental FINFETs the gate stack is éorrby ALD of 2.5 nm SiON
resulting in 2.2 nm EOT, both on top and sidewaflsilicon fin, and setting up a tri-
gate FinFET structure. The simulated FinFETs haterdl-gate oxide thicknessjtof
2 nm and the top-gate oxide thickness ¢y of 20 nm. A simulation comparison of
FINFET structures in sub-section 5.6.3 showedtti@top-gate of the simulated tri-gate
structure contributes only with approximated 5% toe final current due to the high
aspect ratio kh/Tsn of 3.

The gate electrode work-function is set to mid-gajith Ty, in the order of tens of
nanometers the total depletion charged@ntribution to \f becomes small compared to
the contribution of the gate electrode to silicoarkvfunction differencep,s and tends
to be negligible. Then ¥ becomes strongly dependent of the gate electromé-w
function.

A FinFET structure with a higher gate oxide dielectconstant (&=7.2
instead g= 3.9) was simulated, similar to high-K materidkgeping §x=2 nm and
avoiding a thinner gate oxide and higher paragitimeling oxide currents, with an
effective oxide thickness (EOT) of 1.1 nm.
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6.3.2 Ip-Vg Characteristics

The following figures show a comparison betwedd 8imulated and measuregt |
Vet characteristics of FINFET devices. A minimal seswuctural parameters for the
experimental devices were provided by the IMEC | aosl the differences between the
simulated “Structure-Ill” and the actual device graeters are not herein detailed any
further, due to intellectual property issues thetgin to IMEC.

Figure 6.3 and Figure 6.4 showtV gt characteristics for long-channel experimental
FINFET devices (kn=1um) of the “Reference Process” and for longacieha
simulated FInFET devices él= 1 um). Figure 6.3 for devices withi,Tof 20 nm and
Figure 6.4 for devices withg[ of 10 nm. The x-axis is gate voltage overdrivacsithe
simulated and measured devices had different nwetak-functions, which caused
differences in ¥ at zero source bias.

Considering the sama; there are not considerable differences betweelhth gt
characteristics of the long-channel devices of‘Beference Process” and the “Highly
doped Process”, while the last one is not presentdte figures.

In Figure 6.4 it is clear that there is a shiftofamd 50 mV) on the current in the
subthreshold regime, a mismatch between the siedil&lV and the actual finFET
measurements for a very narrow fin of 10 nm. Tladconductance in the strong-
inversion regime differs very much from the simathtlevice. These differences can be
attributed to structural fabrication variationsn(ftross-section) and also to quantum-
confinement effects that are not modeled by thisiroercial 3-D device simulator. A
numeric variation on Y extracted by second-derivative method (method “Siaf) also
cause this shift on the current in the subthreshegdne.

Figure 6.5 and Figure 6.6 show-Vgr characteristics for experimental FInNFET
devices (lgm= 90 nm, 70 nm, 45 nm) of the “Reference Processl “Highly doped
Process” and for simulated FInNFET deviceg$L100 nm, 70 nm, 50 nm, 20 nm). These
two figures are for devices with;fof 20 nm.

Figure 6.7 and Figure 6.8 show-Vgr characteristics for experimental FInNFET
devices (lgm= 90 nm, 70 nm, 45 nm) of the “Reference Processl “Highly doped
Process” and for simulated FINFET deviceg$L100 nm, 70 nm, 50 nm, 20 nm). These
two figures are for devices with;lof 10 nm.

In Figure 6.5, for the “reference process”, theudated FINFET with k of 50 nm
and 45° I/l method has a subthreshold regime dilogee experimental FINFET with
Lem Of 45 nm. In the strong inversion regime the ekpental FINFETs have a higher
drain current, exception made to the simulated Einith 45° I/I method, which has
different S/D extensions doping.

In Figure 6.6, for the “highly doped process”, thienulated FINFET with & of
50 nm and 45° I/l method is better compared toettigerimental FiINFET with &, of
70 nm. This reflects the additional step of LD tihplantation that increases the
doping concentration in the S/D extensions andaeslihe effective channel length of
the experimental FinFETSs of the “highly doped psxte
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Figure 6.3: b-Vgr characteristics (Y= 100 mV) for an experimental long-channel
FINFET device (km=1 um) of the “Reference Process” and for simdla&nFET
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Figure 6.4: b-Vsr characteristics (Y= 100 mV) for an experimental long-channel
FINFET device (km=1 um) of the “Reference Process” and for simdladenFET
devices (Ic= 500 nm). (a) linear scale (b) log. scalg,& 10 nm).
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Figure 6.5: b-Vsr characteristics (Y= 100 mV) for experimental FINFET devices
(Lem=90 nm, 70 nm, 45 nm) of the “Reference Processl for simulated FINFET
devices (lg= 100 nm, 70 nm, 50 nm, 20 nm). (a) linear scale b) Iqg. scale.
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Figure 6.6: b-Vsr characteristics (Y= 100 mV) for experimental FINFET devices
(Lem= 90 nm, 70 nm) of the “Highly doped Process” amdsimulated FinFET devices
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=20 nm).
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Figure 6.7: b-Vsr characteristics (Y= 100 mV) for experimental FINFET devices
(Lem=90 nm, 70 nm, 45 nm) of the “Reference Processal #or simulated FINFET
devices (lg= 100 nm, 40 nm, 20 nm). (a) linear scale (b) tmgle. (F, = 10 nm).
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Figure 6.8: b-Vsr characteristics (Y= 100 mV) for experimental FINFET devices
(Lem=90 nm, 70 nm) of the “Highly doped Process” aoidsimulated FINFET devices
(Lc=100 nm, 40 nm, 20 nm). (a) linear scale (b) kmgle. (F, = 10 nm)

6.3.3 Threshold Voltage, Subthreshold Slope and DIBL

Figure 6.9 and Figure 6.10 show the threshold gelteersus mask gate lengthy(V
vs. Lgm) for different values of # and compare simulated and measured FinFET
devices. The simulated and measured devices hizdeattif metal work-functions, which
caused differences inf\around 200 mV.
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In the simulations for & of 20 nm and 15 nm thet\foll-off begins deteriorate
below Lgy, of 30 nm. One can note a bettey Mll-off for Tx, of 10 nm present now
until Lgm of 20 nm. Since quantum-effects simulation is @aahain goal of this work,
simulations for J, of 5 nm were not performed. However, measuremanits the
parameters extraction forsl of 5 nm were performed and included in the follogyi
figures and tables. Quantum-effects and roughness shape effects from the fin
etching process could have greatly affected thaltes
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Figure 6.9: Threshold voltage (method “SD”) versussk gate length GWvs. Lgm) for
different values of 4. (a) Simulation and measurements (b) Measuremdrits.
samples were measured in the wafer of the refengomess (¥ = 100 mV).
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Figure 6.10: Threshold voltage (method “SD”) verswsk gate length (Ws. Lgn) for
different values of 7. (a) Simulation and measurements (b) Measuremdiits.
samples were measured in the wafer of the highpedgrocess (y= 100 mV).
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Figure 6.11 and Figure 6.12 show subthreshold slepgus mask gate length (S vs.
Lem) for different values of &, and compare simulated and measured FINFET devices.
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Figure 6.11: Subthreshold slope versus mask gat¢HdS vs. k) for different values
of Tin. (@) Simulation and measurements (b) Measureméltts. samples were
measured in the wafer of the reference procegss (100 mV).
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Figure 6.12: Subthreshold slope versus mask gatgHdS vs. k) for different values
of Tin. (@) Simulation and measurements (b) Measureméltts. samples were
measured in the wafer of the highly doped process=(100 mV).

Figure 6.13 and Figure 6.14 show DIBL versus mask tength (DIBL vs. k) for
different values of f, and compare simulated and measured FInFET devices.
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Figure 6.13: DIBL versus mask gate length (DIBL kgg) for different values of .
(a) Simulation and measurements (b) Measuremeh&ssamples were measured in the
wafer of the reference process5& 100 mV and 1V).
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Figure 6.14: DIBL versus mask gate length (DIBL kgg) for different values of .
(a) Simulation and measurements (b) Measuremehessamples were measured in the
wafer of the highly doped processy¥ 100 mV and 1V).

6.3.4 Parameter Extraction

Effective channel lengthdess = Lem — AL, effective channel length shortenind,
and S/D parasitic resistancedg are important parameters that play a significale
in MOSFETSs characterization. These parameterstarsigally connected to each other
and normally they are extracted together. In Sedi® the gate lengthdlwas used in
the definition of lgerf instead of the mask gate lengtg,L

Many methods of extraction &fL and R;pe have been proposed (Terada, 1979;
Suciu, 1980; de la Moneda, 1982; Whitfield, 198b)e LDD regions in MOSFET
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devices are modulated by the gate voltage. Thagen® underlap the spacers and part
of the gate and are connected to the channel whbidontrolled by the gate. Some
methods of extraction oL and Rype have addressed those dependencies (Takeuchi,
1996; TorresTorres, 2002) trying to separate channel and StBnsions.

In this work two methods, the Whitfield method &hd Suciu method were used to
extract the effective channel length shortenixiy and the S/D parasitic resistance
Rspg in conjunction with velocity saturation parametieetad, and low-field mobility
Ho.

The Whitfield method was explained briefly in Seaqti5.5. It uses pairs of
transistors of the same channel width but differehtannel lengths and I-V
characteristics in linear region and strong inwersof transistor operation. The
effective channel length shortening. and the S/D parasitic resistancepR were
extracted for each pair from plots of S/D totalisesices B = Vp/lp. The parameter
“a” was introduced in the method as a correction dooant for a difference in the
threshold voltages between devices and it wasm@hitfield, 1985).

In the Suciu method the goal is to obtain the Séagitic resistancedge although
it is also obtained the low-field mobility,pand the mobility degradation parameter
thetad. The method needs at least two transistors oémdifft sizes but the results are
better when several transistors are used. Howdwemodulation of the S/D extensions
by the gate voltage is not taken into account. Vakies of low-field mobility |
extracted by the Suciu method were extremely highreon-physical.

In Table 6.1 and Table 6.2 the average values @fettiracted parameteraly,
Rspe, andf) are summarized for the experimental FInFET devikethe process runs.
The graphics from which those extracted parametene originated are shown in
APPENDIX C - Parameter Extraction Plots.

The negative values obtained for the effective alehiength shorteninglL reflect
the fact that the boundaries of S/D extensionschiathnel are not very well defined and
are greatly dependent of the gate voltage.

Table 6.1: Average values of the effective chamaefth shortening\L, S/D parasitic
resistance Bbg, mobility degradation parameter thétéReference Process).

Whitfield method Suciu method
T. AL (nm) Rspe (Q) Rsoe (Q) 0 (1/V)
(n;';) Vp=50mV, | Vp=50mV, | Vp=50mV, | Vp=50mV,
100mV 100mV 100mV 100mV

20 -42 -68 176 88 148 111 | 0.55 0.54
15 -69 -83 184 149 191 171 0.63%30

10 -89 -91 209 234 229 217 0.6540
5 23 16 412 345 313 256 0.6660.6
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Table 6.2: Average values of the effective chamafth shortening\L, S/D parasitic
resistance Bbg, mobility degradation parameter thétéHighly Doped Process).

Whitfield method Suciu method
T AL (nm) Rspe (Q) Rsoe (Q) 0 (1/V)
(n;'r”l) Vp=50mV, | Vp=50mV, | Vp=50mV, | Vp=50mV,

100mV 100mV 100mV 100mV
20 31 43| 195 165 205 141| 0.51 0.48
15 69 -39| 121 251 225 74 0.5860
10 51 -87| 301 176 311 272 0.5550
5 22 50| 386 328 216 197 1.1D041.
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7/ CONCLUSIONS AND FUTURE WORK

This chapter presents the conclusions of this vemd discusses the most important
contributions of this thesis. The future works foursuing new directions in the
FinFETSs research are also mentioned.

7.1 Conclusions

Silicon-on-Insulator (SOI) technology is nowadays a seriozompetitor for
traditional BULK technology. SOI-MOSFETs with sieghate, double-gate and multi-
gate have superior performance over traditional RBMIOSFETSs.

An overview of SOI technology and multi-gate MOSISEWere presented along
with the description and implementation of a chasgeet model for the fully-depleted
SOI-MOSFET and a high frequency modeling of thigicke Distributed channel and
distributed gate analysis along with a good physiuadel proved to be an asset in high
frequency modeling of SOI-MOSFETs. This analysiss hgiven the necessary
encouragement to continue researching SOI devices.

The SOI-FINFET transistor have good potential focwt applications and have
been researched over the years to solve many tegynassues concerning the
optimization of its geometry and process parameters

This work addressed the parameters to make theF8BET a candidate for a
viable CMOS node below 22 nm. In order to achidwe ¢oal a good understanding of
the characteristics of the SOI-FINFET and the arilce of process and geometry
parameters on its behavior is fundamental. Dudn¢otliree-dimensional nature of the
SOI-FInFET device, 3D-numerical simulation is aessity.

The basic characteristics of the Double-Gate (DG)-BnFET and the results and
analysis of a 3D-numerical simulation were presgniéhe dependence of threshold
voltage \t and subthreshold slope S on silicon fin thicknégs and on silicon fin
doping Ni» were demonstrated. The influence of a partial-etegl (PD) or fully-
depleted (FD) silicon fin on device characteristi@s shown.

The effects of random dopants fluctuations are wenyortant and may render the
mid-range silicon fin doping of 10to 10" cm® unsuitable for circuits on whichgTis
below 20 nm and &.is aggressively scaled below 20 nm. The undopewbsiffin, i.e.,
with typical doping on the order of 1xf&m?, is the most practical sincerWvill
depend mostly on the gate work-function and on glieon fin width. Moreover,
random-doping problems and corner-effects can geeoed in undoped FinFETS.
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The impact on Y and S of varying , Nin and Lg, was investigated both by 3D
device simulations and experimental measuremente degradation of device
characteristics for gate lengths below 50 nm, €120 nm) is clearly noted and the
device with lg =20 nm (F,=20nm) shows very weak characteristics that need
considerable improvement. The device simulationswsld that the degradation of
device characteristics for gate lengths below 50saileviated in subthreshold regime
by the combined effect ofg] reduction from 20 to 10 nm and the use of Highate
insulator.

A comparison between two device simulators, Davamd Sentaurus, was presented
in this thesis. For FINFET structures with the satoping profiles, a good agreement
was obtained in the subthreshold region, wherantipact of different models is not felt
as much, for both short and long-channel FinFETicdsv However, in moderate and
strong inversion regions, Davinci over estimatesdhain current. Little difference was
noted between Sentaurus simulations, especiallythferlong-channel FInFET, even
when a quantization model is used. A better seefficients is needed in the case of
the hydrodynamic model as became clear in thelatoas.

By simulations was found that the top-gate of tivgdte structure contributes only
with approximated 5% for the final current due he taspect ratio 4{/Tsn of 3 of the
FINFET structures. An over estimation of drain eatrin the FIinFET structures
simulated with Davinci is more evident when compavéth simulations done with
Sentaurus and with different doping profiles. Fbe tlong-channel case, even the
FINFET structures with the highest doping conceiumafor the S/D extensions give
approximately 6% less final current. The reductd83% (from 150 to 100 nm) ingdx
has produced negligible effect in the drain curdgrdimulated by Sentaurus while the
increase in mobility degradation has caused a 1é8tation in § (short-channel
device) and 23% (long-channel device).

This thesis presented the estimation of the seBiE> resistance (&g from
measurements and simulations. The S/D extensiontheoffin need very accurate
modeling since this portion of the device is vempportant to the final I-V
characteristics. The control and reduction ghdRepresents one of the main challenges
for nanoscale FinFETSs.

Geometry and process parameters optimization akeyafactor to increase the
performance of the SOI-FINFET for circuit desigrddabrication, in particular low-
voltage analog applications. The S/D extension amgation methods are of great
importance in multi-gate FINFET technology. Thisrkwdas shown the impact of
different implantation angles with respect to timesfand the impacts on the parasitics
that have to be minimized.

Three main effects define the optimization requii@dFinFETs in general: (1) The
control and reduction of the series S/D resistafgg), that require a silicided S/D
extension, doping engineering and possible epitaggrowth over the S/D part of the
fin, (2) the reduction ofyt below 1 nm (or EOT below 1 nm) to make the FInRET
candidate for the 22 nm CMOS node and (g) ih the range of 8 to 15 nm. FInFET
characteristics at these regimes are dominatedubptgm-size effects like tunneling
through gate oxide, electron wavelength quantizfigcts, and random dopant/defects
fluctuations within the fin active region, and réwngss and shape effects from the fin
etching process. These are the effects that nedgefuinvestigation to improve the
electrical characteristics of these devices.



169

7.2 Future Work
Future woks suggested to probe further in the dpéition of sub20 nm FinFET

include:

use of 3D numerical simulators Sentaurus (Synopagd) ISE-TCAD and
the results they provide in this work, to comparghwnodern quantum
statistical transport simulators that have phybrdadsed transport models;

optimize the undoped FInFET for physical gate teagn the range of 10 to
20 nm and extremely thin fins geometry (in the @08 to 15 nm);

consider the modulation of effective gate lengtll @eries S/D parasitic
resistance by the gate voltage in the parameteaictidn method,;

consider appropriately the quantum confinementceffen the device |-V
characteristics;

use a predictive electrical model for the FINFETd #0 extract the device
model parameters for circuit simulation with DG SEMFET,;

modeling the behavior of TAT associations (par&iies) with Double-
Gate SOI-FinFETs;

use of both the predictive model and the TAT asgasis in the simulation
of analog circuits, like a single-stage amplifiecuit.

consider the effects of random dopants/defectduaions and variability
aspects in FInFETSs.



170



171

REFERENCES

Ancona, M. G. and lafrate, G. Quantum correction to the equation of state of an
electron gas in a semiconductqrPhysical Review B, vol. 39, no. 13, pp. 9536—9540
1989.

Ancona, M. G. and Tiersten, H. AMacroscopic physics of the silicon inversion
layer, Physical ReviewB, vol.35, no. 15, pp. 7959—-7%87.

Brews, J. RA Charge-Sheet Model of the MOSFET Solid-State Electronics, vol. 21,
pp. 345-355, 1978.

Burenkov, A. and Lorenz, Xorner effect in double and triple gate FinFETS
Proceedings of ESSDERC, 135, 2003.

Canali, C. et alElectron and Hole Drift Velocity Measurements in Sicon and
Their Empirical Relation to Electric Field and Temperature, IEEE Transactions on
Electron Devices, vol. ED-22, no. 11, pp. 1045-1Q4075.

Cano de Andrade, M. @ehavior of Triple-Gate Bulk FInFETs with and without
DTMOS Operation, Solid-State Electronics, Vol. 71, pp. 63-68, May.20

Chau, R. et alAdvanced Depleted-Substrate Transistors: Single -g& Double -gate
and Tri-gate, Extended Abstracts of the International Confeeemt SSDM, 68, 2002.

Chiarella, T. et alMigrating from planar to FInFET for further CMOS sc aling:
SOl or bulk?, Proceedings of ESSCIRC, 14-18 Sept. 2009.

Choi, Y.-K., King, T.-J. and Hu, Q(Nanoscale CMOS Spacer FInFET for the Terabit
Era, IEEE Electron Devices Letters, Vol. 23, No. 1, pp-27, January 2002.

Chowdhury, M. M, Fossum, JPhysical insights on electron mobility In
contemporary FINFETs. 2006.

Collaert, N. et al.Performance Improvement of Tall Triple Gate Deviceswith
Strained SiN Layers Vol. 26, No. 11, Nov. 2005.

Collaert, N. et al.Optimizing the Readout Bias for the Capacitorless T Bulk
FINFET RAM Cell, IEEE Electron Device Lett., Vol. 30, No. 12, De603.



172

Colinge, JXP. Silicon-on-Insulator Technology: Materials to VLSI, Kluwer
Academic Plublishers, 1991.

Colinge, J.-PFIinFET and Other Multi-Gate Transdistors, Springer, 2007.

Cristoloveanu, SMultiple Gates for SOl MOSFETs: Two, Three or Four? In:
Microelectronics Technology and Devices — SBMICRID?2, The electrochemical
society proceedings series, Pennington (NJ), vai. @, 2007.

De La Moneda, F. et alMeasurement of MOSFET Constants IEEE Electron
Devices Letters, Vol. 3, No. 1, pp. 10-12, 1982.

Dixit, A. et al. Analysis of the Parasitic S/D Resistance in Multig-Gate FETSs.
IEEE Transactions on Electron Devices, Vol.52, 2, 2005.

Doyle, B. S. et alHigh Performance Fully-depleted Tri-gate CMOS Transstors,
IEEE Electron Devices Letters, Vol. 24, No. 4, pp3-265, April 2003.

Dunga, M. V. Nanoscale CMOS Modeling Ph.D. Thesis, Univ. of California,
Berkeley, 2008.

Ferreira, L. F., Bampi, S3D-Numerical Simulation of the SOI-FInFET. SForum -
8th Microelctronics Student Forum. Gramado, RSsBra-4 de setembro de 2008.

Ferreira, L. F., Flandre, D., Jespers, APMethod to Extend the Validity of Quasi-
Static SOl MOSFET Models PATMOS'97 - Seventh International Workshop Power
and Timing Modeling - Optimization and Simulatiohpuvain-la-Neuve, Bélgica,
setembro 1997.

Flandre, D., Ferreira, L. F., Jespers, P., Colidge. Modelling and Application of
Fully-Depleted SOI MOSFETs for Low-Power Low-Voltage Analog CMOS
Circuits. Solid-State Electronics, vol. 39, n. 4, pp. 45841996.

Flandre, D.; Colinge, J.-P.; Chen. J.; De Ceus&ierEggermont, J. P.; Ferreira, Luiz F.;
Gentinne, B.; Jespers, P. G. A.; Viviani, A.; GillR.; Raskin, J. P.; Vander Vorst, A.;
Vanhoenacker-Janvier, D.; Silveira, IFully Depleted SOI CMOS Technology for
Low-Voltage Low-Power Mixed Digital/Analog/Microwave Circuits. Analog
Integrated Circuits and Signal Processing, 212(1{3-228, 1999.

Fossum, J. GPhysical Insights on Nanoscale Multi-Gate CMOS Degn. Solid-State
Electronics, Vol.51, p.188, 2007.

Fossum, J. G., and Lee, D.A. Physical Model for the Dependence of Carrier
Lifetime on Doping Density in Nondegenerate Silicon Solid-State Electronics,
vol.25, no.8, pp.741-747, 1982.

Fossum, J., Yang, J-W, Trivedi, \Buppression of corner éfects in triple-gate
MOSFETSs. IEEE Electron Device Lett., 2003.



173

Giacomini, R., Martino, J., Pavanello, Midewall Angle Influence on the FINFET
Analog Parameters In: Microelectronics Technology and Devices — SBRO 2007,
The electrochemical society proceedings seriespiRgion (NJ), vol. 9, n. 1, 2007.

Hisamoto, D. et alA fully depleted lean-channel transistor (DELTA)—A novel
vertical ultra thin SOl MOSFET , in Tech. Digest IEDM 1989, Washington, DC, pp.
833-836.

Iniguez, B., Ferreira, L. F., & Gentinne, B., & Rthe, D.A Physically-Based C-
Continuous Fully-Depleted SOI-MOSFET Model for Analbg Applications. IEEE
Trans. Electron Devices, vol. 43, n. 4, pp. &6%, April 1996.

ISE-TCAD Release 10.0 Manual2008.

Kedzierski, J. et aMetal gate FINFET and Fully Depleted SOI Devices Usg Total
Gate Silicidation, in Tech. Digest IEDM 2002, San Francisco, CA, 2p/—250.

Klaassen, D. B. MA Unified Model for Device Simulation-l. Model Equation
Concentration Dependence Solid-State Electronics, v. 35, n. 7, p. 953;98802.

Kranti, A. and Armstrong, G. ADesign and Optimization of FInFETs for Ultra-
Low-Voltage Analog Applications IEEE Transactions on Electron Devices, Vol. 54,
No. 12, pp. 139-141, December, 2007.

Kranti, A. and Armstrong, G. ASource/Drain Extension Region Engineering in
FINFETs for Low-Voltage Analog Applications, IEEE Electron Devices Letters, Vol.
28, No. 2, pp. 139-141, February, 2007.

Kranti, A.T., Chung, M., Flandre, D. and RaskirPJLaterally Asymmetric Channel
Engineering in Fully Depleted Double Gate SOl MOSFHEs for High Performance
Analog Applications, Solid State Electron., vol. 48, no. 6, pp. 943;9&ne, 2004.

Lammers, DavidlIBM Sees Performance from FD-SOI Transistors.Semiconductor
Manufacturing & Design - Deep Insights for Chip Biers, December 2011.

Lederer, D., Kilchytska, V., Rudenko, T., Collaéit, Flandre, D., Dixit, A., De Meyer,
K. and Raskin, J.-PEIinFET Analog Characterization from DC to 110GHz Solid
State Electron., vol. 49, no. 6, pp. 1488-1496 5200

Li, Y., Hwang, C.-H., Cheng, H.-WProcess-Variation- and Random-Dopants-
Induced Threshold Voltage Fluctuations in Nanoscal®lanar MOSFET and Bulk
FINFET Devices, Microelectronic Engineering, Vol. 86, No. 3, pp.82285, March
2009.

Lin, C.-H. Compact Modeling of Nanoscale CMOS Ph.D. Thesis, Univ. of
California, Berkeley, 2007.

Lindert, N. et al.Sub-60-nm Quasi-planar FINFETs Fabricated using a i&plified
Process IEEE Electron Devices Letters, Vol. 22, No. 1p, $87-489, Oct. 2001.



174

Lombardi, C. et alA Physically Based Mobility Model for Numerical Sirrulation of
Nonplanar Devices IEEE Transactions on Comput&rded Design, vol. 7, no. 11,pp.
1164-1171, 1988.

Masetti, G., Severi, M., and Solmi, Bodeling of Carrier Mobility Against Carrier
Concentration in Arsenic-, Phosphorus-, and Boron-Dped Silicon IEEE
Transactions on Electron Devices, vol.ED-30, npp/764—769, 1983.

Nowak, E. et alScaling beyond the 65 nm node with FInFET-DGCMOSin Proc.
IEEE CICC, 2003, San Jose, CA, pp. 339-342.

Ortiz-Conde, A. et alA Review of Recent MOSFET Threshold Voltage Extragon
Methods, Microelectronics Reliability, volume 42, 2002.

Paasch, G. and Ubensee, A.Modified Local Density Approximation: Electron
Density in Inversion Layers Physica Status Solidi (b), vol. 113, no. 1, p§54178,
1982.

Park, H.-J. P. K. Ko and C. HA Charge Sheet Capacitance Model of Short
Channel MOSFET's for SPICE. IEEE Trans. Computer-Aided Design, vol. 10, n. 3,
Mar. 1991.

Park, H.-J. P. K. Ko and C. HA Charge Conserving Non-Quasi-Static (NQS)
MOSFET Model for SPICE Transient Analysis. IEEE Trans. Computer-Aided
Design vol. 10, n. 5, pp. 629-642, May 1991.

Pavanello, M., Martino, J., Simoen, E., Claeys A@alysis of deep Submicrometer
bulk and fully depleted SOI nMOSFET analog operatim at cryogenic
temperatures. In: Silicon-on-insulator technology and deviceBY2005-3, The
electrochemical society proceedings series, Petonn@J), 2005.

Pavanello, M., Matrtino, J., Simoen, E., ClaeysE@aluation of triple-gate FINFETs
with SiO2—-HfO2-TiN gate stack under analog operatin. Solid-State Electronics,51,
pp. 285-291, 2007-a.

Pavanello, M., Martino, J., Simoen, E., Rooyack&s,Collaert, N., Claeys, Q.ow

Temperature Operation of Undoped Body Triple-Gate fFnFETs from an Analog

Perspective In: Microelectronics Technology and Devices — SBRO 2007, The
electrochemical society proceedings series, Petonr(@J), vol. 9, n. 1, 2007-b.

Pei, G. et al.FinFET Design Considerations Based on 3-D Simulatio and
Analytical Modeling, IEEE Transactions on Electron Devices, Vol. 49. 18, pp.
1411-19, August 2002.

Peng, K. L., Afromovirz, M. A.An Improved Method to Determine MOSFET
Channel Length, IEEE Electron Device Lettvol. EDL 3, no. 12, pp. 360-362, Dec.
1982.

Poljak, M., Jovanov, V., Suligoj, T. Technological Constrains of bulk FINFET
Structure in Comparison with SOI FinFET, International Semiconductor Device
Research Symposium, 12-14 Dec. 2007.



175

Poljak, M., Jovanoy, V., Suligoj, T.Improving Bulk FInFET DC Performance in
Comparison to SOl FinFET, Microelectronic Engineering, Vol. 86, Issue 10,
pp. 20782085, October 2009.

Roberts, J.W., and Chamberlain, SEaergy-Momentum Transport Model Suitable
for Small Geometry Silicon Device Simulation COMPEL, vol.9, no.1, pp.1-22,
1990.

Skotnicki, T. FD-SOI for Competitive SOCs at 28 nm and Beyond Advanced
Substrate News (adapted from 2011 IEEE SOI Conéefemov. 2011.

Skotnicki, T. et alCompetitive SOC with UTBB SOI, 2011 IEEE SOI Conference,
October 2011.

Slotboom, J.W. and de Graaff, H.@4easurements of Bandgap Narrowing in Si
Bipolar Transistors, Solid-State Electronics, vol.19, no. 10, pp.85%28.976.

SRIM. The Stopping and Range of lons in MatterVersion SRIM-2008.04, 2008.

Suciu, P. I., JOHNSTON, R. I[Experimental Derivation of the Source and Drain
Resistance of MOS TransistorslEEE Trans. Electron Devices, vol. ED-27, no.p.
1846-1848, Sep. 1980.

Subramanian, V. TStudy of analog and RF performance of Multiple GateField
Effect Transistors for future CMOS technologies,Ph.D. Thesis, Catholic University,
Leuven, Belgium, 2008.

SYNOPSYS. Sentaurus Device User GuideVersion C-2009.06, SYNOPSYS, 2009.
SYNOPSYS Taurus Medicis Davinci User Guide Version Y-2006.06 June, 2006.

Takeuchi, K. et alAn effective channel length determination method fo LDD
MOSFETSs. IEEE Transactions on Electron Devices, Vol. 48, Bl pp. 580-587, April,
1996.

Terada, K., Muta, HA new method to determine effective MOSFET channdéngth.
Jap. Journal of Applied Physics, Vol. 18, No. 5993, 1979.

Terada, K., Nishiyama, K., Hatanaka, K.Qomparison of MOSFET-threshold-
voltage extraction methods Solid-State Electron, vol. 45, pp. 35-40, 2001.

Torres-Torres, R., Murphy-Arteaga, Rn alternative method to determine effective
channel length and parasitic series resistance of DD MOSFETs. In Proc.
International Conference on Devices, Circuits apst&ns, pp.1-5, 17-19 April 2002.

Trivedi, V., Fossum, J. G., Chowdhury, M. MNanoscale FinFETs with
Gate-Source/Drain Underlap. IEEE Transactions on Electron Devices, Vol.526p.5
2005.

Tsividis, Y. Operation and Modeling of the MOS Transistor, New York: McGraw-
Hill, 1987.



176

Tsuno, M., Suga, M., Tanaka, M., Shibahara, K., f#Mattausch, M., Hirose, M.
Reliable threshold voltagedetermination for sub-0.1 Im gate length MOSFETsIn:
Proceedings of Asia and South Pacific Conferencel Jip-6, 1998.

Tsuno, M., Suga, M., Tanaka, M., Shibahara, K., fgliMattausch, M., Hirose, M.
Physically-based threshold voltage determination fo MOSFET's of all gate
lengths IEEE Trans. Electron Devices, Vol. 46, No. 7, p#29-34 1999.

Turning Silicon on Its Edge, IEEE CIRCUITS & DEVIGE MAGAZINE,
JANUARY/FEBRUARY 2004.

Van Dort, M. J., Woerlee, P. H. and Walker, AAJSimple Model for Quantization
Effects in Heavily-Doped Silicon MOSFETs at Inversin Conditions, Solid-State
Electronics, 37, pp. 411-414, 1994.

Veeraraghavan S., and Fossum, JARhysical Short-Channel Model for the Thin-
Film SOl MOSFET Applicable to Device and Circuit CAD. IEEE Trans. Electron
Devices, vol. 35, n. 11, pp. 1866-1875, Nov. 1988.

Whitfield, J. A Modification on “An Improved Method to Determine MOSFET
Channel Length”, IEEE Electron Device Lett., Vol. EDL-6, No. [@darch, 1985.

Wong H. S., White MH, Krutsick T. J., Booth R. Wlodeling of transconductance
degradation and extraction of thresh-old voltage inthin oxide MOSFET's. IEEE
Solid-State Electron, vol. 30, n. 9, pp. 953-%&pt. 1987.

Xiong, W., Park, J. W., and Colinge, J.-Borner effect in multiple-gate SOI
MOSFETS, Proceedings IEEE International SOI Conferencé, 2003.

Zhao, H. et alAnalysis of the Effects of Fringing Electric Fieldon FInFET Device
Performance and Structural Optimization Using 3-D $mulation. IEEE
Transactions on Electron Devices, Vol.55, p.11T0&



177

APPENDIX A - V1 EXTRACTION METHODS

A.1 Extrapolation in the linear region of Ip-Vg curve

This method (OrtiZConde, 2002) consists in the linear extrapolatibib-V s curve
at the point of maximum transconductance (maximydip/dVes) and of finding \&
voltage axis intercept point. The resulting thrédheoltage \; is the intercept point
voltage minus ¥/2. This method is simple and very popular, basedhe first order
I-V MOSFET transistor characteristic, valid onlyr fow drain to source voltages (e.g.
100 mV or less). In Figure A.1 are shown curve¥ plersus gate lengthcl(by device
simulations with Davinci) with Y extracted by this method, called method “LE” for
short.
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_ 03l Nﬁn—leo cm
b T_ =20
- g pin-<onm
> 02 T_ =15nm -
Fin
V. extract: T_ =20nm
Method "LE" Fin
0.1 T_ =15nm
Fin
_ 15 -3 =
N, =1x10'%cm T,=10nm
0 ‘
101 102 103

L [nm]

Figure A.1: Threshold voltagetwersus gate lengthglfor different values of  and
Nsin (Vb= 100 mV). \} extracted by means of extrapolation in the lirregion of b-Vg
curve (method “LE” for short), obtained by devigeglations with Davinci.
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A.2 Second-derivative of -V curve

This method (OrtizZConde, 2002)(Wong, 1987) consists of findingwbltage of b-
Vs curve at the point of maximum second-derivativaximum dg/dVe=d’lp/dVs?),
which is the resulting threshold voltage.VIhis method was developed to avoid the
influence of series resistences. In Figure A.2séi@vn curves of Yversus gate length
Lc (by device simulations with Davinci) with tVextracted by this method, called
method “SD” for short. One can compare these cuwiéls those of Figure A.1 and
note that the values of{Vare now probably affected by the numerical dervrest
resulting in some fluctuations along with the gahéendency of decrease inr With
the reduction of gate length.
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Figure A.2: Threshold voltagetwersus gate lengthglfor different values of  and
Nin (Vp=100 mV). W\ extracted by means of second-derivative Vg curve
(method “SD” for short), obtained by device simidas with Davinci.
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A.3 Extrapolation in the linear region of g,-Vs curve

This method (OrtiZConde, 2002)(Tsuno, 1998, 1999) consists in theal
extrapolation of g-Vg curve at the point of maximum derivative (maximum
dgn/dVe=d?Ip/dVs?) and of finding \& voltage axis intercept point, which is the
resulting threshold voltagetVThis method was developed to be physically-baa#d
the definition of \f, thus excluding the influence of device paramesersh as series
resistances. In Figure A.3 are shown curves pfversus gate lengthgl(by device
simulations with Davinci) with Y extracted by this method, called method “GMLE” for
short. One can note that ther Mluctuations of the previous method “SD” have
disappeared and that these curves are similardpesto those obtained by means of
method “LE”.
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Figure A.3: Threshold voltagetwersus gate lengthglfor different values of & and
Nin (Vp=100 mV). \} extracted by means of extrapolation in the linesgion of
Om-V curve (method “GMLE” for short), obtained by dexisimulations with Davinci.
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A.4 Comparison of V; Extraction Methods

Figure A.4 shows a comparison of the three exwacthethods explained in the
preceding sections. The simulated data are fonBHET structure with & =10 nm and
Niin = 1x13°cm™ (Vp = 100 mV). One can compare method “SD” to methoB™&nd
“GMLE” and note that the values of\are affected by numerical derivatives, but in
conception is less affected by series resistaridethods “LE” and “GMLE” present
similar results, with systematically lower values ¥/ than those obtained by method
“SD”. Method “GMLE" also was developed to be lesteeted by device parameters
such as series resistances.
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0.4+
0l © Method "LE"
S o Method "SD"
— 4 Method "GMLE"
> 02}
Vv _=100mV Nﬁnzlxlolscm's
0.1
Tﬁnzlonm
0 L
10" 10° 10°
L [nm]

Figure A.4: Threshold voltagerWersus gate lengthclfor the three extraction methods
(methods “LE”, “SD”, and “GMLE") explained in thergceding sections §I'= 10 nm,
Nsin = 1x10°cm™ and b = 100 mV), obtained by device simulations with Deii
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APPENDIX B - MEASUREMENT PLOTS

B.1 Reference Process - Plots

B.1.1 Vg, SandDIBL
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Figure B.1: Threshold voltage versus mask gatethef\gr vs. Lgy) for different values
of Tin. (@) Vb=50 mV and (b) ¥= 100 mV. The samples were measured in the wafer
of the reference processy ¥xtracted by method “SD” (see Appendix A).
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Figure B.2: Subthreshold slope versus mask gatghe(® vs. lgm) for different values
of Tin. (@) Vb=50 mV and (b) ¥= 100 mV. The samples were measured in the wafer

of the reference process.
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Figure B.3: DIBL versus mask gate length (DIBL ig.,) for different values of .
(@ Vb=50 mV and 1V and (b) = 100 mV and 1V. The samples were measured in

the wafer of the reference process.



183

B.1.2 Om Gv/lp, Vaand A, (Tsin =20 nm)
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Figure B.4: (a) Transconductance versus gate wltagrdrive (g vs. Vet) and (b)
transconductance over drain current versus draiercu(g/Ip vs. b) both plots in the
saturation region, f =20 nm and for different values ofgh The samples were
measured in the wafer of the reference process.

10 :
| | — x L =10pm
Reference:Process : Tn =200 LGm_l H
} vy o Loy~ tHM
’ ! ~ L. =250nm
| Gm
_ v LGm=130nm
; + Lg,=90nm
- o L. =70nm
<> Gm
« L__=45nm
Gm

Figure B.5: (a) Early voltage versus gate voltagerdrive (Va vs. V1) and (b) Voltage
Gain versus gate voltage overdrive,(¥s. V7) both plots in the saturation region,
Tin = 20 nm and for different values ogk The samples were measured in the wafer of
the reference process.
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B.1.3 Om Gv/lp, Vaand A, (Tsin =15 nm)
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Figure B.6: (a) Transconductance versus gate woltagerdrive (g vs. Vet) and (b)
transconductance over drain current versus draiercu(gy/Ip vs. b) both plots in the
saturation region, ¢ =15 nm and for different values ofghk The samples were
measured in the wafer of the reference process.
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Figure B.7: (a) Early voltage versus gate voltagerdrive (Va vs. VeT) and (b) Voltage
Gain versus gate voltage overdrive, (#s. Vsr) both plots in the saturation region,
Tin = 15 nm and for different values ok The samples were measured in the wafer of
the reference process.
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B.1.4 Om Ov/lp Vaand A, (Tsin =10 nm)
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Figure B.8: (a) Transconductance versus gate woltagerdrive (g vs. Vet) and (b)
transconductance over drain current versus draiercu(gy/Ip vs. b) both plots in the
saturation region, ¢ =10 nm and for different values ofgh The samples were
measured in the wafer of the reference process.

Figure B.9: (a) Early voltage versus gate voltagerdrive (Va vs. V) and (b) Voltage
Gain versus gate voltage overdrive, (#s. Vsr) both plots in the saturation region,
Tsin = 10 nm and for different values ok The samples were measured in the wafer of
the reference process.
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B.1.5 Om Ov/lp Vaand A, (Tsn =5 nm)
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Figure B.10: (a) Transconductance versus gate golteverdrive (g vs. Ver) and (b)
transconductance over drain current versus dramercu(gy/Ip vs. b) both plots in the
saturation region, sF =5 nm and for different values ofgk The samples were
measured in the wafer of the reference process.
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Figure B.11: (a) Early voltage versus gate voltagerdrive (Va vs. Ver) and (b)
Voltage Gain versus gate voltage overdrive (&. V1) both plots in the saturation
region, T, =5 nm and for different values otk The samples were measured in the
wafer of the reference process.
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B.2 Highly Doped Process - Plots

B.2.1 Vg, SandDIBL
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Figure B.12: Threshold voltage versus mask gatetiterfVr vs. Lgy) for different
values of Fn. (a) Vb=50 mV and (b) ¥= 100 mV. The samples were measured in the
wafer of the highly doped process; &&tracted by method “SD” (see Appendix A).
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Figure B.13: Subthreshold slope versus mask gatghgS vs. k) for different values
of Tin. (@) Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the wafer

of the highly doped process.
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Figure B.14: DIBL versus mask gate length (DIBL ksy,) for different values of .
(@ Vp=50 mV and 1V and (b) = 100 mV and 1V. The samples were measured in
the wafer of the highly doped process.
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Figure B.15: (a) Transconductance versus gate g®ltaverdrive (g vs. Vet) and (b)

transconductance over drain current versus draiercu(gy/Ip vs. b) both plots in the
saturation region, f =20 nm and for different values ofghk The samples were
measured in the wafer of the highly doped process.
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Figure B.16: (a) Early voltage versus gate voltagerdrive (Ma vs. Ver) and (b)
Voltage Gain versus gate voltage overdrive (&. V) both plots in the saturation
region, T, = 20 nm and for different values ogk The samples were measured in the
wafer of the highly doped process.
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B.2.3  Om Ov/lp, Vaand A, (Tsin = 15 nm)
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Figure B.17: (a) Transconductance versus gate g®ltaverdrive (g vs. Vet) and (b)
transconductance over drain current versus draiercu(gy/Ip vs. b) both plots in the
saturation region, f =15 nm and for different values ofghk The samples were
measured in the wafer of the highly doped process.
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Figure B.18: (a) Early voltage versus gate voltagerdrive (Ma vs. Ver) and (b)
Voltage Gain versus gate voltage overdrive (&. V) both plots in the saturation
region, T, = 15 nm and for different values otk The samples were measured in the
wafer of the highly doped process.
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B.2.4 Om Ov/lp, Vaand A, (Tsin =10 nm)
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Figure B.19: (a) Transconductance versus gate g@ltaverdrive (g vs. Vet) and (b)
transconductance over drain current versus draiercu(gy/Ip vs. b) both plots in the
saturation region, 4 =10 nm and for different values ofghk The samples were
measured in the wafer of the highly doped process.

Highly doped I‘t’roces

Figure B.20: (a) Early voltage versus gate voltagerdrive (Ma vs. Ver) and (b)
Voltage Gain versus gate voltage overdrive (&. V) both plots in the saturation
region, T, = 10 nm and for different values otk The samples were measured in the
wafer of the highly doped process.
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B.25 Om Ov/lp Vaand A, (Tsn =5 nm)
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Figure B.21: (a) Transconductance versus gate g®ltaverdrive (g vs. Vet) and (b)
transconductance over drain current versus draiercu(gy/Ip vs. b) both plots in the
saturation region, sF =5 nm and for different values ofghk The samples were
measured in the wafer of the highly doped process.
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Figure B.22: (a) Early voltage versus gate voltagerdrive (Ma vs. Ver) and (b)
Voltage Gain versus gate voltage overdrive (&. V) both plots in the saturation
region, T, =5 nm and for different values otk The samples were measured in the
wafer of the highly doped process.
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APPENDIX C - PARAMETER EXTRACTION PLOTS

C.1 Reference Process - Plots

C.l1 Rspe and Lgeff (Tfin =20 nm)
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Figure C.1: S/D total resistancessfir= Vp/lps and Rp2= Vp/lpz) from Ib-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lemz, Lom1 < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistancesd® is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter &” is a correction to account for a difference im tinreshold voltages. (a)

Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafdhef
reference processsl= 20 nm.
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Figure C.2: Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vb/lp). The inverse of the transconductance factds Jlis found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) \W=50 mV and (b)
Vp=100 mV. The samples were measured in the wafethefreference process,
Tiin = 20 nm.
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Figure C.3: Derivative of parameter “E” byg\{from the previousE” vs. Vg1 plot)
versus 13,. The S/D parasitic resistancesfd is found at the point of intersection
between the linear fitting of data and the dE{d&xis. The mobility degradation
parameter thetad) is found taking the angular coefficient of theear fitting of data
(PE/dVs?). () Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the
wafer of the reference procesg, £ 20 nm.
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C.1.2 Rspe and Lgeff (Tfin =15 nm)
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Figure C.4: S/D total resistancessfR= Vp/lps and Rp2= Vp/lpz) from Ip-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lemz, Lem1 < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistances@) is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter 4" is a correction to account for a difference i thhreshold voltages. (a)

Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafahef
reference processsl= 15 nm.
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Figure C.5: Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vb/lp). The inverse of the transconductance factdsJls found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) \W=50 mV and (b)
Vp=100 mV. The samples were measured in the wafethefreference process,
Tfin = 15 nm.
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Figure C.6: Derivative of parameter “E” byg\{from the previousE” vs. Vg1 plot)
versus 13,. The S/D parasitic resistancesfd is found at the point of intersection
between the linear fitting of data and the dEfd&xis. The mobility degradation
parameter thetad) is found taking the angular coefficient of theear fitting of data
(E/dVSY). (a) Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the
wafer of the reference process, ¥ 15 nm.
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C.1.3 Rspe and Lgeff (Tfin =10 nm)
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Figure C.7: S/D total resistances sfR= Vp/lps and Rp2= Vp/lpz) from Ip-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lemz, Lem1 < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistances@) is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter 4" is a correction to account for a difference i thhreshold voltages. (a)
Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafahef
reference processsl= 10 nm.
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Figure C.8: Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vb/lp). The inverse of the transconductance factds Jlis found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) \W=50 mV and (b)

Vp=100 mV. The samples were measured in the wafethefreference process,
Tsin = 10 nm.
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Figure C.9: Derivative of parameter “E” byg\{from the previousE” vs. Vg1 plot)
versus 13,. The S/D parasitic resistancesfd is found at the point of intersection
between the linear fitting of data and the dEfd&xis. The mobility degradation
parameter thetad) is found taking the angular coefficient of theear fitting of data
(E/dVSY). (a) Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the
wafer of the reference procesg, ¥ 10 nm.
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C.1l4 Rspe and Lgeff (Tfin =5 nm)
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Figure C.10: S/D total resistancessfR= Vp/lp1 and Ryp2= Vp/lpz) from Ip-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lomz, Lemi < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistances@) is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter 4" is a correction to account for a difference i thhreshold voltages. (a)

Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafahef
reference processsl=5 nm.
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Figure C.11: Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vp/lp). The inverse of the transconductance factd.flis found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) b= 50 mV and (b)
Vp=100 mV. The samples were measured in the wafethefreference process,
Téin =5 nm.
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Figure C.12: Derivative of parameter “E” bysVfrom the previousE” vs. Vgt plot)
versus 13,. The S/D parasitic resistancesfgd is found at the point of intersection
between the linear fitting of data and the dE{d&xis. The mobility degradation
parameter thetad) is found taking the angular coefficient of theear fitting of data
(PE/dVs?). () Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the
wafer of the reference procesg, £ 5 nm.
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C.2 Highly Doped Process - Plots
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Figure C.13: S/D total resistancessfR= Vp/lps and Rp2= Vp/lpz) from Ib-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lemz, Lom1 < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistancesd® is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter &” is a correction to account for a difference im tiareshold voltages. (a)

Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafdhef
highly doped processsd = 20 nm.
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Figure C.14. Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vb/lp). The inverse of the transconductance factds Jlis found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) \W=50 mV and (b)
Vp=100 mV. The samples were measured in the wafeéhefighly doped process,
Tiin = 20 nm.
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Figure C.15: Derivative of parameter “E” bysVfrom the previousE” vs. Vgt plot)
versus 13,. The S/D parasitic resistancesfd is found at the point of intersection
between the linear fitting of data and the dE{d&xis. The mobility degradation
parameter thetad) is found taking the angular coefficient of theear fitting of data
(PE/dVs?). () Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the
wafer of the highly doped processi, E 20 nm.
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C.2.2 Rspe and Lgeff (Tfin =15 nm)

30

Ly, =70nm, 1um

N LGm=90nm, 1um

v Lgnp=130nm, 1pym

< Lg,=250nm, 1pm

T x 30 \ I T T
Highly ,‘doped Proq‘e$ : : : :
! ! |

a '(Rsoz B 501) [ka]

Figure C.16: S/D total resistancessfR= Vp/lp1 and Ryp2= Vp/lpz) from Ip-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lemz, Lem1 < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistances@) is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter 4" is a correction to account for a difference i thhreshold voltages. (a)
Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafahef
highly doped processsd= 15 nm.
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Figure C.17: Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vb/lp). The inverse of the transconductance factds Jlis found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) \W=50 mV and (b)
Vp=100 mV. The samples were measured in the wafeéhefighly doped process,
Tfin = 15 nm.
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Figure C.18: Derivative of parameter “E” bysVfrom the previousE” vs. Vgt plot)
versus 13,. The S/D parasitic resistancesfd is found at the point of intersection
between the linear fitting of data and the dEfd&xis. The mobility degradation
parameter thetab) is found taking the angular coefficient of thedar fitting of data
(E/dVSY). (a) Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the
wafer of the highly doped processi, F 15 nm.
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C.2.3 Rspe and Lgeff (Tfin =10 nm)
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Figure C.19: S/D total resistancessfR= Vp/lp1 and Ryp2= Vp/lpz) from Ip-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lemz, Lem1 < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistances@) is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter 4" is a correction to account for a difference i thhreshold voltages. (a)

Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafahef
highly doped processsd= 10 nm.
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Figure C.20: Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vb/lp). The inverse of the transconductance factds Jlis found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) \W=50 mV and (b)

Vp=100 mV. The samples were measured in the wafeéhefighly doped process,
Tin = 10 nm.
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Figure C.21: Derivative of parameter “E” bysVfrom the previousE” vs. Vgt plot)
versus 13,. The S/D parasitic resistancesfd is found at the point of intersection
between the linear fitting of data and the dEfd&xis. The mobility degradation
parameter thetab) is found taking the angular coefficient of thedar fitting of data
(E/dVSY). (a) Vb=50 mV and (b) ¥ =100 mV. The samples were measured in the
wafer of the highly doped processi, F 10 nm.
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C.24 Rspe and Lgeff (Tfin =5 nm)
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Figure C.22: S/D total resistancessfR= Vp/lp1 and Ryp2= Vp/lpz) from Ip-Vg
measurements (linear region in strong inversion)pairs of FINFET devices with
different mask gate lengths ¢k: and Lomz, Lemi < Lem2), plotted as the difference of
the resistances @3-Rsp1) versus Rp;. The S/D parasitic resistances@) is found at
the point of intersection between the linear fdtiof data and the d3; axis. The
parameter 4" is a correction to account for a difference i thhreshold voltages. (a)

Vp=50 mV and (b) ¥=100 mV. The samples were measured in the wafahef
highly doped processsd=5 nm.
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Figure C.23: Parameter “E” versugMor several mask gate lengths. “E” is defined as
the product of the gate voltage overdriveg{V and the S/D total resistance
(Rsp = Vp/lp). The inverse of the transconductance factd.flis found at the point of
intersection between the linear fitting of data &mel “E” axis. (a) =50 mV and (b)
Vp=100 mV. The samples were measured in the wafehetighly doped process,
Téin =5 nm.
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Figure C.24: Derivative of parameter “E” bysfrom the previousE” vs. Vgt plot)
versus 13,. The S/D parasitic resistancesfg is found at the point of intersection
between the linear fitting of data and the dE{d&xis. The mobility degradation
parameter thetad) is found taking the angular coefficient of theear fitting of data
(PE/dVs?). () Vb=50 mV and (b) ¥ = 100 mV. The samples were measured in the
wafer of the highly doped process, E 5 nm.
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APPENDIX D - MEASUREMENT EQUIPMENT

D.1 Measurement System

Figure D.1: Measurement System consisting basiaailgn HP4156, an HP4284, a
probe station Suss Wafer Prober PB300, and softagkcations (IMEC — Belgium).
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D.2 Probe Station

S
Figure D.2: Probe Station Suss Wafer Prober PB3fitsisting basically of micro
manipulators, shielding, wafer chamber and chuct,jaystick controller.

Figure D.3: Wafer chamber and chuck detail (IMEBelgium).
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Figure D.5: Right micro-manipulators detail (IME@elgium).
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Figure D.6: Joystick Controller detail (IMEC — Belm).

Figure D.7: Software Applications, top and sidetachview (IMEC — Belgium).
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D.3 HP4156 Parameter Analyzer
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Figure D.9: FINFET g-V¢ measurements in linear {\= 50 mV/100 mV) and saturated
(Vp = 1V) regions of operation, linear scale (IMEC elddum).
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Figure D.10: FInFET g-Ve measurements in linear {50 mVv/100 mV) and
saturated (¥ = 1V) regions of operation, log scale (IMEC — Beig).
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Figure D.11: FinFETJ-Vp measurements:d/= 125, 250, 375, 500, 625, 750, 825 mV,
and 1V (IMEC — Belgium).
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APPENDIX E - NANO-TRANSISTORES DE PORTA
DUPLA EM SILICIO SOBRE ISOLANTE -
SIMULACAO DE FINFETS SUB-20 NM

Resumo da Tese de Doutorado como requisito pgvaia a obtencdo do grau de
Doutor em Microeletronica.

RESUMO

Esta Tese apresenta os resultados da simulacamamkpadrte eletrdnico em trés
dimensdes (3D) no nano dispositivo eletrénico coitleecomo “SOIFINFET”. Este
dispositivo € um transistor MOS em tecnologia &ilisobre Isolante — “Silicon-on-
Insulator”, SOI — com porta dupla e cujo canal ragode fonte e dreno sao realizadas
em uma estrutura nanométrica vertical de silicianwida de “finger” ou “fin”. Como
introducdo ao dispositivo em questéo, é feita uevés&o basica sobre a tecnologia e
transistores SOl e sobre MOSFETs de multiplas porfa implementacdo de um
modelo tipo “charge-sheet” para o transistor SOISFET totalmente depletado e uma
modelagem deste dispositivo em altas frequéncrabdm € apresentada. A geometria
do “fin” é escalada para valores menores do quentiCcom uma espessura entre 10 e
20 nm. Um dos objetivos deste trabalho é a defindg@iparametros para o SOI-FInFET
gue o viabilizem para a tecnologia de 22 nm, comcomprimento efetivo de canal
menor do que 20 nm. O transistor FINFET e uma tesalwasica simplificada para
simulacdo numérica em 3D sé&o descritos, sendaaditis dados de tecnologias atuais
de fabricacdo. Sdo apresentados resultados deas@wouhumérica 3D (curvas-Vg,
Ib-Vp, etc.) evidenciando as principais caracteristieaincionamento do FinFET.

E analisada a influéncia da espessura e dopageiintie do comprimento fisico
do canal em parametros importantes como a tensabmi e a inclinacdo de
sublimiar. Sao consideradas e analisadas duasdpiosgles de dopagens da area ativa
do “fin”: (1) o caso em que esta pode ser consiferégio dopada, sendo baixissima a
probabilidade da presenca de dopantes ativos, ® (@)so de um alto niumero de
dopantes ativos (> 10 é provavel). Uma comparagée elois simuladores numeéricos
3D de dispositivos € realizada no intuito de exjalicdiferencas entre modelos de
simulacéo e caracteristicas de descricdo de estsudlD. S&0 apresentadas e analisadas
medidas em dispositivos FINFET experimentais. Doiétodos de extracdo de
resisténcia série parasita sdo utilizados em FisFBimulados e caracterizados
experimentalmente. Para finalizar, sdo resumidasiasipais conclusdes deste trabalho
e sado propostos os trabalhos futuros e novas wdigetna pesquisa dos transistores
FINFETSs.
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E.1 Introducéo

A tecnologia de Silicisobre-lsolante (SOI) (Colinge, 1991), com tramseg SOI-
MOSFET com porta Unica (SG) tem se tornado nomaiianos muito competitiva em
relacdo a tradicional tecnologia BULK (Flandre, 899999; Ifiiguez, 1996;
Ferreira, 1997). Transistores SOI-MOSFET com podizpla (DG) apresentam
desempenho superior aos de porta Unica (Doyle,; ZD@ihge, 2007; Kranti, 2007). Os
transistores SOI-FINFET (Lindert, 2001), também nchdos de transistores SOI-
MOSFET verticais, tem demostrado nos ultimos amasdg potencial para aplicacdes
que envolvam circuitos eletrénicos, em especiaudios analdgicos de baixa-tensdo
(Pei, 2002; Giacomini, 2007; Pavanello, 2007a-lariir 2004, 2007). A otimizacao de
parametros geometricos e de processo deste digpasiim ponto chave para aumentar
0 seu desempenho. A simulacao tridimensional (3Dyidpositivos € uma poderosa
ferramenta de estudo e analise e tem sido larganuitizada (Pei, 2002; Dixit, 2005;
Trivedi, 2005; Fossum, 2007; Zhao, 2008).

Um dos objetivos principais deste trabalho é ddatearmrum conjunto de parametros
geomeétricos e de processo para o SOI-FINFET quoeerh um candidato viavel para a
tecnologia de 22 nm. Sendo assim, um bom ententtimgsis caracteristicas deste
dispositivo e a influéncia destes parametros no semportamento elétrico é
fundamental. E objetivo também evidenciar a infaiéma espessura do “fin’sTe da
dopagem do “fin” N, em parametros importantes como a tensédo de livhjae a
inclinag&o de sublimiar S.

A natureza tridimensional (3D) do SOI-FInFET tomnaitilizacdo da simulacéo de
dispositivos em 3D uma necessidade. Assim, foindkdi uma estrutura 3D deste
dispositivo baseada em padrbes de tecnologia atigajsrocesso e geomeétricos e 0s
resultados de simulagédo séo apresentados e analiddddidas experimentais também
sao apresentadas e analisadas.

E.1.1 Tecnologia SOl CMOS

A tecnologia de Silicio-sobre-Isolante (SOI) (Cghn 1991) é mencionada na
primeira descricdo de um IGFET (Trasistor de Efd@dCampo com Porta Isolada) pelo
ano de 1926, mas infelizmente a tecnologia de en&@ofoi capaz de produzir um
dispositivo operacional sobre um substrato sold.primeira metade dos anos 60 os
transistores MOSFET (“metal-oxide-semiconductoldfieffect-transistor”) fabricados
em substratos de silicio tipo “Bulk” se tornararspdiniveis. Desde o inicio dos anos 80
a tecnologia CMOS (MOS Complementar) tem sido lidea induUstria de
microeletrénica mundial. A tecnologia SOI tem sdksenvolvida por mais de vinte
anos e circuitos comerciais ja estdo disponivessci@uitos integrados fabricados em
Bulk CMOS ainda representam a maioria da produgdostrial mundial, mas os
circuitos integrados em SOl CMOS vem ganhandorieremm aplicagbes comerciais.
As laminas SOI (ver Figure 2.1) podem ser prodwigar varias técnicas, sendo as
principais: SIMOX e “smart-cut”.

A tecnologia SOI tem varias vantagens em relac@imdicional Bulk, sendo as
principais: maior densidade de integracédo (ver feigh.2 e Figure 2.3); menores
capacitancias de fonte/dreno e melhores caraatessem altas-frequéncias; melhor
inclinacéo de sublimiar; e maior imunidade a rad@iac
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E.1.2 Transistores SOI-MOSFET

A estrutura basica de um transistor SOl nMOSFETIoétrada na Figure 2.4. Como
na tecnologia Bulk, possui quatro terminais: PO&j fonte (S), dreno (D) e substrato
ou “back” porta (Gb). O SGMOSFET se diferencia do Bulk-MOSFET pela presenca
do 6xido enterrado (“buried oxide”) que limita aofundidade dos implantes de
fonte/dreno. A profundidade das regides de foreak é determinada pela espessura
do filme de silicio 4, que ja sofreu reducdo de 10x na ultima décadgeedsta na faixa
dos 10 nm ou menos. O oxido enterrado também stdteeducdo e estd na faixa dos
25 nm. Desta forma, o terminal de substrato furecimalmente como uma segunda
porta. Estes dispositivos sdo chamados de UTBBJttwa*Thin-Body-and-Box”.

E.2 Nano-Transistores de Porta Dupla em Silicio Sobresblante -
Simulacao de FINFETs sub-20 nm

E.2.1 Modelamento do Transistor SOI-MOSFET em Alta-Frequécia

Foi desenvolvido um modelo numérico tipo “lencol dargas” (Brews, 1978;
Tsividis, 1994) para o transistor SOl nMOSFET toehte depletado, canal traseiro
(“back”) em deplecéo desde a fonte até o drenoo@eto € baseado na aproximacgéo de
canal gradual (ver Figure 3.4 e Figure 3.5). Commauelo basico s6 é valido para
canais longos, foram introduzidos efeitos de canmato tais como: saturacdo de
velocidade, modulagdo do comprimento efetivo doakam condugdo aumentada
induzida pelo dreno (DICE) ou como hoje é mais eesido, reducdo de barreira
induzida pelo dreno (DIBL). O modelo possui umadsdlbase fisica e necessita de
apenas alguns parametros de ajuste, tais como:ocalépico critico transversal.E
velocidade de saturacag,vmobilidade a baixo campaq, e tensbes de bandas planas
para os terminais das portas. Uma definicdo fordaaltensdo de limiar vnéao é
necessaria.

Foi desenvolvido um método de modelar o transiSlOt NMOSFET totalmente
depletado em alta-frequéncia (acima de GHz). O deéto baseado na subdivisdo do
canal (Tsividis, 1994), considerando o transistom@ sendo composto por sub-
transistores (Figure 3.18). O modelo numérico @ac¢bl de cargas” é entdo utilizado
para calcular os potenciais ao longo do canal estod parametros DC e AC dos sub-
transistores, que sdo combinados para formar unelmageral de parametros “y”,
equacoes (3.60) e (3.61), com todas as condutiddiastranscondutancias (16), valido
em alta-frequéncia. A subdivisdo da porta tambémokisiderada, uma vez que
resisténcias e capacitancias parasitas ao longomia se tornam importantes em alta-
frequéncia (Figure 3.20). Desta forma, é possigttregler a validade dos modelos
quase-estaticos para frequéncias onde eles naomserais aplicaveis. A analise de
canal distribuido e porta distribuida em conjurdmaim modelo sélido e de base fisica
se mostrou de grande valia na modelagem em afiaéreia do transistor SOI-
MOSFET. Os resultados obtidos com os modelos desadus foram comparados
com resultados experimentais e se mostraram bastatisfatorios (Figure 3.26). Esta
metodologia basica pode ser aplicada para MOSFHETS-porta, mas o modelo de
“lencol de cargas” deve ser modificado ou substdypor outro para incluir detalhes
importantes da fisica dos dispositivos multi-porta.
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E.2.2 Transistores MOSFET Multi-Porta

Os transistores MOSFET mufiorta (Figure 4.3) sdo considerados como pecas
chave para o continuo desenvolvimento das tecradd@MOS para atingir os objetivos
impostos pela industria dos semicondutores (Figudd. Os dispositivos FInNFET
(Figure 4.5) vem ganhando impulso nos ultimos amrso uma maneira de aliviar as
complexidades da manufatura de dispositivos CMOS “eltado-da-arte” para
tecnologias 22 nm até 10 nm.

Transistores FINFET sdo MOSFETs multi-porta comuastas verticais chamadas
de “finger” ou “fin” e podem ser produzidos em telogia SOI ou BULK (Figure 4.3).
O fluxo de processo para estes transistores (mlupéa ou tripla) € muito proximo
daquele utilizado para SOI-MOSFETs e as laminas fd2lem ser utilizadas. Os
transistores SOI-FINFET se beneficiam das qualsladiginsecas da tecnologia SOI,
mas € importante notar que Bulk-FinNFETs sdo umlideske e opcao concreta (Figure
4.10).

Tanto os transistores SOI-FINFET como os Bulk-FihEpresentam uma melhor
possibilidade de reducdo de dimensbes (preservasdmracteristicas principais) do
que os transistores planares MOSFETs e tém vargagdesvantagens um em relacéo
ao outro (Chiarella, 2009; Poljak, 2009). SOI-FifiBHeriam vantagens em circuitos
analégicos em termos de ganho de tensdo e descaeasegundo (Chiarella, 2009).
Por outro lado, os Bulk-FInNFETs tem vantagens ermds do custo das laminas,
transferéncia de calor do canal e compatibilidaden dispositivos planares Bulk
CMOS.

Recentemente uma outra opcdo se tornou viavel cm@ueeira de melhorar o
compromisso complexidade-desempenho e compatithdidasto. A utilizacdo de
dispositivos SOI totalmente depletados com UltraaBody-and-Box (ou UTBB -
Figure 4.11) tem tornado a tecnologia SOI plananmetitiva com os SOI-FINFETs e os
Bulk-FInFETs (Lammers, 2011; Skotnicki, 2011).

E.2.3 Simulagéo do Transistor SOI-FINFET Porta Dupla

Foi definida uma estrutura 3D do transistor nmos-BOFET porta dupla (Chau,
2002) baseada em padrdes atuais de processo etgeosad-sta estrutura foi chamada
de “Structure-I" (Figure 5.2 e Figure 5.3). Foratiizados perfis gaussianos para dopar
as extensodes de fonte/dreno e um “fin” dopado (EigLb e Figure 5.6). Nesta etapa foi
utilizado o simulador Davinci.

A “Structure-I” foi utilizada como referéncia naipeira parte das simulagdes onde
o comprimento do canal foi mantido dE 1 um). Foi verificada a influéncia da
variacdo da espessura do “fin;{Tentre 20 e 200 nm) e da dopagem do “fir; Nas
caracteristicas I-V do SOI-FINFET bem como na ter&limiar \+ e na inclinacédo de
sublimiar S (Figuras 5.8 a 5.14).

Foi definida uma segunda estrutura 3D chamada ttect8re-11” (Figure 5.15 e
Figure 5.16) que incorporou refinamentos visandsinaulacdo de comprimentos de
canal ultra curtos (.entre 20 e 1000 nm) ef.f de 15 e 20 nm. Foi verificada a
influéncia da variacdo degl-Tsin € Nin Nas caracteristicas |-V do SOI-FInFET, em V
S e no DIBL (Figuras 5.17 a 5.29).
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Uma terceira estrutura foi definida, “Structuhé (Figure 5.30 e Figure 5.31), que
incorporou refinamentos nas extensdes de fontaddfeovo contato) e no é6xido de
porta (tipo “high-K”). Foi utilizado um “fin” ndo abado e §, de 10 e 15 nm @¢.entre
20 e 1000 nm). Nesta parte das simulacbes tambémaefdicada a influéncia da
variacdo de t e Ty, nas caracteristicas |-V do SOI-FInFET, em % e no DIBL
(Figuras 5.32 a 5.56).

Uma nova etapa de simulacdes utilizou o simuladmteirus. Foram comparados
resultados obtidos com o simulador Davinci e difege tipos de modelos aplicados.
Algumas variacbes de geometria e dopagem foranodimtidas, mas a estrutura
utilizada foi basicamente a “Structure-II” (Figuseb7). Foram utilizados d-de 50 e
1000 nm e {, de 20 nm.

Primeiro foram comparadas simula¢des para variafelos, uma estrutura de porta
tripla e um modelo quéantico. Depois foram compasaglmulacdes para trés dopagens
diferentes nas extensdes de fonte/dreno. Finalmieméan comparadas simulagdes para
uma reducdo emgly € para uma variacdo em um parametro de contraheotiédidade
(Figuras 5.61 a 5.80).

Foi implementado um método de extracdo das resiageparasitas de fonte/dreno e
aplicado nos resultados de simulagéo (Figure Eiglye 5.87).

Uma etapa final de simulacdo comparou diversasdsrde dopagem nas extensdes
de fonte/dreno variando o angulo do implante (FeduBle Figuras 5.82 a 5.87).

E.2.4 Medidas em Transistores SOI-FIinFET

Foram realizadas medidas experimentais em transsst8OI-FinFETs fabricados
nos laboratérios do IMEC (Interuniversity Microgi@mics Center), na Bélgica, para
dois tipos de processo: “Processo de Referénci®@recesso de Alta Dopagem”. A
diferenca entre os dois processos esta somentenandlopagem adicional de LDD que
é realizada no “Processo de Alta dopagem”.

Os transistores medidos tem cinco (5) “fin” em foa L entre 45 nm e 10 um e
Tin de 5, 10 15 e 20 nm (Figure 6.1).

Foram utilizadas as facilidades de medida dos laboos do IMEC (Figuras D.1 a
D.11), que gentilmente concordou com a sua utdiaagsendo um HP4156 (analisador
de parametros de semicondutores) e uma estacam\e (Buss Wafer Prober PB300)
com microponteiras de teste.

Todas as medidas foram realizadas no modo forcseom prévio teste de
resisténcia de contato (menor qu@)2 Para cada transistor SOI-FINFET medido foram
levantadas as curvag-V¢ para \ entre 0 e 1 V, na zona linearg¥ 50 e 100 mV), e
na zona de saturacédo comp(¥ 1 V); b-Vp para\bentre0Oe 1V, ¥entreOe 1 V.

Foi verificada a influéncia da variacao de & Tq, nas caracteristicas I-V dos SOI-
FINFETs, em V¥, S e no DIBL (Figuras 6.3 a 6.14). O método immatado para a
extracdo das resisténcias parasitas de fonte/doeaplicado as medidas experimentais
(Table 6.1 e Table 6.2).
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E.3 Conclusdes e Trabalhos Futuros

A tecnologia de Siliciksobre-Isolante (SOI) se mostra atualmente muitopatitiva
em relacdo a tradicional tecnologia BULK. TransissoSOI-MOSFET com porta Unica,
porta dupla ou porta mdaltipla (multi-porta) aprdsem desempenho superior aos
tradicionais transistores BULK MOSFET.

Foi apresentada uma visao geral da tecnologia S@dsetransistores MOSFET
multi-porta juntamente com a descri¢cdo e impleng&aale um modelo tipo “lencol de
cargas” para o transistor SOl nMOSFET totalmenptedado, e um modelamento deste
dispositivo em alta-frequéncia (acima de GHz). Alise de canal distribuido e porta
distribuida em conjunto com um modelo sdlido e dsebfisica se mostrou de grande
valia na modelagem em alta-frequéncia do trans®&@irMOSFET.

O transistor SOI-FINFET tem grande potencial papiicacbes que envolvam
circuitos eletronicos e tem sido objeto de pesgu&a longo dos anos para resolver
diversos desafios tecnologicos em relacéo a otgazae parametros geometricos e de
processo deste dispositivo.

Este trabalho visou determinar um conjunto de pat@®s geomeétricos e de
processo para o SOI-FINFET que o tornassem umaatodviavel para a tecnologia de
22nm e abaixo. Sendo assim, um bom entendimengo cda@acteristicas deste
dispositivo e a influéncia destes parametros no semportamento elétrico é
fundamental. A natureza tridimensional (3D) do $FOIFET torna a utilizacdo da
simulag&o de dispositivos em 3D uma necessidade.

Foram apresentadas as caracteristicas basicas 8®uRFINFET de porta dupla e os
resultados e andlise de simulacdo de dispositiwn8[®. Foi demonstrada a influéncia
da espessura;J e da dopagem do “fin” §§ na tenséo de limiarVe na inclinacdo de
sublimiar S. Também foi demonstrada a influénciauahe“fin” parcialmente depletado
(PD) e totalmente depletado (FD) nas caractergstioaSOI-FIinFET.

Os efeitos de flutuagbes randomicas de dopantesnsi@o importantes e podem
tornar dopagens na ordem de'18 13® cm® ndo apropriadas para uso em FinFETs
com Ti, abaixo de 20 nm edescalado agressivamente abaixo de 20 nm. O “fin” na
dopado, ou com dopagem tipica na ordem de “xt0°, é o mais pratico para ser
utilizado no transistores FINFET uma vez que dépende primeiramente da funcéo
trabalho da porta e da espessura do “fin”. Alénsaligproblemas randémicos de
dopagem e “efeitos de canto” podem ser desprezadasn “fin” ndo dopado.

O impacto da variacdo dei,] de Ni, e de Ig em Vr e S foi investigada por
simulacdo de dispositivos em 3D e por medidas éxpetais. A degradacdo das
caracteristicas dos transistores FInNFET para comeptios de porta abaixo de 50 nm
(Tin=20 nm) é claramente notada e o dispositivo cagre RO nm (T, =20 nm)
demonstrou caracteristicas pobres e necessidaderdederavel aprimoramento. As
simulag@es indicaram que a degradacéo das castictesipara & abaixo de 50 nm é
amenizada na regido de sublimiar com a reducagdeer20 para 10 nm e o uso de um
material isolante de porta tipo “high-k”.

Nesta tese foi apresentada uma comparacdo entreimagadores Davinci e
Sentaurus. Foi obtida uma boa concordancia naaetgasublimiar para as estruturas
FINFET com os mesmos perfis de dopagem, uma venegta regido a diferenca entre
modelos utilizados ndo é muito sentida. Entretaai® regides de inversdao moderada e
forte, as simulagbes Davinci superestimargmHequenas diferencas foram notadas
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entre simulacdes Sentaurus, especialmente no easstrdituras FINFET de canal longo
e quando um modelo de quantizagao foi utilizado. rdethor conjunto de parametros
de ajuste € necessario no caso do modelo hidrodinam

Um ponto importante verificado foi que a porta olgat de uma estrutura FINFET de
tripla porta contribui com apenas 5% paacbnsiderandse uma relacaoi Trin de 3.
Fica evidente a superestimacdo genas estruturas FINFET no caso das simulagbes
feitas com Davinci quando se compara com as siraglé&itas com Sentaurus e com
diferentes perfis de dopagem. Para canais longesmm nas estruturas com a maior
dopagem nas extensdes de fonte/dreno, foi obtidgaaamented aproximadamente 6%
menor.

A reducédo de 33% (de 150 a 100 nm) Haxproduziu um efeito minimo em has
simulacbes feitas com Sentaurus, enquanto que grenmi@nto na degradagédo de
mobilidade causou 14% de reducao em |

Esta tese apresentou uma estimativa para as nessst@arasitas de fonte/dreno a
partir de resultados de simulacdo e medidas edétream transistores FINFET. As
extensdes de fonte/dreno do “fin” devem ser cuidad®nte modeladas uma vez que
sdo fundamentais nas caracteristicas |-V dos dispms O controle e reducdo das
resisténcias parasitas de fonte/dreno sdo um grdesf® na tecnologia dos FINFETs
manometricos.

A otimizacdo de parametros geométricos e de procg®s um ponto chave para
melhorar o desempenho dos transistores SOI-FinkE& p projeto e fabricacdo de
circuitos, em particular para aplicagfes de bagxesdo. Os métodos de implantacdo das
extensdes de fonte/dreno sdo de grande importarecitecnologia dos transistores
FINFET multi-porta. Neste trabalho foi mostradm#uiéncia da utilizagdo de diferentes
angulos de implantacdo nas extensfes de fonte/dreaocimpacto nos parametros
parasitas.

Trés aspectos principais geralmente definem a odigdio necesséria dos transistores
FINFETs: (1) O controle e reducdo das resistérszaig parasitas de fonte/dreno, que
requerem silicetacdo das extensdes de fonte/desrymnharia de dopagem e possivel
crescimento epitaxial das regifes de fonte/dreRpa(reducéo de.tabaixo de 1 nm
(ou EOT abaixo de 1 nm) de forma a tornar o FinRET candidato viavel para a
tecnologia de 22 nm, e (3)nI'na faixa de 8 a 15 nm. As caracteristicas dosEASF
nestes regimes sdo dominadas por efeitos quantisosomo tunelamento pelo 6xido
de porta, efeitos de quantizacdo no comprimentoomiga do elétron, efeitos de
flutuacbes randbmicas de dopantes/defeitos; efa@l®sugosidade e geometria no
processo de definicdo do “fin”. Estes sdo os efegioe devem ser melhor investigados
para aprimorar as caracteristicas elétricas dditpssitivos.

Trabalhos futuros sugeridos para explorar a otigdi@aados transistores FINFETS
sub-20 nm:

e uso dos simuladores Sentaurus (Synopsys) e ISE-TEAIds resultados
deste trabalho para comparar com simuladores maslede transporte
estatistico quantico baseados em modelos fisicos;

e otimizar o transistor FINFET (ndo dopado) para camgntos fisicos de
porta na faixa dos 10 a 20 nm e espessuras derfdiffidixa dos 8 a 15 nm;
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considerar no método de extracdo de parametrodalagdo pela tensdo de
porta do comprimento efetivo de porta e das res&dé série parasitas;

considerar apropriadamente o efeito de confinamegt@ntico nas
caracteristicasV do transistor FinFET;

uso de um modelo elétrico preditivo para FinFEExteacdo dos parametros
elétricos para simulacéo de circuitos com FinFETS;

modelar o comportamento de associacfes TAT pas&délée com FinFETS;

uso de um modelo elétrico preditivo e de assoc&eadd®l paralelas/série
com FIinFETs para simular circuitos analdgicos (p.exn estagio
amplificador);

considerar efeitos de flutuacbes randémicas derdep@aefeitos e aspectos
de variabilidade em FinFETS.
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