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Abstract

ABSTRACT

Vertically-stacked silicon nanowire MOSFETs (SNWTwgre experimentally
investigated as one of the possible solutions toese both high speed, low power
consumption in combination with high integration pahilities for future LSI
applications. To evaluate the potentials, analymt ienprove the performance of these
devices, source/drain series resistance for thmkrce/drain region were studied.
Carrier transport mechanisms and the controllgbildf threshold voltage for
vertically-stacked SNWTs with separated gates \atse investigated.

The influence of in situ doped SEG source/drain was examined for
vertically-stacked channel MOSFETSs. A large enharerd, by a factor of 2 in the drive
current, was obtained whém situ doped SEG process was adopted. Detailed parameter
extraction from the electrical measurements shotliedRsp values can be reduced by
90 and 75% fon- andp-FETs, respectively, when in situ doped SEG isfoeaed by
adding ion implantation. On the other hand, by cmmnlg the ion implantation to SEG
process, Y roll-off characteristics and the effective mobilibehavior are slightly
degraded. Mobility analysis revealed an increas¢hén Coulomb scattering withg
scaling, indicating the diffusion of dopant atomeoni S/D regions. Further
improvements in the performance can be sought dynging the S/D activation
annealing step.

In order to enhance the performance of the vdiistacked nanowire
MOSFETSs, the carrier transport limiting componecasised by short channel effects
were assessed. The optimization of drive currefltdhawve to take into account specific
effects to vertically-stacked SNWTs. In particuldre use of SiGe sacrificial layer to
make vertically-stacked channels cause large ntplikgradation due to the surface
roughness, resulted from the damage of plasma ngichihis leads to the poor
ballisticity in the short channel SNWTs. Hydrogennealing was shown to be
advantageous for improving the surface-roughnesgeld mobility. Charge pumping
measurements, however, revealed that circular-sh&)WTs, which are formed by

annealing, have a higher interface trap dendiXy) than rectangular ones, leading to
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low-field mobility degradation. This highDy; could be caused by the
continuously-varying surface orientation. The réagl additional coulomb scattering
could partly explain the quite low mobility in 5 ndiameter SNWTSs together with the
already known transport limitations in NWs.

In addition, the vertically-stacked SNWTs with ip@g@dent gates by internal
spacers between the nanowires to control thresholhge (namedb-FETS), were
evaluated®-FETs demonstrated excellewi controllability due to inter-gate coupling
effects. Numerical simulations to optimize-FETs structures show that when the
spacer width is reduced, the DIBL value can be tedéy a factor of 2 compared to
independent-gate FINFETs with the same silicontwid@ihe superior scaling @f-FETs
with narrow spacer results from a better electtastontrol which also attenuates the
inter-gate coupling.

Overall it was shown that using vertical stack &inee can increase the drive
current density while allowing for better threshalditage controllability. As for the
performance benchmark, nanowires with a diameted®fnm, showed the most
acceptable balance between mobility, short chagifiett. However, to further improve
the device performance, process induced surfaceaganof nanowires must be

mitigated.
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CHAPTER 1

INTRODUCTION- MOSFET SCALING —

Silicon-based large-scale integrated circuits (L8&e been rapidly developed in
the past 40 years with an unprecedented growtheo§¢miconductor industry, bringing
an enormous impact on the way people work and liVes evolution is owed to the
continued downsizing of Metal-Oxide-Silicon Fieldf&ct-Transistors (MOSFETS).
Recently, however, the conventional miniaturizatias caused various problems such
as threshold voltage roll-off, subthreshold leakagte leakage, etc.

In this chapter, firstly, the conventional scalimgthod and the basic operation of
MOSFET are described. Then the specific featureshairt-channel MOSFETs are
considered. The latter half of this chapter covbesproposed solutions and challenges

to continue the scaling toward purpose of thisithes
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1.1 MOSFET DOWNSIZING

Since the invention of the CMOS (complementary M@S)963, for which both
n-channel andp-channel transistors are constructed simultaneousiythe same
substrate, the number of devices on a chip hasased thanks to MOSFET downsizing
in accordance with Moore’s Law. The latter was jmsigm by Gordon E. Moore in 1965
[1.1]. His prediction states that the number ohsiators per chip will double about
every two years. That has happened fairly regulaplyo now as shown in Figure 1.1
(@) [1.2]. In addition, the average transistor @ri@as decreased markedly over the past
four decades (Figure 1.1 (b)) [1.3]. Increasingdrstor budgets and decreasing average
price per transistor opened up the possibility fagh-speed designs that were not
technologically or economically feasible beforegiifie 1.1 (c)) [1.2]. The speed
improvements have been achieved by MOSFET scalmghis section, the basic

MOSFET operation principle and the scaling ruledescribed.
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Figure 1.1 (a) Number of transistors in Intel's microprocessthips, (b) Average

transistor price by yeatr, (c) Clock speed of listefiicroprocessor [1.2, 1.3].
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1.1.1 Basic CMOS Operation

A schematic three-dimensional illustration of comvenal CMOS transistors of
the year early 2000 or earlier, consisting of athannel MOSFET (nMOSFET) and a
p-channel MOSFET (pMOSFET) integrated on the sahig, ¢s shown in Figure 1.2.
The MOSFET is a four-terminal device weagate source drain andsubstrateor body
are the considered electrodes. The nMOSFET cordist-type silicon (Si) substrate
for which n+ regions, the source and the drain,fanmed (e.g., by ion implantation).
The gate electrode is usually made of heavily dopelysilicon (poly-Si) and is
insulated from the substrate by a thin silicon ddex(SiQ) films, the gate oxide. The
SiO, film is usually formed by a thermal oxidation bktsilicon substrate. The surface
region under the gate oxide between the sourcetl@mdirain is called thehannel
region and is critical for current conduction iM®SFET. One of the main reasons for
the successfull development of the MOSFET technoleghe nature of the Sp3ilm
which is stable thermally and with a high qualityerface with the Si channel. To
obtain a low resistive contact, metal silicideasmied on the polysilicon gate as well as
on the source and the drain diffusion regions. ASFET is surrounded by a thick
oxide called the field oxide to isolate it from thdjacent devices. The key physical
parameters are the gate lendth)( the gate widthW), the source/drain junction depth

(%), the gate oxide thicknesis,§, and the channel dopant atoms concentratignNg).
nMOSFET PMOSFET

Shallow-
Trench
Isolation

\ n-well

p-type substrate

Figure 1.2 Three-dimensional view of a basic CMOS structuggis\the gate voltage,
Vs is the source voltage,pMs the drain voltage, &.is the gate lengthytis the gate
oxide thickness, {is the accepter impurity densityy i the donor impurity density; x

is the junction depth
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B Drain—Source Current Model

In a MOSFET device, an inversion charge layer atsihcon—gate oxide interface
acts as a conducting channel. For example, forllaiddOSFET, the substrate will be
made inp-type silicon and the inversion charge will consi$telectrons that form a
conducting channel between thé source and drain regions. The onset of the strong
inversion regime is defined in terms of a threshaltlage ¥+) being applied to the gate
electrode relative to the other terminals. Depemdam the gate voltageV§) and
source—drain voltagé/ps), a MOSFET can be biased in one of the three nsgilnear

region, saturation region, and subthreshold regisrshown in Figure 1.3.

g N ' Vps=(Ve-V7)/im
> : 4
(¢ 1
(@] 1
8 ! ) e
g Sub- : ?eat;:)rr?tlon /,
c threshold | 9 R4
_g region i o
é ! o Lingar
= ! region
o I
(7] e S
0 Vi
Gate Voltage Vg

Figure 1.3 The three operating regions of a MOSFET operatiothe \4s—V; plane
[1.4].

In the following, the drain—source currefdd) model for long-channel MOSFETs
is described. One key assumption is tip@dual—-channel approximationwhich
assumes that the transverse electric field in thaneel in much larger than the

longitudinal field, that is one-dimensional. Thikas us to expresiys as [1.4]
W' (Vos
los = Uers L_-[O (-Q(V)av, (1.2)
G

where L& IS the carriers effective mobility an@, is the inversion charge per unit of
channel area. The drain—source current based ogréldeial-channel approximation is
valid for most of the/ps regions except beyond saturation voltagge.{). BeyondVpsas

Ips Stays constant at a saturation valigg,{, independent o¥ps. In addition, the use of
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thecharge-sheet modelvhich assumes that the inversion layer is a &ahget as zero
thickness, allows us to simply express the in eachVps region as the following
equations:

I ps = ;zeﬁcoxl_ﬂ(\/G =V )Vos for Vps <V —V; (linear region) (1.2)

G

ﬂ Vs _VT)2

2 ) for Vps >V, (saturation region) (1.3)
m
G

l Dsat = :ueff ox

where Cox (= &xltox) IS the gate oxide capacitance per argg,is the gate oxide
permittivity, m is the body-effect coefficient related to dopirancentration and oxide
thickness.

When the gate bias is below the threshold voltag® tae semiconductor is in
weak inversion or depletion, the correspondingrdaairrent is called the subthreshold
current. The subthreshold region tells how shathby current drops with gate bias.
Figure 1.4 shows schematiss —Vs curves of nMOSFETdYps at Vs = 0 andVps = Vpp
Is equivalent to the off-state currebhddg), while Ips atVe = Vps = Vpp is equivalent the
on-state currentddy). Here,Vpp is the power-supply voltage. The transition froneo
state to another defines thg of the MOSFET. In Figure 1.4 (dhs on a linear scale
appears to approach zero immediately below thesliotd voltage. On a logarithmic
scale, however, it is seen that the descenidiggemains at significant levels for several
tenths of a volt below+ (Figure 1.4 (b)).

(a) (b)
< OFF state > <—— ON state —> < OFF state > <—— ON state —>
. | |
@ v loN o v ON
F: g | :8 9 ; |
1< : ) :
o | = |
5 ! 3 !
© | c |
£ ! S !
s : 8 :
R '
0 VT VDD O VT VDD
Gate Voltage Vg Gate Voltage V

Figure 1.4 Typical bs—Vs characteristics of an nMOSFET at high drain vokagThe

same current is plotted on both linear scale (ag &sgarithmic scale (b).
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In general, the current density in a semiconductor be expressed by the sum of
the drift current density and the diffusion curtdntweek inversion and depletion mode,
however, electron charge is small and thus, the arirent is low. The drain current is
dominated by diffusion. Therefore, the inversiomrgfe densityNny) does not drop to
zero abruptly. One can write the subthreshold atifte,ny) a function ofVg as

2
| e = ,ueﬁCOXLﬂ(m—l)(k—qu giVe™ /M (1 — g™%s/XT)  (subthreshold region), (1.4)

G

where( is electronic chargek is the Boltzmann constant, afidis temperature. The

subthreshold current is independent of the draitage oncevps is larger than a few

kT/g, as would be expected for a diffusion-dominatedesu transport. The current
dependence with the gate voltage, on the other,harekponential. The subthreshold
behaviors are primarily determined by fabricatiechnology considerations. The
parameter to quantify how sharply the MOSFET is¢dr off by the gate voltage is
called the subthreshold swin§9, defined as the gate-voltage change needed tweénd
a drain-current change of one order of magnituthe.SSthus can be written as

SS= % =|n(1o)£ 1+% , (1.5)
dV, q C

(02,8

whereCyn is the maximum depletion-layer capacitance pea.are

B CMOS Inverter

The most basic component of digital static CMOSuits is a CMOS inverter,
which is composed by an nMOSFET and a pMOSFET awshn Figure 1.5 (a). The
source terminal of the nMOSFET is grounded, while bne of the pMOSFET is
connected td/pp. The gates of the two MOSFETSs are connected asplue node, and
the drains are connected as the output node. Kgran Figure 1.5 is a lumped load
capacitance of the output node (including the augapacitanceC,,; of the switching
inverter, the input capacitan€&, of the next stage or stages it drives, and thegvir
capacitanc&€,i.). The current through the pMOSFEIF & 0) flows fromVpp into the
output node and tends to charge up the node vaiteggrdVpp (i.e., pull-up), while the
current through the nMOSFET\(> 0) flows out of the output node into the growmdi



Introduction — MOSFET Scaling —

tends to discharge the node voltage to zero fiwdlsdown) as shown in Figure 1.5 (b)
and (c). In such a system, the complementary nature and pMOSFETSs allows one
and only one MOSFET to conducting in one of the stable states. Since only one of
the MOSFETs is “on” in the steady state, thereitike Istatic current or static power
dissipation. In principle, the power dissipatiorcas only during switching transients

when a charging or discharging current is flowihgtigh the circuit [1.4].

(@ Voo (®) Voo ©
PMOS s PMOS
4GC“:D #E\LIP o
In out Vi, Voo  Vin Vout
0— o— ! Oo— ‘
NMOS | o NMOS
R ILL ILL {1 ILL

Figure 1.5 (a) Circuit diagram of CMOS inverter. (b) Charge darfc) discharge

equivalent circuits.

1.1.2 MOSFET Scaling

A CMOS technology performance is basically evaldaly three indexes: its
switching speedhower consumptigrandintegration densityThese indexes have been
successfully increased in the past 40 years. Toigress has been achieved on the basis
of MOSFET scaling rule. As the channel length dases, the depletion widtiW\)
arround the source and drain becomes comparakie tchannel length. This will cause
high short-channel effects (as described in dei@ilSection 1.2). Because the
short-channel effects complicate device operatinod degrade device performance,
these effects should be minimized so that a phlyshoart-channel device can preserve
the electrical long-channel behavior. The mostlidsealing rule to avoid the
short-channel effects is simply to reduce propodlly all device dimensions (both

horizontal and vertical), the operating voltaged mincrease channel doping level by
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the same factors(> 1) as shown in Figure 1.6, so that the elediatd remains

unchanged and the depletion width of the sourcednanh is reduced. This scaling is
called “constant-field scaling” proposed by R. Darthin 1974 [1.5]. The scaling rule is
summarized in Table 1.1. In the scaled MOSFETscthreent equations (1.2, 1.3) can

be rewritten as

= flog fofox WK (V Vi rnVDS/ZJ(\/DS = los (linear region) (1.6)
(t.,/x) Lg/x K K
1o = gty — 0o Wik [V —Vr j J2m=los (saturation region) (1.7)
(t,/x) Lg/x K K

Since the current is reduced by the fadctpthe channel current per unit of channel
width is unchanged by scaling. This is consisteitth the same sheet density of carriers
moving at the same velocity. As a result, the dwitg speed, the power consumption,

and the integration density are improved by faofor, 1/«%, and&?, respectively.

Original device

"%_ Scaled device
W/ Kk
J\l/ gate \l/ /_VDD i@[vonlk

n* n* i PR N
source drain ; - _|, N
_______ LIk

doping &N,

p substrate, doping N,

Figure 1.6 Principles of MOSFET constant-electric-field scalin

In reality, partly because of the unwillingnessdepart from the standardized
voltage levels of the previous generation, the pesupply voltage was seldom scaled
in proportion to channel length. Even though camistizld scaling provides a basic
guideline to the design of scaled MOSFETSs, theireqent of reducing the voltage by
the same factor as the device physical dimensiotoashard. Moreover, there are
several factors that scale neither with the physlamensions nor with the operating
voltage. The primary reason for the nonscalingotsfehat neither the thermal voltage

(Vinermal = KT/0) nor the silicon band gapE{) changes with scaling. Because of the
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exponential dependence of subthreshold currenttfeeequation (1.4)), the threshold
voltage cannot be scaled down significantly withcauising a substantial increase in the
off-current. In fact, even if the threshold voltageheld unchanged, the off-current per
device still increases by a factor(from theC,y factor) when the physical dimensions
are scaled down by. Note that thesSfactor remains essentially the same si8&as
proportional to 1€4,/Cox (see the equation (1.5)) and both capacitancescated up
by the same factok. In addition, the process difficulties for aggiesl scaled
MOSFETSs also limit the scaling. With the practitialitations, other scaling rules have
been proposed, including constant-voltage scalimd) generalized scaling [1.4]. This
allows the various device parameters to be adjustdzbendently as long as the overall
behavior is preserved. These nonideal factors,whiicder constant-field scaling, result
in some form of a penalty as shown in Table 1.heemlly power consumption.
Therefore, it is important to understand how fagtmifect the performance of a CMOS

LSI chip in order to obtain an optimized devicaisture.

Table 1.1 Constant-field scaling and generalized scaling oOSFET device and

circuit parameters [1.4].

Device and Circuit Parameters Multiplicative Factor k>1)
Constant- Generalized Scaling
field Scaling
Scaling Device dimensiong{, L, W, ¥ 1/k 1/k
assumptions Doping concentrationi,, N,) K oK
Voltage {) 1/k o/K
Long Ch. Vel. Sat.
Electric field E) 1 o
Derived scaling | carrier velocity ) 1 a 1
zgci"xor of Depletion-layer width\(v,) 1/k 1/k
parameters Capac-itanceQ=£A/t) . 1/k 1/k
Inversion/layer charge densit@®] 1 o
Current, drift () 1/k a?/k o/k
Circuit delay time ~CV/I) 1/k 1/ak 1/k
Derived scaling Power dissipation per circuiP-VI) 1/k2 adk? 02/k2
behavior of Power/delay product per circulf) 1/k8 a?/k3
circuit Circuit density ¢<1/A) K2 K2
parameters Power densityR/A) 1 o3

10
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1.1.3 CMOS Performance Indexes

The need for low power devices was a major drivilogce behind the
development of CMOS technologies. As a result, CMi®@ces are best known for low
power consumption due to the unique characteradticery low standby power. This
enables higher integration levels and makes thenetthnology of choice for most LSI
applications. However, continuing aggressive sgabh MOSFETs and the resulting
circuit density growth lead inevitably to a furtheicrease of power consumption of
CMOS integrated circuits recently. Therefore, fptimizing the performance, simply
knowing that CMOS devices may use less power tlaivalent devices from other
technologies does not help much. It is necessamderstand the relationship between
switching characteristics, integration density, apdwer dissipation in terms of
MOSFET dimensions.

B Switching Characteristics

A realistic benchmarking of the switching delay €@MOS circuits is essential to
quantify technology requirements in order to caminits historical scaling trend. In the
research stage, it is important to establish tmmection of the device-level targets with
circuit-level performance. In 1995, M. Bohr hasgsed a MOSFET speed metric as
an approximated gate delay [1.6]. This metric agsumn transistor circuit as shown in
Figure 1.7. This circuit can beasily imagined from Figure 1.5 (b) or (c). Trabt®isA
and B are identical. The gate delay is definedhastiime it takes node C to make a
voltage swing equal t¥pp. The only capacitance on node C is the gate capmaeCgs
of transistor B, which is defined as gate area dig@e oxide capacitance per unit area
(Cox). It is important to note that physical gate ldénigt as opposed to electrical channel
length Less is used to calculat€s becausd. g will include both channel and overlap
capacitance. The on-state drive currks of transistor A charges or discharges this
capacitor. The gate delay can thus be approxintatede equation:

:ﬁ_ (1.8)

T
ION

Historically, this expression (1.8) has been widebed as a benchmark of the
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MOSFET speed [1.7]. This is because one can eqsdntify the relative performance
without fabricating a circuit. The only informatioreeded from a MOSFET to estimate
its CV/I gate delay i%pp, L, lon, andCoyx. The equation (1.8) can be rewritten by using
the equation (1.3):

(CoWLg) XV 2m Vo,

a :(Leff +2L0v)Leff @ !
C W (Vo —V4) Hest Voo —V5)

I 2m

(1.9)

luef'f

whereL,, is the gate overlap length and the powea @l < a < 2) indicates the degree

of velocity saturation in short-channel MOSFETs.sltclear that the gate delay is
strongly depends on the gate length. This is aoretisatl oy enhancement as a function
of the gate length is often used as a metric of QIHET speed. Note that this gate
delay is independent on the gate width because@gtndloy are linearly proportional

to the gate width.

Transistor A Node C Transistor B
Vpp 10 0
0to Vpp
e I e B
CeTr

Figure 1.7 CV/I performance metric [1.6].

However, in actual CMOS circuits, the load capaa&is not so simple. The
difference between the geometrical dependenceaabf eapacitance source leads to the
gate delay estimation error. Here we discuss agcefif the gate width independent
components. When the gate capacitance in the equéiti8) is replaced by a lumped
load capacitanc€,, the equivalent circuit can be modified as showfigure 1.8. The
load capacitance can be separated into three m@joponents.

1. The output capacitandg, that results from the drain diffusion of the dngi
transistor A.

2. The input capacitancgj, that is the gate capacitance of the transistoeiBgo

12
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driven by the transistor A, including the intringiod the overlap components.

3. The wiring capacitanc€,;. that results from interconnects to the gates being

driven.

Transistor A Transistor B

} }
—_, 1L =L

Figure 1.8 Equivalent circuit with wiring capacitance.

In general, the output of a transistor may driveranthan one stage. In that case, the
fan-outFO is 2, 3, ..., which means that each inverter in¢hain is driving 2, 3, ...
stages in parallel. The lumped load capacita@ceaus can be written by

C =C,,+C,.+tC, xFO. (2.9)
Here Cyt andCi, are linearly proportional to the gate width, whilgy. is independent
on that. The gate delay of the equation (1.8) tanbe rewritten by the equation (1.9):
C, Vg, _ (C +C,, X FO) XV

ION ION

= out + Cwire

— (Cout + Cin X FO) ><VDD + Cwire ><VDD

ION ION

— CL (\N) ><VDD + Cwire ><VDD

ION ION

, (1.10)

whereC, (W) is the gate width dependent capacitance, whickistsof the p-n junction
capacitance and the gate capacitance includingnthesic and overlap components.
Since bothC (W) and oy are linearly proportional to the gate width, thetegwidth
effect is canceled out in the first term. On thkeothand, the second term depends on

the gate width. As the gate width increases, th@yddecreases. However, the reduction

13
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in the delay must be traded off against the in@easea (and power) when the width is

increased.

Moreover, accuracy of theéV/lI metric in approximating delay time is degraded as
device scaling progresses [1.8-1.11]. The probldnthe CV/I metric is that the
MOSFETSs in a real CMOS logic gate chain usuallyndboperate at the bias poiMgg
= Vps = Vpp) Which giveslon because an inverter is driven by output from avipres
stage whose waveform has a finite rise or fall tamsociated with it as shown in Figure
1.9. The peak current is typically 80-90% of maximan-currentioy at Vg = Vps =
Vpp. The exact percentage depends on the detailededparameters such as mobility,
velocity saturation, short-channel effects and eseriesistance. In particular, the
contribution of drain—induced barrier lowering (Bdue to the short-channel effects
has been pointed out as shown in Figure 1.9 (B-111]. The difference dbs—Vbs
curves between with and without a degraded DIBLultssin different bias-point
trajectories during switching. Thoudby is kept at the same level, the inverter chain
built by devices with the degraded DIBL switchesadbwer speed. To evaluate of the
delay of a short-channel MOSFET, it is importantémsider both the current level and

the DIBL.

same |y
Ibs N (V6=Vos=Vop)

INPUT % s ouTPUT

’  Voltage [V]

Switching
c Trajectory

>Vios

N = = Y, Voo

Figure 1.9 (a) Operation of a CMOS inverter in inverter chafh) Iprs-Vps curve and
trajectories with and without a degraded DIBL faVi®@SFET [1.11].

14



Introduction — MOSFET Scaling —

B Integration density

Integration density means that what number of MORHE fabricated on a chip.
As shown in Figure 1.1 (a), the number has beemaliaally increased in the last forty
years thanks to MOSFET area down-scaling. Figut® $hows a sample layout of a
CMOS inverter based on lambda-based design ruleb]1 The lambda unit is fixed to
half of the minimum available lithography of thecheaology, typically the minimum
gate length (k=2A). The layout clearly shows that the source/drativa area occupies
a large area in a MOSFET, which is determined leysthurce/drain length and the gate
width. The former is limited by the feature sizetb& process technology used (e.g.
contact size, space between contact and gate pidig).latter depends on the carrier
mobility ratio between n- and pMOSFET and the aurievel needed. Regarding the
integration density, the key consideration is hawobtain a high current level with a

smaller gate width as the feature size is fixed.

S < Output  Minimum W,
34 Active
<—>
Minimum %\\\ \% Gate poly
drain length L *
gtn Ly X %
M By Metal 1
Minimum L
2 & Contact
VDD \\ \ GND
\
Contact size
2Ax 2A
g Input *Drain length L, = Source length Lg

Figure 1.10 Layout of a CMOS inverter based on lambda-baseijdesles [1. 15]

B Power Consumption
There are three major sources of power consumptiagigital CMOS circuits

which are summarized in the following equation £1:1
Peonsum = Pewitching T Pohort-circuit T Fleakage

' (1.11)
= af 3, C Voo + 1. Voo + leaVop
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The first term represents the switching componérdynamic power, wher€, is the
load capacitancdgy is the clock frequency, and is the node transition activity factor
(the average number of times the node makes a powesuming transition in one
clock period). The second term is due to the dipath short circuit currents, which
arises when both the n- and pMOSFET are simultasigactive, conducting current
directly from supply to ground. Finally, the leakagomponent of static power is
negligible in principle. This is one of the primaaglvantages of CMOS system. CMOS

circuits do not dissipate power if they are nottshing.

However, the continuing MOSFET scaling and the ltegyicircuit density growth
has leaded to unacceptable level of static poweswoption recently. Figure 1.11
shows the power consumption for CMOS logic circuts MOSFETs get smaller with
each new process technologies, their channel Ilengdtome shorter and the static
power consumption increases over the dynamic pogamrsumption. Nowadays,
reduction of the static power consumption has bec@mmajor challenge for deep
submicron CMOS. Total static power consumption loammbtained as

Putatic (= Reakagd) = MY Vieak X Voo = N1 sun 1 gare *+ 1o)X Voo (1.12)

wheren is the number of transistors in the off-stdig is the gate tunneling current,
andlgp. Is the gate-induced drain leakage (GIDL) curréhie leakage currents can be
divided in to three main groupkupih lgate @Ndlgip. The increase dfunnis due to the
nonscaling effects and short-channel effects (gegection 1.2). The increaselgfi is
due to the aggressively scalgg which causes exponential increase of the tunneling
current when thé&y is scaled down to less than 2 nm as shown in Eigjukl. This gate
leakage can be reduced by replacing the gate sitlaaxide (SiQ) by a highx material.
Practically, highx technology has been introduced in the 45 nm psoteshnology
microprocessor since 2007 by Intel Corporation 3L.1The Igp. is caused by
band-to-band tunneling in the gate-to-drain overiagion when a large gate-to-drain
voltage is applied, which force the band bendinbddarger than the silicon band gap.
Lightly doped drain (LDD) structure has been stddis a solution for the GIDL [1.14,

1.15]. Figure 1.12 shows the summary of leakageentircomponents. Actually, the
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off-state leakage currents become more and motdgmatic in a scaled MOSFET (as

explained in detail in Section 1.2).

300 102
_ 1 Subthreshold leak
E 50| <
E \ (L powel L S — — T T > —
= ! Dynamic o= | 10° ©
D 200 - \ Gate leak %
c \ o
9 \ \ Introduction of S
o 150 . Static power \ high-« dielectrics|102 §
m H—
o)) ‘\ ©
?ct)s 100 . g
g N \\ 10 §
£ % e
N ~-y
0 ..... > 10-6
1990 1995 2000 2005 2010 2015 2020

Figure 1.11 Sources of leakage current increase as the teclggatauses gate lengths

to shrink. Data from ITRS [1.6]

(a) (b) ) ' ID w/ IIeak
Gate = '
8—; |
]
l = VS5 WIO iy
| c )
1 'gate ) -
1 = g
: i 5 | _ ’_Alsubth
Source -== "\C Drain 3 M
ey peeesd . + c y 'gate GIDL
n Isubth . n © p
\ S |
I o subth0
IGIDL junction /.

p-well

Gate voltage, Vg

Figure 1.12 (a) Leakage current components in a nNMOSFET,bYd curves with and

without leakage currentsgubino is the initial subthreshold current, whild gy is the

added current due to the short-channel effects.

In this section, we discussed the basic MOSFET atjmer, the scaling method,
and the CMOS performance indexes. CMOS LSI has loeseloped owing to the

diminishing size of MOSFET. Especially, the impaétthe gate length and width on

CMOS performances was discussed in the latter HEdf. improve the whole

performance, we have to consider the switchingadaristics, the integration density,
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and the power dissipation at a same time. The dsimimg gate length contributes the
gate delay reduction, while causes the power diisip increase due to the
short-channel effects. On the other hand, the dahing gate width can reduce device
area leading to a higher integration density, wbdesing the gate delay increase if the
gate width independent capacitances are not nblgligifo make the most of the
geometrical effects, the key issues will be sumpeakito the following two points:

1. How can we suppress the short-channel effects?

2. How can we increase the effective gate width iivarglayout area?

In the next section, we will discuss the short-clereffects in detail.

1.2 SRORT-CHANNEL MOSFET

Short-channel MOSFETs differ in many important asperom long-channel
devices. This section covers the features of stlatinel devices that especially are

important for current MOSFETS.

1.2.1 Short-Channel Effects

The key difference between a short-channel anchg-¢hannel MOSFET is that
the field pattern in the depletion region of a $tabrannel MOSFET is two-dimensional.
In other words, the gradual-channel approximatioeaks down for short-channel
devices. The two-dimensional field pattern arigesfthe proximity of the source and
drain regions. The source—drain distance is conata the MOS depletion width in
the vertical direction, and the source—drain padrtas a strong effect on the band
bending over a significant portion of the devichisTphenomenon will cause the device
parameter changes which can be summarized as ®lldqd) V¢ roll-off, (2)

subthreshold swing degradation, and (3) DIBL degtiad.

B Threshold voltage roll-off
One way to describe it is to consider the net ahdignized accepters or donors)

in the depletion region of the device. The fieltkb terminating on these fixed charges
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originate either from the gate or from the sournd drain. This is referred to as the
charge-sharing model as shown in Figure 1.13 [Ad]a low drain voltage, only the
field lines terminating on the depletion chargeghimi the trapezoidal region are
assumed to originate from the gate. The rest ofidhe lines originate either from the
source or from the drain. Total charge with in theapezoidal region,
QyUOW,,x(L+L")/2, is proportionally less than the total gate depietcharge,
Q; OW,,xL, in the long-channel case. As a result, it takdswaer gate voltage to
reach the threshold condition of a short-channeicge
QIB

V. =V, +2p, + , 1.13
T fo Vg WLC ( )

(02,8

WhereWyn, is the maximum depletion-layer depth is the flat-band voltage, ang is
the difference between Fermi level and intrinsiwele Note that the horizontal
depletion-layer widthgs andyp, are smaller than the vertical depletion-layertisd\s,
and Wp, respectively, because the transverse field slyomdluences the potential
distribution at the surface. Even though a simalg|lytical expression for the threshold
voltage can be obtained from the charge-sharingetntite division of depletion charge

between the gate and the source and drain is soenewabitrary.

& L > Gate
+ + + + . oxide

+ n+ drain

NI AP

p-type substrate
Figure 1.13 Schematic diagram of the chare-sharing model. Tdshed lines indicate
the boundary of the gate and source—drain depletegions. The arrows represent
electric field lines that originate from a positivkarge and terminate on a negative
charge. The dotted lines partition the depletiomrge and form the two sides of the

trapezoid.
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The voltage-doing transformation (VDT) has beenppsed to replace the
influence of the lateral drain—source field by ajuigalent reduction in the channel
doping concentration [1.17, 1.18]. On the basighis model, the threshold voltage

roll-off can be written as follows:

SCE=|AV, |= 06455 El x @, (1.14)
where
X2
Bl =14 0 | Lo Wom (1.15)
Leff Leff Leff

is the Electrostatic Integrity for planar bulk MOSFEZ, is the semiconductor
permittivity, andé&y is the oxide permittivity. The VDT was proven to saeccessful in
describing theVy roll-off for all CMOS technologies from CMOS 1j2n down to

CMOS 65 nm based on a comparison to numerical siiouls and experimental data.

B Subthreshold swing degradation

The physics of the short-channel effect can be whaed from a different angle
by considering the potential barrier at the surfaetéwveen the source and drain, as
shown in Figure 1.14. Under off conditions, thistgrdial barrier prevents electron
current from flowing to the drain. The surface potEns mainly controlled by the gate
voltage. When the gate voltage is below the thrgsholtage, there are only a limited
number of electrons injected from the source okerldarrier and collected by the drain
(subthreshold current). In the long-channel cdse,potential barrier is flat over most
part of the channel. Source and drain fields offgcathe very ends of the channel. As
the channel length is shortened, however, the soaincl drain fields penetrate deeply
into the middle of the channel, which lowers theéeptial barrier between the source
and drain as shown Figure 1.14 (b). The region ofimiam potential barrier shrinks to
a single point near the center of the channel. Taises a substantial increase of the
subthreshold current.

Here the equation 1.5 for the subthreshold swimddiog-channel devices, which

comes from the direct derivation of the drain catrexpression, can be rewritten as a
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function of the surface potentigk,
S——I (10)[E‘3V J T in@o) [Eu 1 "QBJ (1.16)

It is clear that the potential barrier loweringsimort-channel device will have an impact

on subthreshold swing. On the basis of the VDT motlee subthreshold swing

behavior with the gate length can be rewrittenodlews [1.18]:

s =K naoym+ 299 4 & toe X [, 3Wan | 3, pVos (1.17)
q C, oy, e,l, Lo\~ 4L, D,

(02,8 S

Figure 1.15 shows the subthreshold swing calculbjedsing the MASTAR MOSFET
modeling software based on the VDT model [1.19]isltlear that the subthreshold
swing increases as decreasing the gate length.

(@) (b) ()

Long channel Short channel Short channel
<> <>

Source Source Source

Drain

Figure 1.14 Surface potential lowering due to the shonannel effects: (a) a
long-channel MOSFET, (b) a short-channel MOSFET l@av drain bias, (c) a
short-channel MOSFET at high drain bias.
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Figure 1.15 Subthreshold swing calculated by using MASTAR MQSkibdeling
software [1.19]: N=10"%cmi®, x=30 nm, t,= 1.3 nm, \p= 1.2 V, W=1Lum.
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B Drain-induced barrier lowering

When a high drain voltage is applied to a shortaclehdevice, the barrier height
is lowered even more, and the point of maximumibaalso shifts toward the source
end as shown in Figure 1.14 (c). The lowering efsburce barrier causes an injection
of extra carriers, thereby increasing the curresisgantially. As a result, the threshold
voltage decreases. This effect is referred to asdinduced barrier lowering (DIBL).
On the basis of the VDT model, the DIBL behavian ba& rewritten as follows [1.18]:

DIBL = 080-s EI xV, . (1.18)

SOX

Figure 1.15 shows the DIBL calculated by using MA&T MOSFET modeling
software based on the VDT model [1.19]. The DIBlcreases in short-channel

MOSFET as well as the subthreshold swing.

200 !a
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>
>
E 100}
-
o
O 5o}
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Gate length [pm]

Figure 1.16 DIBL calculated by using MASTAR MOSFET modelingwsoé [1.19]:
Na=10"%cmi®, x=30 nm, ;= 1.3 nm, \bp= 1.2 V, W=Jum.

Consequently, the threshold voltage for a shorznbhdevice can be rewritten as
follows:

V; =V, —SCE-DIBL, (1.19)

long
where Vriong is the threshold voltage in a long-channel devisigure 1.17 shows the
threshold roll-off calculated by using MASTAR MOSFEnodeling software based on

the VDT model [1.19].
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Figure 1.17 Vt roll-off calculated by using MASTAR MOSFET modglsoftware
[1.19]: N;=10"%cmi®, =30 nm, t,= 1.3 nm, \bp= 1.2 V, W=Lum.

Here, we should reconsider the static power consompn short-channel CMOS logic
gates. The increase of off-state current is the sf@inthese short-channel effects as
shown in Figure 1.18. The subthreshold current goshort-channel device can be
rewritten as follows [1.18]:

Log(! quee) = LOG(I 1) = (Vyong — SCE- DIBL)/ SS, (1.20)
where |1, is the transistor current corresponding to theghold voltage. With gate
length and threshold voltage scaled down the sebfimld leakage current increases
exponentially. In order to suppress the increases iclear that we have to avoid
increasing the three factors: SCE, DIBL, &6 Now, we can easily understand which
physical parameters are important from the equsatioh4, 1.15, 1.17, and 1.18/Le,
X/Ler, and Wan/Le. Thinning of gate oxide was one of the easiestutswis
technologically. Until now, aggressive scaling bé tgate oxide (Si§) thickness thus
has continued. However, this resulted in rapidease of the tunneling current when
the gate oxide thickness is scaled down to less 2ham as shown in Figure 1.11. This
gate leakage can be reduced by replacing gateorsilitoxide (SiQ) by a highx
material. To form shallow junctions, the use oic®ih-On-Insulator (SOI) wafer is one
of the most effective solutions. The source/drainction depth in SOI thin body device
is terminated by the buried oxide. Moreover, thi thody thickness can limit the

maximum depletion-layer depth. These devices wiltiscussed in section 1.4.
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Gate voltage, Vg

Figure 1.18 Off-current increase due to the short-channel éffec

1.2.2 Source/Drain Series Resistance in Short-Channel MG=ET

In the discussion of MOSFET current thus far, isveasumed that the source and
drain regions were perfectly conducting. In reakity the current flows from the channel
to the terminal contact, there is a voltage drofhésource and drain regions due to the
finite silicon receptivity and metal contact rearste as shown in Figure 1.19.

VG
/>T

., T YVVO Vs
V,DS %

— i Ips

Figure 1.19 Equivalent circuit of MOSFET with source and dragsistance [1.4].

In a long-channel device, the source—drain pacasésistance is negligible compared
with the channel resistance. In a short channekcdetowever, the source—drain series
resistance can be an appreciable fraction of tlamre#l resistance and can therefore
cause significant current degradation. The mosereecurrent degradation by series
resistance occurs in the linear region (L@wg) when the gate voltage is high because
the MOSFET channel resistance is the lowest undgsgr Bias conditions. The MOSFET

current in the saturation region is least affectsdthe resistance degradation of
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source—drain voltageps is essentially independent Wfs in saturation. The saturation
current is only affected through gate—source veltaggradation by voltage drop
between the source contact and the source en@ chémnel [1.4]:

Vs =V, Rl . (1.21)
In aggressively scaled MOSFETSs, however, the saraurrent degradation becomes
more and more problematic. Figures 1.20 and 1.2vghe on-current degradations
due to the source/drain series resistance. Thigadagion implies that further
improvements oy by shortening the gate length cannot be expechehwhe channel
resistance becomes comparable to the source amu mhsistance. Nowadays, the
source/drain series resistance is a major concarrthk MOSFET scaling. Shallow
junctions in the source/drain regions are neededibimize the short-channel effects as
discussed in subsection 1.2.1. ITRS predicts thatce/drain extension junction depth
below sub-50 nm CMOS will be scaled further dowousd 10 nm to maintain
acceptable short channel performance, but this leag to a high series resistance
problem [1.7, 1.20]. In other words, further dowoaling without improvement dgy is
meaningless even if short-channel effects are cetelyl suppressed by introducing
shallow junction technologies (e.g. source/drairteesgion, SOl wafer, etc.). It is
important to design MOSFET structure effective upression of both short-channel

effects and source/drain resistance.
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Figure 1.20 On-currents as a function of source/drain seriesig&@ance. All plots are
calculated by using MASTAR MOSFET modeling soft{daid]: N,=10"%cm?, t,= 1.3
nm, \6bp= 1.2V, Ls=50 nm, W=Jm.
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Figure 1.21 On-current lowering ratio of §= 500 2.zm to 10002..m as a function of

gate length. All plots are calculated by using MABTMOSFET modeling software

[1.19]: N-=10"cm?, to,= 1.3 nm, \bp= 1.2 V, W=Lum.

1.2.3 Carrier Transport Mechanisms in Short-Channel MOSFET

In short channel devices, the short-channel effeetsome problematic. On the
other hand, carrier transport also has gate ledgffendence. Precise understanding of
correlation between low-lateral-field mobility amigh-lateral field velocity, which is
more directly related to on-current, is importalnt. analyzing the carrier transport
mechanisms depending on the gate length, we go toatlke general equation of the

saturation current. We start with the generalizecthf

lon =WaANR, " [Dg (1.22)

source

whereq is the elemental charginy Is the inversion charge density near the source
edge, ands is the average carrier velocity near the sourgedd.21]. WhileqNiny is
simply determined by the maximum value at the seuas Co(Ve—Vr), the
determination mechanism of is dependent on the gate length. So the onlycatiti
parameter i®s. Figure 1.22 shows the schematic diagrams oferamansport models to
determindon. In long-channel MOSFETS, the carrier mobilitys the solely important
factor in determining the velocity. The v—u relationship is given by = 1 *Eateral,
whereEjaera IS the lateral electric field, as shown in Figdr23. However, the linear

v— relationship breaks down when the gate length inesoshorter. As the lateral
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electric field is increased, the average carridoaity and the average carrier energy
increase as well. When the carrier energy increbsgend the optical phonon energy,
the probability of emitting an optical phonon inases abruptly. This mechanism causes
the carrier velocity to saturate with increasingctic field as shown in Figure 1.24
[1.22, 1.23]. As velocity saturation phenomenonih&do occur,iz dependence of
becomes weaker. As far as carrier scattering evaritse channels sufficiently occur
and the stationary transport dominate the camarsport, the carrier transport model as

shown in Figure 1.22 (a) basically holds even utikderexistence of velocity saturation.
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L
&>
——
~— —_— —_—
8 $P S \ S —_ £
S 5 5 g
o o Of— | A
SN 37 5
_—

v velocity near Vin: injection velocity

—'> source edge Nsource

=
Nssource

r : backscattering
coefficient

source
N s

Source Source Source

Drain Drain Drain

Figure 1.22 Schematic diagrams of carrier transport models ttedmine $n. ()
Conventional transport model. (b) Quasi-ballistrarisport model. (c) Full-ballistic
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Figure 1.24 Velocity—field relationship for electrons (n=2) arwbles (n=1) by the

empirical form inserted [1.22]. The critical fiel, = vsaf 1.

As the channel length becomes shorter, nonstatiotmansport becomes more
dominant, where sufficient numbers of scatteringgrés do not occur inside the
channels. This situation, as shown in Figure 1.BY fpas been formulated as
quasi-ballistic transport by Lundstroehal.[1.21]:

lon = ANy [y GH (1.23)
whereuiy; is the injection velocity at the top of the barnear the source edge, ant
the backscattering rate near-source region. Thatidrar of the carriers are scattered
back to the source, as shown in Figure 1.22 (biwcEehe effective velocity of carriers
at the barrier, called virtual source velocitydetermined by this fraction. Lundstrom’s
theory uses assumption that only scattering ewiatstake place in the vicinity of the
virtual source are responsible for backscatterincperiers to the source. Once a carrier
passes the point where the potential has droppelThy from the barrier top, the
probability of return to the source is negligibléence, ther depends on the ration
between the backscattering mean free path of carNeand the distance over which
the potential drops by the thermal voltage, theated critical length of scattering,

o
= m : (1.24)

The notion of mobility in short-channel devices,emh the scattering mean free path is

comparable to the channel length, is subject of trogersy. However, a
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phenomenological mobility can always be extractedoa Vps. Assuming that the
mobility is constant across the channel and thatctrriers at the top of the barrier are
in a near-equilibrium condition, Rahman relateds tmobility to the backscattering
mean free path by matching the lowgs drift-diffusion equation with the MOSFET
scattering model [1.22]:

; [Z_ﬂEJM (1.25)

vy ) H4(ne)

wherevy is the ballistic velocity of carriers which in then-degenerate limit is equal to
the thermal velocitygr=(Er-£)/KT is the reduced Fermi energyis the minimum band
energy, andlJ,, is the Fermi integral of theth order. This equation (1.25) means that
in order for the ballistic efficiency to increasthe low-field mobility should be
increased. Sinceis related tq:, the enhancement of mobility can be still impottian
increasing on under quasi-ballistic transport regime.

Furthermore, when channel length becomes muchesh@robably down to less
than 10 nm in Si MOSFETS, and no carrier-scatteewmgnts occur inside the channel,
the carrier transport is dominated by full baléstiansport, as shown in Figure 1.22(c).
Here,lon in MOSFETSs under this ballistic transport, whicivé also been formulated

by Natori [1.24], is simply represented by
lon = AN By (1.26)

Thus the enhancement af; is necessary to increakgy of ballistic MOSFETS, while
the carrier mobility loses its meaning.

Recently, thes—L¢ relationships have been experimentally investajateorder to
clarify the effectiveness gf enhancement to improvey [1.27]. Figure 1.25 shows the
experimental results dfs dependence of velocity. It was found the velog#ynot
completely saturated even beldw = 50 nm and still increases with a slope_gf*
This can be attributed to the velocity oversho@mimenon near the source edge due to
contribution of quasi-ballistic carriers. Note thidte mobility enhancement is still

effective atLg = 30 nm.
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Figure 1.25 L dependence of velocity withas parameter [1.27].

In this section, we discussed several effects iartsthannel MOSFETs. To
suppress the off leakage current caused by the shannel effects, the minimization of
tox, X, andWym is effective. However, the shallow junction leadson degradation due
to the high source/drain series resistance. Todattus trade-off, it is important to
design MOSFET structure effective in suppressiorbath short-channel effects and
source/drain resistance. Moreover, althoygliependence o¥ becomes weaker in
short-channel MOSFETS, the enhancement can be still important in increasing

under quasi-ballistic transport regime.

1.3 KEY TECHNOLOGIES TO IMPROVE MOSFET
PERFORMANCE

This section introduces some solutions and chadlertg continue the scaling,
which is the purpose of this thesis. First, we abersa leading edge of CMOS
technology. Figure 1.26 shows cross section ohd-@VOSFETs for 32 nm technology
fabricated by Intel Corporation in 2009 [1.28]. Tkey device features are summarized
in Table 1.2. The foundation of the 32 nm proceséiology is the second generation
high-«/metal gate MOSFET to suppress the short-chanrettefwithout increasing

gate leakage. The equivalent oxide thickness (E@Tihe high« dielectric has been
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reduced from 1.0 nm on 45 nm to 0.9 nm on the 32rmeess while gate length has
been reduced to 30 nm. Using a replacement metlfigav, that is a gate-last process,
enables stress enhancement techniques to be ia p&fore removing the poly gate
from the transistor. This 32 nm technology alscsufegeneration SiGe strained silicon
for pMOSFET resulting in linear drive current exdegy nNMOSFET. Moreover, the

raised S/D regions and“yeneration trench contacts technologies enabteseel S/D

access resistance.

channel

Figure 1.26 Cross section of Intels NMOS and PMOS with 4thegation strained
silicon, 2nd generation higkfmetal gate, and raised S/D regions for 32 nm tetigy
[1.28].

Table 1.2 Key device features of Intel 32 nm logic technoldg38].

NMoOs | pmos 30 nm gate length with 112.5 nm contacted
gate pitch

Lg [nm] 30 30 O 2" generation highdmetal gate

v 0.9 nm EOT
EOT [nm] 0.9 0.9 v Replacement metal gate approach

- Enables stress enhancement techniques
{/Dsgt\gmﬁ/ rg1vm] 1.62 1.37 v Replacement high-k approach
es” Tps - Improved performance

I 5y [MA/MmM] th i i i ili
Py 0.931 0240 O 4. generation SiGe strained silicon PMOS
V;s=0.05V device

v Increased Ge concentration
| ope[NA/Mmm] 100 100 v' Closer proximity to channel for enhanced mobility
Voo V] 0115 .0.18 O Raised NMOS S/D region

v Improved external resistance
DIBL [mVAV] | ~200 | ~200 [ ond generation trench contacts

v Reduced contact resistance
SS [mV/dec] ~100 ~100 v Used as local interconnects
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These technologies are introduced along with thdopmance enhancement
strategies mentioned above. Note that most of tteedenologies are needed due to the
short-channel effects. For a given short channatattteristic and constalyrr, the gate
length scaling increases the threshold voltage hWwidegrades the transistor drive
current. The improvement in drive current owinghe shorter gate length is offset by
the reduction in overdrive voltag¥d-Vy). Therefore, mobility enhancement becomes a
key engineering factor with minimal impact on tleakage. Moreover, suppression of
the short-channel effects demands rapid developwiehigh-«</metal gate technology
to minimize EOT and the raised S/D technology ttawblow S/D resistance with
shallow junction as well as several channel dopautpnologies. In addition, increasing
the impurity concentration in the channel regionalso necessary to suppress the
short-channel effects. However, this causes a dagom of the carrier mobility due to
impurity scattering, which result in obstruction itcrease the drive current [1.29].
Moreover, random dopant fluctuation in such shbdnmnel results in variation of the
threshold voltage [1.30]. To continuously improvelGS performance, comprehensive
reforms of the CMOS scaling strategy will be reqdito achieve high immunity against

short-channel effects.

1.3.1 Gate-All-Around Silicon Nanowire MOSFET

Fully-depleted (FD) silicon-on-insulator (SOI) MOBSFs are considered as
possible successors for bulk MOSFETs because theirbody dimensions provide
geometric electrostatic confinement for controllstgprt-channel effects as well as less
stringent requirements of EOT scaling over conwerai bulk Si. Figure 1.27 shows a
typical planar FDSOI MOSFET structure. The thindapf silicon is separated from
buried oxide (BOX) film, thus electrically isolagnthe devices from the underlying
silicon substrate. In this structure, the soura @dmin junction capacitances are almost
entirely eliminated. Here FD structure means thatdilicon body film is thin enough
that the entire film is depleted before the thrédlomndition is reached. An important
merit of SOI technology is that it provides thermnstone for new FD device structures

such as multi-gate MOSFETSs, which includes more thae gate into a single device as
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shown in Figure 1.28 [1.32].

Source ~ Sibody “=  Drain
Buried oxide (BOX)

Si substrate

Figure 1.27 Cross-section of a planar FDSOI MOSFET.

Dielectric

Figure 1.28 Various SOI device: (a) Single gate SOI FET, (kh)lde gate planar SOI
FET, (c) double gate non-planar FInNFET, (d) tri-gaFET, (e) quadruple-gate (or

gate-all-around) FET, and gate-all-around (or suarading gate) FET (nanowire FET).

Figure 1.29 displays the electric field lines fréhe drain in different MOSFET
structures. More is the penetration of field lifesm the drain towards the source,
greater is the interference of the drain agairsstfeimction of the gate. The conventional
MOSFET geometry, shown in Figure 1.29 (a), can lgdoe scaled down because of
strong permeation of the field lines towards theirse. The behavior of FDSOI
structure of Figure 1.29 (b) is not encouragingti(uhe buried oxide is very thin)
because the buried oxide does not terminate then drald lines. Only in the
double-gate (DG) MOSFET structure shown in Figu291(c), the field lines are not
able to reach near the source [1.31]. Hence tleetedif the drain field on the channel is

minimized providing far superior scalability.
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(a) Bulk (b) FD SOI (c) DG FET

Gate Gate Gate
N
/-

] =Fe] e [ =
BOX Gate

Sub. Sub.

Figure 1.29 lllustration of electric field liens from drain dafifferent device types: (a)
bulk, (b) FD SOI, and (c) double gate (DG).

Yan et al. proposed a unique scaling theory for double-g&¢ BBOSFETs as a
design guideline [1.33]. According to their theotiie device should be designed
maintaining

L
a=—" (2.27)
24

where A is the so-called natural length which governsitfiience of lateral field on
the channel potential and depends on device gegpraatt boundary conditions. This
natural length is an easy guide for choosing destoacture and parameters, and has
simple physical meaning that a small natural lerogttiesponds to superb short channel
effect immunity. Table 1.3 shows the natural lenfgih different gate configurations
[1.32]. Here a smalbr gives degraded short-channel effect immunity. iRstance, to
achieve SS < 75 mV/decade and DIBL < 50 m\#\fjeeds to be larger than 2.2 for all
devices when the gate oxide is 2 nm and the chatopéhg concentration is 1xi@m?
[1.34]. Figure 1.30 shows the maximum allowed sitidilm thickness (and device
width in a four-gate device withV = tg) to avoid short-channel effects [1.35]. As a
consequence, gate-all-around (GAA) silicon nanowt@®SFETs (SNWTs) have the
best short-channel effect immunity among all theSED architectures for the same
body dimensions. The experimental data reporteddygsaruntipet al. also shows
better short-channel immunity for GAA SNWTs thamttlof FDSOI by as shown in
Figure 1.31 [1.36].
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Table 1.3 Natural length in devices with different geometfie82].

. l&g
Single gate A= =t
80)(

&

Double gate Ay = |2t ot
2¢,,
Quadruple gate .
p g ﬂ“4 0 SSI tsitox
(square section) 4e,,
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Figure 1.30 Maximum allowed Si thickness and device width ate tength to avoid

short-channel effects in single-, double- and quatlk-gate SOl MOSFETSs [1.35].
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Figure 1.31 Comparison of DIBL of elliptical GAA SNWTs (width W68 nm and
height H = 9.5 nm) and single-gate ETSOI FETs (SQ@ktess4 = 8 nm) with similar

body dimensions. [1.36].
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1.3.2 \Vertically-Stacked Channel MOSFET

In a GAA SNWT, the current drive is essentially algto the sum of the currents
flowing along all the interfaces covered by theegatectrode [1.32]. To drive large
currents, multi-finger pattern are needed as shiavirigure 1.32. When an ideal current
transport (without corner effect, volume inversigifect, and so on) are considered in
rectangular GAA SNWT, the current level dependdhlenwidthWyw and heightHnw,
of a nanowire, the top and bottom surface mobylity, the side surface mobilitysige
and the number of the nanowires for given layoataailhe on-current in GAA SNWT

with multi-finger are given by

nanowire Cox —V “
570 =1 (Wt + 2H i) 22 (1.28)
eff m

wheren is the number of the nanowires and the powen ¢ < a < 2) indicates the

degree of velocity saturation in short-channel M8%$: Considering a nanowire pitch

Whitch, the current per unit device width is given by
5o _ 18 PNhwnttop + 2H e

W w FiopWV

pitch p" "pitch

, (1.29)

planar

where lon is the current in the single-gate, planar MOSFEGupging the same

area as the multi-finger device as shown in Fidug2.

(@) (b) ()

Nanowire
% A % Nanowire WSpace
Source Drain $ource—] — Drain 4/ ) :
| / A%gﬁﬁﬂ/ﬁ?/ J%”/y 77 \J/
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/ — — BOX IHI %I le

/ w7 e TTW I W, I Wiw
I I - pitch

WV b 'f "W Substrate
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!
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Figure 1.32 MOSFET layout; (a) planar MOSFET, (b) GAA SNWT with irfiniger,
and (c) cross-section of GAA SNWT.

To evaluate the benefit of the multi finger layatle current of GAA SNWT per

layout surface normalized to planar MOSFET are daled with several dimensions.
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Here we assume the nanowire direction of <110>tdbesurface orientation of (100),
and the sidewall surface orientation of (110). Ma&ues of the electron mobility for
(100) and (110) used thus are 300%&fm and 150 cAiVs, respectively. Figure 1.33
shows its nanowire pitch dependence. The nanowatthW\ is equal to a half of the
pitch width. Because of that, the currents of GAXVST approach to the planar one as
increase the pitch. If the cross section of theomare is square \Waw = Hnw), the
current is independent on the pitch, and we haN8"°"" = 1.5x1o"®". In actual case,
since each nanowires are wrapped by the gate tliekeand the space between them
must be filled by gate metal, the space betweeow@es Wspacemay need at least 15
nm. In that case, the diminishing cross-sectionlitain the better short-channel effect
immunity is traded off against the current dengi&@n. When the space is equal to 15
nm, there is no gain of the current density for GBIWT withWyw =5 nm anHyw =

10 nm to the planar one, for instance.

3.5

3}
2.5

2 L

15

1

= Qe jwW
1 1 Ll L1l

pitch
1l

0.5

Current (normalized to planar MOSFET)

1 10 100 1000
Pitch width W, [Nnm]

Figure 1.33 Normalized current of a rectangular GAA n-SNWT aduaction of

multi-finger pitch width. Ww~=W,ic/2. The top interface mobility is 300 s and
sidewall mobility is 150 cffVs.
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Figure 1.34 Normalized current of a rectangular GAA SNWT ascfion of space

between nanowires.d=10 nm. The top interface mobility is 300%ys and sidewall

mobility is 150 crfiVs.

To obtain larger current density per a given laywith a high immunity against
the short-channel effects, the vertical integratdmanowires is effective as shown in
Figure 1.35. In this structure, the current denséy be proportionally increased to the
stacking level (three levels in the case of Figlu@b) without the layout surface area
penalty as seen in Figure 1.36. This structure lesab achieve both a high integration
density and low power dissipation. Note that sitiée current increment is due to the
effective surface enlargement, the intrinsic gatéayl cannot be directly reduced as
discussed in Subsection 1.13. The propagation detayever, can be improved as the
interconnect capacitance becomes larger [1.37]. sStUppressed short channel effects

are also effective to reach the ideal switchingetriary.
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Figure 1.35 Structure of vertically-stacked GAA SNWT (a) anaitss-section (b)
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Figure 1.36 Normalized current of a rectangular GAA SNWT asirzcfion of staking

level of nanowires. kl\=10 nm. Wpace30 nm. The top interface mobility is 300%vs
and sidewall mobility is 150 cGvs.

1.4 PURPOSE AND CONTENTS OF THIS STUDY

The operation speed and integration density of aroprocessor chip have

doubled every two or three years in line with Md®taw. For each generation, in order
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to achieve the target performance, prospective lpnob were analyzed in detail and
solved by introducing new technologies. Lookingkbatthe history, it seems that many
problems result from the short-channel effects. Neavare faced with the critical issue
of power dissipation due to subthreshold leakageis Tpower dissipation, which
surpasses dynamic power consumption, can no lormgerignored. Therefore
comprehensive reform of the CMOS scaling strateggsesequired to continuously
improve speed, integration density, and power pigggin of LS| all at the same time.
The purpose of this thesis thus is to charactemztcally-stacked GAA SNWT as
one of the most promising MOSFETS for future CMQO8uits. The superior immunity
to short-channel effects and the high integrati@msity can be straightforwardly
expected from this structure. However, the bodyesisions must be considered with
drive current enhancement. In addition, it is palesthat the thick source/drain regions
of the vertically-stacked channel MOSFET need speceatments in the fabrication
process to obtain low access resistance. As ottigrat issue in this type of three
dimensional devices, body bias techniques are vaitadle for power management of
digital circuits. Thus the studies are classifiet ithree issues:
» How do we achieve low access resistance with umifdoping profile in the thick
source/drain regions?
» How are the carrier transport properties of velifestacked nanowire channels?

» How can we realize the controllability and flexityilof the threshold voltage?

Figure 1.37 shows the outline of this thesis. Fitlse basic device fabrication
process of vertically-stacked channel structurpresented and specific technological
issues are evidenced in Chapter 2. Next, the aakttcharacterization methods are
described in detail in Chapter 3. Chapter 4 covieesstudies source/drain resistance
reduction technique for thick source/drain regionsertically-stacked channel devices.
Chapter 5 covers the carrier transport propertiegedically-stacked GAA SNWTs in
detail, especially the dimension effects and th@aats on the fabrication process.
Chapter 6 covers the studies of the threshold geltéuning technique by the

independently separated gates. The studies reféor@a each chapter were done in
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order to achieve CMOSFET with high performancehhigtegration density, and low

power dissipation for future generation. Detaiks as follows.

4 )
Chapter 1
Introduction
L - MOSFIj‘/r scaling- )
. . e N
« Silicon-on-nothing technology Chapter 2
* Multi-channel MOSFET Vertically-stacked channel
* Vertically-stacked SNWT MOSEET Fabrication
N\ J

3

« Y-function method 4 N

« Split C-Vmethod Electi Clhilpter s
* Low temperature measuremeft ectrical characterization
« Charge pumping method ~ {_ methods )
\/ \/ 100 nm
Chapter 4 Chapter 5

Source/drain doping techniques for Carrier transport properties of

vertically-stacked channel structure vertically-stacked nanowire MOSFET
* |-V characteristics « Short channel effect immunity
« Source/drain series resistance « Geometrical drive current gain
« Carrier mobility evaluation « Transport limiting components

L . * Nanowire size dependence
SiN hard as « Effect of hydrogen annealing

il e « SiGe nanowire MOSFET, etc
e e meGated Z \V4

Channel 1 & 2
- e Gate2

Ghannel 3-6-4 b Chapter 6
& - Threshold voltage control of vertically
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« Optimization of device dimensions

Vv

Chapter 7
Conclusions

Figure 1.37 Outline of each chapter in this thesis.
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a)

b)

Source/drain doping technigues for vertically-staadk channel structure (Chapter

4)

The reduction of parasitic access resistancesllgec@annected at source and
drain region of MOSFETS are one of the challengiaghnology to meet the
performance required in the roadmap as discuss€tiapter 1. The voltage drops at
the resistances reduces the applied voltages airétie and gate electrodes in the
transistors, resulting in the decrease in the owardoltage to lower the on-current.
These resistances also cause degradation in teectinstant, commonly refereed as
RC delay, to lower the switching speed. Therefasethe channel resistance reduces
with the scaling in the gate length, the parasigdes resistance should be further
reduced not to increase its proportion in the tatalstance at on-state. In addition,
the vertically-stacked channel structure suffemrfrthe uniformity of the doping
profile due to the thick source/drain regions.

In Chapter 4, a novel process to decrease theivagi®f the source and drain
regions is presented usimg situ doped selective epitaxial growth in combination
with conventional ion-implantation as a novel pmxefor source and drain
formation. The effect of source and drain formagmwacess on the series resistance

and carrier mobility will be discussed through &leal characteristics.

Carrier transport properties of vertically-stackethnowire MOSFETs (Chapter 5)
Recently, short channel GAA SNWTs have been sufidgs$abricated with

diameter of less than 10 nm using several top-dGMOS compatible processes
[1.38-1.40]; they showed excellent short-channétces immunity. On the other
hand, transport property degradation in SNWTs vss i@eported by several groups
[1.41-1.43]. However, the mobility behavior wher thidth is reduced has been
remained unclear. Carrier transport in nanowireosimonly discussed in terms of
two main mechanisms; one is one-dimension trangmodel, and the other is a
facet-dominated transport model. The former caadspted to sub-10 nm diameter,
and the latter to more than 20 nm one. In the rafgeetween them, the mixed

transport properties are expected. The range ofdmzt them is production-friendly,
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provided that the short-channel effects under agiyely scaled gate length are
suppressed, while carrier transport model beconoesplicate due to the mixed
properties.

In Chapter 5, carrier transport limiting componefatsvertically-stacked GAA
SNWTs will be discussed in detail to obtain befterformance with suppressing

short channel effects.

c) Threshold voltage control of vertically-stacked nawire MOSFETs (Chapter 6)

Another issue for the vertically-stacked SNWTsasvio control the threshold
voltage. For various CMOS applications and powenagament, it is important to
achieve controllable and flexible threshold voltagea transistor. As one of the
possible techniques for three-dimensional deviseparated-gate structures have
been proposed [1.44, 1.45]. In Chapter 5, the posgiof the flexible threshold
voltage for vertically-stacked GAA SNWTSs with sepi@d gate will be discussed.

Finally, in Chapter 7, the results obtained in ¢hetudies are summarized and
conclusions are presented. The perspective ofcedlgtistacked GAA SNWTs for

future LSI applications is described.
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CHAPTER 2

VERTICALLY- STACKED CHANNEL MOSFETS
FABRICATION

Vertically-stacked channel structure has been ddriirom Silicon-On-Nothing
Technology and Gate-All-Around concepts. The ussafrificial SiGe layers enables
silicon channel to be piled up. In this chaptee thbrication process will be described.
Vertically-stacked channels with uniformly-depoditehigh«/metal gate will be

demonstrated.
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2.1 SILICON-ON-NOTHING TECHNOLOGY

Silicon-On-Nothing (SON) architecture have beenppsed allowing extremely
thin buried oxides and Silicon films to be fabrexdtand thereby better resisting to
short-channel effects [2.1-2.3]. The process iedham the use of a sacrificial SiGe
layer that is selectively removed versus the silies shown in Fig. 2.1. The tunnel
under the silicon film is then filled with the ox@dSilicon film and buried oxide are
defined by epitaxy that opens access to extrenhatyand high crystalline quality films.
Extensions are physically limited by the silicoimfithickness preserving a good control
of shorts channel effects. In the same time, soanckdrain remain in continuity with
the substrate, limiting self-heating and loweriRgh. The use of thin buried oxide
allows the control of the fringing field. Moreovehis architecture is co-integrable with

bulk one, aspecific gate work-function is providedbulk and thin films [2.3].

S/D extensions Tunnel by
Iateral etching
/ SiGe of SiGe
Bulk Si ’_/—;‘

(b) (c)

Si film
Oxide

(d) (e)

Figure 2.1Fabrication process of the SON MOSFET: (a) epitak$iGe and Si layers
on isolated bulk wafer; (b) conventional CMOS psxeateps until formation of the
nitride spacers; (c) formation of the shallow trées in the S/D regions and formation
of the tunnel under the Si film; (d) filling thennhel with oxide (optional step); (e)

selective epitaxy of S/D regions, implantation &7dA.
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Vertically-stacked channel structure has been ddrirtom SON and GAA
concepts. The use of sacrificial SiGe layers ersabikcon channel to be piled up. In
this study, two types of stacked channel MOSFETsrewéabricated; one is
multi-channel MOSFET (MCFET), another is verticatiyacked silicon nanowire
MOSFET (vertically-stacked SNWT).

2.2 KEY STEPS

In the processes of two type of vertically-stackelthnnel MOSFETSs, the

following technologies were commonly used as kehtelogies.

2.2.1 SiGe Epitaxy and Etching
B SiysGey JSi superlattice epitaxial growth

SipsGey J/Si epitaxial growth is processed in the Epi CemtReduced-Pressure
Chemical Vapor Deposition (RP-CVD) industrial ckrstool [2.4]. The Si layers are
grown at 700°C and the SiGe ones at 650°C. Suolvatowth temperature enables to
grow quite thick layers without any elastic relasatof the strain through the formation
of surface undulations [2.1]. Pure dichlorosila®&#Cl,) is used as the source of Si
and germane (Gefidiluted at 2% in K as the source of Ge. The number of vertically
aligned channels is determined by that of the gr&mae/Si layers and is practically
limited by the possible superlattice relaxation doe¢he compressively strained SiGe
layers. Figure 2.2 shows the grown Si § &), superlattice on SOI. Highly regular

and defect free superlattices are obtained.

Figure 2.2 (Si/SiGe) x n superlattice on SOI used to pre-égire channel thickness.
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B Anisotropic plasma etching of §jgGey oSi superlattice

A hybrid lithography with Deep UV (248nm waveleng{equipment: ASM 300)
and ebeam (equipment: LEICA VB6HR) was used tongethe initial photo-resist
patterns. The whole stack with;8i/SiO, Hard Mask (HM) is etched in an applied
material reactor (Applied Material Centura toolheTetching process is divided into

five steps as seen in Table 2.1.

Table 2.1 Process description of anisotropic etching of SEsslperlattice.

Step description Plasma chemistry Step type
Resist trimming (optional) Cl,/0, Adjusted Time
Resist cure (optional) HBr Time= 60s
Oxide hard mask etch CF,/CH,F,/He Time=15s
Hard Mask etch CF,/CH,F,/O,/He Endpoint
Si/SiGe multilayer main etch Cl,/HBr/O, Endpoint + over etch

B SipsGey o layers selectively removal

This step is performed with pure £plasma at high pressure and low microwave
power in a remote plasma chamber (CDE by Shibadk&)h such a process, a
selectivity of about 60:1 (SiGe towards Si) is askd [2.5]. The phenomenon of
selectivity towards Si is based on the competibhetween the creation of Ge&nd Sii
during etching. SiGe is preferentially etched beeaGe-Si bonds are weaker than the
Si-Si ones (2.12eV vs. 2.31eV). The etching rafgedds on the Ge concentration of the
SiGe layers. The critical point of this procesdhse adjustment of the tunnel etching
time. It must be long enough to remove all the SpBesent in the tunnel but not too
much to avoid any consumption of the silicon chdsimethe case of MCFETS. Figure
2.3 shows the SEM images of the Si/SiGe superattith the etched SiGe sacrificial
layers. The optimal etching time is obtained whéntlee SiGe has been removed
resulting in a totally open tunnel. On the othendhahe consumption of the silicon in

vertically-stacked SNWTs can be used to controhidugowire diameter.
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Figure 2.3 Cross-section (a) and top view (b) SEM images ®f3iiSiGe superlattice

with the etched SiGe sacrificial layers.

2.2.2 High-«/Metal Gate Stacks

High-« dielectrics and metal gate are strongly requicedcdhieve small EOT with
low gate leakage current density. Hf@ielectrics and TiN metal has been chosen as a
gate stack for both n- and p-MOSFET. 3 nm of H&Ad 10 nm of TiN are deposited in
the tunnels by uniform deposition methods of Atorha&yer Deposition (ALD) and
Chemical Vapor Deposition (CVD), respectively. Thik n™ polysilicon layers (CVD)
are used to fill in the cavities and connect thetizally-stacked gates. Figure 2.4 shows
cross-sectional TEM image of silicon nanowire witBnm-thick-HfQ, and
10nm-thick-TiN gate stack. A Sidike interfacial layer was observed. This layer is
grown by the thermal process after the gate dapaosiThe resulting equivalent oxide

thickness (EOT) is ~1.7 nm for this device.

-';"; SiO, interfaciaf layer

grows due to thermal
process 2

3 nm HfO,

Figure 2.4 Cross-sectional TEM image of vertically-stackedcsit nanowire with

high-«/metal gate.
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2.3 PROCESS STEP OVERVIEW FOR MULTI-
CHANNEL MOSFET

The fabrication process of MCFETSs, which is basedh® principles developed
for Silicon-On-Nothing FETSs, has been developedbynard [2.2-2.3, 2.6]. Figure 2.5
shows an overview of the MCFET process flow. Firgt, (25-nm-Si and
30-nm-Sp sGeyp) superlattice structure was epitaxially grown or2@Ggnm thick SOI
substrate (step 1). The grown Si layers will bedusg channels for MCFETs. 5nm of
high-temperature oxide (HTO) and 80nm of silicotride (SgN4) are deposited as a
hard mask on the top of the stack. After a gataqitieography, the superlattice is then
anisotropically etched down to the bottom SOI lagtep 2). Sincég is defined at this
etching step, a vertical etching profile is an imgnt requirement for this technology in
order to suppress the variability of the among the stacked Si channels. To introduce
internal spacers, the SiGe layers are partiallgeztcselectively to the Si ones (step 2.1).
The depth of the SiGe recess determines the thsskoé the future internal spacers.
Then, HTO and SN, layers are deposited in the cavities with a theden ratio
optimized for the following spacers etch (step a2l 2.3). An anisotropic/isotropic
etch sequence of the deposited dielectrics allomes to access the silicon layers for
further S/D epitaxy (step 2.4). After the wet cleanto remove entirely the dielectrics
on the sides of silicon layers, crystalline Si Si@s selectively grown with a natural
“flat” shape induced by the presence of the intespacers (step 3). The S/D were then
ion-implanted. The channel width was defined byabt&ve-area patterning and etching,
giving access to the SiGe layers. The SiGe laysrdlen selectively removed using
pure Cl at high pressure and low microwave power in a tenpasma tool. The
highk/metal gate stack (H#TiN/n" poly-Si) was deposited in the obtained cavities. A
second gate etch is subsequently carried out fellowy the formation of external
silicon nitride spacers to avoid any short-cut lesw the gate and the S/D. After the
dopant activation anneal, the top of S/D are sliéidi (with nickel) to reduce the series
resistances, followed by a standard back-end-ofitiee(BEOL) process (for contacts

and interconnections).
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internal wo o
_—
spacers

. Epitaxy of Si/SiGe
superlattice

. Gate length definition
. S/D epitaxy and implantation
. Active etfch : SiGe access

. Selective isotropic etching
of SiGe

. Gate stack definition
SiGe recess HTO deposition Nitride deposition Spacers etch 7. Nitride spacers and S/D

. . silicidation + BEOL
Internal spacers integration

Figure 2.5MCFET fabrication process overview [2.2].

Figure 2.6 shows the cross-sectional TEM imagekefabricated MCFETSs along
the Si channel and width direction. Here, two S¥balternating layers, resulting in
five Si channels in parallel, were designed forritaiion. Channels 1 and 2 are
activated at the top and bottom interfaces of thpesor silicon island, whereas
channels 3 and 4 have similar formations withinitiiermediate Si island. Channel 5 is
responsible for conduction as the top of the oab®i film. The sixth possible channel,
which can be activated at the bottom of the Si filynsubstrate (back-gate) biasing, is
not investigated in this work [see ref 2.7]. Theuleng channel thickness was 10 nm
for all channels. The electrically-measured EOTinwersion was ~2.5 nm. The gate
lengths of the MCFETSs range from 500 to 70 nm.

e,

SiN hard mask

SOUICE | s i
Channel 1 & 2 - e —— e PRSI DS
Gate2es 1 ~— Channel 1 & 2 | & Channel

Channel 3 & 4 { . e s e S SiO,-IL
SEG v wsGatesd ] Channel 3 &4 Hfozz
Channel 5 - - . - & TiN
Internal s| Channel 5
4 5 Poly-Si

Figure 2.6Fabricated multi-channel FET along (a) channel léngand (b) width

direction. (c) is the enlarged image of the gatekt
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2.4 PROCESS STEP OVERVIEW FOR VERTICALLY-
STACKED NANOWIRE MOSFET

Figure 2.7 illustrates briefly the process flow foaking vertically stacked silicon
nanowire MOSFET [2.8, 2.9]. First, a (30-nm Si /88 SpsGey2)x3 superlattice was
epitaxially grown on (100) SOI substrate (stephm5Sof HTO and 40nm of §\, are
deposited as a hard mask on the top of the staelp (B). Hybrid DUV/ebeam
-lithography and resist trimming were combined #&dirte narrow lines. A damascene
process was used: cavities were patterned than&sisotropic dry plasma etching of
the superlattice (step 3). SiGe layers betweenn®s avere then etched isotropically
(step 4). Optionally, an hydrogen annealing pro¢as§50°C and 20 Torr for 2 min)
was applied to obtained circular cross-sectionapshof nanowires (step 5). The
obtained cavities were then filled with the gatackt(HfOy/TiN/N™ poly-Si) (step 6).
The gate length is thus defined by the cavity len@hemical Mechanical Polishing
(CMP) of poly-silicon and the thick HTO hard masépdsition for S/D implantation
were carried out followed by the gate patternintgs7). After gate etching, S/D
implantation, spacers formation, and the dopanvatcbn anneal were performed. The
nickel silicide was formed on the top of Sourcerdib area. The fabrication ended with

a standard BEOL process.

1. Si/SiGe superlattice
selective epitaxy

2. Hard mask SiN deposition

3. Anisotropic etching
of Si/SiGe layers

4. SiGe removal

(5. H, annealing)

6. Gate stack deposition

7. Gate patterning

8. Implantation

9. Nitride spacers

1&2 3 4 (&5)

Staked Si Nanowires

Figure 2.7Vertically-stacked nanowire MOSFET fabrication pges overview [2.5].

Figure 2.8 shows their cross-sectional TEM imagel 8EM image. We
successfully fabricated narrow nanowires by usifge@m lithography and isotropic

plasma etching of SiGe sacrificial layers. Goodfamity of the nanowires in a
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200-mm-wafer has been also achieved as shown mwrd=ig.9. The widthWw) of
rectangular shape nanowire ranges from 5 nm u®ton3 and the heightHgw) is 15
nm as seen in Figure 2.10 and Figure 2.11. Thelsshaanowire with 5-nnWyw was
formed by self-limited oxidation andHannealing. Thanks to the vertically-stacked
channel structures, large surface gaWWs#\\r,) have been achieved as summarized in

Table 2.2. Superior on-state currents per surfadecan be achieved in those devices.

(b)

Figure 2.8Fabricated vertically-stacked silicon nanowires) @top-view SEM image,

(b) a cross-section TEM image.
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(@)

(b)
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Figure 2.9(a) Top-view SEM images of silicon nanowires afi¢®, deposition with
width Wsg\= 16, 26, and 36 nm. (b) Variation of nanowire vhidt a 200-nm-wafer. The
variations are less than +/- 1.5 nm. The thicknes$ifO, on side walls (3nm x 2) is

included in the values of 34, Wm is the mask width.

20 nm

Figure 2.10 Cross-sectional TEM images of vertically-stackedic@m nanowire

MOSFET with top-view width ¥~ 10, 15, 20 and 30 nm.
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-~ 5nm

Figure 2.11 (a) Cross-sectional TEM image of vertically-stackgiticon nanowire

MOSFET with top-view width ¥~= 5 nm. (b) Enlarged image of 5-nm-diameter

nanowire.

Table 2.2 Nanowire width with various definiticansd surface gain factor WWhop.

Wi, [nm] 40 | 45 | 50 | 60 JMZ&“QQ
Woop ] 10 | 15 | 20 | 30 e
Max. Wy /Hyw [NM] | 11/14 | 15/14 | 21/15 | 32/15 /; gt\iw“w
Wei [nm] 102 | 130 | 171 | 227 o @

Wt/ Worop 102 | 87 | 85 | 76 EE_T{

The nanowires are [110]-oriented and horizontathayed with 50 or 10 parallel
wires. The physical wire lengthkny) are in the 42 — 607 nm range as shown in Figure
2.12. Effective gate length.{s) and source/drain resistand®f) were extracted thanks
to the Y-function-based technique as shown in Girapit Differences betwedn,y and
Less were less than 10 nm. This means that the sowate/onplantation and activation
annealing are well-controlled. The resultiRgp are 159Q.um for NMOS and 161
Q.um for PMOS.
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L,,=600 nm

(b)

-LI: 611 nm

Figure 2.12 Top-view (a) and cross-section (b) of SEM imageseufically-stacked

silicon nanowire MOSFET with mask length=L40, 100, and 600 nm.

2.5 CONCLUSIONS

In this chapter, the fabrication process of thdivalty-stacked channel MOSFETs
were described. The use of sacrificial SiGe laga@bles silicon channel to be piled up.

The gate stacks were uniformly surrounded owingltb and CVD process.
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3.1 INTRODUCTION

In short-channel MOSFETS, it is important to desWOSFET structure effective
in suppression of both short-channel effects angrcgddrain resistance. Moreover,
although ¢ dependence o/ becomes weaker in short-channel MOSFETS, ghe
enhancement can be still important in increadigg under quasi-ballistic transport
regime as explained in Chapter 1. To analyze th®peances of the vertically-stacked
channel architectures, it is necessary to accyraberact its intrinsic parameters such
as the threshold voltage, the effective gate leniyh series resistances, and the carrier
mobility. Although many techniques have been dgwetb during the past decades
[3.1-3.9], only few of them remain reliable for aggsively-scaled MOSFETs have
been applied. Especially, the mobility decreasén whe channel length downscaling is
often problematic [3.10-3.11]. In this study, wesibally use two methods. One is
Y-function-based techniques [3.1-3.5] which relaytloe low field drain current model
(BSIM3v3-like [3.12]) and does not require any asption about thes (L) behavior.
This method enables us to simply and correctlyaextihe device parameters. The other
method is splitC-V method to analyze the effective mobility in therarsion layer
[3.13-3.16]. Indeed, parasitic effects and coerteof a couple of carrier scattering
mechanisms make the accurate analysis of the myobifficult. In this study, the
effective mobility is evaluated by combining theseo methods. Then the carrier
scattering components in the nanowires are invagsiitj from the viewpoint of the

validity of the Matthiessen’s rule.

3.2 Y-FUNCTION METHOD

Y-function has been first introduced by Ghibausgtoal. to provide an easy and
reliable way to extract the device parameters [3ii¢én completed by including a
quadratic mobility attenuation factor. Y-functioaded method is based on the
combined exploitation of théps—Vs and g—Ve curves. The MOSFET parameter

extraction is performed within the strong inversimgime of the MOSFET linear
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region and, therefore, relies on the following e [3.4]:

E:VDS +RSD’ (31)

IDS IDSO
W,

oo =LT—OT:ueﬁCox(VG_VT =V /2Vgs) (3.2)
eff

Mo = Ho ) (33)

140,V -V, 12)+0,(V eV, -V, 12

'BE#OWFTCOX’ (3.4)
eff

_Olos 3.5

On = OVG ! ( )

vy =_tos :\/ Ao VeV, -V, 72),  (3.6)

vV Im 1-0,(VeVr -V, /2)
Ot =6, + ARep (3.7)

wherelpsois intrinsic value ofps (i.e. atVps, withoutRsp influence),ip is the low-field
mobility, @, and & are the first- and second- order mobility attermmafactors. G e
represents the mobility limitation caused by phomseattering and includes thp
These equations are valid in strong inversion. Tdwin current Ips and

transconductanaog, then can be rewritten by the following equation:

- AV (V Vi ~Vp /2) , (3.8)
1+G)leff (VG_VT Vo /2) +G)2(VG_VT Vo /2)2

IDS

A h-0,(V ., -V, 12)) _ (3.9)

on 40, VeV, -V, 12) 40, (v v, -V, /2)}
In the strong inversion regime, the Y-function earlinearly with the gate voltage when
G-effect {.e. the surface roughness effect) is negligidecan then be obtained by the
extrapolation of the linear part of the curve (ogpt with the X-axis),f can be
extracted from the Y-slope. Unfortunately, the Yidtion calculated from the complete
model (including @,-effect) takes a non-linear form (3.6). This namehrity causes
strong uncertainties on anfl extraction. This problem has been noticed by sdver

researchers [3.2—3.5]. Tana&ha al.introduced a corrective facto®] to suppress the
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and linearize the Y-function for performing a sifatiforward extraction [3.4]:

1
FY,®)s—————=./pV, V-V, -V, 12), 3.10
. ®) 1Y? +o Ao ) (810
®=0,/p4Y,. (3.11)

Therefor by finding® which satisfied thaE(Y, @) is linear toVg of dF(Y, @)/d\ is
constant, we can extra@. Figure 3.1 shows an example @fextraction. Since effect
of @ onF(Y, @) is monotonic, we can straightforwardly and robusblve it. Following
it, the parametef, &, andVr are extracted by linear regression curve. To taie® e,

the effective mobility attenuation functia®.y is defined from the equation (3.8) as,

BV, 1
Q. = - =0, . +0 -V. -V /2). 3.12
eff IDS (\/G _VT _VD /2) leff Z(VG T D ) ( )

Figure 3.2 shows thé.; as a function of gate voltage. A good linear refatvith Vg is
obtained. The@,.; can be extracted from the intercept@g(Ves) with the Y-axis. In
addition, the slope enables the validation of @eextracted from the equation (3.11).
The modeledps—Vs andg,—Vs curves then are obtained from the equations h8)
(3.9) by using the extracted factof Gier, &, andVry). Figure 3.3 shows thg andgnm
curves comparisons between the measured data anfittéd model, showing that a
fairly nice modeling has been achieved. The mosi¢hen well adapted even for short
channel MOSFET devices l< 100nm).

0.08 0.08
T |@ =
L 006F xo =0 i 0.06
B o® =70 3
b 3
c 0.04 - 2. 0.04
il o
© >
Soo2f V7 2 0.02
>'_ i =]

0 (eSS 0 >
0 0.5 1 1.5 2 0 0.5 1 15 2
Gate Voltage Vg [V] Gate Voltage Vg [V]

Figure 3.1Y-function as a function of the gate voltage. Tlewick used is n-type

vertically-stacked SNWT with£100 nm and Wx~=15 nm.
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O 1 1
0 0.5 1 15

Vg —Vi-Vp/2 [V]

Figure 3.2Extraction of @ The device used is n-type vertically-stacked SNWYT
L=85 nm and Ww=15 nm.

— 1 < 15
E (a) £, (a) o Measurement
= 08 | £ — Model

Q ’ o Measurement o 10
:_ 0.6 L — Model § .

3 3 05

c
-% 0.2 r 3
2 0 > ! ! % 0 J
0 0.5 1 15 2 F 0 0.5 1 1.5 2
Gate Voltage Vg [V] Gate Voltage Vg [V]

Figure 3.3(a) Ips—Vs and (b) g—Vs curves comparisons between the measured data
and the fitted model.

By using the obtained parametefs @i, G, andVr), we can extrad®sp, Lef, and .
The parameter extraction is performed by the fteps
(1) we extracp, Gier, @, andVr in eachLg as above.
(2) we extracRsp by plotting Gie = among allLg as shown in Figure 3.4 (a). Note
that errors irLg andLg-dependenty, never affect the extractdtp value.
(3) we extractedie by plotting 15-L, as shown in Figure 3.4 (b).
(4) we finally can extractes as a function o¥/g by using all the parameters extracted
andCox measured by spl€-V method.
The flow chart is shown in Figure 3.5. Note thaat@ate widthWror is not needed to
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extract the mobility becausg (Eq.3.4) can be rewritten by using the measured

capacitanc€,,, without any normalization as following

= Wior — Wror Cn — & (3 13)
ﬁ =l ox ~ Mo —“Ho o '
Leff Leff WTOT Leff Leff
2 300
O Extracted data O Extracted data
15 (a — Linear fitting (b — Linear fitting
T < 200
= 1 L,,=600nm =,
E < AL=3.5nm
© s " 100fF 9
: o, Lo = Ly - AL
0 1 1 1 1 0 1 1
0 0.01 0.02 0.03 0.04 0.05 0 0.2 0.4 0.6 0.8
B AV L [m]

Figure 3.4(a) Rsp, &4, and (b) L extraction.

Start

Measured lps-Vg

‘ Calculate Y-V for each Lg |

Initial ®

‘ Change @ and Calculate Eg. (3.10) |

Is Eq. (3.10)
linear?

Yes

‘ Extract Vy, ©,, B |
from Egs. (3.10) and (3.11)

‘ Extract ©,¢4 from Eq. (3.12) |

Is finished it
for all Lg?
Yes

‘ Extract Rgp and ©, from Eq. (3.7) |

N2
‘ Extract L from Eq. (3.4) ‘

| Extract peg from Eq. (3.3) ‘

End

Figure 3.5Flow chart of the extraction procedure.
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3.3 SPLIT C-VMETHOD

This method is based on the combination of two ciégace measurements and
one current—voltage measurement in order to oltaéneffective mobility/ss as a
function of the inversion charge densiyy or the effective electric fielles

The drain currentps is a combination drift and diffusion currents. latv drain
voltage of typically 10-100mV, the channel chargeuniform from source to drain,

allowing the diffusive current to be ignorable. Tdain current then can be simply

written by
W,
ID = LTOT luefoINVVDS' (3'14)
eff
which can be written:
OqLest
Uy =—o ", (3.15)
! WTOTQINV

where the drain conductanggis defined as:

ol,
Oq o, |sz cons

The inversion chargegQny can be directly determined from the gate-to-chhnne

capacitanc€gc, according to:

Quv Vs) = e Ve)dV; - (3.17)

1 ‘[VG C
LeiWror =™

ThenCgsc is measured using the connection of Figure 3.6T(a@ capacitance meter is
connected between (i) the grounded substrate andh@ gate and the source/drain
electrodes connected together. Setup in Figure (B)6is used to measure the
gate-to-substrate capacitanCegs. The connected source-drain is grounded dutisg
measurement. This measurement determines a bulgechensityQg according to the

following equation

1 8
QuVe) = [ Cop(Vo )V, - (3.18)
LeffWTOT 8

Then the effective vertical electric field can k@calated by using bot®,ny andQg as
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the following equation

E. = QB:ZQ'NV, (3.18)
Si“0

wherern is an empiric parameter equal to 1/2 for electiams to 1/3 for holes. Note that,
on SOI substrateCsg measurement cannot be performed due to the presdEnthe

BOX. But for ultra-thin films transistors on SOIltwiundoped channels and thick BOX
(which is the case of our transistors), the depfetiharge is negligible compared to the

inversion charge and the effective field is soldyermined from the inversion charge.

(2) S/D G (b) S/ID G

s ] [o] [s] Lo

I .

Figure 3.6Configuration for (a) gate-to-channel, (b) gatedobstrate capacitance

measurement for split C—V measurement [3.17]

The splitC-V method is applicable to short channel devicesy dnlthe drain
current is corrected by the series resistancescdpacitances are corrected from the
parasitic capacitances, and the effective gatelesgorrectly extracted [3.15-3.16]. In
order to accurately evaluate the mobility, the effee mobility was extracted by split
C-V method with both parasitic capacitance angh Rorrections. The parasitic

capacitance, independent of the gate length, cas tie removed by the following

equation
intrinsic _ C -C
CGtcz - sz — LlGCl L2 , (3.18)
whereL; andL, are the effective gate lengtBigca™"° is the intrinsic gate-to-channel

capacitance for the transistor with. The use of two close gate length is needed for

avoiding too large threshold voltage mismatch betwthe two corresponding devices.
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Figure 3.7 shows typical &&-V curves with and without correction of parasitic

capacitances.

150 - ,
Symbols : w/o correction L L~600nm

Lines : with correction

0 100 r F. Lo ~250nm

‘:L.) gfl/ﬂﬂ.—. Ler ~100nm

d—" f!' Le; ~600nm
50 54

Lt ~250nm

| Loy ~100NmM

Gate-to-channel capacitance,

-1 0 1 2
Gate Voltage Vg [V]
Figure 3.7Csc-Vs curves with and without correction of parasiticpe@itances. The

devices used are n-type vertically-stacked SNWH waitious gate lengths.

To correct the drain current by tRep influence, we used tHesp value extracted
by the Y-function method. Note that when the eaqumat{3.17) is substituted to the
equation (3.15)Wror is canceled out. As a consequence, to extracteffestive
mobility, we only need the measurkdVs andCe—Ve, and theLesr, andRsp extracted
by Y-function method. Figure 3.8 shows the validdy the extraction. A good

agreement when compared to other techniques wasvadh

w 300 O Split C-V w Rg, correction
> : @ Double L, Method
NE == Y-function method
G, 200

5 &

= s

s 100} P
= B @

O
Q
w o I I |

0.0 0.5 1.0 15 2

Figure 3.8Comparison of effective mobility extracted by s@hv, double |, method
[3.16], and from parameters extracted by Y-functioethod. The measured device is the
stacked SNWTs with =15 nm and k+=242 nm. The device withs#=592 nm was
also used for doubleptmethod.

74



Electrical characterization methods

3.4 MOBILITY LIMITING COMPONENTS

Mobility describes carrier motion in a materialaodevice under the influence of
an electric field and is expressed as the carmdwcity per unit electric field. It is a
function of the carrier effective conduction mas$s and of the average time between

two collisionsrt.

u=9r (3.18)

One of the important factors which predominate he mobility expression is the
effective mass of the charge carriers in the ineartayer. The effective mass leads to
the substantial surface-orientation dependencehefsubband structures. Table 3.1
shows the values of the effective mass and theywadkgeneracy of Si on the three main
surface orientations, (100), (110), and (111) [B.T8e anisotropy of the effective mass
in silicon makes necessary the appropriate chofceh® surface orientation for an
optimum design of the effective mass. It is wetlagnized that the twofold valleys on a
(100) Si surface is one of the optimum surfacenaigon in Si, becausey and m,
becomes the minimum (transverse mamgsand the maximum (longitudinal mass)
values of Si, respectively. Figure 3.9 shows a $ampthe experimental results of the
effective mobility on (100), (110), and (111) swes. In general, the electron mobility
is highest on <110>/(100) substrate while hole titgbiis highest <110>/(110)

substrate.

Table 3.1 Lists of effective mass and valley degeneracyliobsion (100), (110), and

(111) surfaces.

it surface [channel 1st ladder 2Znd ladder

“Jorientation|direction] s« my | mz nv] mx my | mz |n

<001> 0.19 10916 | 2 |

(100) 019019 |0918) 2 |0.916) D19 ) 019 2

<011= 0.31510.315 4

o01= | 0.19 |0.553 4 |0.916] 0.19 2

10) = =

si | " [T lossslo1e]* o1 [osisl 10 |2
110> 0.412]0.232 | 4 |
(111) 019 |0.674 02581
023210412 4
<112=> =
0.674) 0.19 2
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Figure 3.9Electron and hole mobilities in the inversion layewith the substrate

orientations. (data from ref. [3.19]).

Moreover, the carriers in the inversion layer acattered according to several
mechanisms. Each scattering mechanism is assocrteda mobility component.
According to the Mathiessen’s rule the net mobilitgepends on the various mobility
components as [3.17]

111 m (3.19)
T

and the lowest mobility component dominates. Tlateong mechanisms alatice or
phonon scattering@ndionized impurity scatteringThe location of the carriers near the
oxide-semiconductor interface introduces additiorsmattering mechanisms like
Coulomb scatteringfrom oxide charges and interface states, as welswaface
roughness scatteringeducing the MOSFET mobility below the bulk madaiyil Since
these scattering mechanisms show the differentswmre-field-dependence and
temperature- dependence, the mobility limiting comgnts can be analyzed by plotting
it as a function of the transverse field or theeision charge density, and the

measurement temperature.

B Phonon Scattering
Phonons are pseudo-particles associated to thealdings network vibrations.

When the temperature is bellow 100K, acoustic phenare dominant. For higher
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temperatures, between 100K and 400K, optic phoroaspredominant. The phonon

limited mobility is given by
My O —r__, (3.20)

wheref value, between 1 and 1.75, is dependent on tii@cguorientation [3.20].

B Coulomb Scattering

Coulomb interactions are induced by any mobileixed charge in the channel
(impurities) or close to it (oxide charges). Theg predominant at low temperature and
low electric field (weak inversion). In strong img®n, the coulomb scattering is
screened due to the high carrier density. The Qololan limited mobility is expressed

as
My U EeffT ' (321)

B Surface Roughness Scattering
The oxide/silicon interface roughness induces earscattering. This scattering
does not depend on the temperature. It is predorhimiahigh electric effective field,
when the carriers are close to the interface. Thtase roughness limited mobility is
given by
My OBy~ (3.22)

Figure 3.10 shows a schematic diagram of mobiiityting components. At low
effective field, the electron mobility is limitedybthe Coulombian interactions
(impurities and interfaces charges). When the @¥fedield is increased, the mobility
becomes independent on the doping level accordirgy wniversal curve as shown in
Figure 3.11 [3.21]. In this region, the mobility limited by the phonons and surface
roughness interactions. When the temperature is balow 100 K, the phonon
interactions can be ignored. Then we can extracstiiface-roughness-limited mobility

at high effective field of inversion charge density
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Figure 3.10 Schematic diagram of mobility limiting components @ function of

inversion charge density at low and high tempematur
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Figure 3.11 Electron mobility on (100) as a function of effeetifield. The dots are

experimental results in ref [3.21] with substratecapter concentration dependence.

The lines are the limited mobilities calculatedNdgtthienssen’s rule.

3.5 CHARGE PUMPING METHOD

Whereas the quality of the thermal $i€xide in conventional Si£Y poly-silicon

MOSFETs was rather well controlled, the introductiof new materials in the gate

stack (such as high-k oxides, metallic gate, rettidxide...) has a strong impact on the

quality and their electrical characteristics. Instistudy, we have investigated the

combined effect of advanced structures such as S&With HfOQ/TiN gate stack, on

the channel/oxide interface quality by using thearge pumping (CP) technique in
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specific P-i-N nanowire structures as shown in Fegi12 [3.22].

AV | [ :

St<  >t< Vo
Trapezoidal pulse +V, .

lep

N+

BOX *NWs

Figure 3.12 Schematics of the experimental setup used for CiPa@ezoidal pulse is

applied to the gate and CP current is measuredhenR+ contact.

In the CP technique, a trapezoidal voltage pulsapied to the transistor gate
(Figure 3.12) which alternatively fills the intecta traps with electrons and holes,
thereby causing a recombination currdag, to flow in the P and N regions of the
gated diodeBy varying the base levely,se from accumulation to inversion, with a
constant amplitudelVg greater than the value of the band gdp=1.3 eV is used
here), the measurddp has a typical “hat” shape. The maximum of the texel CP

current can be expressed as

lep = qu‘l‘EE:m: D, (E)dE, - (3.23)

whereA is the gate area, ampthe electron charge. The integration is done betviee

hole and the electron emission leVielg,, andeeme. Those energy levels are given by

V. -V
Eemn = E; +kBTIn(Uthniap FZV TtrJ,
G

Ve, -V

Eene = E +kgTIn| 0,00, Veo T‘tf : (3.24)
AV,

wherekE; is the intrinsic Fermi levely, the thermal velocity of carriers; the intrinsic

carrier density, andy, , the capture cross-section of electrons or holgsafon (3.23)

shows a linear relation betweége and frequencyf. This simple relation allows to

measure the mean vallg integrated over the band gap by sweeping the &y of
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the pulsed signdD; = 10A4E.dIcp/df. According to Egs. (3.24), the emission levels
can be modulated by varying either the fall or tisee, or the temperature. In particular,
varying t. while keepingt; constant, and reversely, allows to extract theenergy

profile in the forbidden band gajsing

Dit (Eem) = L dICP ! (325)
gAfk;T dint, |

wheret, s is the rise or fall time depending on the enerlyge scanned within the band
gap. Finally, changing the temperature allows tansa broader range of energy. Low
temperatures down to 25 K give thus access to tieegg distribution close to the
conduction and the valence band of Si in a typia(0.58-0.3) eV energy range
(Figutre 3.13). Notice that the energy band gaphefSi increases at low temperature,
reaching 1.17 eV at 25 K. The value of the captemess-sectiond, is hard to
determine experimentally. However, an error on fl@sameter only results in a shift in
the energy axis (limited to 120 meV fak, =10"-10"" cnf) and does not change our
results in a significant way. In the following waue chosen a constant value equal to
10*® cn?, which is a physically acceptable valiénally, due to the derivative used in
Eq. (3.25), and for the small geometries of the suead devices, the measurement

sensitivity of this spectroscopic CP techniquereaiad 16 eV cm ™.

TIK
0 100 200 300 400
T bl T T

0 100 %::E{)nsl] 300 400
Figure 3.13 (Color online) Energy range scanned by temperatacglulation from 20

K to 400 K (bold line) or by rise/fall time modutat (dashed line), as calculated from
Egs. (3.24) for Si. Insert: Schematic of the phaisinechanism involved during CP
measurement. The electron and hole emission I&gls€an be scanned by changing

temperature T and/or the rise of fall time t

80



Electrical characterization methods

3.6 LOW-FREQUENCY NOISE MEASUREMENT

Low-frequency (LF) noise is a powerful techniquectwracterize the electronic
devices, providing relevant information about tlefedt density in the active regions.
Very few studies have been dedicated to LF nois8iinanowires. In this study, we
investigate the LF noise in vertically-stacked SNWT3.23]. The LF noise
measurements were performed between 10 Hz and 1Gak¥s=50 mV. They show
typical 1/f spectra for both devices. It is well known thatelactronic devices, the 1./
noise can mainly be interpreted by following twgegaches:

() The carrier number fluctuation (CNF) model, oridingproposed by McWhorter.
In this model, the trapping/release of charge eesrinear the dielectric/
semiconductor interface causes modulation of #ebfind voltage, and by turn, of
the drain current. This model can be extended ¢tude the correlated mobility
fluctuations (CNF+CMF),such that the normalizedm@iarrent noise reads,

So (1+ag,eﬁ c., 'o]stFB x(gmjz, (3.26)
I I I

where Sp is the current noise power spectral density/i&), a the Coulomb

scattering parameter (Vs/C), , aBgg the flat-band voltage power spectral density.

The S/rg is associated with the interface charge fluctuatiand is given by,

_ KN, (3.27)
S\/FB f\NLCéX !

where is the oxide tunneling distance aNgthe volume trap density (creV ™).
Thus, the CNF model is particularly sensitive te tjuality of dielectric/channel

interface, especially in the presence of higthelectric and metal gate stacks.

(I) The Hooge mobility fluctuation model (HMF) is basaad the assumption that the
carrier mobility fluctuates by the interactions lwiphonons, as in conventional
conductors or semiconductors. It can be expredsemigh a phenomenological

parametergy

81



Electrical characterization methods

So _ g _ 1 (3.28)
12 fwLQ I,

whereQ; is the inversion charge density per unit area (Eyanday (=10°-10°)

is the Hooge parameter.

3.7 CONCLUSIONS

In this chapter, the two electrical characterizatrnethods were described. The
calculatedl-V curve with parameters extraction by the Y-functimethod was well
fitted to the measured data for various device dsians, showing the validity of the
method. Finally, a good agreement between the tefeeamobility values when
compared between Y-function method and sfli#V technique was achieved. In
addition, each mobility-limiting-component can beabyzed by plotting its transverse
field and temperature dependence. The CP methodL&ndhoise technique were

described as the electrical evaluation technigfiisecinterface quality on nanowires.
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CHAPTER 4

SOURCE/DRAIN DOPING TEQUNIQUES FOR
VERTICALLY-STACKED CHANNEL STRUCTURE
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4.1 INTRODUCTION

The reduction of parasitic access resistancesligar@nected at source and drain
region of MOSFETS are one of the challenging tetdmo in order to meet the
performance required in the roadmap as discuss€tiapter 1. The voltage drops at the
resistances reduces the applied voltages at tie a@nd gate electrodes in the transistors,
resulting in the decrease in the overdrive voltagelower the on-current. These
resistances also cause degradation in the timgazunsommonly refereed as RC delay,
which lower the switching speed. Therefore, asctiennel resistance reduces with the
scaling in the gate length, the parasitic serisstance should be further reduced not to
increase its proportion in the total resistancenastate.

MOSFETs with 3 dimensional channels (e.g. Fin FESEs)erely suffer from the
parasitic access resistance with scaling, as thesesectional area at the entrance from
the source to channel becomes smaller comparedetsurface used for conduction.
Therefore, novel processes dedicated for 3 dimaakiBETs should be implemented.
The aim of such approaches is to modify the shdgbeosource and drain region in
order to reduce the current density or to furtleeluce the resistivity of the wiring. One
example of such process is selective epitaxy grgmtitess to elevate the source and
drain region to reduce the current density. Siheegrowth is selectively done only on
Si surfaces, the source and drain regions can lbfietb without any short circuit to
other electrodes. One of the concerns is the exgessth of the source and drain
regions results in the increase in the gate tondrapacitances, to lower the switching
speed. The later process includes recoil ion-intpteon, plasma doping and refractory
metal silicide technologies; those techniques gggessively under research.

As with vertically stacked multi channel deviceslf44.3], the later approach to
reduce the resistivity of the source and drainaegihould be done as the source and
drain regions are already grown to access to tharatis. Therefore, a further increase
in the doping concentration with higher activatiatio at source and drain regions are
mandatory. In terms of the gate to drain capacésnthe use of oxide spacers with

lower k-values between gate and drain regions ep®rted to be effective and a
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reduction in the intrinsi€V/I delay by 39 % has been achieved [4.1].

In this chapter, a novel process to decrease #istikgty of the source and drain
regions of MCFET is presented usimg situ doped selective epitaxial growth in
combination with conventional ion-implantation JI4s a novel process for source and
drain formation. The effect of source and drainnfation process on the series

resistance and carrier mobility will be discusdawuigh electrical characteristics.

4.2 EXPERIMENTAL CONDITIONS

Three types of MCFETs with different S/D doping ectes, listed in Table 4.1,
were investigated. For control MCFET samples, acsens were implanted to the
un-doped selective epitaxial growth (SEG) S/D (waththickness of 200 nm) with a
dose of 16° cm? of at 50 keV forn-MCFETs. Forp-MCFETS, boron fluoride ions
were implanted with a dose of 2@m? at 40 keV. For sample A, the source and drain
regions weren situ doped during the SEG step. The dopant atoms (+:@%cm?) for
thein situ doped SEG were phosphorus and boromfandp-MCFETS, respectively.
For sample B, in situ doped SEG was combined wfith |

Table 4. 1 Doping scheme

_ lon implantation
Un-doped SEG | In situdoped SEG n
Control 4 v
Process A v
Process B v v

4.3 ELECTRICAL CHARACTERISTICS

4.3.1 |-V Characteristics
Drive current (at |c-V1|=0.9 V and \[p|=1.2 V) against standby current (at

[Ve-V1|=0.3 V and\[p|=1.2 V) for MCFETs with & = 70 nm is shown in Figure 4.1.
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The currents were normalized by the top-view widtharge enhancement in the drive
current with process A and B respectively, can b&ioed within situ doped SEG
process compared to the control MCFET. This impnomet applies for botm- and
p-MCFETs. The mean drive currents of 2.4 and 1.2 pom\/are achieved fam- and
p-MCFETs with process B, respectively. These higiresu densities are due to the in

situ doped SEG combined with I/l and 3-D configimatof vertically-stacked channels.

10 MCFET 10 (b) p-MCFET
~— a n- Loy | =
£ 105 | @ E 105 [ F
= M Control = M Control
3. 106 | AProcessa A A ‘” <, 106 |- A Process A b
= @ Process B = @ Process B o
o 107 | * S 107
g A A % A ‘.
3 108 A e 3 108 L% )
> > A oo
Q 10-9 - e} 10-9 -
2 . 2
g 1010 (% 1070 | g

10.11 | | | | | 10-11 | | | | | |

0 0.5 1 15 2 2.5 3 0O 02 04 06 08 10 12 14
Drive current [mA/pum] Drive current [mA/um]

Figure 4.1 On-off relations of (a) n- and (b) p-MCFETSs.

Although the variability in the drive current for and p-MCFET showed little
dependence within the same process conditionstémelby currents tend to scatter and
the mean value slightly increases with process & BnThe reason of the variability
increase in the standby current might be origin&teeh the residual defect in the situ
doped SEG. These defects, commonly observed inlyhidbped silicon, produce
generation centers which degrade the on/off jungbi@perty.

The threshold voltage dependence on lthes shown in Figure 4.2. Enhanced
roll-off properties were observed with sample A @dwhere in situ doped SEG was
adopted. This suggests the influence of the dogmhffiision which lowers the
abruptness of the junction.

The dependence of the on-current per a unit wiglth) (on thelg, for both n- and
p-MCFETSs, is shown in Figure 4.3. Here, the totalttv \Wro7r) of the channels was
used for the normalization. THen (Lg) dependence clearly demonstrates the scaling

potential achieved within situ SEG process compared to those with the control
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MCFETs. Especially one can see the merits of psodgs which enables further

enhancement in tHgy whenlLg is scaled down below 100 nm.

0.8
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0.6 | A Process A . ! ! !

0.4 | @ Process B a
02 | n-MCFET

0.2 - p-MCFEE

04 | A ﬁ

-0.6 - a B

-0.8 — T
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Gate length, L [um]

Threshold Voltage, V; [V]
o

Figure 4.2 Threshold voltage roll-off characteristics of MCFEWith Ls scaling.
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Figure 4.3 On-current dependency on the gate length for (agnd (b) p- MCFETSs.

4.3.2 Source/Drain Series Resistance Evaluation

The access resistance values are evaluated thedegfinical measurements of the
transistors by Y-function based methods (see ChapteFigure 4.4 shows typical
modeling results of the transconducance of multinctel FETs with differentts. One

can confirm a fairly nice modeling with the abowgiations.
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Figure 4.4 Transconductance of the (a) n- and (b) p-MCFET4#dSimes represent the
fitted model.

Rsp can be extracted from the slope in the relatidween @, andf as is shown
in Figure 4.5. The good linearity i@ vS. £ curves, for all thd.g down to 70 nm,
indicates thatRsp is identical among differents. The extracted values dRsp
normalized for a unit channel widthur), for the control sample and MCFETs with
process A and B were 4.5, 3.6 and 0@-km for -MCFET and 5.2, 3.2 and 1.2
kQ-um for p-MCFET, respectively. Note the remarkaBl&, reduction which has been
successfully obtained by combining in situ dopedGStwith 1/l for both n- and
p-MCFETs (process B). The relatively lafge, in the control sample may be attributed
to un-optimized doping profile in un-doped SEGtlsat ion implantation with multiple

acceleration energy appears to be necessary.

v ! (b) p-MCFET
12 | (@) -MCFET 6 -
10 E.%nlzr(g.lum a 5T Control
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— | 2 B
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Figure 4.5 @ 1¢VS.S curves of the fabricated (a) n- and (b) p-MCFETSs.
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On the other handin situ doped SEG process facilitates and improves the
processing of vertically aligned MCFETs S/D-channektions. The additional I/l into
in situ doped SEG further reduces theoRy 90 % and 60% for n- and p-MCFET,
respectively. The origin of the reduction is stiliclear, however, for n-MCFET the
better positioning and uniformity of the doped & the high solubility of implanted
arsenic atoms in silicon compared to that of phoggh atoms may increase the

activation rate, leading to a decreas&dp.

4.3.3 Carrier Mobility Evaluation

Besides theRsp values, the effect of junction formation procesteds the
effective mobility i+ in the channel, in particular when neutral defeats formed
during I/l steps [4.4]. A degraded.s is commonly observed for smdll,. We here
investigate thes of the MCFETs and compared the influence of timetjon formation
process.
The L& was extracted by a modified split C-V method idesrto exclude the parasitic
capacitance, which may become dominant in sclatedrigure 4.6 shows examples of
gate-to-channel capacitanc€sc (V) curves of the MCFETs with process A and B,
indicating that the parasitic capacitances weratidal among differenkg, so that the

inversion carrier density can be extracted.

30
(@) n-MCFET (b) p-MCFET
= LongLg | |-
Process A Process A
. 20 = Process B 7L0ng |_G == Process B
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o o Lg=170nm
@) ] Lg=70nm
10 Short L, | [eme
=t
| =370nm |
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0 | | \ | | | | | | |
-1 0 1 -1 0 1

Figure 4.6 Cgc characteristics with variousd-for (a) n- and (b) p-MCFETSs.
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Figure 4.7 L of the MCFETS with differentlof 570 and 70 nm.

Additionally, Rsp correction for (& extraction is necessary as the output
conductance is strongly degraded by the paragsistance. Figure 4.7 (a) and (b) show
the e of n- and p-MCFETs ofLs=70 and 570 nm with process B with and without
RSD correction, respectively. The contribution Rfp on the (& is obviously more
prominent when thég is scaled, as the ratio of tRep to the total resistance increases.
The &1 calculated by Y-function method agrees well with .+ extracted by split C-V
method in the region of high carrier density, confng the correctness of the extracted
Lest. Process A results in slightly higher mobility wes, as illustrated in Figure 4.7.

One can observe a degradged with smallerLs for bothn- andp-MCFETSs even
after Rsp correction. This fact implies the existence oftAeo mechanism degrading the
Les I the direction of channel. Figure 4.8 compaheslow-field mobility 1o values in
MCFETs with process B and C. A distinct degradatiothe 1 with Lg scaling can be
observed for botim- andp-MCFETs. Using the model proposed by Biéalal[4.5], a
Ls-dependent limiting mobilityys(Ls), can be postulated as

1 _ 1 .9 (3.7)
:uO(L) :umax LG

wherepmax anday are the maximum mobility in long channel MCFETS! éime mobility
degradation factor, respectively. Using this maaligh the two fitting parameterggp at
further scaledLg can be predicted as shown in Figure 4.8. The mgar showed

smaller values with process B compared to thosé wibcess A, suggesting the
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influence of I/1.

On the other hand, the, values were found to be similar in the rage 08610
and 0.22~0.24 nm-Vs/chior n- andp-MCFETs, respectively. Therefore, the degraded
Less In the low carrier density region can be consideie be originated by Coulomb
scattering from the dopant atoms diffusion from S#gions induced by I/l B-type
process. Indeed th¥y roll-off characteristics orLg shown in Figure 4.2 revealed
slightly changed characteristics for bothandp-MCFETSs, supporting the possibility of
an enhanced dopant diffusion. Moreover, the threpdislocation patterns observed in
the TEM images shown in Figure 2.3 suggest an exdthdiffusion of dopant atoms,
typically reported as 100 times higher, throughdb&ects which reduces the abruptness
of channel and S/D regions [4.6].

350 @ MOFET 160
— a) n- (b) p-MCFET
2 300 = 140
) 2 120
5 250 T 10
= 200 =
S = 80
£ 150 S 60
@ T
W 100 | 40
50 L L L | L L L 20 L L L L 111 L L L L L1l
0.01 0.1 1 0.01 0.1 1
Gate length, Lg [um] Gate length, L [um]

Figure 4.8 Estimatedip on L scaling.

The values of ther, and tmax for MCFETs are summarized with reported values
for planar FETs in Figure 4.9. The MCFETs with itusSEG process show 2 and 3
times higher values i, than the ballistic limit(aypa), for n- and p-MCFETSs,
respectively. This deviation indicates the presesfd@oulomb scattering in the channel
which can also be inferred from the lowg#.x value compared to other devices. The
message is that, although in situ doped SEG praseasseful forRsp reduction, further
process optimization in the dopant activation seepeeded in order to suppress the

diffusion of dopant atoms in to the channel.
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Figure 4.9 Summary of the extracter), and zmaxWith reported values for planar FETs

[4.5].

4.3.4 Gate Length Scaling

Using the extractedi, and tmax One can estimate thg value of the MCFETs
with further scaled.c. From Figure 4.84% with Lg scaling can be estimateg, showed
further reduction at scaleds, even considering the variability. The differenafe o
becomes smaller between the process A and B. T&timaion indicates that the
electrical influence of the diffused dopants frone tsource and drain region can be
neglected as large portion of ballistic limited niidppdominates at thesedregions.

Here we examine the global MCFETs down-scalingjuting short-channel
effects. Thdorr behavior, when normalized by a common thresholthge V+, reflects
the subthreshold properties such as DIBL and S&tkeoVr roll-off, however). Figure
4.10 shows théon-lorr characteristics ofi- andp-MCFET with severalg and W. The
currents were normalized by the total channel se (Wiota = W X 5¢ch. +Ts; X
6side-ch.). When reducinigs down to 70 nmJogr increases progressively due to the
enhanced DIBL, while the SS value remains consitrt7’0 mV/decade for nFET and
~75 mV/decade for pFET. MCFETs withs smaller than 70 nm have degraded
subthreshold properties without the expedtgdenhancement. This kind of degradation
can be suppressed by adding the lateral gatesrodtic control throughW
down-scaling [4.7]. Drive current gains of 14 % fofET and 20 % for pFET were
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observed wheW was reduced from 350 nm down to 100 nm. We medsurehe
meantime an improved mobilifyy of 11 % and 18 % for nFET and pFET, respectively.
This suggests thal/ down-scaling may reduce the dependent mobility degradation.
Additional investigation is needed in order to abta physical explanation of this
phenomenon which is compatible with volume inversio

Lastly, we present the scaled MCFETs charactesistith the process C. Figure
4.11 showdp-Vs andlp-Vp characteristics associated to 50-bg80-nmW nMCFET
and 40-nmkg and 70-nmwW pMCFET. We obtained extremely higkn-currents of 4.1
mA/um for nFET and a record 2.7 mA/um for pFETVah = 1.2 V. These values are
obtained thanks to the 3D configuration of the iealty stacked channels and the
enhanced impact of lateral conduction with smalégaidth. However| o is still high
due to the non-optimized threshold voltage on thsseples. When normalized at
Vorrt+Vop, thelon-currents are 3.3 mA/um for nFET and 2.0 mA/umgbBET. When
normalized byWta, thelon-currents aVore+Vpp for n- and p-FET are 538 pA/um and
396uA/um, respectively. These normalidef values are comparable to planar fully

depleted — SOIFETs when using the same (unoptingae stack [4.8].
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Figure 4.10on-lore Characteristics with several channel sizes for iMEC (a) and
pPFET (b).
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Figure 4.11p-V; (a) and b-Vp (b) characteristics for the scaled MCFETSs.

4.4 CONCLUSIONS

The influence of in situ doped SEG source and dhaia been examined for
vertically aligned MCFETs. A large enhancementabiactor of 2 in the drive current,
can be obtained when in situ doped SEG procesdapted. Detailed parameter
extraction from the electrical measurements shdas theRsp values can be reduced
by 90 and 75% fom- and p-MCFETSs, respectively, when in situ doped SEG is
reinforced by adding ion implantation. On the othand,V+roll-off characteristics and
the effective mobility behavior are slightly degead especially when ion implantation
is combined to the SEG process. Mobility analysas Inevealed an increase in the
Coulomb scattering withg scaling, indicating the diffusion of dopant atofram S/D
regions. These results indicate an avenue to furitn@rove the performance by

optimizing the S/D activation annealing step.
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CHAPTER 5

CARRIER TRANSPORT PROPERTIES OF
VERTICALLY- STACKED NANOWIRE MOSFETS
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5.1 INTRODUCTION

To achieve devices with both high speed and lowgrosonsumption for future
LSI applications, GAA SNWTs are one of the prongstandidates because of their
strong short-channel effect immunity. Moreover,rorease the drive current per unit
area with the higher integration density, vertsi@cking of NWs enables the use more
available silicon surface per device as shown impgiér 1. Recently, short channel
GAA-SNWTs have been successfully fabricated witmukter of less than 10 nm using
several top-down CMOS compatible processes; thegcessfully suppress the
short-channel effects [5.1-5.3]. On the other hanahsport property degradation in
SNWTs was also reported by several groups [5.4-56yvever, the mobility behavior
when the width is reduced has been remained undBzarier transport in SNW is
commonly discussed in terms of two main mechanismng; is one-dimension (1-D)
transport model, and the other is a facet-dominatatsport model. The former can be
adapted to sub-10 nm diameter, and the lattergeidane. From the fabrication process
viewpoints, (dispersion, yield rate), a larger deken is production friendly, provided
that the short-channel effects under aggressiwelled gate length are suppressed.

In this chapter, carrier transport limiting compotse for vertically-stacked
nanowire MOSFETs will be discussed to obtain beterformance with suppressing

short channel effects.

5.2 ELECTRICAL CHARACTERISTICS

5.2.1 |-V Characteristics

In this subsection, we discuss basic electricatasttaristics of vertically-stacked
SNWTs by comparing the scaled planar CMOS [5.7]thedeported SNWTs [5.1-5.3].
Figures 5.1-5.4 detail the electrical charact@ssof our vertically-stacked SNWTs
with 15-nmW, Its cross-sectional TEM image is shown in Figr&0 (b). Mid-gap
metal gates lead to normally-off MOSFETs with ateesd threshold voltage as shown

in Figure 5.1. Nearly ideal subthreshold slope @&y low DIBL can be kept down to
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Les Of 32 nm for nSNWTSs, while these characteristiesdegraded in pMOSFETSs. This
kind of pSNWTs degradation has been observed iarakexperimental data [5.2, 5.4].
As a result]orr for pPSNWT increases in sub-50 nmlqk as shown in Figure 5.4. On

the other hand, there is no degradatiotbef for n"SNWTSs.
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Figure 5.1 Threshold voltage as a function of effective gaegth for vertically-
stacked silicon nanowire n- and p-MOSFET with 15\,
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Figure 5.2 Subthreshold slope as a function of effective datgth for vertically-
stacked silicon nanowire n- and p-MOSFET with 15\,
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Figure 5.3 DIBL as a function of effective gate length for tigaily-stacked silicon
nanowire n- and p-MOSFET with 15-nmp\y
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Figure 5.4 lon—lope Characteristics of vertically-stacked silicon nange n- and
P-MOSFET with 15-nm-Wy,

The measuredh—Vp (Figure 5.6) andp—Vs (Figure 5.7) characteristics for our
best devices of vertically-stacked 15 nm width SNWATith 32 nm of Lgs for
NMOSFET and 42 nm for pMOSFET show well-behavedanttaristicslp—Vg curves
exhibit an excellent subthreshold slope (64 mV/fbeanMOSFET and 74 mV/dec for
PMOSFET) and very loWIBL (32mV/V for nMOSFET and 62 mV/V for pMOSFET).
On-currentsloy (normalized by total circumference) of 840 pA/umd &40 pA/pm
with lorg Of 4 NA/um and 96 nA/um are obtained for n- andQBFET, respectively.
When the currents are normalized by top-view widthe Iony is 7.2 mA/um for

NMOSFET and 4.7 mA/um for pMOSFET. The obtainedide\performances are
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summarized in Table 5.1. Figure 5.7 shows the coisgra of DIBL from this work and
other published resultdt is clear that our vertically-stacked SNWTs shewcellent
short-channel effects immunity compared to the aamulk High Performance (HP)
MOSFETs as well as that of the other 1-level GAAV®T. Figure 5.8 shows the
comparisons ofoy from this work and the other published resultss itlear thathe oy are
higher than the others when the currents are narethby top-view width. This is due
to the vertically stacked structure, showing thetenest of 3-D devices to increase
current density for a given layout. When the cuseare normalized by the total
effective surface of channels as shown in FiguB(b), we can consider the carrier
transport properties. Although our results are snalurrent levels due to the longer
gate length, they are onlLlline. Figure 5.9 shows drain currents as a functibLes.
Gate length scaling is still effective down to sanmLes. Further enhancement of the

currents can be expected if the gate length isrdginéd below 30 nm.
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Figure 5.5 Ip-Vp characteristics of vertically-stacked silicon navie n- and
pP-MOSFET with sub-50-nmet.and 15-nm-\W,.
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Figure 5.6 Ip-Vg characteristics of vertically-stacked silicon navie n- and
p-MOSFET with sub-50-nmekand 15-nm-\W,.

Table 5.1 Device parameters for vertically-stacked silicon nawire n- and
p-MOSFET with sub-50-nmskand 15-nm-W, The on-currentsgl are extracted at
Ve-Vr = 0.7 and -0.7 V for n- and p-MOSFETSs, respeciyivéhe off-currentsokr are

extracted at ¥-Vr =-0.3 and 0.3 V for n- and p-MOSFETSs, respecyivel

NMOS PMOS
NW cross-section 3-level-stacking
Max W w/Haw 15nm/14nm
L, [nm] 40
Lo [NM] 32 42
EOT [nm] 1.7 1.7
Vo V] 1 1
lon/Wess [MA/MmM] 840 540
lon /Wrop [MA/MM] 7.2 4.7
lon/lorr ~2x10° ~6x103
Viea [V 0.50 -0.37
DIBL [mV/V] 32 63
S.S., [MmVidec] 64 73
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5.2.2 Transport Limiting Velocity

In this subsection, we discuss carrier transpartitinlg mechanisms in the
short-channel vertically-stacked SNWTSs in detail.

In thermal equilibrium conditions, carriers can lmgected from the source
reservoir to the channel with a thermal velocithieTpart ) of injected carriers can be
elastically backscattered towards the source, valsettee (1) part propagates towards
the drain. Therefore, the effective source injectielocity (irj) is smaller than thermal
velocity. In the linear regime (small lateral figldhe injection velocity, resulting from
forwarded and backscattered fluxes and given byahe (1-+)/(1+r), will be the only

limitation of the total drain current, this beinglled the quasi-ballistic transport as
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described in Subsection 1.2.3. However for higarkdtelectric field, saturation velocity
Vsat resulting from optical phonon-electron interaciomay constitute a stronger
limitation than injection velocity. Therefore, wieaer the conduction regime (linear or
on-state), there exists a certain limiting veloditst can be expressed &g = Min (Vas
Vinj). This simple reasoning gives ground for a unifaatof all transport mechanisms,
within one universal and continuous drain currenbdel that is a kind of the
Matthiessen’s rule [5.9]. Sincey and vy, have very close values, it is difficult to
identify the true limiting mechanism. Fortunatellge temperature dependencesvgf
and v, are opposed as shown in Figures 5.10 and 5.11tharsdthey can reveal the

limiting mechanism.
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Figure 5.10Temperature dependence of saturated electron\gsificity [5.10].
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Figure 5.11 Injection velocity of a nMOSFET on (100) plane dsiraction of inversion
charge density at 300 and 77 K. [5.11].

Thanks to the temperature dependence of both saturzelocity and injection

velocity, the nature of the transport can be ewddnby plotting the temperature

111



Carrier transport propertiesof vertically-stackaednowire MOSFETs

dependence of the limiting velocity. The temperatdependence db-Vs curves for
the vertically-stacked nSNWT witles of 32 nm is shown in Figure 5.12. The
temperature range for measurements varies from 30@K. The threshold voltage
decreases with temperature, while the sub-thres$lojok increases. These changes in
V1t andSSwith temperature are mainly due to band gap cheiagd are consistent with
the theory. Figure 5.13 shows temperature depeedehw;,. It is clear that the
vertically-stacked nSNWTs are almost exclusiwelylimited. This result implies a high

backscattering rate and the presence of strontgsogt components.
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200K, 250K, RT
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Figure 5.12 Temperature dependence @fVMs characteristics for vertically-stacked
SNWTs.
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5.2.3 Carrier Mobility Evaluation

The carrier scattering components can be identifigdanalyzing the effective
mobility behaviors in long-channel MOSFETs as eixmd in Chapter 3. Before
discussing the experimental results, we considssipte factors of mobility limitations
in silicon nanowire. Figure 5.14 shows possible ititgblimiting factors intrinsically
for SNWTs. In general, the carrier mobility in twlonensional (2-D) transport for
planar MOSFET strongly depends on its surface tatems due to the effective mass
difference as shown in Chapter 3. The electronsilityobn (100)-surface is about two
times as high as that on (110)-surface, while thieshmobility behavior is opposite.
The rectangular nanowires directed to <110> have osiented surfaces, that is,
(100)-surface for the top and bottom channels di@)¢surface for the side channels.
In that case, as shrinking the wire width, thaths, (100)-surface, it is expected that the
electron mobility decreases, while the hole mopiliicrease as shown in Figures 5.14
(b) and 5.15. Moreover, in silicon nanowire witlsdethan 10 nm in diameter, carrier
transport will become one-dimension (1-D). In tlease, it is expected that carrier
limiting components show different behaviors fromotdimensional transport as shown
in Figure 5.14 (c). In addition, as nanowire widkbcreases, transport property at the
corners for rectangular shaped nanowires becomasdat. The carriers at the corners
could possibly behave like one-dimensional transgepending radius of curvature as
shown in Figure 5.14 (d) and 5.16. The experimgn&dtracted mobility is represented
as an outcome of all or parts of these effects. ddeer the outcome is more

complicated when extrinsic degradation factorsaal@ed.
In this study, mobility limiting components in thertically-stacked SNWTs will

be investigated in detail by observing temperatlgpendence and inversion charge

density dependence on the mobility.
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Figure 5.14 Schematic image of nanowire MOSFET (a) and its sseextion (b).
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Figure 5.15 Rectangular-shaped nanowire mobility as a functednWqiooyto- W10
ratio. The average mobility is mavez{oo\MWooy+ L4100) W100)/( W00yt W10), Where
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Figure 5.16 Calculated profiles of electron density across thess section of silicon
nanowires with Wio=18 nm, and Woo= 7 and 22 nm [5.15].

Figures 5.17 (a) show effective mobility for elects as a function of inversion
charge density at different temperatures in theicadly-stacked SNWTs. The size of
the nanowire used is 15 nm Wy, as shown in Figure 2.10 (b). As a reference, the
mobilities of fully-depleted (FD) SOI FET are alsbown in Figure 5.17 (b). The
FDSOI has a 8 nm channel thickness and the sameesggatks as the vertically-stacked
SNWTs. It is clear that the electron mobility degence on temperature for the
vertically-stacked SNWT is much lower than that FidSOI. In addition, the electron
mobility dependence on temperature is also muclelddiaan that for hole (Figure 5.18).

In general, mobility in MOSFETs is limited by thressattering components;
coulomb, phonon, and surface roughness as showrFignre 5.19 (b). The
coulomb-limited mobility flc;) and phonon-limited mobilitypor) have negative and
positive contribution at low temperature, respetiv Meanwhile, the surface
roughness-limited mobilitys;) does not depend on temperature. At low temperatur
mobility is limited by only the coulomb scatterirmoly at low Nnv and only by the
surface-roughness scattering only at Higly,. Figure 5.19 (a) shows effective mobility
for electron and hole at highiyy as a function of temperature. Thg values can be
extracted by extrapolating the mobility at 10 K.k, values for the vertically-stacked
SNWT are much smaller than that for the FDSOI. Bineimited mobility can be
extracted by using the Matthiessen’s rule and tkieaeted ;. Figure 5.21 shows
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comparison of mobility limiting components at hidgdiyy. It is clear that electron
effective mobility is strongly limited by surfaceoughness scattering, while hole
mobility is limited by both surface roughness ahdmon scattering at higiy. On the
other hand, at lowny, the electron mobility is degraded at lower terapaes, while
the hole mobility increases as shown in Figure 512s means that electron mobility
at low Ny is limited by coulomb scattering, while phonontss@ng is dominant for
holes. This may be because that the effect of colnlscattering is hidden under the

strong phonon limitation.
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Figure 5.17 Temperature dependence of effective electron nmyphbilivertically-stacked
silicon nanowire FET (a) and in fully-depleted SERT (b).
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Figure 5.18 Temperature dependence of effective hole mobilityeirtically-stacked
silicon nanowire FET.

116



Carrier transport propertiesof vertically-stackedmowire MOSFETS

600 @

400 |

SNWT

Effective mobility, 14 [cm?/Vs]

200 E
electron
- Vertically-stacked hole

0 'l L4 2 el 'l 'l L b il

Ny = 1x10%3 cm-2

electron
FDOSI

10!

102 103

Temperature, T [K]

-
o
«Q

Effective mobility, u

.
Coulomb ey
scattering .

(at low temp.) > LowT

.

Phonon
scattering

= |_High T

Total mobility
(at high temp.)
Total mobility
(at low temp.)

Surface
/ roughness
scattering

Log
Inversion charge density, N,
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Figure 5.20 Temperature dependence of phonon-limited mobilityhigh inversion
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Figure 5.22 Temperature dependence of effective mobility at loversion charge
density (éMyv=2x10" cni?).

5.3 IMPACT ON PLASMA ETCHING OF SILICON-
GERMANIUM SACRIFICIAL LAYERS

In the mobility analysis presented above, we fodnthat effective mobility for
the vertically-stacked SNWTs is strongly degradesk do surface roughness. The
surface roughness reduction could be one of thddatyrs to obtain high performance.
One of the possible reasons of degraded surfaggin@ss limited mobility is some NW
surface damage due to the selective SiGe dry atagsc etching. According to results
reported by C. Dupret. al.[5.16], silicon surface is roughened by using swtropic
plasma etching, similar to the one used for ouradefabrication process. Figures 5.23
and 5.24 show the impacts of the isotropic plastohimy. Atomic force microscopy
(AFM) was used to evaluate the damaged Si surfakesa result, the Root Mean
Square (RMS) value was increased from 0.15 to in4m46 second. In this section,
the impact on isotropic plasma etching of SiGe iBa@ layers to the effective
mobility for the vertically-stacked SNWTSs is inviggtted. To compare between the
devices with and without the plasma etching, onellSNWTs were fabricated without

the use of SiGe sacrificial layers.
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(b) BRUEEAE

Figure 5.23 Atomic force microscopynages of silicon surface after isotropic SiGe dry
etching (a) and the reference sample without thkieg (b).

RMS [nm]
H

0? 1 1 1 1
0 10 20 30 40 50
Etching time [s]

Figure 5.24 Root mean square (RMS) values as a function ofoiot SiGe dry
etching.

5.3.1 One-Leveled Nanowire MOSFET Fabrication

In order to investigate the impact of the selec®@e isotropic etching, one-level
SNWTs as references were fabricated without SiGedgpand its etching process. The
fabrication process is shown in Figure 5.25. Fitkg nanowires were patterned by
e-beam lithography and anisotropic etching of Sthlen the BOX was isotropically
etched by wet etching to obtain the suspended nae®wThe NW diameter is
controllable down to 5 nm by self-limited oxidati¢f.17] while keeping regularly
arrayed NWs as shown in Figure 5.26 (a). Afterdimeension control of the nanowires,

the same process steps as the vertically-stackeTSNwere used e(g. gate

depositions).
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Figure 5.25 Brief process flow of 1-level silicon nanowire MGSF

Figure 5.26 Gate-all-around 1-level silicon nanowire MOSFETdraated without
SiGe epitaxy and selective etching.

5.3.2 Carrier Mobility Evaluation

Figure 5.27 shows effective mobility comparisonsagen the vertically-stacked
and the 1-level SNWTs with 15 nm Whw at 300 K and 5 K. The 1-level SNWTs show
higher mobility than the vertically-stacked onesbath 300 K and 5 K. Figure 5.28
shows the temperature dependence of the effectol®lity at highNyy. It is clear that
the mobility of the 1-level SNWTs is largely impexy at low temperature. This is
because the mobility is strongly limited by phorsmattering at 300 K. In other words,

the surface roughness scattering is not a domilartation for the 1-level SNWTSs.
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Figure 5.29 shows the extracted mobility limitingngoonents. Thew, is largely
degraded in the vertically-stacked SNWTs, resultmger total mobility. The use of
SiGe sacrificial layers causes the mobility degtiadadue to the roughened silicon
surface during the SiGe etching. Moreover, in thgecof the 1-level SNWTs, coulomb
scattering is less dominant as shown in Figure.5lB@ reason why stronger coulomb
scattering is higher in the vertically-stacked SN8Mfiay be the degraded interface
quality with high« because of the use of SiGe sacrificial layers. i#atthl surface

treatments thus are needed to recover the damagedes
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Figure 5.27 Electron mobility comparisons between 1-leveled aedically-stacked
silicon nanowire MOSFET at 300 K (a) and 5 K (b).
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Figure 5.28 Temperature dependence of effective mobility ah hiyersion charge
density (éMv=10"cm?) for 1-leveled and vertically-stacked silicon name MOSFET.
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Figure 5.29 Mobility limiting components comparison at highension charge density
between 1-leveled and vertically-stacked siliconaveire MOSFETs at 300 K.
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Figure 5.30 Temperature dependence of effective mobility at loversion charge
density (éMyv=2x10" cni?).

5.4 EFFECT OF HYDROGEN ANNEALING

Hydrogen annealing can be used intentionally faredkdimensional profile
transformation by rounding sharp cornersile diminishing the surface roughness and
keeping the active layer crystalline [5.18, 5.18].this section, a mobility study was
performed in order to highlight the impact of hyglea annealing on the etched

surfaces.
5.4.1 Cross-Sectional Shape

Hydrogen annealing (750°C, 2min) was performed &nh nm wide silicon

nanowires (Figure 5.31 (a)). As a result, the asilimanowires were rounded thanks to
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the hydrogen annealing as shown in Figure 5.31 (b).

Figure 5.31 Cross-sectional TEM images of silicon nanowire f@thout and (b) with
hydrogen annealing at 75 for two minutes.

5.4.2 Carrier Mobility Evaluation

First, the impact of hydrogen annealing on silic@mowire surface quality was
investigated by using the 1-leveled SNWTs. FiguB255.34 show the comparisons of
electron effective mobility between with and withdwydrogen annealing. We observed
the mobility difference at low temperature. It igear that effective mobility in
H,-annealed SNWTs is more degraded by coulomb srejtéFigure 5.34), while
surface roughness is improved (Figure 5.33). Howetie mobility differences are not
revealed at 300 K. This is because that theseteffee hidden by the strong phonon
limitation due to the initially high mobility.

On the other hand, we observed the mobility changes300 K on the
vertically-stacked SNWTSs. Figure 5.35 shows a nigbdomparison between with and
without hydrogen annealing for the vertically-stadkSNWTs. Improvement of the
effective mobility at highNyy is observed for circular NWs because their surface
roughness is reduced by the ldnnealing. A circular shape formed by hydrogen

annealing, however, leads to mobility degradatiolowa Ny
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Figure 5.32 Electron mobility comparison of 1-leveled silicomnowire MOSFETs
between with and without hydrogen annealing. Thasmement temperatures are 300
K (a) and 5 K (b).
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Figure 5.33 Temperature dependence of effective mobility ah hnyersion charge
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Figure 5.34 Temperature dependence of effective mobility at loversion charge
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Figure 5.35 Electron mobility comparison of vertically-stackesilicon nanowire
MOSFETs between with and without hydrogen annealing

5.4.3 Interface Trap density

Mobility at low Ny is mainly limited by (remote) coulomb scatteringedto
interface and oxide charges and/or interface dgbétween high« and interfacial layer
in the case of highw/metal gate stack. To evaluate the interface qudhie interface
trap density D) have been quantified by adapting the charge pugnpiethod with
gated-diode structures as shown in Chapter 3. &i§u86 shows the charge pumping
current (¢p) in the vertically-stacked SNW p-i-n diode whickhebits a typical “hat”
shape. The peaky-freqency f) plots shows a good linearity in Figure 5.37. Glac
NWs have roughly 3 times higher mdagnvalues than rectangular ones.

Figure 5.38shows the energy profilBi(E) for, together with the mean valibg
measured at 300K using frequency dependence [5\®@Je and long planar SOI
MOSFETSs as reference devices were also measuidriiy the effect of highk/metal
gate stack on the interface traps density. The medue (~1.1x18 eV cm? is
reasonably low for this thick nitride metal layas, the CVD process limits the nitrogen
diffusion toward the Si@/ Si interface [5.21, 5,22]Meanwhile the energy profile
reveals an asymmetry between the upper half parittze lower half part of the band
gap. In the upper part, the trap density is mughé than in the lower part of the band
gap, with 5x16" eV* cm? between 0.3 and 0.5 eV, due to dangling bondséRbers)
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combined with N-generated defects [5.23]. The tag@nerally induce a peak density in
the upper half part of the band gap [5.21, 5.24¢ar the band edges—for both
conduction band (CB) and valence band (VB)—iheincreases and can reach more
than 16° eV ! cm 2 at E-E;=+/-0.58 eV. The lower value @, especially in the upper
half part of the Si gap, evidences a lower dengitnterface traps in the middle of the
gap. Figure 5.38lso shows the energy profile B} for SNWTs with a rectangular and
a circular cross section. For both rectangulararailar NWs, the energy profile;;(E)

is modified compared to references as followslegs asymmetry is observed between
the upper part and the lower part of the band gag, (i) a higher mean densiBy; is
measured (up to five times more for circular NWi)e lower asymmetry could result
from the lower impact of N diffusion in NWs, duedahicker interfacial oxide (~1.5-2
nm) compared to planar devices (~1 nm), and moredpbers in SNWTs. The latter
point could be explained, especially for the regtdar cross-section, since more
dangling bonds are generally measured on (110)eplae, the orientation of the
sidewalls of the SNWSs in our case) as reported bfs.R5.23and 5.25. Finally, the
circular NWs exhibit the highe®2;;, roughly two times larger than rectangular NWs.
This high value occurs despite the Bhnealing, which is known to passivate some
defects such as dangling bonds [5.26)d evidences a natural lower quality of the
channel interface for circular NWs.
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Figure 5.36 Charge pumping currents,l obtained base voltage sweep on nanowire
gated-diode with & = 240 nm and Ww/Hnw = 20 nm/15 nm. The currents are
normalized by \34 obtained from TEM images.
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5.5 SILICON-GERMANIUM NANOWIRE MOSFET

5.5.1 Device Fabrication Process

The fabrication process of vertically-stacked Si@mowire FETs was changed
from Si ones as the following steps. SOI (001) wsafevere used for Si and
compressively (c)-strained SiGe NWs. Tensile-s&dirfl.3 GPa) SOI (001) wafers
were used for un-strained SiGe NWSs, respectivelfterAanisotropic etching of
Si/ShsGey 2 superlattices, selective isotropic etching of &jeks between &iGe .
layers was performed to obtain the suspendedS8i . nanowires. In order to achieve
better interface quality, a 2 nm-thick-Si cap waswn at 650°C on the SiGe NWs.
Figure 5.39 shows the cross-sectional TEM imagestap-viewed SEM images. The
cross-sectional shape was hexagonal with {111}tfadesidewalls most likely due to
the thermal budget used during the Si capping. Lostgained SiGe NWs are bended
as shown in Figures. 5.39 (a) and (c), while shestrained SiGe NWs and un-strained

SiGe NWs are straight as shown in Figures. 5.32uid)(e).
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] iGe N
- Long Ly
¢ ~600nm

Figure 5.39 (@) Cross-sectional TEM micrographs of 3D-stackemmpressively(c)-
strained SiGe NWTs, (b) enlarged images of c-staigiGe NW, (c) top view of bended
c-strained SiGe NWs with\{y=600nm, (d) top view of c-strained SiGe NWs with
Lnw=250nm, and (e) top view of un-strained SiGe NWh Wwi\~=600nm. Short length
SiGe NWs are straight, this whatever their strdates
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5.5.2 |-V Characteristics

C-strained SiGe and un-strained SiGe NWs were atedun order to boost pFET
performances. Figure 5.40 showsy/lorr characteristics of Si, c-strained and
un-strained SiGe NWs. The currents are normalizethe number of wires. Both the
SiGe NWTs showed larger off-current than SNWTssTikidue to the lowevr for the
SiGe NWTs as shown in Figure 5.41. The c-strainég@eSNWTs show higher

on-current. However the begillorr performance is obtained for Si NWs.
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Figure 5.40 loNlorr characteristics of Si, c-strained and un-strain&iiGe NWs
normalized by the number of wires. The total NWas&r Wi, IS estimated from the
cross-sectional TEM images. TheMof all NWs is ~20nm.
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Figure 5.41 Threshold voltage of Si, c-strained and un-straiB@@e NWs as a function
of gate length. The \y, of all NWs are ~20nm.
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5.5.3 Carrier Mobility Evaluation

Figure 5.42 shows a mobility comparison. The lagkancement of mobility was
obtained in the c-strained SiGe NWTs compared witkstarained ones. This can be
due to a compressive strain effect. However, in manmson with SNWTs, a small
impact on mobility was observed. The c-strainedeSNBVTs have highepes at high
Ninv lead to a largelon current than for Si NWTs. The hexagonal crossisedf SiGe
NWs with (111) sidewalls could also contribute tobiity degradation as shown in
Figure 5.44.
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Figure 5.42 Effective hole mobility of Si, c-strained and urasted SiGe NWs. The
Wyw of all NWs are ~20nm.

5.5.4 Noise Measurement

Low-frequency noise measurements performed on e Netween 10 Hz and 10
kHz atVps=50 mV, show an oxide trap density; for SiGe NWs 3.5 times larger than
for Si NWs (Figure 5.45). This higher trap densitgy reduce the mobility.
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Figure 5.43 Low-frequency noise of Si and c-strained SiGe NW&erted figure is a
comparison of oxide trap density {NLz and Ww are ~290nm and ~20nm,
respectively.
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5.6 CONCLUSIONS

In this chapter, the electrical characteristicsveftically-stacked SNWTs have
been investigated. Vertically-stacked nanowire citme can achieve extremely high
on-currents per given layout surface with good shbannel effects immunity. This
result is expected to achieve high integration lamdpower consumption. On the other
hand, in terms of its performance, the optimisatérshort-channel CMOS nanowire
drive current will have to take into account spiecéffects. In particular, the use of
SiGe sacrificial layer to make vertically-stackeddaonels cause the large mobility
degradation due to the surface roughness, resuittng the damage of plasma etching.
This result can evidence the poor ballisticityhe short channel SNWTSs.

The hydrogen annealing can improve the surfacekhoess limited mobility on a
certain extend. Charge pumping measurements, hoywexealed that circular-shaped
SNWTs, which are formed by hydrogen annealing, heavegherD;; than rectangular
ones, leading to low-field mobility degradation.igtigh D;; might be caused by the
continuously-varying surface orientation. The rasgl additional coulomb scattering
could partly explain the quite low mobility in 5 ndiameter SNWTSs together with the
already known transport limitations in NWs.

The vertically-stacked SiGe NWTs have been also estigated.
Compressively-strained SiGe showed slightly highmebility than Si ones. One of the
possible reasons of the small mobility enhancensetiie higher trap density for SiGe
nanowires. Additionally, the hexagonal cross sectibSiGe NWs with (111) sidewalls

could also contribute to mobility degradation
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6.1 INTRODUCTION

In previous chapter, we discussed the possibilityestically-stacked SNWTs in
terms of Rsp resistance, transport properties, and short ctaefiect immunity.
Another issue for the vertically-stacked SNWTsasvhio control the threshold voltage.
For various CMOS applications such as HP, LOP, 80P, it is important to achieve
flexible threshold voltage in a transistor. In tlusapter, the possibility of a flexible
threshold voltage for vertically-stacked SNWT wlle discussed. In particular, the
flexibility and the short-channel effects immunigre investigated by numerical

simulations.

6.1.1 Threshold Voltage Control by Independent-Gate FinFH

In usual case, the threshold voltages are mainhtrotbed by the gate work
function and channel doping level. However, its toainby the high-k/metal gate is
difficult and complex because of the sensitivityppbcess conditions and the necessity
of the dual metal and/or dual high+urthermore, the use of channel doping technique
yields to largeVr variations within a wafer due to dopants fluctaasi. As one of the
solutions for three-dimensional devices, indepetidate FINFETs (IG-FINFETS) have
been proposed and demonstrated with excellent exgetal results of threshold
voltage control by the second gate and the syncredrdriving mode operation by the
double gates [6.1, 6.2]. The independent gates baem successfully fabricated by
using a chemical-mechanical-polishing process oetah-back process [6.1-6.4] as

shown in Figure 6.1.

Figure 6.1 Cross-sectional TEM image of the independent-gai€ET fabricated by

the resist etch back process [6.4].
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6.1.2 \ertically-Stacked Nanowire Transistor with Indeperdent
Gates

Vertically-stacked SNWTs with independent gatesehdeen experimentally
demonstrated by C. Duprt al. [6.5]. The device has internal spacers between the
nanowires as shown in Figure 6.2, nandg¢ET since its shape is similar to the Greek
letter ®. Figure 6.3 summarizes the fabrication processPeFET. First, Reduced
Pressure- Chemical Vapor Deposition (RP-CVD) wasius epitaxially grow (25nm-Si
/25nm-SiGe)x4 superlattice on SOl wafers (Fig.5t@p 1). A SiN hard-mask was
then deposited. After an hybrid DUV/e-beam lithqang the resist was trimmed to
define narrow lines (fin width\Ws~30nm). Then, the exposed Si and (Si/SiGe)x4 areas
were trenched by an anisotropic dry plasma etck#g.5.3, step 2). The same RIE
reactor was used to remove the SiGe isotropicaiggia Ck + O, chemistry in order
to liberate the suspended Si-nanowires. Then, HW® &iN were deposited. The
partitions between the stacked nanowires were fdrineinternal spacer obtained by
anisotropic and isotropic etchings of SiN seledyive HTO (Fig.5.3, steps 2.1 and 2.2).
After chemical cleaning of the channel surface,f® TiN / Poly-Si gate stack was
deposited. The gate stack over the SiN hard mask memoved by Chemical
Mechanical Polishing (CMP) (Fig.5.3, step 3). Aftee gate etching, Source/Drain
implantations and spacer formation, dopant atome \aetivated and the top of S/D
regions were silicided. The fabrication ended wdthstandard Back-End Of Line
(BEOL) process. Figure 6.4 shows the cross-sedtibBi pictures ofd-FET.

This structure is expected to achieve a flexibleghold voltage while keeping
better short channel effects immunity due to tpantially surrounding gates. Figure 6.5
and 5.6 shows the electrical results. Thresholthgel shift have been demonstrated due
to a coupling effect between the two gates®&ET. Moreover®FET’S logr currents

are 2-decade lower than IG-FInFET ones thanks immproved electrostatic control.
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Figure 6.6 loloi Characteristics comparison betwe@rFET and IG-FIinFET.

6.2 OPTIMIZATION OF DEVICE DIMENTIONS

Although the®-FETs have been successfully demonstrated, it cessary to
optimize the structure in detail to obtain flexidleeshold voltage with better short
channel effects immunity. First, we will go througte simulation details. Figure 6.7
shows the simulate®-FET structure. To extract DIBL associated to thesg structure,

the currents in the subthreshold regime are deteuinby using FlexPDF software as
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the following procedure.

The source term is detailed as
s=9(N, =N, +n-p), (6.1)
&

whereN, is the acceptor density (=fcm®), Ny the donor densityNg=n?/Na with n
the intrinsic carrier density). Herlg is negligible due to p-type Si.andp are given as

a function of the potential V:

qVv
n=N,exp—|, 6.2
o ) 62

_ qv
=N,exp-——|. 6.3
p=N, F( ij (6.3)

The subthreshold current for long-channel MOSFEJiven by:
1KkT v

I Dlong = IF:ueﬁ Qis (l_ ext ) ’ (64)

where @ is the inversion charge per surface on the sosid® which is deduced by
integratingn from the equation (6.2) in the Si volume. The slobiannel current thus

can be easily rewritten owing to a correction fa€d- [6.6]

| = _Dbong 6.5
Dshort CF ( )
- -V,
CF=—1 J' ex Wt ~Vion : (6.6)
SiVVSi KT

where Vshort and Vigng are the potentials in short and long channelgeassely. The
boundary conditions for a simple nanowire structseshown in Figure 6.8 are adapted
to ®-FET structure as following: Y= 0.6 V on the gate oxide and the built-in voltage

(Vg)) as each nanowire end as

v, =KT n(NaNd j 67

n

q 2
The long-channel case differs from the short-chhonase only by applying Neumann
boundary conditions: the gradient of the potenfeéctric field) is forced to zero at

each nanowire end. Once the potential distribus@imulated, we used it to extract the
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short-channel effects through the natural leigib.7],

z:/gik%i, 6.8)

wheres is the empirical parameter which varies as a fanabf the gate configuration:
planar ¢7=1), double gaters{ =2), tri-gate § =3), and gate-all-around7(=4). In the
long-channel, the potential is constant in the neiddf the channel, while in the
short-channel, the potential is parabolic as shiowFigure 6.9. In terms of subthreshold
currentsn andp terms can be removed from equation (6.1). Theretuation (6.1) can

be rewritten as follows
s=9n_, (6.9)

A guantum correction was introduced to have zewargh at the Si/SiQinterface [6.8].
The Poisson equation (6.10) is then solved:

0% =S. (6.10)
Figure 6.10 shows the simulated subthreshold ctar&nom the currents, we extracted
the threshold voltage and the DIBL. The threshobdtage was extracted using the

current constant methody = Vg atlp = 10°L/W.

Single Drive Double Drive
V=12V V=0V Vg =12V Ve,=1.2V

Figure 6.7 Simulated inversion charge density ind&ET for (a) one gate activated

(single drive mode) and (b) two gates activatedufide drive mode).
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Figure 6.8 Schmatic illustration of a SNWT with boundary ctiods.
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Figure 6.9 Potential along the channel for a long and shoréchel transistor.
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Figure 6.10 Simplified Poisson equation resolution for longwchal with C.F. for
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As the ®-FET structure is perfectly symmetric, the couplilagtor @) can be
written as the threshold voltage sensitivity [6.9]:

AVTl ~ CSi
AVGZ COX + CSi + Cit ,

(6.11)

o=

where M; is the threshold voltage on the side of the gatant \&; is the gate 2
voltage. The coupling factor has been extracte@@rsimulations with long channel.
We checked that the coupling is not degraded fasrtsh gate lengths. For a

long-channel, the coupling was evaluated at 0.3ifevithis equal to 0.33 at L=10 nm.

From here, the simulation results are discussedufaerstand a relationship
between flexibility of the threshold voltage andoghchannel effects immunity,
DIBL— a characteristics are plotted as a function of @iligvidth (Figure 6.11), silicon
thickness (Figure 6.12), and spacer width (Figurg3 DIBL decreases and
increases when the Si width is reduced as shoviagure 6.11. For a givews;, DIBL
and a both decrease when changing from an IG-FinFETitaatare to ab-FET. The
coupling decrease is understandable consideringptireded gates shape decreasing the
gate coupling compared to the IG-FINFET’s straiggites. The gate shape immunity to
coupling effects has already been studied [6.10F Tateral gates can screen narrow
silicon body from the other gate influence as shawhigure 6.14. The coupling factor
decrease is understandable considering the rougated shape decreasing the coupling
between the independent gates compared to the nEE=HT's straight gates. Thig;
variation impact is shown on Figure 6.12. Decreggime Si thickness improves the
architecture electrostatics. The gate coupling rkaeced for thes; highest value,
reaching the coupling value of IG-FinFET tgt= hsi = 200nm. The spacer widtls,
impact is shown on Figure 6.13. Pk, = 29nm, the spacers are aligned with the Si.
This structure is equivalent to an IG-FINFET buthwoxide and nitride alternatively
with Si. Replacing Si by nitride or oxide decreasiéghtly the DIBL. wsp has to be
adjusted to have a low DIBL and a satisfyingvalue. ForWsy/Ws; = 0.5, a good
DIBL—coupling trade-off is obtained.
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Figure 6.11 DIBL versus coupling factor: Silicon width g)Vdependence.

Simulation L&=30nm
Gate Oxide: 2nm 140
I 120 }
> sl IG-FinFET
I i .§, W Hg=200nm
60 } (25)
o 2o @
sif o | e®FET
! e R L e
o | | | | | | i _I |

Tg=10nm  Tg=20nm T4 =25nm

0 0102030405060.70.8

Coupling factor «
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O-FET Spacer
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Figure 6.14 Lateral gates can screen narrow silicon body frohe tother gate

influence.

6.3 CONCLUSIONS

In this chapter, vertically-stacked SNWTs archiiees with independent gate
operation ¢-FET) have been evaluated by simulation in termghefflexibility of the
threshold voltage and the short channel effectsumiy. ®-FET structure can achieve
better short-channel immunity than IG-FInFET owiogthe partially surrounded gate
structure. On the other hand, the lateral gate=escpartially narrow silicon body from
the other gate influence. This causes the degmdafi coupling factor. However, the
change of cross-sectional dimensions can makeétksehold voltage flexible.

The proposed architectures can provide solutiomsfuture technological nodes. It
enables extremely high integration density and Ideakage currents with

multi-threshold voltage.
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Conclusions

7.1 SUMMARY

In this thesis, vertically-stacked silicon nanomM®©OSFETs (SNWTs) have been

experimentally investigated as one of the possblations to various problems related

to the CMOS scaling explained in Chapter 1. Inipaldr, they were investigated in

order to achieve both high speed and low powerwopsion with high integration for

future LSI applications. Figure 7.1 compares depeeformance between this study

and published SNWT data and Intel's planar CMOSa.dae have successfully

demonstrated the suppressed short-channel effadtg do the gate-all-around silicon

nanowire structure. The vertically-stacked chanstelicture has yielded high drive

current density per top-viewed channel width coragato planer MOSFETs and

one-level SNWTs. Even if the channel surface acdhgais removed, our device shows

the reasonable drive current density without anybilitp enhanced technology as

shown in Figure 7.1 (c).
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Figure 7.1 Performance benchmark with published $NdAta from other gropes. (a)

DIBL versus gate length, (bp/Wrop versus gate length, and (nWes versus gate
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The contributions of this work can be divided ithoee main topics:

(1) Study of source/drain series resistance for thicurse/drain region in
vertically-stacked channel MOSFETs (Chapter 4),

(2) Study of carrier transport in vertically-stacked\8®s (Chapter 5),

(3) Study of threshold voltage controllability for vedlly-stacked SNWTs with
separated gates (Chapter 6).

In Chapter 2, the device fabrication process wascrilged. Vertically-stacked
channel MOSFETs have been successfully fabricayeddapting Silicon-On-Nothing

technology with sacrificial SiGe layers.

In Chapter 3, the electrical characterization méshwere described. In order to
analyze the performances of the fabricated devitesjntrinsic parameters extraction

methods, Y-function method and Split C-V, were tiedain the latter half.

In Chapter 4, the influence of situ doped SEG source/drain has been examined
for vertically-stacked channel MOSFETSs. A large amtement, by a factor of 2 in the
drive current, can be obtained whiensitu doped SEG process is adopted. A detailed
parameter extraction from the electrical measureésn@veals that thesp values can be
reduced by 90 and 75% for and p-FETSs, respectively, when in situ doped SEG is
reinforced by adding ion implantation. On the othand, \f roll-off characteristics and
the effective mobility behavior are slightly degead especially when ion implantation
is combined to the SEG process. Mobility analysas Inevealed an increase in the
Coulomb scattering withg scaling, indicating the diffusion of dopant atofram S/D
regions. These results indicate an avenue to furitn@rove the performance by

optimizing the S/D activation annealing step.

In Chapter 5, the carrier transport limiting comeots for vertically-stacked
nanowire MOSFETSs have been discussed to obtaiar@dtformance with suppressing

short channel effects. The optimization of drivereats will have to take into account
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specific effects to vertically-stacked SNWTs. Intmaular, the use of SiGe sacrificial
layer to make vertically-stacked channels causdatge mobility degradation due to
the surface roughness, resulting from the damagalasima etching. This result can
evidence the poor ballisticity in the short charBRMWTSs.

The hydrogen annealing can improve the surfacekoess limited mobility a little.
Charge pumping measurements, however, revealeditbatar-shaped SNWTs, which
are formed by the annealing, have a higher interfe&p density@;) than rectangular
ones, leading to low-field mobility degradation.iginigh D;; might be caused by the
continuously-varying surface orientation. The rasgl additional coulomb scattering
could partly explain the quite low mobility in 5 ndiameter SNWTs together with the

already known transport limitations in NWs.

In Chapter 6, vertically-stacked SNWTs with indeghemt gates (name®-FETS),
have been evaluated®-FETs demonstrated excellent ontrol by inter-gate coupling
effects. As the results of numerical simulationsoptimize ®-FETs structures, it has
been found that when the spacer width is redu¢tedDIBL value can be lowered by a
factor of 2 compared to independent-gate FInNFETth Wie same silicon width. The
superior scaling of-FETs with narrow spacer results from a bettertedstatic control

which also attenuates the inter-gate coupling.

7.2 CONCLUSIONS AND PERSPECTIVE

In this thesis, it has been demonstrated that @&#-ound silicon nanowire
structure can dramatically suppress short-charffedtte. Moreover, the introduction of
internal spacers between the nanowires can corttieéshold voltage. These

technologies enable to achieve ultra-low power consion.

The vertically-stacked channel structure has yeleetremely high drive current
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density per top-viewed channel width compared em@t MOSFETs. However, this
high current may not induce an intrinsic delay ol because the parasitic
capacitance increases in proportion to the numbehannels. A benefit of the structure
is a possibility of ultra-high integration per giviayout area, that is, gate width scaling.
For SNWTSs, the optimization of the integration tioagly limited by horizontal spaces
between the nanowires. The use of vertically-stdokieannel structure without any
nanowires in parallel enables to cancel this litdta To design this structure, it is
necessary to increase the number of channels ticaledirection. To do that, various
process developments are needed such as (Si/SiGs)perlattice formation shown in
Figure 7.1 and its etching with vertically straigjhe edge.

In order to obtain higher speed operation, thecéffe mobility must be recovered
and enhanced. Effective mass engineering will lkeyatechnology such as a strained

channel, 1lI-V channel and Ge channel.

Figure 7.2 Cross-sectional TEM image of the 19 qubrsuperlattice with 19 nm
Sh.sGay 2 and 32 nm of Si [fabricated by J.M. Hartmann inACEeti].
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Chapter 1 Introduction —réduction du MOSFET —

Récemment, l'augmentation de consommation éleetrstatique due aux effets de
canaux courts pour les CMOS sub-50nm est devenuelesnprobléemes majeurs
rencontrés. Les structures multigrilles ont étésagees comme solution. En particulier,
le Gate-All-Around (GAA) nanofils (NW) silicium potait permettre un controle idéal
électrostatiques du canals. De plus, I'empilementical des nanofils peut permettre
une augmentation de la densité d'intégration. Ldopmance globale du CMOS est
généralement évaluée selon 3 facteurs: rapiditécalmmutation, consommation
électrique et densité de l'intégration. Pour pesfiiu mieux des avantages proposés par
I'empilement vertical des nanofils en silicium setors (SNWTSs) pour les prochains
CMOS, la vitesse de commutatuion doit égalemerg améliorée. De plus, pour
adresser différentes applications, la flexibiligt ld tension de seuiV{) est également

réquise.

Dans cette these, I'empilement vertical SNWTs extié de facon expérimentale. Pour
augmenter le courant de drain, la technique decténude la résistance source/drain
(Rsp) sera débattue dans le troisieme chapitre. Darchdgitre 5, les propriétés de
transport électronique des NWs empilées verticaitraeront analysées en détail. De
plus, des simulations numériques sont effectuéms gxaminer les facultés de

contrdle de leur tension de seuil utilisant deegrisépares.

Chapter 2 et 3 Procédés de fabrication basigues et méthodes detéisation

La structure aux canaux empilés verticalement @shde en utilisant un super-réseau
Si/SiGe sur le Silicium sur Isolant (SOI) et la\gree sélective des couches SiGe en se
basant sur la technologBilicon-On-NothingPour I'empilement de grille, ALD-Hf(et
CVD-TiN sont déposés avec une excellente unifornpiédir la structure en trois

dimensions.
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Chapter 4 Technique de dopage de dopage Sourde/poair les structures empilées

verticalement

L'implantation d'ions sur les régions de sourcéidi@/D) épaisses provoque une
variation des profils S/D, entrainant une diffédans la longueur des grilldss) et la
résistance de l'accés entre les canaux inféridusiérieurs. La technique dite du
dopagein-situ de I'épitaxie {n-situ doped Selective Epitaxial Growth (SEG)) peut créer
des zones S/D avec une uniformité idéale. L'ingdiétprincipale avec cette technique
est la forte résistance due a la densité du dopagegarder une croissance epitaxiale
de qualité supérieure. Fig.1 nous montre un FETiroahal con¢u avec le procédé S/D
SEG. Trois types de conditions de dopage sont caamians cette étude, comme nous

le montre le tableau 1.

SiN hard mask

SOUICE | o
Channel 1 & 2 ol . i
Satedwsy A A8 ——Channel-1 & 2

E Channel 3 & 4 ! - i e it et g
S G <« .Gate3// T Channel 3 &4

Channel 5 - ;
Channel5___

==
B -,

Fig. 1 Cross-sectional TEM images of verticallyested channel FET along (a) channel

length and (b) width direction.

Table 1 S/D doping condition®n impla.: As , BE (10™cmi®), in situ dope: P, B (2x4&mi®)

Control Process A Process H
Un-doped SEG v
In-situ doped SEG v v
lon implantation v v

La dépendance du courant a I'état Oph) sur leLg, pour n- et p-MCFETSs est montrée

dans la Fig.2. Une forte augmentation de Ialim@mnta de ce courant avec
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respectivement les procédés A et B, peuvent éttenab grace au dopage in-situ du
procédé SEG, comparé au procédé de contréle. Lendépce avec le courdgly (L)
démontre clairement les réductions obtenues av@coeédéin-situ SEG comparés a
celles obtenues avec le contrble MCFETs. En pdigicwon peut voir les mérites du
procédé de fabrication B, qui permet une nette angation du dy lorsequels est
réduit en dessous de 100 nm. La figure 3 nous mdatcomparaison dd®sp extraits.
Notez la réduction remarquable &ep qui a été obtenue avec succés en combinant
dopagedn-situ SEG avec I'implantation ionique (I/1) pour n- etMCFETSs (procédé B).
L'ajout d’'une I/l supplémentaire au dopage in-sfwes pour n- et p- MCFETSs (procédé
B). L'ajout du I/l supplémentaire dans le in-sitopdd SEG réduit leRsp de
respectivement 90% pour le n- et de 60% pour |eGFMT. L'explication d’'une telle
réduction est toujours inconnue, pourtant, la ieeie uniformité du S/D dopé et la

haute densité de dopage peuvent entrainer uneslthissp.

— 06 — 06
g_ (a) n-MCFET g_ (a) n-MCFET
% 05 ProcessB ' Vo=12V %z 05| ProcessB ' Vo=12V
E oal VeVr=09V [ E g4} VeVr=0.9V
g 8
= 03[ = 03[
g Process A . ‘q&) Process A .
§ 02 é g % 0.2 é g
& 0.1 Control I I E & 0.1 Control I I a
O 0 L L L4l L L ! l o 0 L L L4l L L ! l
0.01 0.1 1 0.01 0.1 1
Gate Length, Lg [um] Gate Length, Lg [um]

Fig. 2 On-current dependency on the gate lengti{dpn- and (b) p- MCFETSs. Here,

the total width (Wor) of the channels was used for the normalization.

n-MCFET p-MCFET

Rep [k.um]
O P N W M O O

Cont.t. A B Cont. A B
Fig. 3 Rsp comparison
La Fig.4 nous montre les courbes des capacitéstgateannelCec (V) des MCFETS,

indiquant qu'il n'y a pas de différence de capao#étre les procédés A et B. Ce qui
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signifie que I'addition de I' I/l dans le procesdlisie cause pas de variationlgedans

les canaux empilés verticalement.

30
(a) n-MCFET (b) p-MCFET
- LongLg | |
== Process A == Process A
20 | = Process B | Long L = Process B
3 Lg=570nm
o B B Le=370nm
9 pans Lg=170nm
(@) Lg=70nm
o
10 Short Lg | [
- = nm -
Le=170nm Short L,
Lg=70nm
0 [ i S Lo
-1 0 1 -1 0 1
Vs-Vr V]

Fig. 4 Csc (V) curves of the MCFETs with process A and B.

Chapter 5 Propriétés de transport électrigue d€83FETs a nanofils empilés

verticalement

Fig.5 montre une image SEM du SNWTs fabriqué aveo/8aux de fils empilés. Les
caractéristiquespk-Vss avec une largeur de 15 nm NW (W, de 32 nm de longueur
de grille effective (k) pour le NMOS et de 42 nm pour le PMOS révelerd de
caractéristiques tout a fait convenables danglardi 6. Les courbes IPs-VGs montrent
une excellente descente en dessous du seuil (3@anour NMOS et 62 mV/V pour
PMOS). Quand le courant est normalisé par la lagdysique du transisor (vu du
dessus) le lon des NMOS est de 7,2 mA/um pourdesfiis de type 3D-stacked et 2.6
mA/um pour un seul niveau, démontrant l'intérétstteictures 3D pour augmenter la

densité de l'alimentation dans un layout donné.

Fig. 5 SEM image of vertically- stacked SNWT.

159



Résumé du travail de thése en Fgais

101

103 Vos=-1IV. PMOS NMOS Vos=1V
E10-5 V= -50mV Vps= 50mV
3107 | Lg=42nm Lez=32nm
L109 | 1on=540pA/um lon=840uA/um
2 lon/lope ~6X103 lonlopr ~2x105
— 1011}V, =-0.37V V1sa=0.5V
1013 | SS=73 mV/dec SS=64 mV/dec
DIBL=63mV/ DIBL=32mV/V

1015 | | | | | | |

-2 -1 2

0
Ve [V]
Fig .6 IbsVss characteristics with 15 nm My and 32 nm Ly for NMOS and 42 nm for
PMOS.

PourlLg inférieure a 50 nm, on s'attend a ce qu'une pdeseporteurs de charge agisse
ait un comportement balistique. Cependant, le tésdlune étude sur la dépendance
avec la température de la vitesse des porteursrenque la part du transport limité par
la vitesse de saturation (donc hors régime bajlisfi est dominante dans les nSNWTs

comme le montre la Fig.7. Les résultats impliquémtprésence de composants

fortement éparpilles.

£
= 138 —
= NMOS 7
‘S 1.6 |Ny~=103cm? i
9 <7 A L,=32nm
L 14} 27 X g=92nm
= P O L;=242nm
= 12 F / - - - Normalized v,,
I ’ // — Normalized v,
< 10 }F
g A
T 08 F
S
5 0.6 1 1 1 1 1 1
Z 0 100 200 300

Temperature, T [K]
Fig. 7 Temperature dependence of extracted limitugdocity vn. The lines are

theoretical vaand ;.

Pour comprendre la cause de ces événements daalempéchant I'avenement d’'un

régime ballistique, la mobilité effectiveld) de NWs longs a été évaluée. La figure 8
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nous montrepes en fonction de température pour une forte dendié charge

d’inversion . Unepes dégradée pour des SNWTs empilés verticalement amapau

FDSOI planaire est observé a basse températura. <ghifie que leues pour les

SNWTs empilés verticalement est fortement limité s collisions a la surface,

rugueuse, du NW. Une des raisons pour expliqués déigradation de la surface est les

dommages dus a la gravure sélective du SiGe comamréndans la comme montré

dans la Fig.9.

600

(@)

—

400

N,y = 1x1013 cm2

electron

FDOSI

200 E
electron
- Vertically-stacked hole

SN\.NT

Effective mobility, 44, [cm?/Vs]

0
10t

102

Temperature, T [K]

103

Fig. 8 L& as a function of temperature as high inversionrghaensity.
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RMS [nm]
=
I

05 F o

&

W.,, =15 nm
0? Top \

0

10

20 30 40
Etching time [s]

50

Fig. 9RMS values as a function of isotropic SiGe dryiatghor planar Si surface.
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Chapter 6 Controle de la tension de seuil descstines FETs a nanofils empilés

verticalement

Dans ce chapitre, la possibilité d'une flexibilité seuil d'alimentation pour les SNWT
empiles verticalement avec des grilles indépendam@mmeéebPFET) est examinée avec
des simulations numériques. La figure 10 montre stracture ®FET qui a des
espaceurs internes entre les nanofils. La grilfausie (G2) agit comme la grille arriére
d'un FET planaire sur SOl mince complétement désekia sensibilité de variation du
V1 en fonction de ¥, est exprimée par le facteur de couplage entrgridss wsi 1 et 2.
Les Fig 11 et Fig 12 montrent le DIBL en fonctiom dacteur de couplage
respectivement en fonction de la largeur du SiitiyVs) et de la largeur de I'espaceur
(Wsp). Le DIBL diminue eta augmente quand ¥Vest réduit. Pour W = 29 nm, les
espaceurs sont alignés avec les bords du Si. Gatieture est équivalente a une
FINFET a grilles indépendantes (IG-FINFET). Lacture®-FET obtient de meilleurs
résultats en terme d'immunité aux canaux courtsi@uenFET grace a la structure ou
les grilles sont partiellement enrobées. Cela pyaeola dégradation du facteur de
couplage. Cependant, le changement de dimensiotssladalimension perpendiculaire

au transport peut rendre le seuil d'alimentatiexiffile.

Independent
gate control

/

()

spacers

OFET

Fig. 10®-FET scheme
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Simulation Ls=30nm

120 L (25)IG-FINFET

DIBL [mV/V]

0 0.10.2 0304 05 0.6 0.7 0.8
Coupling factor «

Fig 11 DIBL versus coupling factor: Silicon widt4) dependence.

» Simulation Ls=30nm
IG-FinFET H¢=200nm
120 | u S
(29)
100 }
g (20)
c 80 | (15)
:' 60 L ) ®-FET
a8 W, [nm]
= i W, =25
;= 25nm
20 F 'Iii: 25nm
0 | | | | | | | |

0 01020304 05060708
Coupling factor «a

Fig. 12DIBL versus coupling factor: Spacer width g)\lependence.

Chapter 7 Conclusions

Dans cette thése, il a été démontré que la steigjate-all-around en nanofils de
silicium peut radicalement supprimer les effetcdeaux courts. De plus, l'introduction
d’espaceurs internes entre ces nanofils peut paerde contrdler la tension de seuil, a
'aide d’'une deuxiéme grille de contrdle. Ces tesbgies permettent d'obtenir une

consommation électriqgue extrémement faible.
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Pour obtenir des opérations a haute vitesse, heisations du transport électronique
dans les SNWTs empilés verticalement ont été exasném détail. lls sont fortement

limités par les phénomeénes de collision de portduriit de la rugosité de la surface.

Les structure a canaux empilés verticalement ptodi@is densités de courant
extrémement élevées comparée au planer MOSFETsen@Gapt, cette forte
alimentation peut ne pas étre liée a une rédudtitnnseque du délai a cause de
laugmentation de la capacité parasite par ragnoriombre de canaux. L'avantage de
cette structure est la possibilité d'une trés geantegration par unité de surface d’'une
couche donnée, c'est a dire une réduction de deedardes grilles. Pour les SNWTSs,
l'optimisation de l'intégration est fortement ligetpar les espaces horizontaux entre les
nanofils. L'utilisation parallele de canaux a stuue empilée verticalement permet
d'annuler cette limitation. Pour réaliser cetteicire, il est nécessaire d'augmenter le
nombre de canaux dans le sens de la verticale. Royarvenir, différents
développements de procédés sont nécessaires,utella dormation de super-réseaux
(Si/SiGe) x n.
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