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INTRODUCTION

INTRODUCTION

Advances in semiconductor manufacturing technicurek ever increasing demand for faster
and more complex Integrated Circuits (ICs) havevealri the associated Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) sizéose to their physical limits. On the
other hand, it has not been possible to scale tpelg voltage used to operate these ICs
proportionately due to factors such as compatybiiith previous generation circuits, noise
margin, power and delay requirements, and nonssgai threshold voltage, subthreshold
slope, and parasitic capacitance [1]. While thesegnent increase in internal electric fields in
aggressively scaled MOSFETs comes with the additidvenefit of increased carrier
velocities, and hence increased switching speeglsd presents a major reliability problem
for the long term operation of these devices. Agials are scaled the benefits of higher
electric fields saturate while the associated bbdlist problems get worse.

The presence of mobile carriers in the oxides &nggvarious physical processes that can
drastically change the device characteristics dgunarmal operation over prolonged periods
of time eventually causing the circuit to fail. 8udegradation in device and circuit behavior
due to injection of energetic carriers from thé&sih substrate into the surrounding dielectrics
is known as “hot-carrier degradation” [2].

It is clear that the presence of large electriddéehas major influence on the long term
operation of modern ICs. These Hot-Carrier (HCatel device instabilities have become a
major reliability concern in modern Metal Oxide Seamductor (MOS) transistors and are
expected to get worse in future generation of devid he study of the fundamental physical
processes that result in device parameter variatiento HC injection is essential to provide
guidelines for avoiding such problems in future.lCs

In the past, methods for the evaluation of HC klity have been based on physical models
for long-channel transistors. These approaches bege remarkably successful in predicting
the time-dependence of HC degradation on factoth sis channel length, channel doping,
and supply voltage in long-channel devices. Evengh the limitations in their application to
deep sub-micron devices have long been recogniasddevices are scaled, the same
techniques continue to be applied to short-chardelices. In short-channel devices,
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however, several assumptions made in the conveitapproaches break down and hence the
parameters associated with most of these modedsthesr physical meaning. These model
parameter are usually extracted by fitting the rhddeexperimental data. Such empirical
approaches, though useful for qualitative evalmatb existing technologies, provide little
insight into the physical mechanisms responsibié¢ie device degradation. Furthermore, the
semi-physical model parameters extracted from argiset of experiments on a particular
technology are not able to predict the device behawnder process modifications essential to
meet circuit performance requirements as the desvare scaled. Hence such approaches
cannot be used for predictive modeling and/or tbthe semiconductor industry in designing
manufacturing processes to overcome the releviabiléy problems. The presence of novel
physical mechanisms such as short-channel effaots;ocal carrier heating, and quantum
effects in aggressively scaled devices further dmaiges the modeling process and requires
the use of more comprehensive modeling techniquesuich structures [3].

This thesis is structured in four chapters dividetb two parts: the state of the art and
contributions. The state of the art part preseatkground on MOSFET structure particularly
when scaled to deep submicron level, hence manynitad phenomena altering the correct
function of the device. The contribution part caméaour proposals for modeling the
performance of deep submicron MOSFET devices imctudhe hot-carrier degradation
effects when compared to the conventional bulk cbesyi

The thesis presents a study of the degradatiorpafposed MOSFET device parameters,
which affect circuit operation, due to processeasaied by injection of high energy carriers
into the gate oxide, the characterization techrsqused to measure and attribute these
parameter shifts to the underlying processes, haduse of empirical, semi-empirical, and
physical models to predict the time dependencénefparameter degradation during circuit
operation. The current understanding of the basimcepts related to MOSFET devices is
presented in Chapter |. This chapter highlights phecesses that need to be modeled in
device simulation tools in order to be applicalol@tedictive simulation of HC phenomena in
current and future generation MOSFETS.

Chapter Il and onwards start our contributionsChapter Il we describe the development of
modeling tools along with the choices and assumpttbat were made to model the physical
mechanism described in Chapter 1l in a practicalugation application. The details of the
numerical model developed as a result of this amain subthreshold region are presented.
The results of the application of these simulationls to HC degradation in GS DG

MOSFET for both linear and saturation regimes aesgnted in Chapter V.
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Finally, we conclude this thesis and present oewwon future research directions.
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Chapter |-

DEEP SUBMICRON MOSFETS

Abstract: The compact modeling of MOS transistors for indéégd circuit design has, for

many years, been driven by the needs of digitautisimulation. Conventional bulk CMOS

technology is still prevalent in the microelectrmmindustry. According to the International
Technology Roadmap for Semiconductors, bulk MOSsisdors will still be used for the 45

nm technology node (gate length around 18 nm), kwvigcexpected to be running by 2010.
The feasibility of 15 nm conventional MOS transistim bulk CMOS technology has already
been demonstrated.

The purpose of this chapter is to provide both @nadew about the evolution of MOSFETS

devices in addition to the basic physics theoryiregl to build compact models required later
for the deduction of some mandatory parameters@nithe incorporation of new constraints
in the function of the device.
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l.1. INTRODUCTION

Since the 60's the shrinking of electronic comptsidéras been driven by the fabrication of
integrated circuits, which will continue for at $#&he next two decades. The critical feature
size of the elementary devices (physical gate lengthe transistors) will drop from 25 nm in
2007 (65 nm technology node) to 5 nm in 2020 (14technology node). In the sub-10 nm
range, beyond--CMOS (complementary MOS) devices aeiftainly play an important role
and could be integrated on CMOS platforms in or@epursue integration down to nm
structures. Si will remain the main semiconductaternial in a foreseeable future, but the
needed performance improvements for the end offiR& (international technology roadmap
for semiconductors) will lead to a substantial egganent of the number of materials,
technologies and device architectures [4].

Therefore, new generations of nanoelectronic imtiegk circuits (ICs) present increasingly
formidable multidisciplinary challenges at the mastdamental level (novel materials, new
physical phenomena, ultimate technological procgsste.) resulting in an urgent need of
long term research based on a scientific approaclorder to understand the underlying
physical mechanisms and hence remove the pressgmadiegical limitations. The industry is
indeed increasingly relying on new ideas in ordezdntinue technological innovation [5].
This chapter addresses the basic concepts relatgdtetMOSFET technology, with some
advanced ideas for keeping CMOS on the road. [Rifferegimes characterizing the function
of a MOSFET device are also depicted, in addition some challenging problems
encountering the downscaling process and theircagsd solutions. This chapter can be

considered as an introductory platform for furtbleapters.

|.2. EVOLUTION OF CMOS TECHNOLOGY

As the density of integrated circuits continuesirorease, a resulting shrinkage of the
dimensions of the individual devices of which thane comprised has followed. Smaller
circuit dimensions reduce the overall circuit artbays allowing for more transistors on a
single die without negatively impacting the costhwnufacturing. However, this reduction in
device size is only one of three factors identifigdVioore in the increased density of modern
integrated circuits. Equally important are the tether factors of an increase of die size and
an increase in circuit cleverness - the reductiomumber of devices and chip area to

implement a given circuit or function. All of thessad to the driving force for continued
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integration complexity is the reduction in cost figrction for the chip as indicated by figure
Fig.l.1 [6].
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Fig. I.1. Moore’s Law predictions for devices sogli6].

As semiconductor feature sizes shrink into the nanemstale regime, device behavior
becomes increasingly complicated as new physicah@imena at short dimensions occur, and
limitations in material properties are reachedadidlition to the problems related to the actual
operation of ultra-small devices, the reduced feasizes require more complicated and time-
consuming manufacturing processes. This fact segmthat a pure trial-and-error approach to
device optimization will become impossible sincesitboth too time consuming and too
expensive. Nevertheless, it is important to consttlese new physical effects which will
occur in small devices, as these effects may welhtially dominate device performance.
The traditional scaling of classical planar CMOYides leads to performance limitations,
which have to be overcome by introduction of newicke architectures. New so-called ‘non-
classical’ CMOS device concepts are being developedevelopment roadmap of CMOS
device architectures is shown in Fig. 1.2 in congmar with standard bulk devices. Some of
these advanced device structures will probablynbeduced within the next 5-10 years. The
ultimate CMOS device with the multi-gate FET sturet will potentially carry the silicon
technology down to below 10 nm feature sizes, hutsialso challenged by process
complexity and manufacturability; its key advamsgare, lithography independent gate

length control and higher drive currents [7].
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Fig. 1.2. Simplified transistor roadmap (courtesyIEC) [7].

1.3. MOSFET STRUCTURE AND OPERATION

[.3.1. Presentation of the Structure

As the name metal-oxide-semiconductor (MOS) suggeke MOS transistor consists of a
semiconductor substrate (usually silicon) on whglgrown a thin layer of insulating oxide
(SiO) of thicknesd,y, A conducting layer (a metal or heavily doped pibigsn) called the
gate electrode is deposited on top of the oxideo Tieavily doped regions of dep¥y called
the source and the draame formed in the substrate on either side of #te.grhe source and

the drain regions overlap slightly with the gateg(§ig. 1.3.) [8].

ORAIN
CONTACT

SOURCE (S} DRAIN (D)

( p=TY¥PE SILICON SUBSTRATE (B)

b

Fig. 1.3.MOS transistor structure showing three-dimensieram [8].
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The source-to-drain electrodes are equivalent togvm junctions back to back. This region
between the source and drain junctions is callecctiannel region. Thus a MOS transistor is
essentially a MOS structure, called the MOS capgoitith two p-n junctions on either side
of the gate. The field oxide (FOX) shown in Figli& is for isolating various devices on the
same substrate. From the circuit model point ofvyia MOS transistor is a four terminal
device, the four terminals are designated as gatewgce s, drain &nd substrate or bulk b.
Note that the structure is symmetrical. Becausahif symmetry one cannot distinguish
between the source and drain of an unbiased dawieeaples of the source and the drain are
defined only after the terminal voltages are aplie

Under normal operating conditions, a voltage applied to the gate terminal creates an
electric field that controls the flow of the chargarriers in the channel region between the
source and the drain. Since the device curremnsralled by the electric field (vertical field
due to the gate voltage and lateral field due éostburce to drain voltage) the device is known
as a MOSField-Effect-Transistor (MOSFET). Because the gatelectrically isolated from
the other electrodes, this device is also calledirmulated-Gate Field-Effect Transistor
(IGFET). Another acronym sometime used is MOSTtlier MOS Transistor. The bulk of the
semiconductor region, shown as substrate in Fig8rés normally inactive, since the current
flow is confined to a thin channel at the surfat¢éhe semiconductor. It is for this reason the
substrate region is also referred to as the bodytkr of the MOSFET.

MOSFETs may be either n-channel or p-channel depgngoon the type of the carriers in
the channel region. An n-channel MOS transistor @81) has heavily dopeuit+ source and
drain regions with a p-type substrate and hasrelesias the carriers in the channel region.
[.3.2. Operation Modes

The operation of a MOSFET can be separated ingetdifferent modes, depending on the
voltages at the terminals. In the following diseéassa simplified algebraic model is used that
is accurate only for old technology. Modern MOSFERaracteristics require computer
models that have rather more complex behavior.

For an enhancement-mode, n-channel MOSFET, the tperational modes are [9]:
Subthreshold, or weak-inversion mo@&ss < Vi, ),whereVy, is the threshold voltage of the
device: According to the basic threshold model, tthasistor is turned off, and there is no
conduction between drain and source. In realitg Boltzmann distribution of electron
energies allows some of the more energetic elestabrine source to enter the channel and
flow to the drain, resulting in a subthreshold euatrthat is an exponential function of gate—

source voltage. While the current between drain smdce should ideally be zero when the
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transistor is being used as a turned-off switchrdhs a weak-inversion current, sometimes
called subthreshold leakage.
In weak inversion the current varies exponentialigh gate-to-source bia¥ss as given
approximately by:
Ves Vi

Iy =lpe ™ (1.1)
wherelpg is the current a¥ss = Vi and the slope factaris given byn = 1 +Cp / Cox, with
Cp is the capacitance of the depletion layer @adis the capacitance of the oxide layer. In a
long-channel device, there is no drain voltage ddpece of the current onsgs >> V1, but
as channel length is reduced drain-induced baro@rering introduces drain voltage
dependence that depends in a complex way upon dhieed geometry (for example, the
channel doping, the junction doping and so on)géeatly, threshold voltage yVfor this
mode is defined as the gate voltage at which actglevalue of currentpd occurs, for
example, o = 1 pA, which may not be the sameyWalue used in the equations for the
following modes.
Some micropower analog circuits are designed te talkvantage of subthreshold conduction.
By working in the weak-inversion region, the MOSFER these circuits deliver the highest
possible transconductance-to-current ratio, nangglylp = 1 / (1), almost that of a bipolar
transistor.
The subthreshold-V curve depends exponentially upon threshold voltageothicing a
strong dependence on any manufacturing variatianatfects threshold voltage; for example:
variations in oxide thickness, junction depth, ody doping that change the degree of drain-
induced barrier lowering. The resulting sensitivity fabricational variations complicates
optimization for leakage and performance.
Linear regionalso known as the ohmic mo{¥ s> Vi, andVps < ( Ves - Vin )
The transistor is turned on, and a channel has bemated which allows current to flow
between the drain and the source. The MOSFET agselite a resistor, controlled by the
gate voltage relative to both the source and dvaltages as shown in figure Fig. 1.4. The
current from drain to source is modeled as:

W &
Iy = /'InCOXT((VGS Vi )\/DS _%j (1.2)

wherepy, is the charge-carrier effective mobility is the gate widthl. is the gate length and
Cox Is the gate oxide capacitance per unit area. Thasition from the exponential

subthreshold region to the triode region is natleesp as the equations suggest.

10
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Fig. 1.4. Cross section of a MOSFET operating mlthear (Ohmic) region;
strong inversion region present even near drain.

Saturation or active mod@/cs > Vi and \bs > ( Ves - Vin )

The switch is turned on, and a channel has beeatette which allows current to flow
between the drain and source. Since the drain glta higher than the gate voltage, the
electrons spread out, and conduction is not thrauglarrow channel but through a broader,
two- or three-dimensional current distribution extmg away from the interface and deeper
in the substrate. The onset of this region is &sown as pinch-off to indicate the lack of
channel region near the drain (Fig.l.5). The drirrent is now weakly dependent upon drain
voltage and controlled primarily by the gate—sowwckage, and modeled very approximately
as:

— lUnCox W

D 2 L (Ves _Vth)2(1+/1VDS) (1.3)

SoiCE o) Fate Lrain

Fig. I.5. Cross section of a MOSFET operating & $hturation (active) region;
channel exhibits pinch-off near drain.

The boundary between linear (Ohmic) and saturatamtive) modes is indicated by the

upward curving parabola in figure Fig. I.6.
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Fig. 1.6. MOSFET drain current vs. drain-to-souvodtage for several values Ws— Vi

As the channel length becomes very short, thesatiems become quite inaccurate. New
physical effects arise. For example, carrier transm the active mode may become limited
by velocity saturation. When velocity saturationnmdoates, the saturation drain current is
more nearly linear than quadratic id/ At even shorter lengths, carriers transport wigar

zero scattering, known as quasi-ballistic transploriaddition, the output current is affected

by drain-induced barrier lowering of the threshetdtage.

|.4. SMALL SIGNAL PARAMETERS

These parameters are required for the small-sigmallysis. In addition they are also required

for linearizing nonlinear drain current models. Theput conductance and transconductance
are important parameters in analog circuit dediggse parameters can easily be derived from
the device drain current model [10]. Under norm@ération, a voltage applied to the gate,

drain or substrate results in a change in the drament. The ratio of change in the drain

currentlys to the change in the gate voltagg while keeping drain voltag€ys and substrate

voltageVys constant is called transconductance expressed as:

Al 4

On =2y (1.4)

gs Vdsvvbs
The transconductance is one of the important dgvatameters as it is a measure of device
gain. Thus, the gain of a MOSFET can be increaged b

* IncreasingCoy, that is, using a MOSFET with a thinner gate oxidavér t.y),
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» Using devices with higher carrier mobility Sinceu of the electrons is higher than
that of holes, an nMOST has higher gain compargaMOST.
e Using devices with larger channel widiW and shorter channel length While
decreasing., scaling considerations must be taken into account.
Sincegm, is sensitive to the quality of the gate oxide (tiglou andVy, parameters), it is
frequently used to monitor the effect of hot-carséress and accelerated aging on device
reliability.
In addition togm, the MOSFET has two other conductances. The ratihahge in the drain

current due to change W, for a fixedVys, andVys, is called substrate transconductaggss
defined as:

g = Al 4
mbs Avbs

(1.5)

Vgsvvds
Finally, the ratio of change in the drain curremttie change in the drain voltaygg is called

drain conductance or simply conductance gds givaiesly by:

Al 4
AV

(1.6)

Yas

Vgs vas

Figure 1.7 shows plot ofin, gnbs@nd ges as a function olVys and Vys, based on first order
MOSFET model.

15 T — 15 T T T T
e V=2V V=2V
il V=0V |
2 2
< 1Op <
§ o5 £
i k
g T 3
b wB
03
00 1 L
0 3
Yu (V)

(a)
Fig. I.7. Small-signal parametegs, gnosandggsas a function of (a¥s, and (b)Vgs,.

If all the voltages are changed simultaneouslyn ttiee corresponding total change in the
drain current is:
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3l
oV,

ol ,,
oV,

ol
AVds +aviAVbs = gmAVgs + gdsAVds + gmbsAVbs (|7)
bs

Al =—S AV, +

S
If the change in the voltages is small, approachie, then these (trans)conductances are
called small signal (trans)conductancése small signal equivalent circuit of a MOSFET is

shown in Figure 1.8, where rhomic symbols represenntrolled current sources.

o6

9 m"‘"g s

_4'_.\}_
—ANV

S Sas o

Fig. 1.8. A low frequency, usually less than 1 Kidmall-signal model for a MOSFET.

[.5. MINIATURIZATION EFFECTS
Producing MOSFETs with channel lengths much smalian a micrometer is a challenge,
and the difficulties of semiconductor device fahtion are always a limiting factor in
advancing integrated circuit technology. In recgears, the small size of the MOSFET,
below a few tens of nanometers, has created opeedfproblems [11].

» Higher subthreshold conduction
As MOSFET geometries shrink, the voltage that caaiiplied to the gate must be reduced to
maintain reliability. To maintain performance, theeshold voltage of the MOSFET has to be
reduced as well. As threshold voltage is reduckd, ttansistor cannot be switched from
complete turn-off to complete turn-on with the lied voltage swing available; the circuit
design is a compromise between strong currentar'@h” case and low current in the "off"
case, and the application determines whether torfawme over the other. Subthreshold
leakage (including subthreshold conduction, gateexeakage and reverse-biased junction
leakage), which was ignored in the past, now carswme upwards of half of the total power

consumption of modern high-performance VLSI chips.
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* Increased gate-oxide leakage
The gate oxide, which serves as insulator betwkergate and channel, should be made as
thin as possible to increase the channel condixctand performance when the transistor is
on and to reduce subthreshold leakage when theistanis off. However, with current gate
oxides with a thickness of around 1.2 nm (whicksilicon is ~5 atoms thick) the quantum
mechanical phenomenon of electron tunneling ocbat&een the gate and channel, leading
to increased power consumption.
Insulators (referred to as high-k dielectrics) thave a larger dielectric constant than silicon
dioxide, such as group 1Vb metal silicates e.gnhaih and zirconium silicates and oxides are
being used to reduce the gate leakage from thea#®meter technology node onwards.
Increasing the dielectric constant of the gate edteic allows a thicker layer while
maintaining a high capacitance (capacitance is @tmmal to dielectric constant and
inversely proportional to dielectric thickness).l &lse equal, a higher dielectric thickness
reduces the quantum tunneling current through tieéeatric between the gate and the
channel. On the other hand, the barrier heighthef new gate insulator is an important
consideration; the difference in conduction bandrgyn between the semiconductor and the
dielectric (and the corresponding difference inemake band energy) also affects leakage
current level. For the traditional gate oxide, caih dioxide, the former barrier is
approximately 8 eV. For many alternative dieledttiice value is significantly lower, tending
to increase the tunneling current, somewhat negattie advantage of higher dielectric
constant.

* Increased junction leakage
To make devices smaller, junction design has becomes complex, leading to higher
doping levels, shallower junctions, "halo" dopingdaso forth, all to decrease drain-induced
barrier lowering. To keep these complex junctionplace, the annealing steps formerly used
to remove damage and electrically active defectstnibe curtailed increasing junction
leakage. Heavier doping is also associated witmndn depletion layers and more
recombination centers that result in increaseddgalcurrent, even without lattice damage.

* Lower output resistance
For analog operation, good gain requires a high MEBoutput impedance, which is to say,
the MOSFET current should vary only slightly witietapplied drain-to-source voltage. As
devices are made smaller, the influence of thendrampetes more successfully with that of
the gate due to the growing proximity of these slectrodes, increasing the sensitivity of the

MOSFET current to the drain voltage. To countertie# resulting decrease in output
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resistance, circuits are made more complex, eliii@equiring more devices, for example the
cascade and cascade amplifiers, or by feedbackitcyausing operational amplifiers, for
example a circuit like that in the adjacent figuig. 1.9, where the operational amplifier

provides feedback that maintains a high outpustasce.

Fig. 1.9. MOSFET version of gain-boosted currentrori M; and M are in active modeyhile
M3 and N4 are in Ohmic mode, and act like resist

* Lower transconductance
The transconductance of the MOSFET decides its gadhis proportional to hole or electron
mobility (depending on device type), at least fowldrain voltages. As MOSFET size is
reduced, the fields in the channel increase anddtpant impurity levels increase. Both
changes reduce the carrier mobility, and hencdrtmesconductance. As channel lengths are
reduced without proportional reduction in drain tagk, raising the electric field in the
channel, the result is velocity saturation of theriers, limiting the current and the
transconductance.

* Interconnect capacitance
Traditionally, switching time was roughly proporial to the gate capacitance of gates.
However, with transistors becoming smaller and ntoaasistors being placed on the chip,
interconnect capacitance (the capacitance of tihesvaonnecting different parts of the chip)
is becoming a large percentage of capacitanceafSidpave to travel through the interconnect,

which leads to increased delay and lower performanc
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* Heat production
The ever-increasing density of MOSFETs on an imegh circuit creates problems of
substantial localized heat generation that can imgd@uit operation. Circuits operate slower
at high temperatures, and have reduced relial@hty shorter lifetimes. Heat sinks and other
cooling methods are now required for many integratecuits including microprocessors.
Power MOSFETs are at risk of thermal runaway. Aairtlon-state resistance rises with
temperature, if the load is approximately a cortstanrent load then the power loss rises
correspondingly, generating further heat. When Heat sink is not able to keep the
temperature low enough, the junction temperature/ mse quickly and uncontrollably,
resulting in destruction of the device. In orderassist designers in the device selection
process, a simulation tool can be used to simutat@cuit performance.

* Modeling challenges
Modern ICs are computer-simulated with the goablthiining working circuits from the very
first manufactured lot. As devices are miniaturizig complexity of the processing makes it
difficult to predict exactly what the final devicdsok like, and modeling of physical
processes becomes more challenging as well. Ini@aadmicroscopic variations in structure
due simply to the probabilistic nature of atomiogesses require statistical predictions. These
factors combine to make adequate simulation amght'the first time" manufacture difficult.

|.6. EMERGENT SOLUTIONS

Many solutions have been proposed in literaturerggbem we have [12],

[.6.1. High-k and metal gate integration

Low-power applications such as battery operatediihald devices require a reduced gate
leakage current. To reduce the gate leakage, sthrmeynitride gate insulators will be
replaced by highk dielectrics. Among the promising candidates for #ffenm technology
node are hafnium oxides (HffDand hafnium silicates HfSION with a hidfhvalue in the
range 10-15, which should be compared to 3.9 iOp 8nd 6-7 for the oxynitrides. This
leads to significantly reduced gate leakage forstlime equivalent oxide thickness. The main
issues related to these types of dielectric mdserighich still have to be addressed by
researchers, are the high number of fixed/trappedges and interface states. Both threshold
voltage stability and low-field mobility are negatly affected by the high amount of charge

present in the higk-oxides.
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While the reduced mobility can be partially offegtstrain enhancement techniques, the poor
threshold voltage control and possible reliabiptpblems cannot be accepted. An additional
complication is the poor thermal stability of highmaterials. The dielectrics should be stable
during high temperature processing steps (mainlycgddrain activation anneals), since, e.g.,
recrystallization can increase the gate leakageenturFor the ultimate scaling of CMOS,
below 10 nm gate length, other higmaterials such as k@3, with a largek value might be

of interest. The choice of suitable materials mitéd by the additional constraint that the
band gap offset should be large enough comparstidon. In some cases the offset to either
the conduction or valence band is too small. Bysaering the increased fringing field, due
to the higherk value, the influence on short channel effects andcking speed can be
analyzed to find an optimukvalue close to 30.

High-k materials are often used in combination with déférmetal gate electrodes, e.g., TiN,
TaN. Metal gates are important for several reasmesding the ability to control threshold
voltage by tuning the work function of the gatecélede. For nitrided metal gates the tuning
can be done either during the reactive sputter glBppn or by subsequent nitrogen ion
implantation. This allows reduced channel dopind bence higher mobility in both bulk and
thin body SOI devices. Furthermore, metal gatematosuffer from depletion, compared to
the case with a highly doped polysilicon gate etatd. For successful metal gate integration,
selective etching processes, with high anisotromed to be developed for patterning of
10nm gate lengths. The use of fully nickel silidd@gUSI) polysilicon gates offers a more
straightforward approach in this respect, since ghterning of polysilicon gates is more
mature. In this case, the work function control barachieved by dopant pile-up at the metal
gate/oxide interface. The combinationof FUSI anghk has generated a lot of attention
recently.

[.6.2. Strain-enhanced mobility

For high-performance applications the challengamasnly to maintain sufficiently high drive
current for short-channel devices which suffer frehort channel effects and high parasitic
resistances. For higher drive current and increaseétthing speed the focus is on different
methods of mobility enhancement, using strain. EBIOS applications both higher hole and
electron mobility are desired. For PMOS the fiseé@pts at increased channel mobility were
done by selective SiGe epitaxy in the channel regitowever, from the 90 nm technology
node, selective SiGe growth in the source/draingmasrged as the preferred method to create
compressive strain in the PMOS channel. Signifigainicreased electron mobility has also

been demonstrated in NMOS devices, where a digecapping layer, commonly silicon
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nitride, introduces a tensile strain in the chamegiion. In this approach the strain in both
PMOS and NMOS channels becomes uniaxial, whiclemefcial compared to biaxial strain.
It is important to note that the NMOS and PMOS banoptimized independently of each
other. Very high mobility can also be achieved lioth electrons and holes using called
virtual substrates, with a thin Si-channel on tdpaoelaxed SiGe buffer layer. There are
several issues with the virtual substrate technioetuding a poor thermal conductivity and a
high intentional concentration of defects (dislomas). Furthermore the mobility increase is
smaller for holes, which is not advantageous for@Mapplications, where the PMOS has
the most need for performance increase.

[.6.3. Multi-gate devices

Multi-gate MOSFETSs realized on thin films are theshpromising devices for the ultimate
integration of MOS structures due to the volumeeision in the conductive layer, leading to
an increase in the number and the mobility of etexst and holes. The on-currdon of the
MOSFET is limited to a maximum valdBL that is reached in the ballistic transport regim
For a given DIBL, an increased ballisticity is db&d for low doping double gate SOI
devices. The transfer characteristics of severdtiphergate (1, 2, 3 and 4 gates) MOSFETS,
calculated using the 3D SchrAodinger{Poisson eguatind the non equilibrium Green
function (NGEF) formalism for the ballistic trangpor MC simulations, have shown similar
trends. The best performance (drain current, sabbimld swing) is outlined for the 4-gates
(QG | quadruple gate or GAA | gate all around)citme. However, the propagation delay in
triple gate (TG) and quadruple gate MOSFETSs areatlsgl due to a strong rise of the gate
capacitance. A properly designed double-gate (DGYctre appears to be the best
compromise at given current ( For a double gatécdethe impact of a gate misalignment on
the drain current is important. The impact of aegaisalignment is significant fdon in 2G
MOSFETs. A large back gate (BG) shift reduces tamiration current compared to the
aligned case, whereas a slight BG shift towardssth&ce increase®n. This is due to a
lower source access resistance. In terms of sthamrel effects, aligned transistors exhibit
the best control while highly misaligned MOSFET®@te like single gate ones. The current
is much more influenced by the misalignment tHam due to a degradation of the
electrostatic control. The oversized transistomghattractive static performance and a larger
tolerance to misalignment but the dynamic perforeeais rapidly degraded as the overlap
length increases.

In decananometer MOSFETS, gate underlap is alsoraiging solution in order to reduce the

DIBL effect. The on-current is almost not affectegdthe gate underlap whereas the leakage
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currents are substantially reduced due to a dezrga®IBL and drain to gate tunneling
current. A reduction of the effective gate capamt&Cg for larger underlap values latn has
also been shown. This reduction ©f leads to a decrease in the propagation delay and
power. In order to reach very high performance ckviat the end of the roadmap, multi-
bridge-channel MOSFETs (MBCFET) present very highing currents larger than those of
GAA devices and exceeding the ITRS requirementgwe by figure Fig. 1.10.

T

Fig. 1.10. Schematic diagram of MBCFET on SOI [12].

The main advantage of multi-gate devices is theitebent electrostatic control of the
channel, which reduces the short channel effectsti@ other hand, since the conduction
takes place in a volume instead of just one suyfiiese devices present higher mobility than
conventional bulk MOSFETSs because there is ledtesitay; their operation can even be near
the ballistic limit for very short channel devices.

In multiple gate devices, the use of a very thim fallows to downscale the devices without
the need of using high channel doping densitiesgaadients. In fact, undoped films can be
used: the full depletion of the thin film prevepisnch-through from happening. Besides, the
absence of dopant atoms in the channel increagesntibility by suppressing impurity
scattering. On the other hand, unwanted dispersiothe characteristics is avoided; this
dispersion results from the random microscopictélatons in ultra-small devices.

Multiple gate nanoscale devices have many advastageircuit performance. A very high
packaging density is possible because of the ssiml of these devices, caused by the short
channel and the thin film. Because of the highebifitg, transconductance can be higher,
which gives more current gain and allows a highgarating frequency. Therefore, multiple
gate nanoscale devices have a big potential foaftFmicrowave applications. The analog
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performance is also very good. Voltage gain is madher than in conventional bulk
MOSFETSs, and especially in moderate inversion:rduiction of short channel effects leads

to a higher Early voltage, and on the other hared%Mldscharacteristics have higher values

than in conventional MOSFETs [13]. Regarding dig&pplications, the small subthreshold
swing of multiple gate devices keeps a high rattwleen on current and off current even for

devices with channel lengths of the order of nm.

l.7. NANOTECHNOLOGIES

The nanoelectronics platforms, bear a strikingmddance to the good old-fashioned silicon
microelectronics, in that exploit the electricaldamagnetic properties if fairly simple
materials. All of the approaches discussed to dwtee also reached a point in their
commercialization, where we can be reasonably icetteat something will come of them
[14]. Molectronics (sometimes called “moletronicss)different, because it has a lot further
to go commercially. In fact, it isn't even all thatell-defined. Indeed, molectronics is
basically a catchall term for electronics that usasiplex (often biological) molecules as the
main materials platform. There is a considerablewam of interesting R&D in this field that
is being performed in both academic and industiahloratories that involves quantum
computing or chemical computing, although this kafdnolectronics is so far off in terms of
commercialization, that we can so no real busioggrtunities emerging from this work in
this decade. Instead, this kind of thing will remai university labs or in the labs of the very
largest electronics and semiconductor firms for yngears to come. There is another aspect
to molectronics, though, one that is closer to camumlization, and which researchers
believe will present some genuine opportunitiethanext five to ten years. This approach is
one in which switching is based upon the changsate of individual molecules. The change
can be based on conductivity as a result of aniegpield (much like a classical FET), a
conformational change resulting in a change of ootidity (including a complete contact
break) or optical properties. In practice, devioeay contain many such molecules in an
individual switching unit. Although some approachesthis kind of molectronics involve
radical changes in circuit design, others are nmoh@e with conventional architectures.

All this diversity—no settled materials, designsaechitectures—is symptomatic of the early
stage of development at which molectronics curyeatiists. Probably the closest product to
commercialization that might be classified as mintetdcs is a memory chip from a firm

called Zettacore, which uses complex molecules aemal platform, but otherwise doesn’t
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diverge too much from standard chip designs. Howewnvken looking further into the future,
when processors and logic may be built using madaats, molectronics will probably
require significant changes in approach to desaggely as a result of having to build in a
fairly high level of fault tolerance [15].

Now it may be the turn of nanophotonics to adctdstribution. A number of start-ups have
opened their doors in this space and the EuropeaanUhas just launched a large R&D
program focused on exactly this area. The impacobphotonics is fairly diverse. NanOpto
makes a range of nanoengineered polarizers, spjiiad “waveplates,” using a nanoimprint
lithography. Toshiba has claimed a breakthroughnmheecently announced quantum dot
light sources that could transmit single photong #ms type of device would most probably
be used in quantum encryption. It seems more likblgt the first big business for
nanoengineered lasers will come from chip interemtion. Until recently, the speed
bottleneck in computing and telecom was the spdédteoprocessors. In the last few years,
however, the processor speed has reached a poattict it is the interconnections that are
now the limiting factor. In response, semiconductoanufacturers have moved from
aluminium interconnects to copper interconnects arel now experimenting with optical
interconnection as well as exotic lower-k materiaad carbon nanotubes. Optical
interconnection could supply more than enough badttivio suck up and supply data to even
the fastest processors. The requirements for lasesgpport such an application would very
demanding in terms of size and cost, but the maskst is potentially huge. For on-chip
applications, the lasers would have to be embedaedtheir value would be subsumed by
that of the entire chip. But an examination of tmeboard market suggests that addressable
markets for nano-engineered interconnects coulduge. Consider a board with 10 devices

on it. If these devices were fully interconnected lasers would be required [16].
1.8. CONCLUSION

The multi-gate devices that control the channemfroultiple sides and very thin body
devices are new to circuit and system designergsdhdevices need to be modeled to
understand and predict the functionality of theuwits. Compact device models are used in
circuit design. New compact models that accuratatydel these novel devices, and are
computationally efficient, are in development. Tehare new physical effects that now need
to be incorporated into these device models.

The use of multiple gate devices in circuit desgyaritically dependent on the availability of
accurate models for these devices. Using apprepriatdels, circuit simulation allows to
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design circuits with devices of adequate dimensi@iscuit simulation requires accurate
models of the current and the terminal chargehefdevices in addition to the modeling of

additional constraints.
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Chapter Il —

DEFECTS IN MOSFET DEVICES

Abstract: The hot-carrier effect is a reliability problem st occurs when hot (energetic)
carriers cause Si-SiO, interface damage and/oreotxapping. This leads to the degradation
of the current drive capability of the transisttrys eventually causing circuit failure. The
origin of this degradation is the high electricldienear the drain endOne of the most
effective ways to control the hot-carrier effecttisinclude a field reducing region in the
transistor structure. These regions, called the [dhtly doped drain) or MDD (moderately
doped drain), reduce the amount of damage a dewuffers, and consequently increase its
operational lifetime.

This chapter is dedicated to the description of i&n defects occurring in MOSFETS
structure due to intrinsic anomalies or stress tmmd, the hot-carrier degradation shift on
the main parameters is also studied and the basdels used for the modelling of such

phenomenon are presented.
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[I.L1. INTRODUCTION
A global view of today’s world permits to notify dh many hardware and software based
systems, are characterized by complex behavioo#ied have special features and structures
requiring high complexity approaches for modeliad][ In such situation, this may result in
many unwanted phenomena disturbing the correcttiimarticularly when taking into
account the VLSI constraints. In order to avoid tieavy costs associated with maintenance
and diagnostic operations, a deep understandinghefdegradation process should be
established so that the reliability of such systeans be enhanced significantly. Despite that
the recent progress in different fields has madalted products more powerful than ever, the
increasing level of complexity implied that relibiyi problems not only will continue to exist,
but also are likely to require ever more innovasedutions [18].
The demand for high-performance devices has begeriexcing a steady rise in the
sophistication degree of semiconductor manufaagui@chniques, which in turn have driven
the associated MOSFET size close to their physitétls. Theoretical analyses make it clear
that we should be able to rearrange atoms and olekone by one to get more efficient
tools at a tiny scale. Therefore, the initial stagasists in the seek of new design approaches
for devices miniaturization scheme, the adoptedraggh based on keeping the internal
electric fields constant had to be abandoned dseweral practical reasons including [19]:

* Loss of compatibility with previous generation citts,

« Decrease in noise margins because of the non-gaaflithe threshold voltage and the

subthreshold slope,
« Decrease in operating speeds in sub-micron dedigego the non-scaling of parasitic
capacitances.

In this chapter, our aim is to present differertety of defects that can exist in MOSFET
devices, these defects are a major concern inbiafield. Therefore, their inclusion in
compact models can bring deep understanding towhsdsesolution of many problems for
integrated circuit design. The shift caused by ghenomenon in some basic parameters is
also studied and the basic models used for the Ingdef the hot-carrier degradation effects

are presented.
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1I.2. DEFECTS CLASSIFICATION

In spite of the effort paid up to now by the scigmtcommunity concerning Silicon and
silicon based devices widely used in many fieldplofsics, there still remain a lot of aspects
not clarified, related to the behavior of impurstieand a global understanding of their local
structure and properties became increasingly inmpbdue to the reduction in chip sizes and
to the increase of the operation speed [20].

Since the reliability concepts are the most popfriEmework allowing the good description
of the system life cycle based on failures occureenvhich is mainly caused by the original
existence or generation of defects in the devicgould be of great utility to analyze different
evolution stages. The reliability of semiconducti@vices is represented by the failure rate
curve known as the “bathtub curve”, depicted irufegll.1. The curve can be divided into
three regions [21]:

* Initial failures are considered to occur when @&néatdefect is formed, then becomes
manifest under the stress of operation. Generd#ilg, period of initial failures is
defined as the first six months to one year of@lpct cycle, the failure rate tends to
decrease with time because only devices havingutlatefects will fail, and these
devices are gradually removed.

* Random failures in which the failure rate is canst such mode covers soft errors,
electrical noise, electrostatic discharge, andrgbhaeblems. All of these problems will
occur at random under the stress of external factor

« Wear-out failures occur due to the ageing of devitem wear and fatigue. This
period indicates the life of different failure ma&def semiconductors such as Hot

carriers, electromigration and time dependant digtebreakdown.
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Fig. II.1. Failure rate curve (Bathtub Curve) ofrseonductors devices.

In the screening process, if we assume a certagtheof time (§) before device shipment, the
lifetime can be forecasted by the probability dgn&inction. With the Weibull distribution
density function [22], the rate of accumulated uiak (t: §) available after screening

becomes:

F(to:t)=1—exr{—wj (1.2)
7

wherem and 7 are scale and shape parameters of the Weibulibdigon.

Therefore, it's possible to estimate the devicetiliie basing on probabilistic exploitation of
such distribution density function. The reliabilibased analysis highlights the necessity to
improve the device lifetime through the enlargemeinthe random failures interval, where
the failure rate is approximately constant. Herntte,a mandatory requirement to assimilate
existing defects in both extreme regions, so thasie effects could be eliminated or at least
reduced [23].

[1.2.1. Bulk defects

This type of defects is closely related to the bstikicture of a semiconductor, in the sense
that the trap defects are distributed over the wkolume. The resulted effect on the behavior
of future produced devices has been studied intelysiin literature. However, with the
advance of MOSFETs technology at nanoscale lelel,gap becomes more apparent and

additional efforts then before should be focusedhensubject.
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Origin of the problem

The availability of semiconductor materials andrtlise as a basis of nanodevices have bring
to the front many disadvantages related from afoatthe inherit structure and from another
part to production process constraints. In singlgstal semiconductors, deep level used
impurities have usually a metallic nature, but tisap be crystal imperfections (dislocations,
precipitates, vacancies, and interstitials) [24]icts defects are in general avoidable, but
occasionally they are intentionally introduced fieet a device characteristic (switching time,
resistivity). For amorphous semiconductors, defeet® mainly due to structural
imperfections. Manufacturing environment conditicmm® also a key medium altering the
concentration of existing impurities in the semidoator; methods used for crystal growth
such as epitaxy can give rise to deep level trApsther recognized cause concerns several
properties of employed resources; the higher stditzzge levels in a semiconductor fab than
in a conventional room. In fact, it is not uncomnfona fab with no safeguards against static
charge to achieve levels of tens of kilovolts oragety of critical surfaces.

The existence of foreign atoms or crystal defeetsuypbs the periodicity of the single crystal,
hence resulting in discrete energy levels intolthied gap, as illustrated in figure 11.2. They
can be considered as recombination centers whea #ne excess carriers, and as generation

centers when the carrier density is below its dgpuuim value.
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Fig. 11.2. Electron energy band diagram for a semdctor with deep-level impurities in
addition to capture and emission process.

The thermodynamics of defects plays an importate no the deduction of some specific

aspects, the thermodynamic parameters including baps, energies of defect formation and

migration, are not the Eigenvalues of a Schrodirggpration describing the crystal. Such
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parameters are defined statistically in terms attiens occurring among ensembles of all
possible configurations of the system.
The governing law of the equilibrium concentratafrpoint defects introduced into a perfect

semiconductor crystal is given for a neutral pdietectX’ by the expression [25]:

[Egi] -0, exr{_kGT;l’} (11.2)

where § is the concentration of available lattice sitesthe crystal,d, , is the number of

degrees of internal freedom of the defect on &katite, and G)f(0 is the standard Gibbs free

energy.The parametersandT respectively represent Boltzmann’s constant amgbézature.

In order to get an accurate model of the real dgfesquilibrium inside the bulk
semiconductor, the enthalpy of formation need atdrronly to elementary point defects such
as interstitial, but also supports more complicadetect cluster formation encompassing a
wide variety of defects including the divacancynterstitial and vacancy-dopant pair, where
we find in literature numerous methods for caldatathe formation enthalpy of a defect pair
and more progress still take place [26].

Characterization methods

In order to study defect properties, several expental techniques have been used. Some of
these approaches can be extended to deal with regerials and organic semiconductors.
There is no universal approach suited to all situati so continual improvement consists a
major concern. However, two basic methods have hesa abundantly in experimental
applications [27], the first on is deep level tians spectroscopy (DLTS) developed by Lang
in 1974, it exhibits its highest performances unidigal circumstances where it can reach
defect concentrations as low as 10-6 times théecaroncentration of the semiconductor. By
mean of this technique, it's also possible to idgmadiation induced defects.

The key feature of DLTS consists in the limitatidremission rate so that only values of the
capacitance transient within this range are ex@éhbly the measurement apparatus. With the
temperature variation, a peak in the instrumenpoese is observed at the temperature
associated with the trap emission rate. The seigitw DLTS when used in the capacitive
mode decreases linearly with the distance towdrdsjunction. Small uncertainties in the
determination of the position of a DLTS peak canseasignificant errors in the evaluation of
the parameters of electronic states deep withinbdred gap; it is difficult to distinguish

defects that are very close in energy.
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Although DLTS is spectroscopic in nature giving trapergies, it has some undesirable
properties: namely the large effort required in gEmpreparation and the limitation to
samples of certain doping concentrations.

The second more versatile technique known as pasanmihilation spectroscopyPAS), is
the spectroscopy of gammg (aysemerging from the annihilation of positrons ancetmns.
The method is based on using the energy and momesdaservation during the annihilation
process to study solids taking the advantage afrmpeaters sensitivity to lattice imperfections
(see Figure. 11.3). When a positron is trappednimpen-volume defect, such as vacancies and
dislocations, the annihilation parameters are nmediifn a characteristic way. Its lifetime
increases due to the lower electron density. Moorardonservation leads to a small angular
spread of the collinear —quanta or a Doppler shift of the annihilation gyef28]. Most
positron lifetimes for the important semiconductarsd lifetimes for various vacancy-type
defects have been experimentally determined. Neat@ negative vacancy-type defects, as
well as negative ions, are the dominant positr@pdrin semiconductors. Temperature-

dependent lifetime measurements may distinguishid®t both defect types.
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Fig. 11.3. Schematic illustration of positron anitétion showing positron creation,
positronelectrormnnihilation,y emission and the main experimental techniques AS.P

The intricate challenge facing the practical implatagon of the method is the high costs of
equipment not readily available to most researchers
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[1.2.2. Hot carrier

In the last years, numerous studies have beenerevdsd enhanced to get more adequate
models regarding the hot carrier induced deviceratiggion. In fact, the phenomenon has
been observed or implemented under special forreenme types of Random Access Memory
cells [29]. With the recent trends in nanodeviceanufacturing, condensed efforts are
invested to gain higher immunity performances withaltering the optimal function of the
device.

[1.2.2.1. Origin of the problem

Under the bias conditions of a MOSFET structure,daetgctric fields are created along the
device channel, as a result, carriers gain sufftrenigh energies that allow their injection
into the surrounding dielectric films such as tlaegand sidewall oxides. The accumulation
of mobile carriers at interfaces over long periofl®peration can dramatically trigger many
harmful physical processes causing the circuithi@ worst case to fail. The hot carrier
degradation process in a DG MOSFET device generatgscand region having distinct

properties influencing the behavior of the deviseslaown in figure 11.4.
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Fig. 11.4. Creation of a damaged region in the DO@SFET structure because of hot-carrier
degradation process.

A more vigilant analysis indicates that the proctdees initially place near the drain side
where a drain substrate junction is created dugne@cformation of a pinch-off region. The
lateral electric field exhibits a sharp peak irstregion increasing with the shrink of channel
length, as stated by figure I1.5. The tunneling effeaused by the application of high drain
biases, results in carriers penetration throughcthresidered region and exhibition of non-

equilibrium energy distributions. As a consequertbe, concentration of energetic carriers
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available for injection into the oxide requires thecurate calculation of electric field
distribution in silicon because of the strict deg@mcy between both quantities.

___________________________________________________________________ —

electric field

Lateral

D:rain side -‘-—h*

Distance along the channel

Fig. 11.5. Maximum lateral electric field at the-SiO, interface along the channel in MOS
transistors with decreasing channel lengths.

In both n and p-channel MOSFETS, vulnerabilities talsahe injection of hot carriers have
been detected, electrically active defects are rgée in the oxide and at the Si-3iO

interface [30]. At advanced stages of the prodbesenergy gained by the carriers in the high

field region of the silicon substrate induces tmeak of bonds associated with extrinsic or

intrinsic defects in the oxide, and such rearrargggnn its atomic structure is the generator

factor of the device instabilities observed duritg hot-carrier injection. The different
mechanisms leading to MOSFET degradation are sumeakoiz figure. 11.6.
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Fig. 11.6. Sequence of physical mechanisms thatrdmnrie to HC-induced device
degradation in MOS transistors.
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[1.2.2. 2. Device Parameter Shift
The presence of trapped charge and interface traffeeidevice due to HC injection directly
affects the device operation. The amount of damauesed by hot-carriers is typically
measured in terms of the shift in certain devicel@arameters such as the threshold voltage,
subthreshold slope, transconductance, and drairerduiobtained by performing device
characterization measurements before and aftemi¢Ction. Similar techniques are also used
to characterize the oxide damage resulting fronerottiress conditions such as high oxide
fields, Fowler-Nordheim injection, and radiationpesure. However, the HC-induced device
degradation differs from most of these stress dardi in the fact that the damage caused
during HC injection is highly localized. On the ethhand, damage caused by exposure to
ionizing radiation, for example, occurs relativalypiformly throughout the oxide. The
localized nature of damage caused by HC injectioplies that the interpretation of shift in
device parameters under such stress conditiongngisantly different from cases when the
damage is uniform. For example, a change in théhseghold slope of the device is typically
associated with a change in the density of intertaaps if the damage is uniform. However,
similar shifts in subthreshold slope can also beeoked through a localized increase in
trapped charge density in the oxide near the dra&igion. Even though advanced
characterization techniques such as charge pumpmgasurements provide better
understanding of the nature of HC induced deviggattation, it is often essential to utilize
device simulation tools along with the charactar@maexperiments to gain better insight into
the physical processes responsible for hot-carrderced parameter shifts. In order to aid this
process, device simulation tools must be able tdahthe influence of hot-carrier induced
trapped charge and interface traps on the deviaecteristics.
The increase of interface trap charge density leads increase of the threshold voltage, it is
observed that the variation of the threshold va@tagth stressing timefollows a power law
given by [31]:

AV,

=k,t™ (11.3)

tho
It was also observed that another effect of theadpardue to hot carriers consists in the drop
of mobility of electrons in the inversion layerefistress. This is because with the increase of
interface traps density with stress, the chargepted at the interface traps also increases and
affects the mobility of the channel carriers thdou@oulomb scattering. A drop in mobility

and an increase of threshold voltage lead to arlolan current in the device, the normalized
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variation of drain current with stress time areinto the threshold voltage, the normalized
variation of the drain current with stress timdduls a power law.

As a result of the drop in the biasing currenthaf transistor and the channel carrier mobility,
the transconductanag, also decreases. It is possible that the degradafionobility due to
stress is the dominant factor in the decrease ah ke drain current and the
transconductance, which also could be the reasgrcaifficients of the degradation laws are
close, as the dominant degradation mechanism ¢f isathe same. The slope of thg-Vys
graphs in the saturation region is known as th@uiutonductancegs of the transistor and
gds can have an important effect on the operatiddMOS analog integrated circuits. From
empirical results (Figure. 11.7.), it was found tthiais slope changes with hot carrier stress. In
contrast to threshold voltage and transconductaheeyariations of4s with stress time when

plotted in a log—log scale shows some saturatigpe@ally at higher stress conditions [32].
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Fig. 1.7. Normalized variation of the output comtiincegys with stress time t.

In Table. 1.1. a summary of important changes edusy hot-carrier stress is presented.

TABLE. II.1. Summary of important changes in theggn\NMOSFET

Parameter Direction of change
Threshold voltag&/, Increases
Drain currentlgs Decreases
Transconductanagn, Decreases
Output conductancgys Increases
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11.3. DEVICE DEGRADATION MODELS

In order to predict the device degradation dueddarrier injection under circuit operation,
several empirical and semi-empirical models haventmiggested in the past literature. This
section provides an overview of some of the mogtusr models that are presently being
used to model parameter shifts and device lifetimes

+ Takeda and Suzuki Model
Takeda and Suzuki [33] suggested a simple time adlgmermodel for parameter shifts based
on the experiments performed under thgakcondition. In their experiments, they observed
that AVt or YAGm could be modeled empirically using expressiath |s:

%AG,, = At" (11.4)
where, A and n are empirical parameters extraceghrately for each technology. The
parameter n has a strong dependence on the gateid®d during the stressing experiments
but little dependence on the drain bias. Similathy, parameter A shows a strong dependence
on the drain bias while its independent of the dps. In order to allow extrapolation from

the drain bias used under stressing conditionsdblife drain biases, the dependence of A on

1
Aaexr{—ﬂj (11.5)

The simplicity of this model allows quick and easstrapolation of device lifetimes under

the drain bias can be modeled as:

stressing conditions to the real-life biases. Tdpproach has been used extensively for fast
first-order benchmarking of different technologiés.the past, a duty-cycle based extension
of this model has been applied to evaluate devietnhe under AC operation [34]. However,
this model finds little application in predictinget dynamic degradation of present generation
MOSFETSs.
* Hu Model

Hu et al.[35] extended the lucky electron appro&zhobtain a semi-empirical model for
predicting device degradation under circuit operatiThe physical basis of this model and
the use of this model in circuit reliability simtdas such as BERT has made this the most
popular hot-carrier degradation model for n-chatME@ISFETs. A complete analysis and the
assumptions involved in this model can be foundveltere. For the purpose of this work, we

will use a popular form of this model as given by:

n

%AG, (t)= { Aj[ll_BT | Dsdt] (11.6)

0 DS
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where, A, m, and n are empirical parameters. Asldgradation model is driven by substrate
and drain currents, it can be directly applied ¢vide degradation under dynamic operation
once the empirical parameters have been obtaioned $mgle-bias DC stressing experiments.
This model assumes that the device degradatiomtiiely due to increase in the interface trap
density and is usually parameterized using strgsskperiments performed under thegnix
condition.

«  Woltjer Model
The lucky-electron model predicts the interface aneration at maximum-substrate current
conditions but fails at other bias conditions. Tinedel suggested by Woltjer et al.[36]
incorporated the dependence on the oxide eledtit ih this model to extend it to all biases
under which the effect of interface traps dominaldse influence of oxide charge has been
avoided in this work by defining the device lifegnat a large number of interface states in
terms of the change in charge pumping current. &ifext of the charge has, however, been
observed if the lifetime is defined as a smalldugaAs interface trap generation depends
approximately exponentially on the oxide electii@ld, Eox = (Vg-Va-Vi)/tox, the following

correction to the "lucky-electron"” model has beeggested:
T, €™ (1.7)

where, 1i¢p is the charge-pump lifetime defined ag/W/f = 100pA/m/Hzand E, is an
empirical parameter. The degradation data obtaomeMOSFETSs with different dimensions
and oxide-thicknesses has been fitted to the fatigwnodel using the same set of fitting

parameters for the technology used:
1] 1) E,
IOglO (Tlcp) = {_ Aloglo(ﬁj} - |oglo(wdj _?o + CVVS (l | -8)

where, A, n, Eand Gys are the fitting parameters. This gives the follogvielationship for

the degradation of the charge-pumping currentfaaction of time:

AT nE,
C4!t|d(1J ] 10 ®
Wl C,
e T n
10”[— Aloglo(ll"ﬂ
b

(11.9)

« Mistry et al. Approach
In some of the recent studies involving dynamiesging experiments, it was observed that

degradation models based on a single degradatichanesms failed to accurately predict the
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degradation under dynamic operation. Mistry et3dl.[attributed this discrepancy to the
presence of two different degradation modes dutyrgamic operation. As mentioned earlier,
these three degradation modes correspond to sigessperiments performed under three
different bias conditions: i, ls:max and Ey;. Mistry et al. modeled the device lifetime under

each of these bias conditions using three diffemsodels:

| = AI;" (11.10.a)

B,max I 5, max

']
H = B[IL (11.10.b)

inj Ty

-
(IGJ
|
E r. =C*22

inj inj |

(11.10.c)

The device lifetime under dynamic operation carobined in terms of these models using
the following approach. If the terminal currentstioé device are known as a function of time
during the dynamic operation of the device, thetcouations of each of the three degradation
mechanisms over one cycle of the AC waveform cancéleulated by integrating the
individual models listed above:

1 1 7
—— =—(17dt (Il.11.a)
. ATJ; ®

T n
1 :%j('—ﬁ‘] | pedit (I.11.b)
THini o\ 'Ds

T [
i:ij('—c’] | pedit (I.11.c)
TEini CTo DS

If each of the integral above can be treated asadanfunctions, the dynamic lifetimeyc,
can be obtained using a Matthiessen-like rule bewe:

t_ 1,11 (11.12)

| B,max Hinjx Einj

Z-AC

This approach has been successfully applied to girdtd device degradation under dynamic
operation in simple digital CMOS circuits basedtbe three sets of single-bias DC stressing
experiments. However, in order to be used in aitireliability simulator, a model for device

degradation should predict the time dependenckeoflegradation rather than the lifetime. As

the dynamic degradation of n-channel MOSFETs has beewn to have a much stronger
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time dependence as compared to static degradatierdefinition of the lifetime itself can
affect the validity of lifetime models for certatachnologies. Conventional models deviate
from the observed values while the coupled apptioadf three models results in an improved

prediction as shown in figure. 11.7.
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Fig. 11.8. Device degradation for stressing undesltsequence [19].

11.4. CONCLUSION

In this chapter, we discussed the qualitative matof the basic physical mechanisms
responsible for hot-carrier-induced degradationM@SFETs. The physical mechanisms
described here represent effects that are activiagithe normal operation of such devices
and result in shifts in experimentally measuralgeice parameters such as threshold voltage
and linear transconductance. In order to aid thesgss, device simulation tools must be able
to model the influence of hot-carrier induced treghgharge and interface traps on the device

characteristics.
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Chapter Ill -

MODELING OF GCGS DG MOSFET IN
SUBTHRESHOLD REGION

Abstract: In order to pursue the miniaturization procespm@slicted by Moor’s law and go
beyond actual reached lengths, more condensedse$foould be focused not only on looking
for higher mobility materials but also on improviagisting topologies of nanocircuits digital
devices, which are the bone stone of currently usiedmation storage supports..

The aim of this chapter is to provide a quantitapveof about the efficiency of our proposed
structure Graded Channel Gate Stack Double Gate REDS(GCGS DG MOSFET) in
remedying the many degradation aspects causedooydtannel and hot carriers effects. Our
proposed structure shows reduced significantly tbgponse to such altered behavior.
Consequently, it can be reasonably claimed thaG8&S DG MOSFET structure can bring

promised solutions for overcoming the downscalmgased burdens.
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[11.1. INTRODUCTION

In recent years, design and fabrication of naneséédOSFETs have been received great
interests for their high potential adaptability sdvanced integration circuits design
particularly CMOS based devices, an aggressive waseconducted by researchers to tackle
the new challenges occurring due to the downscadmgess [38]. In fact, the improvement
of the MOSFET structure is a battle against the gargghenomena becoming clearer when
the channel length shrinks down to nanoscale le\glong the main problems appearing
because of miniaturization we find the short chareféects (SCE) and the hot carrier
degradation effects, these undesirable phenomenbaaically caused by the influence of the
drain potential on the gate control over the chinime addition to the presence of an
interfacial charge density near the drain side.gequoently, the most obvious result of such
situation is that various characteristics paransetee affected and became dependent on
channel length.

Due to the high costs required for practical impdatation of nano-devices, the need for
other performance criteria measure approaches ateteasier to develop is vital [39],
numerical simulation can be considered as a paramesolution for the design and
optimization of novel semiconductor devices. Herlee,suitability of simulation to this field

is an undiscussed reality.

The main goal of this chapter is to investigate dppropriateness of our proposed Graded
Channel Gate Stack Double Gate MOSFET (GCGS DG MOSHKHTture in dealing
essentially with the hot-carrier degradation eBecMotivated by the many lacks of
conventional MOSFET in nanoscale regime, we exanheepbssibility of developing new
models assessing the performances of our strughder different combined constraints. Our
approach for developing such models is based osufface-potential formalism, which will
not only enable the accurate description of the G@& MOSFET behavior, but will also
facilitate the incorporation of new added condisida the whole approach when needed. The
rest of this chapter is partitioned as follows: tieclll.2. provides the modeling approach for
principal parameters. Section II.3. presents aisgdus$s simulation results. Finally, Section

[1l.4. summarizes some concluding notes.

42



CHAPTER IIl - MODELING OF GCGS DG MOSFET INBSBHHIRESHOLD REGION

[1.2. MODEL FORMULATION

[11.2.1. Surface potential

A detailed view of the nanoscale GCGS DG MOSFET ipided in figure.lll.1. By
definition, the whole channel is constituted obw Idoping concentratiorNg,) region and a
high doping concentratiomNgy) one [40], if we assume the existence of an iatéal charge
density (\;) near the drain [41], thus the high doping congitn region can be divided into
fresh and damaged subregions. The total lengtheothiannel id., the lengths of the fresh
subregions | and Il aréenoted by.; andL, respectively, whereas the length of the damaged

subregion can be deduced,lgs= L — L, —L,. The structure is symmetric with a double-layer

gate stack, oxide and high-k layers, the dopingll@f the drain/source region is given by

Npss respectively.
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Fig. lll.1. Cross-sectional view of the GC GS DG BEET proposed inner structure.

Since the electrostatics potential inside the chhmdescribed by the 2-D Poisson patrtial

differential equation:

0%y(xy) , 0%p(xy) _ aN, (I1.1)
ox* ay* Esi |
subject to the boundary conditions:
;. Ve ~(x0) _ £ vy (I11.2.2)
toxeff y y=0
;. Veor —@(xts) _ ESiaw X)) (11.2.b)
toxeff ay |y=t3i
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w(0.y) =V, (1.2.c)
w(L,y)=V, +V,. (I1.2.d)
so we have to resolve such boundary problem segharfar each subregion after adding two

new conditions defined on intermediate frontiers:

w(L,y)=V, (11.3.a)
WL +L,.y)=V,, (111.3.b)

wheregyy is the oxide permittivity,st is the thickness of silicon chann®l,; is the junction

voltage between the source/drain and intrinsicailiwith V,, = (kT/q)In(N,,s/n,), ni is the

intrinsic silicon density anifys is the drain to source voltage.
The introduction of effective voltages at the fraamtd bottom gates allow to alleviate

derivations for symmetric structure as follows:
VgD =VF,eff =VB,eff =Vgs - %S (|“4)
where ¢, is the gate work function referenced to intrirslicon andVys represents the gate

source voltage. The effective oxide layer thickrnifagsulator layetoxet iS given by the

superposition of the thickness of the Sl@yert; (&£, = &) and the thickness of the high-k

layer t; (¢2 ) as follows:
toor =t +(e /), (111.5)
Young's pioneer work showed that by taking a patéc profile for the potential distribution,
many simplifications are provided in term of cormgditinal complexity [42]. By adopting the
same scheme expressed by a parabolic profile as:
w(x,y)=alx)+b(x)y + c(x)y* (111.6)
we can transform our initial boundary problem toadinary differential equation that is

much easier to resolve.

After application of the boundary conditions 4 (gx, y) =0 known as the symmetry

y y=tsi /2
condition, yields the formula describing the chdrpmential distribution:

_VD —VD
w(x,y) :lps(x)+ﬁ% ‘%%yz

gSi t oxeff* Si

(11.7)

oxeff
where ¥y(x) represents the surface potentiabd8iQ frontiers given by=0 andy=ts.
Substituting (111.7) in (11l.1), an ordinary diffential equation dealing only with the surface

potential is obtained:
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d’p.(x) 1

dx> A
The general solution of such equation is the sunthefcomplementary solution given by

w,(x)=D (111.8)

X X

Aiej + A2e7 associated with the homogeneous equation andafeydar solution easily

guessed to be-A°D. Thus, the general solution of (I.8) has the form

w.(x)=-1’D+Ae’ +Ae’ , whereA; andA; are constants determined by satisfying the

boundary conditions [43].

In region | O< x<L, ) the equation to be solved is:

diw,(x) 1
d—;()—?wﬂ(x) =D, (11.9)
et I,
with 4= 5300 T angp, = Ma 1o
2‘91 si /1

under the following boundary conditions:
w(O, Y) =V
‘//(Ll’ Y) =Va

After some mathematical manipulations we deduce:
sinr{xj— sini 2= L
@or 1 2 1
L
sinh —
%)

In region Il (L, < x<L, +L,), by following the same methodology as above Hierfollowing

Wy (x)=-2D, + (111.10)

with @, =V, + A’D,and ¢, =V, + 4D,

problem:
diyw_(x) 1
%()—? .(X)=D, (11.11)
with D, = Ias —/1—12vgD

under the following boundary conditions:
l//(Ll’ y) =Vpl
l//(Ll + I—2' y) :Vp2

The obtained solution is:
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qusinb{x;l'lj —%zsinb{x_ L;_ LZ)
l//sz(x) = _/]ZDZ +

(1n.12)
sin){l"zj
A
with ¢, =V, + A’D,and@,, =V, + A’D,
In region lll (L, +L, < x< L), by the same manner for the equation:
d’pe(x) _ 1
d—xz_?%(x) =D, (11.13)
N N
with D, = qg’f” —Aizv(f—q f
under the following boundary conditions:
‘//(L1 +L,, Y) =V,
(//(L, y) =Vii Vg
Some mathematical simplifications lead to the sofut
%3S|nrﬁ ~h- sz (/gssmrﬁ j
Wa(x) = -FD, + (I1.14)
{ Eut)

withg@,, =V,; +V4 + A’Dyand g, =V, + A°D,

Vp1 andVp, which denote potentials at the boundaries carebdeakd by resolving the linear

system given below, which reflects the continuiqyation of the electric field atE=L; and at

X=L1+L:
awsl (X) — awsz (X)
X e, X e, (111.15)
0y, (x) _0ys(x)
aX x=Ly+L, 6X x=L;+L,

Using the well-known determinant method we gehatdnd the following expressions:

— a1D1+181D2 +y1D3 +51

Vi, = I
1 .16
v :azD1+,82D2+y2D3+52 ( )
p2
X2

wherea;, Bi, vi, 6i andy; ; i=1,2 are known factors depending on parametets, L, , Vpi, Vs
andA.
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[11.2.2.Threshold voltage
Based on the set of expressions defining the seiatential in each subregion, the threshold

voltage can be calculated using the famous comddfdhe minimum channel potential:
W oin by oy, =268 (1.17)

where ¢, represents the bulk potential of silicon body gies g, = (kT/q)In(N,, ., /1,).

The location of the minimum surface potential aldhg channel is obtained by solving the

basic equation for all subregions:

Wansl _ (I1.18)
0X

Without big difficulty, we get the following resstt

— A
X =% L -y Be (I11.19.a)

@, sin?{x"/“;”lJ - sin?{xm‘“;_ Llj

Wemin =—A°D; + (111.19.b)
sink{l‘lj
P
Lt L
l e A -@ e/l
Xemin 2 :E 2L+, +AIn %o [ e L (11.19.c)
@€ g _woze/1
qusinGL‘“;_Ll)—%zsinﬁWj
Yo =—AFD,+ (111.19.d)
sin(\LQJ
p)
L Lo,
A - A
Xinin 3 =% L+L,+L, +Aln| &C - %?’eﬁ (111.19.e)

(oDseA ~ @,€ g
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%3 Sin’EXmin3 _AL:L _LZJ_% Slnfxmlrj_LJ

ey
A

Wgrmin =—ADy + (111.19.f)

It should be pointed out that the minimum surfacteptial is specified in a global manner by
taking:
wsmin = min((//slmin ’wSZmin ’ws3min) (IIIZO)

If we assume that the minimum surface potentidbcated in the first healthy subregion,
then, we have to manipulate the equation:

gq)lsinﬁxm‘mj—%sinfmj

Wi =Wegrmin =—A'D, + / A

sinﬁl'i}

A

=2g, (I1.21)

Finally, some mathematical simplifications leadashe formula [45]:

\/[‘ﬂgl -of +29.,@, cos(x%jj +()I2 D, +2¢B)sink{%j =0 (11.22)

It should be noted that such equation can be eashsformed to an equivalent second
degree algebraic one dealing with the thresholtiagel explicitly. So, the application of the
familiar quadratic formula suffices to get the #ireld voltage. Despite that two possible
solutions are valid theoretically; the wrong oneamagless physically is eliminated by taking
into consideration the fact that the device is higgnsitive in addition to the good
correspondence with the fresh device when hotaareffects are neglected.

[11.2.3. Subthreshold current

To study the subthreshold current in presence efhbt-carriers degradation effects, we
should first determine the properties and charesties of the current density. It's important
to mention that despite its composition of botmtgiof drift and diffusion currents and due to
the weak inversion region, the diffusion one dortesa In this case, the current is
proportional to the electron concentration at theual cathode. By adopting in a similar way
the methodology proposed for 4-T and 3-T DG MOSFE®], an explicit analytical
subthreshold current equation is derived for ouGSMG MOSFET as follows:
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Jn(y):annm‘”T(y)[l—e\ZsJ (11.23)

where D, denotes the diffusion constant aN@ is the thermal voltage. The potential is
minimum at a fixed location along the channel whid@ carriers concentration is given by
Nmin(y). Such quantity can be calculated by substituting thinimum potential into
Boltzmann distribution and the electrons densityidtial cathode can be defined as:

n2 lrlfmin(Y)
nmm(y){Ni je % (11.24)
CH

The subthreshold current adapted to our GCGS DG MEISmodel including interfacial
traps effects is obtained by integrating (I1l.2B)ng the silicon film to get:
Lo = oug T loure + lsus (11.25)

sub

with lsups, lsun2 @and lsyps are the subthreshold currents associated witHitsie second and

third subregions respectively which are defined by:

[r//mln %
| g = 2KV, [e eV J (11.26.a)
ES
2KVi | g v -eV (111.26.b)

Isub2= E €

Ymn  Poin
="3tle% —e¥ (11.26.c)

2 (Vds_vpz)
k :( q/'InWthi jx 1_e_ Vi
3
(L -L - LZ)NAH

E = 2(¢Imin _wr?ﬂn )/tsi
wmm _‘/l( min )
wmin Z‘/l( min 't3| /2)
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If the damaged subregion is extended to the whigle ¢hoping concentration regiomn,(- 0),

our initial analytical subthreshold current modsduces to following simple expression:
(1.27)

Isub = Isubl + Isub2
with lgypz, andlgypzare the subthreshold currents associated witloth@oping concentration

subregion and the high doping concentration corajylelamaged subregion:

@i Yin.
| o1 = Zi;lvt e —-e" J (11.28.a)
Yo Ymin
| = ZkEZVt eV —g } (I11.28.b)
with
WV, n? -
klz(q:un t ijx 1_th
LlNAL
WV n2 _(Vds_vp)
k2 = (q’un—t'jx 1-e Vi
LZNAH

Es = 2(‘/Imin _wr;in )/tsi

w r?]in = w (Xmin ’O)

wmin = w (Xmin ’tsi /2)

whereV, is the potential at the boundary given by:

@, sinh(;lj +q, sinh( = 3 Llj -aA’D, + BA’D,

Vv, = C
sinh(j
A
witha = sin?{hjcos?ﬁij and g = cosr(hj sink(ij
A A A A

[11.2.4. Subthreshold swing
Based on the previous assumption about proporttgnia¢tween the drain current and the

free carriers density at the virtual cathode follagvthe Boltzmann distribution function, the

general subthreshold swing (S) model is given by:

- 1-1

tg/2 )
J' e‘/’min IV % dy
0 0V,

oV,
S=—%*_ =V, In(10)x v (111.29)
dlogl : 2
ds J‘ e‘//minlvldy

0
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An approximate solution for this integral was prove® have the form:

— E al)”smin N
S= qmameEE:} (11.30)

Hence, a closed form expression for subthresholdgster our GCGS DG MOSFET with the

hot-carriers degradation effects can be writtecaige of 0< x . <L, as:

min —

:%}mamxh+d* (I1.31)

.{L—L@ _%Lq
sin +sinh =2
A A
at+b
: L
sinf —
{Aj
¢ = T
(11 e
23|n)—(/]j {— @ -G+ 20,0, cosr[/]ﬂ

a=2¢, -2¢, cos){%)

with

where

b=2¢, —2¢, cosr[%j

A more elementary model can be deduced with sorpmapnations and simplifications as:

-1
- sin?Ex“‘“;_Lij—sinVEX*/‘]‘“lj—a
8:7;m@01+

(11.32)
sinPELiJ
A

with
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For a high doping concentration completely damagsgion L, — 0. Therefore, a new

closed form relation is obtained as:

—(sinﬁl'l}sinﬁ—l'_l'l jy+sin6)§“i”1_l'1} i
S=k—(;rln(1()x 1+ A A A

=5
=8

For long channel devicelL(>> A ), a simple new analytical subthreshold swing nhade be

(111.33)

with y =

expressed as:

Slm{ minl/1_ Llj
S:EIm@®x1+ (11.34)

9 sin){Llj
A

111.3. RESULTS AND DISCUSSION

Parameter values used for the simulation are suinethin TABLE .111.3.

TABLE .111.3. Values of parameters used in the gail.

Parameter Value

L 2x10° cm
W 1x10° cm
tg 1x10° cm
t; 1x10" cm
t, 1.5x10" cm
&1 3.9

& 10

n 1.45x13° cm?®
NaL 1x10° cm?®
Nag 1x10" cm?®
u 1400 cnf/V.s
ND 1x10° cm?®
NS 1x10° cm?®
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Figure.ll.2. shows the variation of surface potantallong the channel for GCGS and
conventional DG MOSFETs for L=20 nm. Two interegtiieatures can be easily observed,
first, the incorporation of GCGS design introduaeshift in the surface potential profile along
the channel compared to the conventional case,hmiimws the dependency between the
decrease in this potential and high-k layer parametThe shift in the potential profile
screens the region near the source end from thatioas in drain voltage and thus ensures
reduction in threshold voltage roll-off in companiswith conventional DG MOSFETSs. Thus,
gate stack oxide acts as a controlling gate ox&kxond, the surface potential for both
structures with traps deviates considerably froat tif the fresh device where the potential
surface in the damaged subregion is increased Wigeimterface chargds; are present. This
is due to the important effect of the hot-carrieduced localized charge density on the

electrons transport characteristics (drain currgmtjugh the channel.

T T T
4 g | BUES DO MOSFET wikh twaps 10" )

' —— GCGE DG MOSFET without traps (H=0 cm's

somen = Conwentional I & MO SFET without traps (7 =0 cm'zj

woecc Convretitional I G MOSFET with traps (1~Tr=ltlncm4)

0.2

0.6

Surface potential [V]

S Conventisnal D G MO SFET .5~ -
0.4 “ﬂ::,,,_k ) et D
BCGSDGMOSFET
0.z ' . '
o 5 10 15 20

Position along the channel [nm]

Fig. 111.2. Surface potential for Conventional a8€GS DG MOSFET with and without
traps ((1=L/2, Lg=L/8).

Figure.lll.3. compares the threshold voltage réflenrves as established using our analytical
model for the conventional and GCGS DG MOSFET,daotier effects for both structures on
the threshold voltage roll-off is also studiédt €0 cm? corresponds to the fresh device and
Ni = 10" cm? to the damaged device). It can be noted that iheshold voltage roll-off
increases rapidly as the channel length augmemesath the ideal value whé&r>30 nm

What is significant is that the discrepancy of @sassociated with each prototype becomes
more apparent for very short channel length devigess than 30 nm), which can be

explained by the fact that the hot-carrier degradaeffect contributes essentially in the
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nanoscale domain.

Threshold voltage roll-off [V]

The curves deposition confirnas tthe GCGS DG MOSFET with or
without traps has a higher threshold voltage aspawed to conventional DG MOSFET.

-------- GCGS DB MOSFETwih traps (H=10" m™)
——BCEEDE MOSFETwithou traps (N =0 om™
Conwentional DG MOSFET withowt traps (H =0 -:m's _

«+Conventional DG MOSFET with raps (=10 em™
Symbols: 2D rumnerical simulatione [9]

] 40 a0 =11 T a0 an 100 440
Channel length [nm]

Fig.lll.3. Calculated threshold voltage roll-offrf@onventional and GCGS DG MOSFET

with and without trapsL(=L/2, Lg=L/3).

The Drain Induced Barrier Lowering (DIBL), is obtad from the difference between the

threshold voltage at high drain-drain source v@té@5 V) and the threshold voltage value at

low drain-drain source voltage value (0.1 V). Aswh in Figure.4, it's clear that DIBL takes

its lowest values on curves belonging to GCGS DGI®ET design without and with traps,

while the conventional structure served as a rafsrdandicates an improvement of short-

channel-effects provided by the incorporation afdgd channel and high-k layer. The DIBL

effect is more pronounced in short channel lengtgces, however for very short lengths

each type of DG MOSFET (Conventional and GCGS) itd without traps converges to a
common point ( 250 for GCGS and 475 for Conventi@@ MOSFET). It is also observed

that the DIBL remains unaffected due to the hotieadensity for channel length> 30 nm
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-------- B35 DE M OSFET with waps (H=10" ™y
—— GCGE DG MOSFET withoat traps (Nr=0 cmj)
Corwentional D ¢ MO SFET without traps (Nr=0 cm'ﬁj T

250 L S e Commentional D G MO SFET with traps (Nr=10ncm'?) i
Symbole: 2-D numerical simulations [9]

DIEL [mV/V]

. L BCHEDEMOSFET
i, @+ Conventional DG MO SFET
Oy

- ',!'_\_,‘u B aanatl EEEEES R e . -

) 1 1 1 1 1 1 1 I I I
o 10 20 20 40 &0 &0 70 20 a0 100 110

Channel length [nm]

Fig.lll.4. Variation of DIBL for Conventional an@CGS DG MOSFET with and without
traps as function of channel length£L/2, L4=L/3).

Figure.lll.5, shows the variation of subthresholdrrent as a function of gate voltage.
Comparison of both considered prototypes of DG MEB-(GCGS and Conventional) with

presence and absence of traps, indicates that@&S3EG MOSFET structure exhibits better
performances in term of immunity against the hatieadegradation effect, where the OFF-
state current for conventional DG MOSFET with trdpss/e been found to be no longer
negligible and contribute to standby power wheeerttiol. /. calculated in this case equal
to 1.11x10. Moreover, due to the augmentation of the riflor in the case of GCGS DG

MOSFET with traps, where the ratio increased to<2®B our proposed structure satisfies
well requirements of high quality commutation fro@FF-state to ON-state needed for

building efficient downscaled digital circuits.

4

0.1
0,04
1E-3
1E-4
1E-5
1E-6
1ET | T
1E-8
1E-9

1E-10

GEGE DG MOSFET with mpe (W 20" an™
0 GS DG MOSFE T witheut tpe (F = cm™)

1E-11

Subthreshold current [A]

1E-12
- onvuational DG MOSFE I withont tuaps (=0 om™)
1E-13 JOTEE

- Gonvuational DG MOSFE T with fape (W10 " om™)
1E-14 fymbels: 20 mamezisal s imaltivns [7]

1E-158 1 1 1 1 1 1 1 1 1
0,00 005 010 015 0,20 0,248 0,20 0,25 0,40 0,45 0,50

Gate voltage [V]

Fig.lll.5. Calculated subthreshold current for Conventiondl @CGS DG MOSFET with ai
without traps I(;=2L/3, Lg=L/6).
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Figure.lll.6, plots the subthreshold swing as acfiom of channel length calculated from our
compact model, this is done for conventional and3SCDG MOFET structures with and
without traps. It can be deduced that the subtlmids$wing increases rapidly as the channel
lengths down and reaches the ideal valud_fe80 nm. The comparison of the subthreshold
swing evolution for various cases, shows that tl@GS DG MOSFETs provides better
subthreshold swing with or without traps, which as good indicator validating our
assumptions about the immunity of such new strectparticularly when compared to

conventional devices.

L GUGS DG MOSFET with raps (W 210" e ™)
550 - —— GCGSDE MOSFET without fraps (H =0 m®) A
500 | : Corvertional I MO SFET without traps (Nr=U cm'?j _
------- Conventionsl DG MO SFET with traps (=10 " e

Symbols: 2-D roaverical simalations [5]

GCGE DG MOSFET -

Subthreshold swing [mV/Dec]

Wr— Conventional D & MOSFET i

Channel length [nm]

Fig.lll.6. Calculatéd subthreshold swing for Conventional and GCGS DGI®ET with anc
without traps as a function of channel lendtb=(/2, L4=L/3).

I11.4. CONCLUSION

In this chapter, a two dimensional model which saikeo account the hot-carriers degradation
effects is used with adequate boundary conditioriauvestigate the short channel effects, the
developed model is dedicated to analyze a new peapstructure, GCGS DG MOSFET, a
performance comparison is also carried out by medm®nventional DG MOSFET. Based
on subthreshold behavior parameters calculatiazgnsiderable improvement was predicted
in terms of efficiency and immunity against thegmece of an interfacial charge density near
the drain side. Hence, the GCGS DG MOSFET deviceeraerge as one of the promising
candidates for reducing the parasitic downscalasylted effects in low power nano-circuits

design.
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Chapter |V —

MODELING OF GS DG MOSFET IN
LINEAR AND SATURATION REGIONS

Abstract Due to the excellent control of DG MOSFETs over iihort channel effects, they
have been considered as a leading candidate tocete scaling limit of conventional bulk
MOSFETs. However, the hot carrier injection intdegaxides remains a potential problem in
reliability field hence altering the device lifetem

In the present chapter, comprehensive drain cumesdels including hot-carrier-induced
degradation effects are developed, the derivasoocairied out based on some assumptions
regarding threshold voltage and mobility. Usingasféd models, we have studied the utility
of adding a high-k layer into the device structtoewhich an improvement is detected, the
accuracy and efficiency make our analytic curresitage models for DG MOSFETSs suitable

for circuit simulation programs.
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IV.1. INTRODUCTION

The ongoing downscaling of the bulk technology remuilted in an increase in the transistor
count and chip sizes. Thus, new structures have lpgeposed to scale down CMOS
technology more aggressively, among these non icdsstructures, double-gate (DG)
MOSFETs are becoming intense subject of very |lagge integration research because of
their good performances in suppressing effectigblgrt channel effects, and in this respect,
they are an ideal candidate to enable further de@nminiaturization in deep submicron
level [47]. In the last years, many approachesafalytic drain current modelling have been
elaborated, despite the abundance of such literaturveys, the number of models
incorporating the hot carrier degradation effectesy limited up to our knowledge and the
development of unified compact models allowing ¢benparison of different structures based
on a common framework is an urgent need. The imapod of the considered effect is issued
from its impact on several parameters widely usedrcuit design field [48].

In this chapter, we introduce three analytic dairrent models which are suitable for GS DG
MOSFETSs. First, the structure under study is presknn section 1V.2. Section IV.3. is
devoted to the followed steps for the developmérihe proposed approaches of modeling.
Obtained simulation results of the consideredcstine in term of immunity against hot
carrier degradation provided by our analytical esgions are illustrated in section IV.4.
Finally, some concluding remarks are highlightediag to open new directions on the light

of the study particularly in integrated circuit dgs

IV.2. DESCRIPTION OF THE STUDIED STRUCTURE

Figure. IV.1. shows the schematic cross-sectiorialvvof a symmetric DG structure
considered in this study. To calculate the hotiemdamaged drain current we assume that

the spatial distribution of hot-carrier-induced agge oxide trapping charge densily
(010%cm™) with a length ofL, = L - L,, whereL represents the channel length ands the
fresh region lengthNa and Nps are the doping level of the channel and the draumts
(010°cm™) regions, respectively. The studied device is msslito have a width noted by
W. The silicon channel thickness and permittivitytioé DG MOSFET structure are denoted
by ts and &g respectively, the intrinsic silicon density is taken (1145x10°cm™). The

effective oxide layer thickness of insulator laygksis calculated by combining the thickness

58



CHAPTER IV — MODELING OF GS DG MOSFETIN LINEAR AB®TURATION REGIONS

of theSiG, layert; with permittivity £, (= 3.9) and the thickness of the high-k layehaving

permittivity ¢, (=10) as follows:

togert =0 F (‘91 / 82)'[2 (IV.1)
-“'ITQS
High Ic-layer (i, £;) Inierfacial ivaps
& EegionI Iy Eeoi I +
= egion =
[=5]
] = > e 4 = Ve
e 2 q _.' Pt
7 f'l":?*lr Y ltn L =
o 4
Oxyde layer (4, £1)
W

=

Fig. IV.1.GSDG MOSFET investigated in this work, where regibis lthe region with
hot-carrier induced interface charges.

When the device is operating in or near the saturaegion, the electrons moving from the
source to the drain experience a significant vijoiticrease caused by the high horizontal
electric field. Such situation is basically respbles about the hot-carrier injection into the
gate oxide near the drain side. Although it is gudlear that the hot-carrier-induced oxide
charge is localized very close to the drain, thapshof the charge distribution profile is not

known exactly and many shapes have been propoSesil4

For the derivation of analytical models, we consitlee localized oxide-interface charge
arising from hot-carrier injection to have a unifocharge profile as:

|0 O<sys<lL
Q (y)—{Qf “gN,  LeysL (IV.2)

As a result of the uniform charge profile, two dmvparameters are basically altered; first, the

flat-band voltage is augmented by an additionahtér damaged region reflecting the hot-
carrier degradation effect:
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—_— QOX
Vfbl—CDMS—C O<y<
Vy(y)= o Q (IV.3)
Vbe:q;MS—COX_C_ LsysL

wheredys represents the work function differen@y represents the constant positive oxide-
interface charge density independent of hot-camjection.
The second affected parameter concerns the chateetton mobility, where we have a

reduction law represented by Mathiessen’s ruldéndamaged region [52]:

Mo =M Osys<l
I PR R (IV.4)
Ho T Hox

3x10°

with xo represents the bulk mobility, and, :100{ Jx (J—OJ is the oxide-interface

it
charge scattering mobility. The mobility model in deviceldation is an important parameter
that greatly affects the calculation results [53, 54]. Once we hbtreeaé ingredients in hand,
the compact model of drain current and small signal parameters edaboeated in the linear

and saturation regions.

IV.3. PROPOSED MODELS FORMULATION
IV.3.1. Piece-Wise Drain Current Models

first model

In linear region and without loss of generality, both com®&d devices can basically be
perceived as two subdevices connected in series each having itsreshotd voltag®/, and
channel length. So, in order to get a compact model, indivithaad currents are obtained in
the damaged and fresh regions using the charge density in eaengérally an expression
for drain current in linear region is obtained that takes into atd¢bampresence of interface
traps.

The mobile electron charge along the channel region is expressedthsinfparge-sheet

approximation:

Q=G MY Vel -2 HlzzanBo v ()] v
HereVgys represents the gate voltage, ayls silicon barrier potential.
When the DG MOSFET is operating in the linear region, an inenésthlengthdy, along the
channel sustains a voltage droy,, that can be expressed as the well-known product of the

drain current|qs, and the incremental channel resistance:
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_ dy
av(y)=-1, - V.6
W= ) e
or
| 5dy = W, (y)Q, (y)dVv(y) (IV.7)

The drain current, defined as a positive quantity, is obtainedratteg the total current

density over the cross-sectional area of the channel. For the fresh, regibave:

o[ dly= -Vjv [ (yRu(y)avetz (IV.8)

whereV is the channel voltage.
Integration of equation (IV.8) is straightforward and considerabbthe symmetry of the

structure, lead for the fresh region (undamaged) to the result:

Idszal\l:ﬂcox x{(\/ s~ Viby ‘3%\ P _VF? -2 0 x[(aqu Vo "'VP)g ‘(3%\ _\/bl)zj|} (IV.9)

0 2 3 G,
By repeating the above calculations for the damaged region wtlh@pate modifications, a
compact analytical drain current model for damaged region can be given as

WG, sy ) VeV 420N
Ids_(L_Ll){ gs \/sz 3¢P‘des VP) 2 é Cox (

In (IV.9) and (IV.10),V, represents the channel voltage at the boundary of the damaged

20, -\, +vd$)’§ —(gqnp\ -\, +VP)2}} (IV.10)

region f/=L1). It is easily seen that (IV.9) corresponds to the exact drain ¢twgeration of
an undamaged transistor with channel lerigttand drain voltag&/,. Since a damaged DG
MOSFET can be considered as two elementary transistors, fresh aagethragions, having
different properties and connected in series, we can get the bouradeayevvalueV,, by
equating both expressions of drain current (IV.9 and IV.10) tesnlving the nonlinear
resulted equation numerically, so that the compact model can beefieédl

In the linear region, it is assumed that an inversion layestsegiong the channel from the
source to drain, which is true beyond the threshold and fall sirain voltages. However,
when the drain voltage reaches a certain value the inversion chahgedstin end drops to
zero. That is, the channel is pinched-off near the drain end, thevdtaige that results in the
disappearance of the channel is referred to as the saturation voltaghe axmiresponding
current is approximately constant. The expression of the satunailtage is obtained by

either one of these two conditions mathematically equivalent:
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(Q,(L)=0) - (Z\I/‘; = J (IV.11)

From equations (IV.5) and (IV.11), an analytical model of theratibn drain voltage can be

given as follows:

Y/

dsat

gSIq NA

& 2

=V Vi —ZCDPH SC?ZM{ \/1"' s Vi _Vbi)} (IV.12)
In the damaged GS DG MOSFET model presented here, the channebleagk beyond
saturation is calculated by taking into account the uniformeogltarge distribution given in
(IV.2) and the advantages provided by the DG MOSFET ddsigiong channel devices.
Thus, contrary to the conventional bulk MOSFET transistosaturation, the channel-end

voltage does remain equaMg . Forv, >V, , the saturation drain current of the transistor is

dsat ?

found by solving (IV.9) and (IV.10), where the drain voltagehe equations is replaced by
the saturation voltage., .

The Small-signal parameters particulagly andggs are required basically for analog circuits
design [55]. These parameters can easily be derived from the deviteuhrant models.
Transconductance of a device represents the amplification delivered by the ded is
given as:

al .
9n =9y

(IV.13)

95|V 4 =constant

On differentiating (IV.9) withVgs, the expression for transconductance in linear region is

obtained as:

Z/Vlunl ox av 6V
0 =1 {v Ve =V, - 4¢P|) Vi {(ch [RYEEVA - ~ }} (IV.14)

F s
) A/ 260N
with r:&

gs gs
ox

(:unl + lfzjcow W :unzcox\/ ds

N _ L L-L -h
avgs VVLUHZL:{ (Vgs Vsz aq)PD (3¢P| Vi +V) }
W, C
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The ratio of change in the drain current to the change in the drdaggak called output

conductance and in a similar manner to above calculation we have:

_ 24, G, Ne , Mo I v,
= Lnil {(Vgs-Vfbl‘anp)a\/;‘ "N, (Z‘DP‘ -V, +V) av:j} (Iv.15)

o,
N,

gds =

second model
The expression of threshold voltage resulted from the incorporatithre precedent flat-band
voltage is in good agreement with the fact the interface traps teads increase in the

threshold voltage, the detailed expression of the threshold edkégis given below as:

2
%s_%+2¢s+ql\:\_/] O<ys<L,
Vi (y) = 2 (IV.16)
%S—%—gf +2¢B+q|\;)l L,sys<lL

However, the threshold voltage of the whole device can be takitie asaximum due to the
increase law which means a less sensibility hence reflecting the demngutacess:

Vin = max(Vy,) (IV.17)

i=1,2
The modification of the channel electron mobility due to hot-carriecesffean be modeled
using Mathiessen’s law as indicated in (1V.4).

In strong inversion region, the inversion cha@éy) at a point z in the channel is given as:
Qu(¥) = -ColVee =V (y)-V()) (IV.18)
Since the drain current is predominantly given by the drift tendandycan be expressed as:
dv
= Col Vo )V ()02 (.19
wheredV(y)/dydenotes the channel electric field.
The solution of such equation can be found in two adjacent cheegiehs, by integrating
both sides of (IV.19) from the source to the boundary ofidtmeaged regioh; then from the
boundary to the drain, valid expressions of drain current irethegions are carried out as

follows:

Vp

I dsl:fdy = Coxvv 0 _[(Vgs _Vthl —V(y))dV(y) = I ds — C I\_N l:( Vthl)\/ :l (|V20)

0 1
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; COXW 0X
I dsj dy = /'10/'1

(1o + 1L - Ly) j(\/gs ~Vinz ‘V(y))dV(Y) =
L 0 ox 17V, V2 (IV21)
- N Loy V2 ) v
I ds — (,U + luox )(L L ﬂ:(\/gs Vth2 )\/ds _:| |:(\/gs Vthz)\/p 5 :l}

The complete description of the drain current requires the deteromradtthe voltage at the

Vds

boundaryV,, by equating equations we get the following second order degreation
dealing only with the boundary voltage:

avZ+ BV, +0=0 (IV.22)
with

. _{ Hoy ! }
2o + o J(L-L,) 2L

A
(Vgs_%s_gox +2¢8+qu/] j NOX(VQS_%S_QOX ‘&+2¢B+qNA/‘ J
ﬂ: ox

i C.,. C. £
+
L,

(£t + 11, L - L)

OX 0OX Q N AZ VZS
" +ﬂ”)(L_L)[[vgs—%s—g _c_f+2¢8+q : }/ds__d}
0 ox 1

(02,8 (02,8 g 2

si
The correct solution of the equation is selecteshgushe familiar quadratic formula in
addition to the elementary conditiof £ V

<V,) and is given by:

v - =B-\B~4a0
P 2a

(IvV.23)
The saturation voltage expression is obtained u$ing8) to yield:
2
Q ( ) O:Vdsat_vgs_%s_gox _g_f_z% _qI:.—A/‘ (IV24)

si

We can deduce a closed form for small-signal par@rseparticularlygn and gqs using
equation (IV.20) as follow:

v, oV
gm - al ds — CoxW/'lO V (\/ Vthl) b P (|V25)
V| L, N, "oV,
vds
v, ov
Qs :% C Ak —O (V Vthl) -V : (IV.26)
AV v L, v, "oV,
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p

ov
Both partial derivatives—" and
ans ds

can be easily obtained from the analytical expogssi
of V, given in (IV.23).

IV.3.2. Surface potential based drain current model
In this final model, we propose a global analytiapproach for obtaining the characteristics
of the GS DG MOSFET including hot-carrier degraolatieffects, based on closed-form
solutions of Poisson’s and current continuity emuest. The model has three distinctive
features:
1) The device channel is assumed to be undopeltlifligoped) instead of the usual high
channel doping density. Such absence of dopantsatonthe channel further reduces the
mobility degradation by eliminating impurity scattegy and avoiding random microscopic
dopant fluctuations.
2) The analytic drain current model covers all ¢hnegions of MOSFET operations:
subthreshold, linear, and saturation, thus maimtgirstrong continuity between different
regions, without the need for adjustable parametengech are in general meaningless
physically.
3) The compact model for GS DG MOSFET including-tatrier degradation effect is
derived based on the Pao-Sah integral without tagge sheet approximation, so that the
volume inversion phenomenon in the subthresholmnegan be properly predicted.
Our proposed long-channel model is ideally suitdiole being the kernel of an GS DG
MOSFET including hot-carrier effects compact foratidn. For a complete compact model,
this long-channel core would need to be enhanceld additional physical effects, such as
short-channel and quantum mechanical effects.
We consider the symmetric GS DG undoped n-chan@BNET including the hot-carrier
degradation effects illustrated in Fig. IV.1. Weakonsider a long channel enough in order
that the device electrostatics is described byRei3son’s equation in the direction vertical to
the channel. Neglecting the hole density, Poissegigtion in the silicon is given by:

)

d?p(x) _ d*(@(x)-V) _an e‘{ kT (IV.27)
dx? dx’® 3 |

Si

whereq being the electronic charge, the intrinsic carrier concentratiosy the permittivity
of silicon, y(x) the silicon band bending, aMthe electron quasi-Fermi potential.

Since the current mainly flows along thelirection, we assume thdtis constant along the

direction; i.e.,V=V(y). this is the so called gradual channel approxiomatEquation (IV.27)
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can then be integrated twice to yield the soluft4i:

w(x)=Vv —Z—ZTIn{%‘B /2(3 E_I_ CO{Z{BXH (IV.28)

The constanp is related tay through the boundary condition deduced from GaussV:

t.
V —Aqo—t//(x = ts'j
’ 2) _ .. dy(x)
0oX t Sl dX

oxeff

E (IV.29)

yeilsi
Here A@ is the work function of both the top and bottoategelectrodes with respect to the
intrinsic silicon.

By substituting (IV.28) into (IV.29), we get a nomar equation relating explicitly to
different basic parameters:

2c.t V.—-Ap-V ,
—= toxeﬁ BtangB -In[cosB] +In B = q( i 4 )‘ 'nlzg,/ ZSEIKT} (Iv.30)
£ q r]i

ox-si 2kT tsi
The hot-carrier-induced oxide-interface charge hasignificant influence on two device

properties: (i) it affects the local electric pdiahin the adjacent drain region, and (ii) it
changes the local channel electron mobility. Theepial effect can be accounted for as an
additional term in the total mobile charge per \gdte ared;,, in the damaged region. By

hQinv =2 dl/’(x)|

dx |X=g
2

using (IV.28) combined wit , required quantityQ,, expressed in terms

of B yields for each region:

%k—Tﬂtan,[z’ (o<ysL)
Qu(B)=1g" 1 (IV.31)
= — [Btanf - 2gN; (Lls y< L)

ty Q
The reduction of channel electron mobility can lepresented by Mathiessen’s rule as
proposed in (IV.4).

For a givenVgs B can be solved from (IV.30) as a function\ofNote thatV varies from the
source to the drain, the functional dependenc¥(gf andp(y) is determined by the current
continuity equation, which requires the current lgs given by

|« = 4WQ,,dV/dy=WQ,,(dV/dB)(dB/dy)to be constant, independent dfor y. The

parameteq is the effective mobility, an@lV is the device width. Note that d\f/a&an also be

expressed as a function by differentiating (1V.30) to get:

et
dVi_ 2T\ 1, anp+ pSstoen i(,[z’tan,[z’)} (IV.32)

d8~ q |8 oty OB
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The solution of Pao—Sah’s integral can be foundiwo adjacent channel regions, by
integrating both sides of the continuity equatiosanf the source to the boundary of the
damaged regioh; then from the boundary to the drain, valid expmssof the drain current
in these regions are carried out as follows: ferftesh region we have:

v, B
_, W _ W (pdY
M j Qun(V)av = 14, 3 [[ Qu (8) dﬂdﬂ (IV.33)

Substituting different factors in (IV.33) and camy out the integration analytically:

Bs
PV [ZZTJ {ﬁt ang -2+ S0 gran g } (IV.34)

tsi Ll 0X"Sj B,

and for the damaged region:

Vds

jQII"IV dV ILIZ JQII"IV d; ﬁ (lV.35)

Substituting appropriate parameters as prewousigntcarrylng out the integration
analytically yields:

By
(ZZT] |:,Bta ﬁ ﬁ SI c;xeff (,[)’tan,B) :|

OX™"Sj ﬁd

By
_qu 4VVkaT|:|n[ ,8 j+2 si -oxeff (ﬁtanﬂ)}

L, cosp Eols, p
To compute the drain current we define the follgyviavo functions representing the right-
hand side of (IV.30) and (1V.34):

f,(8) = 2rgtanB - In[cosps] +In B (IV.37)
9, ()= Btanp —'%2 +r(Btang)’ (IV.38)

Note that the range of is 0< B <n/2 andr is a structural parameter defined as

| . =
ds :UZ t -Ld

Si

(IV.36)

I = Egloen | Eadsi - FOr givenVgs andVys, s andpy are calculated from the condition (IV.30):
£(8.)=(a/2kT)Vy - V) (IV.39)
f, (Bs) = (a/2KT)Vg Vo ~ Vi) (IV.40)

whereV, A¢+2k—TI 2 ’25 KT
q q°n,

At this level, B, can be also obtained numerically by equating dcairment expressions of
both damaged and fresh regions.
In the limit case of a fresh device, we have alap@eters correspond to those of the fresh

region, hencgl, — Bq, and as a result our compact model reduces to #ie durrent model
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established in [58]:

2
AWe_ ( 2kT L7 Egloer 2
| = Sl —— tanf—-—+ tan
ds :ul tsiL ( q J|:ﬂ ﬁ 2 £ t (ﬂ ﬁ)

Here we have in hand all ingredients required lier ¢laboration of the drain current model

Bs

(IV.41)

OX"Sij ﬁd

by taking into account the hot-carrier degradagtiacts. Then, we can write:

L a |g,(8.)-9.(8,)

Some asymptotic values and dominance rules regardifferent operation modes are
summarized in Table. IV.1. [59-60]

(IV.42)

TABLE .IV.1. Asymptotic values and dominance rules for differegions of operation.

fi(Bs) fr(Bp) Bs Bp ar(Be) ar(Bp)
S <<-1 <<-1 ~1 ~1 / /
=
wn
o
< 2 YJ
= InBs InB, / / B2/2 B,7/2
2 @
> § >>1 >>1 ~nt/2 ~/2 / /
(]
® | 5 | Bdams | Pptarpy / / BtarBsy” | (Bptarpy)’
g >>1 <<-1 ~7t/2 <<1 / /
©
2 BtarBs InBp / / (BdarBs)’® P
(0))]

In the following, the GS DG MOSFET including hotrgar effects regions of operation are
derived from this continuous analytical model bagedpproximations given above.
1) Subthreshol@Region [61]:

lgs = lag * lue (IV.43)
. winkr detd o WinkT Weod( oy,
Wlth Idﬂ = ﬂls;_—le kT 1_ e kT and Id52 - /,[2 5||_—|e KT 1_ e KT
1 d

are the subthreshold currents associated with rigsh fand damaged regions based on the

Vds

basic diffusion current [62],, (y) =qD, nm%(y)[l_ eV‘J , whereD,, denotes the diffusion

constant, andnmin(y) is the minimum carriers concentration at a fixedakion along the
channel. The subthreshold current is proportionahé cross sectional area of the device, but

independent oftoer; Which is a manifestation of “volume inversion”athcannot be
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reproduced by standard charge sheet-bksédodels.
2) Linear Region Above Threshold [63]:
Vv
| 4 = 2/,1100Xw Voo =V ==V, (IV.44)
L, 2
whereVy, is the threshold voltage, a@y is the oxide capacitance.

3) SaturatiorRegion:
2 q(Vgs_VO_Vp)
| 4s = 14Coy % {(Vgs ~Vin )2 -2 (&q-rj e ] (IvV.45)

The saturation current depends c\f@,g(\/th)z, as expected for a MOSFET. The saturation
current approaches the saturation value with amiffce term exponentially decreasing with
Vp, in contrast to common piecewise models in whiuh ¢urrent is made to be constant in
saturation [64].

Since all precedent expressions of the drain ctidepends on the voltage at the boundary of
both regions/, rather than the parametgks an implicit formula foV, can be obtained from

the boundary condition (IV.30):
. co
Vv, :Vgs—Aw—E In 2 /Zgj'kT +2rfB, tanB, —In R (1V.46)
q tSi q n ﬂp

IV.4. RESULTS AND DISCUSSION
IV.4.1. Piece-Wise Drain Current Models

first model
Various parameters used in the simulation are sutpethin Table .1V.2.

TABLE .1V.2. Values of parameters used in the datian based on the first model.

Parameter Value

L 1x10° cm
Ly 2L/3 cm
W 2x10° cm
tg 2x10° cm
t; 2x10" cm
t, 3x10° cm
Nox 10" cm?
Na 1.5x10° cm?®
o 800 cnf/V.s
Byis -0.8385 V
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The analytical and numeric&lV characteristics of DG and GS DG MOSFETs with and
without hot-carrier stress are given in Fig. IMi2can be seen that GS DG device has higher
current as compared to DG device and the analytieslilts are found to be in close
agreement with the simulated results. It is cléat & reduction in the drain current can be
observed in the case of damaged devices. This tieduman be explained by the effect of the
trapped electrons in damaged region on the dramercudensity. Moreover, the drain current

degradation becomes more apparent when the gdatgeot increased to higher values.

. . " Wgs= 6
= = Analytical model[with hot-carrier)
Bralytical model(without hot-carrier) Ty =W =V y= - o
0,12 | Symbols: 20 Numerical simulation - r 4
o
0,10 -~
4 DG MOSFET Wgs=fY
ooe g M ——
-
— -~ -
5 = Wgs=4h
4 008 r
— e H TV F F - F-F-F—F
004 |
ooz b Wgs= 2V
0,00 1 1 L
[u] 2 4 E 2
v, [¥]

dai

Fig. IV.2. I3V 4s characteristics for DG and GSDG MOSFETs with aittiout traps.

The GS DG MOSFET brings prominent advantages imgeof immunity against the hot-
carrier degradation effect compared to conventi@@IMOSFET. As expected, the threshold
voltage increases with the amount of oxide intexfelcarge. This clearly implies that GS DG
design leads to a reduction in hot carrier effactd impact ionization and therefore, the hot
carrier reliability is considerably improved. Fi§y.3. shows the advantages of introducing a
high-k layer on the oxide layer of the DG MOSFET struetathen considering the existence
of interface traps over the performance of conwsrati DG MOSFET. As a result of the drop
in the biasing voltage of the transistor and thanctel carrier mobility, the transconductance
also decreases. From this figure, it can be clesgbn that the degradation simulated above
threshold value is increasing with increased galeage. It is also observed from the figure
that GSDG design leads to enhancement in transctamite. A good agreement between

analytical and simulated results validates the rhode
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Fig. IV.3. Transconductance variation for both D@l &SDG MOSFETS including
hot-carrier effects.

Fig. IV.4. shows the variation of output conduc&amnth drain voltage for both structures
including hot-carrier effects. It is observed fraime figure that GSDG design leads to
enhancement in output conductance for linear regiperating mode. In addition, a
degradation of the output conductance has beemwdaséor both designs. It is also observed
from the figure that the calculated output conductgafor the saturation region equal to zero.
This result can be explained by the constant vafule drain current in the saturation region
(Fig. IV.2)).

Analytical model (without hot-carder) |

0,04 X . .
= — - Analytical model (with hot-carder)

GEDG MOSFET

Output Conductance[AN]

Fig. IV.4. Output conductance versus drain voltagpG and GSDG MOSFETSs.

second model
In order to gain a clear understanding of the bighaof both structures in response to the

presence of an interface charge density near thm dide, the degradation of the main
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parameters is studied and the results are presekitée parameters used in our analysis are

given in Table .IV.3.

TABLE .1V.3. Values of parameters used in the siatioh based on the second model.

Parameter Value

L 1x10° cm
Ly 2L/3 cm
w 3x10° cm
tg; 3x10° cm
t; 2x10" cm
t, 3x10° cm
Nox 10° cm?
Na 10® cm?
o 800 cnf/V.s
Ny 5x10 cm?
Die -0.8385 V

As explained in the model formulation, a drop inkitity and an increase of threshold
voltage lead to a lower drain current in the deviceFig. IV.5, a typical diagramydVgs is

shown for virgin and damaged DG MOSFETSs in bothesasith and without high-k layer,
where the benefit of including such layer is wphoved through the calculation of

. i : Al . -
normalized variation of the drain currert® as depicted in Fig. IV.6.
dso

T T T
oor | .ﬂ.naly’(?cal model[ﬁthl‘ot-carrier_effect] \gs= 6
Bnalytical model[withow bot-carher effect )
Symbd =: 20 Numerical simuatiors
¥ GIDGMOSFED
ooe - = DEMOIFEI b
B BT Rt JEEE IR
nos b T .
T
oo b ¥ g
= 3
= I Vgs=dy
ooz | » —r— v v 7vr—7v—
R IS LIEL AL A, SEh Stk AR AU SUIEL SO
ooz - s JUEL 2
ol Tgs=ay
w g BB AR E...E nm
01 - e
2 b b bl bl b bl bl b b v b
R 25 UE SUIE SECE TEED AT SUE etk SEC IR GO AN IR
o.oo L L
2 L}

Fig. IV.5. l4sV4s characteristics of DG MOSFET before and aftexsstifor both
cases with and without high-k layer.
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I I I T T T
------ Device without high-k layer | ; :
—— Device with high-k layer
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the Drain Current (%)
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Drain Voltage (\V)

Fig. IV.6. Normalized variation of the drain curtexi DG MOSFET for both cases with
and without high-k layer.

In Fig. IV.7. the calculated drain current degramtatversus hot-carrier damage levels, which
correspond to different traps densities, is congharigh simulation results. The drain current
degradation is defined as the decrease of the rtuaie Vy=6V and =8V (saturation

regime).

ha

)
T

]

GE0G MOSFET —
0= MOZFED -o---e

- = = = B R R

[CR " - T ~ E SR S
T T T
1 1 1

=]

Drrain current degradation [%)]

[T S T ]

m
w

1E10 1E11 1E12

Interfacial traps densities [-:m-q]

Fig. IV.7. Calculated drain current degradatioriaection of traps densities for DG
MOSFET with high-k layer.

The transconductance degradation for both desigite &nd without higkk layer) was also

plotted in Fig.IV.7. This figure shows a plot ofrailated transconductance degradation with
respect to the initial transconductance, freshag\as a function of the traps densities. It can
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be noticed that the transconductance decreasd® dsmaps density augments, and reaches a
low transconductance values when traps deigity10™? cm for both cases (GSDG and DG
MOSFETS). It is also observed that an improvemsmitf in transconductance values, of the
transconductance is obtained in the case of GSDGMET's for wide interfacial traps range.
Clearly, the GSDG MOSFET design provides bettectatml performances and high hot-
carrier immunity, with respect to DG MOSFET, in desubmicron domain.

TE T
GSDG MOSFET ——
. DG MOSFET

=

6.0 |

b, (]

50 |

45 F

40 b

L 1 L
1E% 1E10 1E11 1E12

Interfacial traps densities [cm ﬁ

Fig. IV.8. Transconductance degradation as funationterfacial traps densities of DG
MOSFET for both cases with and without high-k layer

IV.4.2. Surface potential based drain current model

Parameters required for the simulation are summarn the following table:

TABLE .1V.4. Values of parameters used in the s@atioh based on surface potential model.

Parameter Value

L 2x10° cm
Ly 2L/3 cm
W 3x10° cm
tg 2x10° cm
t; 1x10° cm
t, 1.5x10" cm
Na 10° cm?®
o 800 cnf/V.s

Figures Fig. IV.9and Fig. IV.10show thel-V characteristics of DG and GS DG MOSFETs
with and without hot-carrier stress. It can be st&t GS DG device has higher current as

compared to DG device. It is also clear that ac#@dn in the drain current can be observed in
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the case of damaged devices, this reduction caexpkined by the effect of the trapped
electrons in damaged region on the drain curremsitfe Moreover, the drain current
degradation becomes more apparent when the gatgeadk increased to higher values. The
GSDG MOSFET brings prominent advantages in termsgnafiunity against the hot-carrier
degradation effect compared to conventional DG MBBFwhich clearly implies that GS
DG design leads to a reduction in hot carrier éff@nd impact ionization and therefore, the

hot carrier reliability is considerably improved.

00225 T T T T T T T
oozo0 - ]
00176 - g
Self-heating effect
noisD L 4
£
2 00125 - T 3
5 e
o ooioo - .
= F
Z poors
[ B —— G5 DG MOSFET with traps ]
—— G5 DG MOSFET without traps
poosn - 4 DG MOSFET with traps 1
-------- DG MOSFET without traps
00025 .
DDDDD 1 1 1 1 1 1 1

Drain voltage (V)

Fig. IV.9. l4sV4s characteristics of DG MOSFET before and aftexsstifor both cases
with and without high-k layer.
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Fig. IV.10. ks'Vgs characteristics of DG MOSFET before and aftersstifor both cases
with and without high-k layer.
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IV.5. IMPACT OF HOT-CARRIER DEGRADATION ON IC DESIG N

The existing models of the DG MOSFET in electrasiraulators do not take into account the
interfacial hot-carrier-induced degradation phenoome This latter is purely experimental and
very effective in the treatment of the ageing pmeaonon. Considering the importance of this
phenomenon, we developed a model that is relatettietcadegradation effect. The electric
scheme of the DG MOSFET before and after the gettim of the interfacial hot-carrier-

induced degradation effect is represented in FMdL1. In this Figure, a new current generators

and capacitance which describe the effect of iatéaf hot-carrier are clearly presented.

Wi
Veas s
i Cgs —— Cox Cgs
CES -1 Cox Cgs I I I I
|| I
| | | ~
R
f/_\'l 1ds Ttraps
Td R
Vs O— : — (s Ids — Vd Vs O—ro ,J"E\il j— Clraps ]
‘x_ff
ﬁ Ttraps
N 1ds
" H o
| | | | f
Ces Cgs | 1|
Cox — Ces Ces
T — Cox
Q
Hgs Vs
(a) (b)

Fig. IV.11. Electric scheme of the GSDG MOSFET without parasiisistancesaj before
the implantation of our model, an®) (after the implantation of the interfacial hearrie
degradation effects.

In order to show the impact of our approach ondineuits design, we propose to study the
gain and cut-off frequency parameters of a singlasistor amplifier under stress conditions
as function of traps densities. The amplifier cetedl of a GSDG MOSFET and a drain
resistance as shown in Fig. IV.12. The drain rasis is set at f22KQ and the gate voltage
Is set to give the maximum gain for fresh devicke [W/L) ratio of the GSDG MOSFET is
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(200/100).The gain and cut-off frequency degradations ofrglsi deep submicron GSDG
MOSFET amplifier with traps densities effects anewn in Fig. 6. The initial gain and cut-
off frequency, for fresh device without hidghdayer, are about 8.84 and 528 GHz,
respectively. However, the gain and cut-off freqryeare degraded to about 7.82 and 455
GHz, respectively, forN; =510 cmi®>. The gain and cut-off frequency are given by

Gain=g,/roandf, =g,,/2mC,, respectively, where rorepresents the output

conductance of the amplifier, which is considere@@nstant in saturation region.
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Fig. IV.12. Circuit diagram of a single GSDG MOSF&amplifier.

From Fig. IV.13., it is also observed that an inyamment of the gain and the cut-off
frequency can be obtained by introducing the Hidduwyer in the device design. To investigate
the degradation of the gain and cut-off frequertlg, transconductance degradation for both
designs (with and without higk layer) was also plotted in Fig. IV.14. This figushows a
plot of simulated transconductance degradation vapect to the initial transconductance,
fresh device, as a function of the traps densittesan be noticed that the transconductance
decreases as the traps density augments, and seadog transconductance values when
traps densityN; > 10" cmi? for both cases (GSDG and DG MOSFETS). It is alsseoved
that an improvement, shift in transconductanceesglof the transconductance is obtained in
the case of GSDG MOSFETs for wide interfacial treggsge. Clearly, the GSDG MOSFET
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design provides better electrical performancesragld hot-carrier immunity, with respect to
DG MOSFET, in deep submicron domain.
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Fig. IV.13. Gain and cupff frequency degradations of the GSDG MOSFET afeplias
function of interfacial traps densities
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Fig. IV.14. Transconductance degradation as funatianterfacial traps densities

IV.6. CONCLUSIONS

This chapter describes compact modeling approaichstudy the performances of GS DG

MOSFET design including the hot-carrier degradagdffects. Based on the development of
compact analytical expressions valid in the linead the saturation regions, the complete
behavior scheme of the device including hot-careffects can be established. Besides on
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providing information about the long term reliatyilibehavior, the compact modeling
arguments also help in making a priority order @fferent prototypes when subject to
additional constraints. The elaborated analysis this chapter is mainly relied on
mathematical modeling and assumptions, taking thearstage of the low computational

complexity of obtained results without the neednoétaheuristics optimization strategies.
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CONCLUSION AND FUTURE WORK

Hot-carrier degradation of MOS devices has beersidened as a major reliability problem
for the past several decades. Empirical and semiraral models based on many studies
have been used in the past to evaluate the haoecareliability of semiconductor
technologies. Some of the most widely used modeisbased on simplifying assumptions
regarding the physical mechanisms responsibledbcarrier generation, injection and oxide
degradation. These assumptions have been knowrretk ldown in agreesively scaled
semiconductor technologies. In addition, these nsodee not capable of predicting hot-
carrier reliability variations across technologi€mally, one of the major components that
has been missing in past modeling approaches islitigy to model interactions between
injected carriers and defects in the oxide.

The hot-carrier modeling approaches presentedisntiiesis provides a framework to reflect
the majority of phenomena occurring in deep subomicMOSFET devices. The use of
current-continuity and Poisson’s equations allowstas account for the such phenomena in
various topologies under study.

Comprehensive models for the drain current in linead saturation regimes have been
developed. This allows us to model the degradatiocess of the current due to the trapping
of injected electrons at defect sites in the oxideaddition, the change in the small signal
parameters caused by injected energetic carrierbé@n modeled by analytical expressions.
One of the most significant additions of this reskdas been the elaboration of a continuous
I-V characteristics valid for different regimes of thevice function: Subthreshold, linear and
saturation regimes, which is to our knowledge dforethe first time. The formation of
interface traps is the major cause of device degi@us due to hot-carrier injection. Using
our models, the long-term reliability performancé @G MOSFET structures can be
significantly enhanced.

As illustrated in Chapters Ill and 1V, we have segsfully modeled hot-carrier degradation of
short and long-channel deep submicron MOSFETs usewgral analytical models. The

localized increase of threshold voltage due topegipelectrons in the oxide is shown to result
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in an effective channel shortening. This lattereetf$ the channel current as well as the
transconductance of the device. Our simulationsrately predict these phenomena.

The different approaches presented here repredest step towards the technological design
process for building hot-carrier reliability in cant and future technologies. However, it's
possible to undertake some improvements at thé tdwbe mathematical models described
to improve the predictability of the modeling apgehb. Most significantly, an improved
model for carrier injection mechanisms across th8iS2 interface is required. The injection
model does not account for several physical meshanisuch as carrier tunneling, quantum
effects, and interactions with defect levels clos¢he interface. These physical mechanisms
have been identified as some of the key reliabititpdeling requirements in the ITRS
published by SIA and may need to be addresseddhralnybrid simulation approach.

The modeling technique used in this research atengreduce the use of non-physical
empirical or fitting parameters to study the hatdem phenomena. While certain key
parameters used in our work have to be extracteoh fa set of experimental data such
information may not be available on experimentaht®logies. In such cases, it might be
possible to obtain similar information from otheimslation techniques such as
commercialized research simulations tools.

Finally, even though the interface-trap model based uniform interfacial charge near the
drain side close to the interface was sufficienaddress the technologies investigated in this
thesis, several other profiles such as gaussianrapezoidal forms have been shown to be of
a great help in the handling of various semiconmludevice technologies. One or more of
these profiles may need to be included in the &tarprovide a comprehensive set of models

for carrier degradation effects in the oxide.
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Abstract

In recent years, advances in semiconductor manufagttechniques have driven the associated
MOSFET sizes close to their physical limits. Thegance of mobile carriers in the oxides triggers
the degradation of device and circuit behavior gumjection of energetic carriers from the silicon
substrate into the surrounding dielectrics known “last-carrier degradation”.This work is
dedicated to the compact modeling of proposed ranoes. The thesis is divided into four
chapters, the first one is reserved to the statheort of multi-gate devices. The second dessrib
the hot-carrier degradation phenomenon. The foltbaleapter gives the main steps of the analysis
of a new device in subthreshold region. Finallytha last chapter, analytical models for the drain
current in linear and saturation regions are presernWe hope that this work has succeed in
reaching the fixed goals and satisfying results too

Keywords:Hot-carrier degradation effect, multi-gate devicempact analytical modeling.
Résumé

Dans les derniéres années, le développement desigees de matériaux semi-conducteurs a
engendré la réduction de la taille de la structd@SFET a I'échelle physique. La présence de
charge mobile dans I'oxyde déclenche la dégradatemperformances de la structure. Le travail
abordé dans ce mémoire est consacré a la modaétisaimpacte des structures nanomeétriques. Le
mémoire est composé de 4 chapitres, le premiecasacré a I'état de I'art de structure multi-
grille. Le deuxiéme décrit le processus de dégradaiausé par ces défauts d’interface. Le chapitre
suivant donne les étapes de I'analyse d’'une naergéllicture dans le régime sous seuil. On termine
par le développement de models analytiques pocmueant du drain dans les régimes linéaire et de
saturation. Nous pensons que ce travail a perraitethidre les objectifs fixés ainsi que des rétilta
satisfaisants.

Mots clefs: Effet de dégradation par les porteurs de chargauds, structures multi-grilles, modélisation

analytique compacte.
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