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The quasi-ballistic nature of transport in end & tbadmap MOSFETSs device is expected to lead to
significant on state current enhancement. The cummthérstanding of such mechanism of transport
is carefully reviewed in this chapter, underlininge terivation and limits of corresponding
analytical models. In a second part, different strasetfieccompare these models to experiments are
discussed, trying to estimate the “degree of ballisticity” achieved in advanced technologies.

Keywords Advanced MOSFETs, Quasi Ballistic transport, ElectriCharacterization, Neutral
Defects

1. Introduction

Since 2003, the ITRS roadmap has considered the Quasi Ballistic (QB) regime of
transportas a possible “technological booster” of MOSFET performancésindeed, the
physics of quasi ballistic transport was expected to lead to enhanced on statelaeat

lon, cOmpared to prediction based on the conventional drift diffusionythbrery short
channel length, as illustrated on Figure 1, the contynoised drift diffusion theofy
predicts a saturation of the on current versus channel length, due to thenisecbf
velocity saturation (%)° * > The drift diffusion theory is based on a low field
simplification of the semiclassical Boltzmann Transport Equétiand empirically
accounts for the phenomenon of saturation velocity observed gndamples at high
field condition, by introducing a longitudinal field dependent mobility equationrhis
approach has been successfully applied to model relatively long devidedbets not
apply at channel length comparable or lower tth@mmean free path A. In this regime, the
more appropriate ballistic theory also predicts a saturation of current for L << A (called

the ballistic limit), but at a higher level and for different rea58nk addition, present
devices are more likely to operate in the transition regime wherg, lceferred to asthe
quasi-ballistic regime® The ratio between the quasi-ballistic current and the drift
diffusion current is named the Ballistic Enhancement Factor (BEF), a quahtijreat
interest for device technology, always looking for any possible safroe state current
enhancement.

The accurate evaluation of the BEF versus device characteristic requires highly
sophisticated numerical models, accounting for quantum confinement Withachannel
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and non-equilibrium transport physics, including all relevant scagtemechanisms.
Extensive researches have been carried out in the last ten years to dgsigodes. To
this purpose, two main physical models have been investigated. Tthenfirgonsists in
solving the Boltzmann Transport Equation, either by the Multi SubbanatéviGarlo
method *° ™ or by direct solving techniqu¥s In this semiclassical approach, the
implementation of scattering mechanism is relatively well known andbeacalibrated
on experiments performed on large devices. However, longitudusaitum effects can
only be accounted for by means of subtle approximations. Thedepproach consists
in solving the Schrodinger equation by the Non Equilibrium Greewtfan formalisni®

14" which rigorously captures the wave nature of electron and hokptreinbut makes
difficult the implementation of scattering mechanisms, especially wesites larger
than few nanometers are considered. Despite huge efforts in the |asttiheae models
are still in progress, especially to account for full band and mechanical effiedts. In
addition, these codes are extremely time consuming, requiring extensiabelpar
computing, and are not available yet in commercial tools.
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Figure 1 : Schematic representation of the expectellittan of a MOSFET device on state curreptversus
channel length.

In this context, it is of great importance to develop approximated taalynodels,
which can capture the main features of quasi-ballistic transport. Sudklsmoould
estimate in first order approximation what could be the Ballistic Enhancement Facto
versus technological options. In addition, parameter extraction procddureslectrical
measurements have also to be improved, in order to quantify theedefyballisticity
really achieved in advanced technologies. Both topics are addressed in this chapter.
The conventional Natori Lundstrom model of Quasi Ballistic transport will be dedcrib
in the next section. Its limits are then investigated in paragrapFirilly, the
experimental procedures used to quantify the degree of ballisticity im fiegian will be
discussed in the final section.
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2. TheNatori - Lundstrom models of Quasi Ballistic Transport

2.1. The Natori model of ballistic transport

Well known in the area of basic Physfsince the pioneering work of Landatfethe
concept of ballistic limit has been re-investigated in the context of NEDSfevices by
Natori’ in 1994. His approach relies on the idea that transport into a ballistic demize is
longer limited by the channel, but by the mechanism of carrier injectioritih'® *’ It is
based on two main assumptions: 1/ device source and draingresed to be ideal
reservoirs of carriers in equilibrium conditions, 2 / the gate is suppimsexbntrol
perfectly the barrier between source and channel, as in well-desigvécke dvith
negligible short channel effects. Under these hypothesis, theckessical flux of carrier
Fs" emitted from the source in equilibrium and entering through thareH (at a point
called “virtual source”) can easily be computed in a (100) Si electron channel, leading to:

3/2 =)
K= (ZkT) [Z\/_Fl/z( ]’LZ\/ Mer Fllz[ E KT 5 ]] 1)

where m. = m, mer = (M Y*+ m Y32 Fy, is a Fermi integral of order ¥;'Hresp. F)

are the unprimed (resp. primed) subband energies, i the subband limdéis one
dimensional approach, in full ballistic regime, as the positive k statde a@onduction
band are populated by carriers emitted by the source, the carrier défigiowing from

source to drain is given by:

+ 1 mdL EFs i 1 Myt EFS_ E'F
NS (Erg) = Z KT FO[ j ZZﬁhz KT [ T J 2

1/2

where m, = 2m and mr = (mmy)~. Similarly, as a difference of potentialMs applied
between source and drain, the negative carriers density emjtted drain and reaching
the source end is given by

_ 1mg KT _( Ers—qQVas— E5 | 1 mgrKT _ [ Epe qVys E;
et~ Y ATl BB ) il o )
i

In a well-designed MOSFET with negligible short channel effect, the charge wttilmal
source remains constant when a biag ¥ applied between source and drain. In
consequence, the parametet iB adjusted in order to maintain a constant total charge Q
at this point, as explained in details in refererid®and19, solving the equation:

Q=q N; (EFS)+ aNy (EFstds: 0F q Ns (EFS)_ q Nd(EFS'Vd: (4)

This procedure emulates the action of sourchannel barrier modulation induced by the
gate electrostatics. Atdy= 0, Es coincides with the inversion layer Fermi level.
At last, the ballistic current?*" flowing from source to drain is simply given by:

1§ =q (R - F) (5)
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where F is the flux of carrier emitted from the drain to the sourge.has a similar
expression than Eq. (1), except that, as carriers are emitted by the drparatheter &

is equal to Es— qVgs

Initially derived by Natori in the quantum limit regime (one singlebsutal, completely
degenerated), this model has been generalized in the more generalized wagg of
subband inversion lay® and for various materials, arbitrary orierffedo compute the
energy level Eentering in Eq. (1), the numerical solution of the coupled Poisson and
Schrodinger equations at the virtual source is required. However, itstaheaachieved
by suitable analytical models, such as the models derived fot*bilkly Depleted SGF
and double gate transistots

In the subthreshold regime, this model only accounts for ideahtbieic emission in a
well-designed MOSFET. A detailed modelling of the potential barrier betwagceso
and drain is thus required to include also the impact of short chafertseband to band
tunnelling and source to drain tunnelliffg.

2.2. Injection velocity and subband engineering

The ratio between the flux of carriers emitted by the source and enteenthannel,
divided by the corresponding carrier density is usually called the injeatiogity Viy.

(Vinj = K'INS"). The injection velocity, computed by the Natori model, has been found in
good agreement with the injection velocity extracted from Multi SubbandeviGarlo
simulations (see figure 2), when devices featuring negligiblet sth@mnel effects are
considered. Note that in the high field conditions (corresponding to thdstcansn
state), as the drain is no longer emitting carriers capable of reachisguite, §#*"~
gqFR~ QViy. In the ballistic regime, the Ballistic Enhancement Factor is thus ysimpl
given by:

Vinj

sat

where \is the saturation velocity.
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Figure 2 : Comparison between injection velocity @sted from Multi Subband Monte Carlo simulations and
calculated according the Natori model on undopedbIoGate MOSFET with silicon body#3 nm (resp. 6
nm), channel length L=18 nm (resp. 28 nm), arebt9 nm, \{=0.6V (see refl9 for details).
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In weak inversion regime, the distribution of carrier at the virtual ceodiollows a
Maxwellian distribution. In this case, the injection velocity is equal to tleental
velocity, given for (100) silicon conduction band by:

vth:2 ’z—kT+—1’2sz105m/s 7)
3\rm  3\\nmm

As already pointed out in ref. 7, in the case of silicon, the valikeothermal velocity,
by pure hazard, is very close to the one of the saturation velggityhe consequence of
such fortuity will be discussed later on. Note that this is usuallyth®icase in other
semiconductor materials, such as Germanium for instance.

In strong inversion regime however, the electron gas at the virtuatesdaecomes
degenerated. In this case, as high energetic states become more andpulatedyahe
injection velocity tends to increase, as shown in Figure 2, exceeditigaitmal velocity,
and consequently the saturation velocity itSelf

This phenomenon has received a considerable attention, as it is expectadaseirihe
Ballistic Enhancement Factor. It is indeed possible, in principle, toefughhance the
injection velocity by reducing the virtual source density of states (D®%®)ocedure
sometimes referred to as “subband engineering”?®. Indeed, for the same amount of
charges, states of higher energy would be more populated irealD®@6 than in a larger
DOSdevice?®,

Several strategies are possible to reduce channel DOS. The first one would inonsis
reducing the number of populated subbands at the virtual source, laycenh
confinement. As seen in figure 3, the average injection velocity is indeedized by the
contribution of other subbands, especially when they are not degenérstennely thin
SOl substrate can thus be used in order to reduce the numbeut#tpdsubbantd *°.
Another technique consists in introducing mechanical tr&inor simply using of low
DOS alternative channel materfal® 2’ 2 2 Although the last option would be certainly
the most effective in term of improvement of injection velocity (Bgeres 4 & 5), it
would also require a radical change of the technology. This option irtheless
currently extensively investigated at the research i&vel

Among the other “more conventional” options, the strain appears to be the most effective
(see figure 4): an ideal biaxial strain for electrons for instance wouldttead40 %
improvement’, while the enhancement of quantum effect due to the scaling bbthe
thickness down to 6 nm in Ultra Thin Body technologies would/ d@hd to a 15 %
improvement at best. The little impact of body thickness reductiparisally due to the
effect of the wave function penetration through the gate dielectric duertelingi” *
which tends to relax quantum confinement.
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Figure 3 : Gobal injection velocity versus gate vadtagdouble gate MOSFETSs of 3 nm of body thickness. The
injection velocity of the first three subbands is asown for comparison, showing that the global injectio
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. v.....
Rl Wl ""V"“Q..,,,"

N
N
é)l

® DG

Vv SG

O DG + strain +40%
V SG + strain

N
o
UL ML LR

N
(o]

N
[o)]

® Wtz +79) 5o

A4
T s e T 4
8 10 12 14 16 18 20 22 24 26

Channel length (nm)

—
n
I

Injection velocity (105 m/s)

Figure 4 : Injection velocity along the roadmap ingké Gate and Double gate MOSFETs devices, with and
without biaxially strained channels

Q)

g 35

=)

T 37

2

= 251

e

2 2f

5

= - 1

B 157 Ge 100 Si 100
QL . . . .
£

0 1 2 3
Gate Voltage (V4 — Vig)

Figure 5 : Injection velocity for nMOS Double Gatansistor, computed versus gate voltage, for (10qL8Q)
Ge and (100) GaAs materials. All relevant valleys\, A are included in the Poisson Schrodinger calculation

However, the implication of subband engineering investigated using the Naddsl
should been considered with care, for several reasons. First of all, aftisti®
Enhancement Factor, which quantifies the enhancement of on state cureemd du
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ballistic transport versus drift diffusion simulation, is not the oidyre of merit of a
given technology. As far as CMOS is concerned, $h&4 trade-off remains of course of
primary importance. In this context, let us remind that first oflaly DOS devices
usually also suffer, from the same reasons, to an enhancemeBarkf Space
phenomenon, which tends to further degrade the tgasabstrate couplirfg ** % * In
addition, alternative channel materials are also penalized by an increase ofteoff sta
currents (Band to Band and Source to Drain Tunneling), especially at gatte betmwv

15 nnt*?® 3" Moreover, when the gate does not perfectly control the charge at the virtual
source, which is unfortunately often the case in real devicespjeetion velocity tends

to further increase. In addition to DIBL, the virtual source itself can lzdsbeated by
field. These phenomena have been observed in several Monte Carlo simtilatioasd

are not completely understood yet. Finally, the assumption of full ballistispiainstill
remains quite unrealisfit™ %> For instance, results in ref0 have revealed that even a
defect - free 10 nm undoped silicon channel cannot be considereckebshallistic, and

that the on state current has been indeed found 20 % lower than the ballistit.c
Improvements of the Natori model to account for scattering will be tisessted in the
next section.

2.3. Lundstrom models of backscattering

To account for scattering, the Natori model has been improved bgstrom and co
worker 8 using the “flux theory of transport”, an approach initially introduced by
McKelvey* . The key parameter of this new approach is the backscattering coeéfficien
r, namely the ratio between the flux of carrier re injected to thecedwy scattering,
divided by the flux of carrier injected by the source. This paranesar easily be
introduced into the Natori model. First of all, assuming that it has the sanecatatue
source and drain ends, the current flowing through the device axpiessed as:

I =R -rR - Nk | (8)

The procedure for determiningegEhas also to be modified, in order to account for
backscattered carriers. In consequence, equation (4) becomes:

Q =a N (Brs) (1 + (Vi) 0 Ny (s, Vi) (B 1(Vad), ©)

Under particular bias conditions, these two equations can be further simptifiedmic
regime, @ ~ 2 g N". Assuming non degenerated statistics, and recalling thatV
Fs'INs" = vip,, €quation (8) simply reduces to:

Q; qV,
13 =@—1,) 7' Vin ?ds (10)

In high field (saturation) regime however, the contribution to the totagctof electron
emitted by the drain can be neglected. In consequence:

1-r,
IC?BAL — sat Qi Vinj (11)

sat
+ Kat

The ballistic enhancement ratio, in the quasi-ballistic regime, is thus equal to:
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1-r Vinj
BERypa, =——2—2 (12)

1+ 15y Var

Simple models have been proposed to estimate this backscattering coefficiemt.
source to drain field condition, assuming a constant mean free path A (average distance
between two scattering events) and non degenerated statistics, it camdrestdated
using the flux theory** that:

L

"L 43)

MLk
In high field conditions, arguing that after a critical distangg &cattering events would
no longer be efficient enough to re-inject carrier back to the sbeause of the source
to drain electric field attraction, the previous formula has been extendedhtdigid
condition, by substituting the channel length L by the critical distapgddading to:

Lyt
The = 14
WS (14)

This critical distance has been estimated as the distance needed by the potentiabto dr
a quantity of kT/q from the virtual source. Finally, the constant mean free path A has been
taken equal to:

_2HKT
Vin d

where U is the low field long channel mobility, a particular value that allow to match
both in high field and low field conditions, the ballistic (when L @f €< A) and drift
diffusion (when L or Ly >> X)) limit expressions (See figure 6). Formula (15) indicates
that the low field long channel mobility p is still a relevant parameter toowepr
performances, even in far from equilibrium regime of transpod in high field
conditions. In addition, combining equations (1B) and (15) leads to a simple
expression of the quasi ballistic current in the linear regime:

A (15)

9%, =P oy, e wih wL-p— @)
L L+A
This result indicates that the apparent mobility p’ should be gate length dependent in
guasi ballistic device, according to {1This dependency has been confirmed by Monte
Carlo simulation¥. Note that this apparent mobility corresponds to the mobility
extracted from experiments, using the usual Drift Diffusion formula.
Finally, let us note that the Lundstrom model, as recognized by the ithself®
cannot be considered as a complete model. Indeed, the evaluation of the Kénigtrer
requires knowinga priori the potential profile, which cannot be computed within this
approach.
When drift diffusion equation applies, in long channel device, the potentifile can be
analyticaly derived using the channel gradual approximation, leading to the following
expression of the kT layer length:
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2 kT L 2KkT

= = 18
T e(Vgs) (Vg V) =
As shown in figure 6, this equation is indeed the expression needeat¢h exactly the
well-known long channel drift diffusion equation and the quasi-ballistic equétib) in
saturation regime. In shorter device, for compact model application, thaykT is
usually estimated using empirical formula calibrated on simulation resultsfdrence
64 for instance, the following expression has been used:

kT )
LkT “t (B e(Vdsat)j (19)

wherea is a parameter deduced from the exact shape of the potential psofil®.(7).
The B parameter takes into account degeneracy effects, and “should be somewhat greater
than 17°%,

|
d SatbD g sat lgsatBAL

N
o
o
o

Id Lin BAL
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Drain Current (UA/um)
>

1 10 100 1000 10000
Channel Length L (nm)

Figure 6 : Id- L curves (at same voltage, and constant mean free g@atiy)uted in linear (¥ = 10 mV) as
well in saturation regime ¢ = 1 V) using the Natori Lundstrom approachfldand Ids) and the drift
diffusion approach (i¢h pp and I pp), accounting for saturation velocity. The ballistroit (Idyin, sar and Ica

gaL) is also shown for comparison. (1 = 200%s?, Vi, = 1.2 16 m/s, N, = 1.45 1% cm?, Lir has been
estimated using equation (18)

The Natori Lundstrom formalism, with or without minor improvense has become
extremely popular in the last ten years. It has been considered tet¢hef she art of the
understanding of transport in advanced MOSFETSs, to analyze expeffifénts* 5253 >4
55657 improve compact modéfs™ ©° ®as well as to investigate scaling trettdd The

validity and limits of this approach are discussed in the next section.
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3. Beyond the Natori-Lundstrom model

3.1. Theoretical foundations of the Natori Lundstrom model: the quasi ballistic
drift-diffusion theory

Due to the empirical nature of the arguments introducing it anditeegpantitative
validation by Monte Carlo simulatioffs™ the concept of kT layer has raised skepticism
among the device modeling community. In order to achieve a betteratanding of the
KT layer concept, its theoretical basis has been investigated in reféfer€ensidering
one dimension in space, assuming non degenerated statistics, onéssimngfgc band,
and treating the collision integral by a simple “relaxation length” approximations, its has
been shown that the Boltzmann Transport Equation can be reduced itoplar s
formalism, sometimes referred to as the “Quasi Ballistic drift diffusion” formalism.
Within these approximations, the solution of the BTE has shown thadighéution
function f(x,v) could be artificially split into two functions, one farsitive velocity, one
for negative velocity, both of them having a Maxwellian (thermal) shgipen by:

2
m n" (x) exp (_mvx )

fE(x, v,)=2
(X vi) 271 kT 2kT

(20)

where i (resp. n) are the concentration of carriers flowing from source to drain (resp.
from drain to source). In addition, these concentrations have been fouritey the
following conservation equations:

dn mdu_n-+d (21)
dx KT dx A

D (X) — D (X) = (n+ (x)—n (x)) vy, = D (22)

where @ is the net flux of carriers, independent of the position x. This oagpr
approximation of semi classical transport in the framework of the relaxdéngth
approximation, includes the impact of both isotropic scattering arnttaaybfield, and
constitutes thus a more general formalism than the kT layer nibtak been known in
fact for a long tim& © but its connection with the kT layer concept has been clarified
only recently.

Indeed, an expression of the backscattering coefficient can be derimgdthis quasi
ballistic drift diffusion model, assuming a linear potential profile V(> ¢ F x (with F <
0) between source and drain. In order to discriminate backscati@néers emitted by
the source from carriers emitted from the drain, the drain reservobdemsassumed in
the calculation to only absorb carriers, leading to the boundary condition=n0. As
the calculations are performed non-self consistently, this proceldes not impact the
expression of r, as demonstrated i

Solving equations (21) and (22) leads to the following expressitimeobackscattering
coefficient r:

_JO _vinn ©0)_ L (A-P

"TTO) v () A+l -p)

(23)
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with B = exp(— L / Lt), and L = KT / g| F|. This simple equation of r nicely tends to
the Lundstrom formula at both low field (Eq. 13) and high field (B conditions.

Let us examine in more details the implications of this “quasi ballistic drift diffusion
model”. First of all, starting from equation (21), multiplying by y,, and introducing the
total carrier concentration n, equal to:

n(x)=n"(xX)+ n (x) (24)
the net flux of carrier® can be re-written as :

@z—Dﬂ—Z n WE (25)
dx
where D = A vy, and g = e D / KT. Using equation (15) and Einstein relation, p and D
effectively correspond to the conventional long channel low field molaility diffusion
coefficient. Moreover, nin equation (25) can be expressed as a function of nband
using both equations (22) and (24), leading to:

P LU= (26)
dx
where p=— " (27)
1+pE/v,

and p’ = e D’ / kT. Equations (26) and (27) suggest that one of the consequences of the
quasi ballistic drift diffusion model, compared to the conventional drift ddfus
approach, is the introduction of a longitudinal field dependent mobilityaddition,
equation (27) limits the average velocity to the maximum valug,ofrvthis approach,
this modification is a direct consequence of the constant mean frearghttelaxation
length approximations, which force the positive and negative distrib@dinetions to
keep a Maxwellian shape along x. Thus positive and negative carrigrs with an
average velocity equal to the thermal velocity. Ironically, conventional dfffistbn
already includes longitudinal field dependency to the mobility, iatsampt to account
for saturation velocity. As already pointed out by Lundstrom et%ilas in Silicon the
thermal velocity and the saturation velocity have similar values, it expaposteriori
why a simple drift diffusion model can qualitatively emulate the ballistic limit.
However, it should be mentioned that boundary conditions have to bedapjth care
when using the quasi ballistic drift diffusion model. Indeed, iasudsed in65, and
contrary to what has been done in previous works sué,as the quasi ballistic model,
boundary conditions are applied of{@) and n(0) and not on n(0) and n(L), as in a
conventional drift diffusion model. These quasi ballistic boundaries conditiake non
obvious the direct use of equations (26) and (27). Note thatveotional drift diffusion
boundary conditions were used instead of the correct one, the impacasifballistic
transport particularly in low field condition would be erroneous. IndaeqiE << y, in
low field condition, this approach would lead to the conclusion tleaapparent mobility
in the quasi ballistic regime remains equal to the long channel mobilgyan in a full
ballistic channel. This is obviously not the correct result, given instead by eq(atjon
Finally, let us note that equation (27) constitutes one of the main limitatidhe qlasi
ballistic drift diffusion model, as it suppresses any possibility of velocigrahoot.
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Indeed, as it will be more clearly shown in the next section, velocifiigg@btained by
Monte Carlo simulations usually largely exceed the thermal velocity. As tieatjzd
profile should be computed self consistently with the motion of caltieus the velocity
profiles), it induces that the potential profile, and thus the Malue computed self
consistentlyjs indeed erroneous in the quasi ballistic drift diffusion approach.

The quasi ballistic drift diffusion model ap@f® °® ¢’ can take different forms in the
literature. As already mentioned, it is equivalent to the Lundstrom backscattering
coefficient modé€l 8 The equivalence with the Gildenblat flux mod&f® can also be
proved.

3.2. Comparison with Monte Carlo simulations: results and discussion

The validity of the Lundstrom formula of backscattering have beesastigated by
Monte Carlo simulations in several contributiffi§ “° 42 4% 44 %5Thjs section summarizes
the conclusions obtained in one of the most recent Works

In this paper, mobility p and backscattering coefficient r have beeputethusing the
Monte Carlo (MC) method, in simplified structures. These template devieesain
real space, and 2D in the momentum space. The effective mass appovxinagt been
used, assuming a spherical band (with an effective mass equaj).t@nlly phonon
scattering has been taken into account, featuring one acousticnphwue and one
optical phonon mode (of energy 35 meV). Simulations have been performed in a “frozen
field” mode, i.e. without computing the potential energy profile self consistently with the
motion of carriers. These simplifications have only been made in an attesiptpify
the analysis and interpretation of results. The mobility has been tednptilow field
condition in an infinitely long structure, by imposing periodic taany conditions. In
addition, backscattering coefficient has been simulated in a finite structuregti le,
where the right contact (draifle) has been artificially “switched off”, i.e. does not
inject carriers into the structure, as explained in the last section. In terMCof
simulation, it means that particles are only injected by the left contact (slkikeke
assumed to be in equilibrium condition, and absorbed by the drhis. uhphysical
boundary condition makes easier the extraction of the backscatterifificieng
especially at low field condition, as the flux of carriers coming backeastiurce have
been necessarily emitted by the same contact (and not by the drail®).thNghPotential
Energy profile has been taken equal to zero at low field conditioth, & linear and
parabolic Potential Energy profiles have been considered at high field condition.
The backscattering coefficient r extracted at low field condition has been plettaas
the structure length L in figure 7. It turns out that the MC resultdbeanicely fitted by
equation r = L / (L&) (dotted lines in figure 7), provided that the mean free paths
been used as a fitting parameter. The low field mean free path extractes fypcedure
will be referred to ad, in the following.
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A similar procedure has been applied to the high field results: r haspbeted as a
function of the kT layer length, as shown in figure 8. Again, these results can be

accurately reproduced by r x7/ (Lt +A) using the mean free path (referred td.am
the following) as a fitting parameter.
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Figure 5.
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Both Ao andAr have been plotted in figure 9, as a function of the mobility also ctadp

by MC simulations in the same but infinitely long simple structéecording to the
Lundstrom theoryjo andir should be equal and given by equation (15), also plotted for
comparison in dotted line in figure 9. Whilg has been found in qualitative good
agreement with the prediction of equatid®)( Ar however appears significantly lower.
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Figure 9: Extracted mean free path in low field (sguand high field (circle) conditions, plotted versos
field mobility. Equation (15) is also shown in dotiete as reference.
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Figure 10: Extracted mean free path in high fielddition extracted from device Monte Carlo simulations
(symbol) plotted versus MC long channel low field mapiliEquation (3) is also shown in dotted line as
reference.

Similar comparisons have also been performed on more realistic deviceirgtr(see
figure 10) (2D in real space, including all the relevant scattering mechanisms:nshono
impurities, surface roughness and body thickness fluctuationsicase of ultra thin
body devices). All devices are 25 nm long, “Bulk” refers to unstrained bulk transistor,
“Str. Bulk” to a similar device with ideal biaxially strained channel, DG to undopded
double gate devices with body thickness of 10 nm and 4 nm. Dedbéitynhas been
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computed using the same model, but in an infinitely long inversiar.l#yturns out that
even using a more sophisticated model, the extracted mean free pah ifield
condition appears qualitatively proportional to the corresponding longnehkow field
mobility, however with a lower slope than expected accorttirieg. (15).

In conclusion, the Lundstrom model for backscattering coefficient mayeaap
qualitatively correct, especially in low field condition, but also in high fieldyipexd to
use the mean free path as a fitting parameter. This extracted meamtfreeap been
found shorter that the equilibrium mean free path predicted by the Lumdieory.
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Figure 11: Distribution functions as injected (dottieet) and at different point of the template staset close
to the emitting source, as a function of the energinEhe transport direction. The thermal Maxwelliaasbs
are also indicated for comparison.
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Figure 12: Positive ¥ negative Vand average V Monte Carlo Velocity profile (symbals)sus distance in a
template 1D structure with linear profile potentia igh field conditions) and absorbing drain. Results
obtained by the analytical model proposedsth(dotted line) are shown for comparisonseMaindicates the
velocity profile obtained using the quasi ballistidtdtiffusion model.

The detailed understanding of this discrepancy at high field is howeorr complex
than it may seenThis point has been investigated in more detailed ir68&funderlying
the role of heated distribution functions on quasi ballistic transpmai¢ed, as explained
in section 3.1, the kT layer approach approximates the carrieibdigin function f by
two equilibrium distribution functions (one for positive, one for negatelocity)
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following equations (20). As shown in figure 11, this assumpi® of course in
disagreement with Monte Carlo simulations, which however predicts a distribu
function closer to a pure ballistic one. This limitation of the kT layer ambrds
particularly penalizing to model the velocity profiles. Indeed, accordingthteéemal
distribution functions given by equations (20), the carrier velocityrever exceed the
thermal velocity. This is obviously not true, in particular in thghHield region close to
the drain (see an example Fig. 12).

In 69, the balance equations of transport in the relaxation length approxirhatdoeen
generalized to any kind of distributions functions, and solved fgroxpmated
distribution functions inspired by Monte Carlo results. This approach ldes to
backscattering coefficient in much better agreement with simulationbpowitany
artificial reduction of the mean free path. However, efforts are still neededrtdhis
kind of approacksinto a complete compact model.

4. Electrical Characterization of MOSFETsin the Quasi Ballistic Regime

4.1. Introduction & State of the art

The analytical modeling of quasi ballistic transport, reviewed in the pedections,
has raised of course several interrogations from an experimental point of view

- first of all, is there an experimental way to validate or not the conadpts
Ballistic, Quasi Ballistic Transport and formula for backscattering coefficients?

- assuming that the quasi ballistic theory applies, how to improve parameter
extraction procedures, which usually rely on ttéd fashion™ drift diffusion
equations?

- and more specifically how to monitor the Ballistic Enhancement Ratioibpe®ss
“booster” of CMOS performances?

In previous works, the quasi ballistic theory of transport has beglicitty assumed as
valid, and most of the attention has been fedus the two last questions. In particular,
several works have tried to define a suitable parameter extraction pmd¢edueasure

the backscattering coefficient r or the ballistic ratio, usually at high fielditons® *° >

®1 %2 33 |n addition to the usual experimental difficulties (series resistance extractions,
capacitance measurements ...), most of these techniques have required ara priori
knowledge of either the ballistic limit or the injection velocity. As mentiorefdrie, the
available analytical approaches to estimate them are not very accurate, leading, as
explained in ref38, to significant errors in parameter extractions. In addition, it was
never easy to benchmark results obtained in different works, as the extdatted
significantly depends on the model used to estimate the ballistic limit or théidnjec
velocity.

Moreover, other works have tried to determine some experimental evidetiee quasi
ballistic nature of transport in advanced MOSFE{#® *° °/ These works have raised
several relevant doubts and questioning, not about the theory itgethther about the
applicability of the theory to advanced MOSFETs. The methodology arltsrekane of
these works are reported in the following section.
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4.2. Principle of backscattering coefficient extraction in the linear regime

Following referenc&2 and equations (16) and (17), the quadlistic drain current of a
MOS transistor in linear operation can readily be equatéd to
W W W
lg=(1- r)TmeQin = rT HgaQi Va = T HexpQi Va (28)

where Qis the inversion charge, W and L the gate width and lengtthé/drain voltage,
Mpar the “ballistic’ mobility, g the drift-diffusion one (i.e. the low field long channel
mobility) whereas i, stands for the experimental or apparent mobility to be measured
from drain current, by using Eq. 28. The ballistic mobility, gan be derived from
equation 28) after considering the drain current expression in the ballistic limit equations
(1)-(5), considering only one subband, yieldifd®

_eVy L Fyplng)

Hpal = .
2kT — R(e)

where V;, is the thermal velocity at the virtual source,Fand kg are the Fermi-Dirac
functions, withng being the reduced Fermi levelo(EEg)/KT. In the Boltzmann statistics
limit, the ratio Fyx(mg) / Fo(ng), also called the degeneracy factor B reduces to one,
recovering Shur’s Ly €xpressioft.
Note that the degeneracy factor can be well approximated as)F{Q (1 + Q/Q.) for
the single subband case in the quantum limit§€ing a constant close tal®" g/cnf
for silicon). Figurel3 shows a simulation of the DF function for (100) silicon when

considering only the fundamental subband, which validates the preeimpsrical
relationship.

(29)

2 1 1 I

15F 4 .

— Numerical

Inverse of the
degeneracy factor 1/DF

-= (1+Q/Q,)

1 1 1
1 0 1 2

Inversion Charge (103 g/cm?)

Figure 13. Variation of 1/DF with inversion chargef@ the fundamental 2D subband of (100) silicon :céxa
(solid line) and linear approximation (dashed lin®arameters: gate oxide thickness £ 1.6nm,
Q:=2.10"g/cn?.

Eliminating the backscattering coefficient in EB8) enables to recover the Matthiessen-
rule-like expression for g4, *

1 1.1 (30)
p'exp “bal p'dd

It is now straightforward to derive the backscattering coefficient fEgm(28)as:
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p‘exp
ubal

r=1-

31]

4.3. Resultsand discussion

The above method has been used for the extraction of the backsgattesfficient and
drift-diffusion mobility in advanced CMOS devices fabricated by STd#tctronics
(Crolles). Bulk and FD-SOlI nMOS devices were tested. The bulk dewaces
representative of a 65nm CMOS technology featuring a doped chad®&¢n?) with
halos, SION gate oxide (CET=2.2nm) and polysilicon gate. For th&€®Dtechnology,
the nMOS devices were made on 300 mm <100> UNIBBNSOI wafers with a BOX

of 145 nm. The SOl films were thinned down by thermal oxidatiahwet etched to
achieve a final thickness around 10 nm under the gate at the end ajdbsspiAfter STI
isolation, a HfSION dielectric of approximately 2.5 nm was depositediNAOT 10nm

and a poly-Si layer of 100 nm were deposited for gate fabrication. Amh98hography
combined with trimming was performed to achieve reduced gate dimensite
minimum gate length dimension measured on the wafers is adtummd. After an offset
spacer of 10nm realization, a selective epitaxy of 10nm was perfornoedeinto reduce
access resistance and to facilitate NiSi S/D salicidation. Raised extensions were
implanted. To finish, a Dshape spacer, S/D implantation and salicidation whzedea
The device channel was left undoped.

The static parameter extraction was then performed in linear operation r@gine
20mV) on transistor arrays with common source and gate for vayadadengths (40m

to 10 pm) using the Y =4/, function metho&, allowing the elimination of series
resistance effect, the extraction of threshold voltage and of the lownighdity 1, for
each gate length. The effective gate length and the gate oxide capacitaneer€
extracted from gatés-channel capacitance measureménts

The low field mobility ., was extracted as a function of channel length for the various
tested NnMOS devices (see Figu4. Note that in all cases, a strong degradation of the
mobility, by about a factor 2, is observed as the channel lengthusesdelow 100nm
for both technologies. The drift-diffusion contribution of the itigb uyg was then
evaluated after subtracting the ballistic mobility contribution using EqTBe.ballistic
mobility Uny has been calculated using Eq. 29, assuming that the injection yetocit
equal to the thermal velocity. This is a reasonable assumption since tfieldomvobility

is experimentally extracted near threshold voltage, i.e. at low éniowgrsion charge.
Figure 14 demonstrates without any ambiguity that the drift-diffusion mobiligy is
strongly degraded below 100nm, and that the ballistic effects canplairexere the
huge apparent mobility reduction obtained on both technologies. This mdialigvior

is a general feature of both bulk and thin film devices regardlegiofchannel doping

as was already observed in gate-all-around (GAA) and bulk MOS sesét{fr’®. This
could be interpreteds an increasing contribution of scattering mechanisms in shorter
devices (below 70 - 80nm), possibly due to neutral defétisse defects may originate
from source-drain implantation-induced Si interstitials in undoped éihd halo extra
doping in bulk architecturés
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Finally, the backscattering coefficient r has been extracted using Eg.81unction
of gate length (Figur&4). As expected, r is decreasing at small gate length down to about
0.70 and 0.86, which indicates that the ballistic ratio in ohmic medim 1- r) in these
devices reaches at most 30% and 14% over 40-50nm gate lengthfoarysdk and FD-
SOl devices, respectively.

The larger ballistic rate observed in the bulk devices can be justified by ther hig
mobility values over the whole gate length range, despite the channel anddgheo h
doping levels. This feature clearly indicates that the quality of unddiped film
structures is not yet optimized compared to well mature bulk technologi@slién to
benefit from full ballistic effect.

The different behavior of 44 and r for bulk and FD-SOI devices at small channel
length, could be attributed to the fact that, for bulk devices, halos are mémjng
0.1um, yielding a nearly constant channel doping. In consequengésbulk devices is
becoming constant at small gate length. In contrast, for FD-SOI devigess gtill
degraded at small lengths because the concentration of the S-D implantatiedindu
defects should increase as getting closer to source and drain junctions.
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This mobility degradation as a function of gate length has recentlydnedyred in a
statistical way and it has been found, as illustrated in Fig. 16 for Fu&a@des, that the
low field mobility can always be expressed®as

1. 1.2 (32)

Ho Mg L
where | is the low field long channel mobility angl, a mobility degradation factor
[nm.V.s/cnf]. Actually, Eq. 32 has successfully been applied to a large panel of CMOS
devices featuring bulk, FD-SOI, double gate or GAA architectiregerestingly, as can
be seen from Fidl7, a strong correlation exists between the maximum mobility (for long
devices) and the degradation faaiQr The comparison of the experimental results given
by equation (32) with Egs 29 and 30 reveals thahas a minimum theoretical value,
given by its ballistic limit (2kT/q)/y. (for Boltzmann’s statistics). The data of Fig. 17
also indicate that this limit could only be reached on few devices, which deatuery
high long channel mobility of 600 év's (resp. 300 cAiVs) for electrons (resp. holes).
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5. Conclusions

Since the pioneering works of K. Natdrin 1994, and then M. Lundstrdrin 1997, the
guasi ballistic regime of transport has become an extremely popular fieddezfrch in
the area of MOSFET device physics. Interestingly, these researches have bmestly
focused on the understanding of it, by means of analytical modatgelectrical
characterization, sincé was already naturally included in numerical sophisticated tools
such as Boltzmann Transport Equation or Schrodinger Equation solvers.

Despite several ongoing controversies and unsolved i§${fRghe main conclusions of
these works have already become a new way of understanding eréerm
enhancements of nano MOSFETSs. For instance, the growing interesgtiombbility
channel devicé8 * is usually presented in terms “mean free path” and “injection
velocity” enhancements, two typical quasi ballistic concepts.

The quasi ballistic analytical models have been thus reviewed in this chapter.

First of all, the analytical modeling of MOSFET ballistic limit, following the ry@eh of
Natori has been presented. These theories have been used to investi¢aibbtel
engineering®, which consists in enhancing ballistic limit and thus improving tigac
efficiency, by raising 2D carrier gas confinement (introducing strilim or field
confinement, or new channels materials).

The critical impact of scattering on performances has also beenggid¢cysesenting the
“orthodox” Lundstrom’s approach®, and its limitations. In particular, the connections
between the high field kT layer backscattering theory and the old fashion “saturation
velocity” have been clarified.

Despite progresses in analyzing the success and limitations of the backsrtitmiies,
efforts are still to be made to achieve a simple formalism, able to fulfitetii@grements
of circuit oriented compact model, and accounting for ballistic limit, scattenetsity
overshoot and self-consistency with electrostatic.

A closer look to experiments has also revealed an interesting featqreasif ballistic
transport: it is not clear, from an experimental perspective, if this phemorrectually
occurs or not. Indeed, measurements performed on several diffsrtenologies suggest
a degradation of transport when reducing the gate length, making ynhleéxistence
of quasi ballistic regime. These degradations could possibly result fatrahdefect$
generated by source and drain implantations. Again, more investigatenseded to
confirm the existence of such defects, which challenge our undédirggaof advanced
MOSFETSs devices.
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