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INTRODUCTION  
 
Advances in semiconductor manufacturing techniques and ever increasing demand for faster 

and more complex Integrated Circuits (ICs) have driven the associated Metal Oxide 

Semiconductor Field Effect Transistor (MOSFET) sizes close to their physical limits. On the 

other hand, it has not been possible to scale the supply voltage used to operate these ICs 

proportionately due to factors such as compatibility with previous generation circuits, noise 

margin, power and delay requirements, and non-scaling of threshold voltage, subthreshold 

slope, and parasitic capacitance [1]. While the consequent increase in internal electric fields in 

aggressively scaled MOSFETs comes with the additional benefit of increased carrier 

velocities, and hence increased switching speed, it also presents a major reliability problem 

for the long term operation of these devices. As devices are scaled the benefits of higher 

electric fields saturate while the associated reliability problems get worse. 

The presence of mobile carriers in the oxides triggers various physical processes that can 

drastically change the device characteristics during normal operation over prolonged periods 

of time eventually causing the circuit to fail. Such degradation in device and circuit behavior 

due to injection of energetic carriers from the silicon substrate into the surrounding dielectrics 

is known as “hot-carrier degradation” [2]. 

It is clear that the presence of large electric fields has major influence on the long term 

operation of modern ICs. These Hot-Carrier (HC) related device instabilities have become a 

major reliability concern in modern Metal Oxide Semiconductor (MOS) transistors and are 

expected to get worse in future generation of devices. The study of the fundamental physical 

processes that result in device parameter variation due to HC injection is essential to provide 

guidelines for avoiding such problems in future ICs. 

In the past, methods for the evaluation of HC reliability have been based on physical models 

for long-channel transistors. These approaches have been remarkably successful in predicting 

the time-dependence of HC degradation on factors such as channel length, channel doping, 

and supply voltage in long-channel devices. Even though the limitations in their application to 

deep sub-micron devices have long been recognized, as devices are scaled, the same 

techniques continue to be applied to short-channel devices. In short-channel devices, 
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however, several assumptions made in the conventional approaches break down and hence the 

parameters associated with most of these models lose their physical meaning. These model 

parameter are usually extracted by fitting the model to experimental data. Such empirical 

approaches, though useful for qualitative evaluation of existing technologies, provide little 

insight into the physical mechanisms responsible for the device degradation. Furthermore, the 

semi-physical model parameters extracted from a given set of experiments on a particular 

technology are not able to predict the device behavior under process modifications essential to 

meet circuit performance requirements as the devices are scaled. Hence such approaches 

cannot be used for predictive modeling and/or to aid the semiconductor industry in designing 

manufacturing processes to overcome the relevant reliability problems. The presence of novel 

physical mechanisms such as short-channel effects, non-local carrier heating, and quantum 

effects in aggressively scaled devices further complicates the modeling process and requires 

the use of more comprehensive modeling techniques for such structures [3]. 

This thesis is structured in four chapters divided into two parts: the state of the art and 

contributions. The state of the art part presents background on MOSFET structure particularly 

when scaled to deep submicron level, hence many unwanted phenomena altering the correct 

function of the device. The contribution part contains our proposals for modeling the 

performance of deep submicron MOSFET devices including the hot-carrier degradation 

effects when compared to the conventional bulk devices. 

The thesis presents a study of the degradation of  proposed MOSFET device parameters, 

which affect circuit operation, due to processes initiated by injection of high energy carriers 

into the gate oxide, the characterization techniques used to measure and attribute these 

parameter shifts to the underlying processes, and the use of  empirical, semi-empirical, and 

physical models to predict the time dependence of the parameter degradation during circuit 

operation. The current understanding of the basic concepts related to MOSFET devices is 

presented in Chapter I. This chapter highlights the processes that need to be modeled in 

device simulation tools in order to be applicable to predictive simulation of HC phenomena in 

current and future generation MOSFETs. 

Chapter II and onwards start our contributions. In Chapter II we describe the development of 

modeling tools along with the choices and assumptions that were made to model the physical 

mechanism described in Chapter III in a practical simulation application. The details of the 

numerical model developed as a result of this analysis in subthreshold region are presented. 

The results of the application of these simulation tools to HC degradation in GS DG 

MOSFET for both linear and saturation regimes are presented in Chapter IV. 
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Finally, we conclude this thesis and present our view on future research directions. 
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Chapter I –  

 

DEEP SUBMICRON MOSFETS 
 
 
 
 
Abstract: The compact modeling of MOS transistors for integrated circuit design has, for 

many years, been driven by the needs of digital circuit simulation. Conventional bulk CMOS 

technology is still prevalent in the microelectronics industry. According to the International 

Technology Roadmap for Semiconductors, bulk MOS transistors will still be used for the 45 

nm technology node (gate length around 18 nm), which is expected to be running by 2010. 

The feasibility of 15 nm conventional MOS transistors in bulk CMOS technology has already 

been demonstrated. 

The purpose of this chapter is to provide both an overview about the evolution of MOSFETs 

devices in addition to the basic physics theory required to build compact models required later 

for the deduction of some mandatory parameters and for the incorporation of new constraints 

in the function of the device. 
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I.1. INTRODUCTION 

Since the 60's the shrinking of electronic components has been driven by the fabrication of 

integrated circuits, which will continue for at least the next two decades. The critical feature 

size of the elementary devices (physical gate length of the transistors) will drop from 25 nm in 

2007 (65 nm technology node) to 5 nm in 2020 (14 nm technology node). In the sub-10 nm 

range, beyond--CMOS (complementary MOS) devices will certainly play an important role 

and could be integrated on CMOS platforms in order to pursue integration down to nm 

structures. Si will remain the main semiconductor material in a foreseeable future, but the 

needed performance improvements for the end of the ITRS (international technology roadmap 

for semiconductors) will lead to a substantial enlargement of the number of materials, 

technologies and device architectures [4]. 

Therefore, new generations of nanoelectronic integrated circuits (ICs) present increasingly 

formidable multidisciplinary challenges at the most fundamental level (novel materials, new 

physical phenomena, ultimate technological processes, etc.) resulting in an urgent need of 

long term research based on a scientific approach, in order to understand the underlying 

physical mechanisms and hence remove the present technological limitations. The industry is 

indeed increasingly relying on new ideas in order to continue technological innovation [5]. 

This chapter addresses the basic concepts related to the MOSFET technology, with some 

advanced ideas for keeping CMOS on the road. Different regimes characterizing the function 

of a MOSFET device are also depicted, in addition to some challenging problems 

encountering the downscaling process and their associated solutions. This chapter can be 

considered as an introductory platform for further chapters. 

 

I.2. EVOLUTION OF CMOS TECHNOLOGY 

As the density of integrated circuits continues to increase, a resulting shrinkage of the 

dimensions of the individual devices of which they are comprised has followed. Smaller 

circuit dimensions reduce the overall circuit area, thus allowing for more transistors on a 

single die without negatively impacting the cost of manufacturing. However, this reduction in 

device size is only one of three factors identified by Moore in the increased density of modern 

integrated circuits. Equally important are the two other factors of an increase of die size and 

an increase in circuit cleverness - the reduction in number of devices and chip area to 

implement a given circuit or function. All of these lead to the driving force for continued 
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integration complexity is the reduction in cost per function for the chip as indicated by figure 

Fig.I.1 [6].  

 

 
 

 

As semiconductor feature sizes shrink into the nanometer scale regime, device behavior 

becomes increasingly complicated as new physical phenomena at short dimensions occur, and 

limitations in material properties are reached. In addition to the problems related to the actual 

operation of ultra-small devices, the reduced feature sizes require more complicated and time-

consuming manufacturing processes. This fact signifies that a pure trial-and-error approach to 

device optimization will become impossible since it is both too time consuming and too 

expensive. Nevertheless, it is important to consider these new physical effects which will 

occur in small devices, as these effects may well eventually dominate device performance.  

The traditional scaling of classical planar CMOS devices leads to performance limitations, 

which have to be overcome by introduction of new device architectures. New so-called ‘non-

classical’ CMOS device concepts are being developed. A development roadmap of CMOS 

device architectures is shown in Fig. I.2 in comparison with standard bulk devices. Some of 

these advanced device structures will probably be introduced within the next 5–10 years. The 

ultimate CMOS device with the multi-gate FET structure will potentially carry the silicon 

technology down to below 10 nm feature sizes, but it is also challenged by process 

complexity and  manufacturability; its key advantages are, lithography independent gate 

length control and higher drive currents [7]. 

 

Fig. I.1. Moore’s Law predictions for devices scaling [6]. 
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I.3. MOSFET STRUCTURE AND OPERATION 

I.3.1. Presentation of the Structure 

As the name metal-oxide-semiconductor (MOS) suggests, the MOS transistor consists of a 

semiconductor substrate (usually silicon) on which is grown a thin layer of insulating oxide 

(SiO) of thickness tox, A conducting layer (a metal or heavily doped polysilicon) called the 

gate electrode is deposited on top of the oxide. Two heavily doped regions of depth Xj, called 

the source and the drain are formed in the substrate on either side of the gate. The source and 

the drain regions overlap slightly with the gate (see Fig. I.3.) [8].  

 

 
 

Fig. I.2. Simplified transistor roadmap (courtesy ENIAC) [7]. 
 

Fig. I.3. MOS transistor structure showing three-dimensional view [8]. 
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The source-to-drain electrodes are equivalent to two p-n junctions back to back. This region 

between the source and drain junctions is called the channel region. Thus a MOS transistor is 

essentially a MOS structure, called the MOS capacitor, with two p-n junctions on either side 

of the gate. The field oxide (FOX) shown in Figure I.3. is for isolating various devices on the 

same substrate. From the circuit model point of view, a MOS transistor is a four terminal 

device, the four terminals are designated as gate g, source s, drain d, and substrate or bulk b. 

Note that the structure is symmetrical. Because of this symmetry one cannot distinguish 

between the source and drain of an unbiased device; the roles of the source and the drain are 

defined only after the terminal voltages are applied. 

Under normal operating conditions, a voltage V, applied to the gate terminal creates an 

electric field that controls the flow of the charge carriers in the channel region between the 

source and the drain. Since the device current is controlled by the electric field (vertical field 

due to the gate voltage and lateral field due to the source to drain voltage) the device is known 

as a MOS Field-Effect-Transistor (MOSFET). Because the gate is electrically isolated from 

the other electrodes, this device is also called an Insulated-Gate Field-Effect Transistor 

(IGFET). Another acronym sometime used is MOST for the MOS Transistor. The bulk of the 

semiconductor region, shown as substrate in Figure I.3, is normally inactive, since the current 

flow is confined to a thin channel at the surface of the semiconductor. It is for this reason the 

substrate region is also referred to as the body or bulk of the MOSFET. 

MOSFETs may be either n-channel or p-channel depending upon the type of the carriers in 

the channel region. An n-channel MOS transistor (nMOST) has heavily doped n+ source and 

drain regions with a p-type substrate and has electrons as the carriers in the channel region.  

I.3.2. Operation Modes  

The operation of a MOSFET can be separated into three different modes, depending on the 

voltages at the terminals. In the following discussion, a simplified algebraic model is used that 

is accurate only for old technology. Modern MOSFET characteristics require computer 

models that have rather more complex behavior. 

For an enhancement-mode, n-channel MOSFET, the three operational modes are [9]: 

Subthreshold, or weak-inversion mode (VGS < Vth ),where Vth is the threshold voltage of the 

device: According to the basic threshold model, the transistor is turned off, and there is no 

conduction between drain and source. In reality, the Boltzmann distribution of electron 

energies allows some of the more energetic electrons at the source to enter the channel and 

flow to the drain, resulting in a subthreshold current that is an exponential function of gate–

source voltage. While the current between drain and source should ideally be zero when the 
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transistor is being used as a turned-off switch, there is a weak-inversion current, sometimes 

called subthreshold leakage.  

In weak inversion the current varies exponentially with gate-to-source bias VGS as given 

approximately by: 

T

thGS

nV

VV

DD eII
−

≈ 0       (I.1) 

where ID0 is the current at VGS = Vth and the slope factor n is given by n = 1 + CD / COX, with 

CD is the capacitance of the depletion layer and COX is the capacitance of the oxide layer. In a 

long-channel device, there is no drain voltage dependence of the current once VDS >> VT, but 

as channel length is reduced drain-induced barrier lowering introduces drain voltage 

dependence that depends in a complex way upon the device geometry (for example, the 

channel doping, the junction doping and so on). Frequently, threshold voltage Vth for this 

mode is defined as the gate voltage at which a selected value of current ID0 occurs, for 

example, ID0 = 1 µA, which may not be the same Vth-value used in the equations for the 

following modes.  

Some micropower analog circuits are designed to take advantage of subthreshold conduction. 

By working in the weak-inversion region, the MOSFETs in these circuits deliver the highest 

possible transconductance-to-current ratio, namely: gm / ID = 1 / (nVT), almost that of a bipolar 

transistor. 

The subthreshold I–V curve depends exponentially upon threshold voltage, introducing a 

strong dependence on any manufacturing variation that affects threshold voltage; for example: 

variations in oxide thickness, junction depth, or body doping that change the degree of drain-

induced barrier lowering. The resulting sensitivity to fabricational variations complicates 

optimization for leakage and performance. 

Linear region also known as the ohmic mode ( VGS > Vth and VDS < ( VGS - Vth )  

The transistor is turned on, and a channel has been created which allows current to flow 

between the drain and the source. The MOSFET operates like a resistor, controlled by the 

gate voltage relative to both the source and drain voltages as shown in figure Fig. I.4. The 

current from drain to source is modeled as: 

( ) 







−−=

2

2
DS

DSthGSoxnD

V
VVV

L

W
CI µ        (I.2) 

where µn is the charge-carrier effective mobility, W is the gate width, L is the gate length and 

Cox is the gate oxide capacitance per unit area. The transition from the exponential 

subthreshold region to the triode region is not as sharp as the equations suggest. 

http://en.wikipedia.org/wiki/Subthreshold_leakage


CHAPTER I – DEEP SUBMICRON MOSFETS 
 

 11 
 

 

 

 
 

 

 

Saturation or active mode (VGS > Vth and VDS > ( VGS - Vth ))  

The switch is turned on, and a channel has been created, which allows current to flow 

between the drain and source. Since the drain voltage is higher than the gate voltage, the 

electrons spread out, and conduction is not through a narrow channel but through a broader, 

two- or three-dimensional current distribution extending away from the interface and deeper 

in the substrate. The onset of this region is also known as pinch-off to indicate the lack of 

channel region near the drain (Fig.I.5). The drain current is now weakly dependent upon drain 

voltage and controlled primarily by the gate–source voltage, and modeled very approximately 

as:  

( ) ( )DSthGS
oxn

D VVV
L

WC
I λµ

+−= 1
2

2
                   (I.3) 

 

 
 
 

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

upward curving parabola in figure Fig. I.6.   

Fig. I.4. Cross section of a MOSFET operating in the linear (Ohmic) region; 
strong inversion region present even near drain. 

 

Fig. I.5. Cross section of a MOSFET operating in the saturation (active) region; 
channel exhibits pinch-off near drain. 
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As the channel length becomes very short, these equations become quite inaccurate. New 

physical effects arise. For example, carrier transport in the active mode may become limited 

by velocity saturation. When velocity saturation dominates, the saturation drain current is 

more nearly linear than quadratic in VGS. At even shorter lengths, carriers transport with near 

zero scattering, known as quasi-ballistic transport. In addition, the output current is affected 

by drain-induced barrier lowering of the threshold voltage. 

 

I.4. SMALL SIGNAL PARAMETERS 

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

for linearizing nonlinear drain current models. The output conductance and transconductance, 

are important parameters in analog circuit design, these parameters can easily be derived from 

the device drain current model [10]. Under normal operation, a voltage applied to the gate, 

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

current Ids to the change in the gate voltage Vgs while keeping drain voltage Vds and substrate 

voltage Vbs constant is called transconductance expressed as:  

bsds VVgs

ds
m V

I
g

,
∆
∆

=       (I.4) 

The transconductance is one of the important device parameters as it is a measure of device 

gain. Thus, the gain of a MOSFET can be increased by:  

• Increasing Cox, that is, using a MOSFET with a thinner gate oxide (lower tox), 

Fig. I.6. MOSFET drain current vs. drain-to-source voltage for several values of VGS − Vth. 
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• Using devices with higher carrier mobility µ. Since µ of the electrons is higher than 

that of holes, an nMOST has higher gain compared to pMOST. 

• Using devices with larger channel width W and shorter channel length L. While 

decreasing L, scaling considerations must be taken into account. 

Since gm, is sensitive to the quality of the gate oxide (through µ and Vth parameters), it is 

frequently used to monitor the effect of hot-carrier stress and accelerated aging on device 

reliability.  

In addition to gm, the MOSFET has two other conductances. The ratio of change in the drain 

current due to change in Vbs for a fixed Vgs, and Vds, is called substrate transconductance gmbs 

defined as: 

dsgs VVbs

ds
mbs V

I
g

,
∆
∆

=       (I.5) 

Finally, the ratio of change in the drain current to the change in the drain voltage Vds is called 

drain conductance or simply conductance gds given similarly by: 

bsgs VVds

ds
ds V

I
g

,
∆
∆

=       (I.6) 

Figure I.7 shows plot of gm, gmbs and gds as a function of Vgs and Vds, based on first order 

MOSFET model. 

 

 
  
 

If all the voltages are changed simultaneously, then the corresponding total change in the 

drain current is: 

Fig. I.7. Small-signal parameters gm, gmbs and gds as a function of (a) Vds, and (b) Vgs,. 
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If the change in the voltages is small, approaching zero, then these (trans)conductances are 

called small signal (trans)conductances. The small signal equivalent circuit of a MOSFET is 

shown in Figure I.8, where rhomic symbols represents controlled current sources.  

 

 

 

I.5. MINIATURIZATION EFFECTS 

Producing MOSFETs with channel lengths much smaller than a micrometer is a challenge, 

and the difficulties of semiconductor device fabrication are always a limiting factor in 

advancing integrated circuit technology. In recent years, the small size of the MOSFET, 

below a few tens of nanometers, has created operational problems [11]. 

• Higher subthreshold conduction 

As MOSFET geometries shrink, the voltage that can be applied to the gate must be reduced to 

maintain reliability. To maintain performance, the threshold voltage of the MOSFET has to be 

reduced as well. As threshold voltage is reduced, the transistor cannot be switched from 

complete turn-off to complete turn-on with the limited voltage swing available; the circuit 

design is a compromise between strong current in the "on" case and low current in the "off" 

case, and the application determines whether to favor one over the other. Subthreshold 

leakage (including subthreshold conduction, gate-oxide leakage and reverse-biased junction 

leakage), which was ignored in the past, now can consume upwards of half of the total power 

consumption of modern high-performance VLSI chips. 

 

 

Fig. I.8. A low frequency, usually less than 1 KHz, small-signal model for a MOSFET. 
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• Increased gate-oxide leakage 

The gate oxide, which serves as insulator between the gate and channel, should be made as 

thin as possible to increase the channel conductivity and performance when the transistor is 

on and to reduce subthreshold leakage when the transistor is off. However, with current gate 

oxides with a thickness of around 1.2 nm (which in silicon is ~5 atoms thick) the quantum 

mechanical phenomenon of electron tunneling occurs between the gate and channel, leading 

to increased power consumption. 

Insulators (referred to as high-k dielectrics) that have a larger dielectric constant than silicon 

dioxide, such as group IVb metal silicates e.g. hafnium and zirconium silicates and oxides are 

being used to reduce the gate leakage from the 45 nanometer technology node onwards. 

Increasing the dielectric constant of the gate dielectric allows a thicker layer while 

maintaining a high capacitance (capacitance is proportional to dielectric constant and 

inversely proportional to dielectric thickness). All else equal, a higher dielectric thickness 

reduces the quantum tunneling current through the dielectric between the gate and the 

channel. On the other hand, the barrier height of the new gate insulator is an important 

consideration; the difference in conduction band energy between the semiconductor and the 

dielectric (and the corresponding difference in valence band energy) also affects leakage 

current level. For the traditional gate oxide, silicon dioxide, the former barrier is 

approximately 8 eV. For many alternative dielectrics the value is significantly lower, tending 

to increase the tunneling current, somewhat negating the advantage of higher dielectric 

constant. 

• Increased junction leakage 

To make devices smaller, junction design has become more complex, leading to higher 

doping levels, shallower junctions, "halo" doping and so forth, all to decrease drain-induced 

barrier lowering. To keep these complex junctions in place, the annealing steps formerly used 

to remove damage and electrically active defects must be curtailed increasing junction 

leakage. Heavier doping is also associated with thinner depletion layers and more 

recombination centers that result in increased leakage current, even without lattice damage. 

• Lower output resistance 

For analog operation, good gain requires a high MOSFET output impedance, which is to say, 

the MOSFET current should vary only slightly with the applied drain-to-source voltage. As 

devices are made smaller, the influence of the drain competes more successfully with that of 

the gate due to the growing proximity of these two electrodes, increasing the sensitivity of the 

MOSFET current to the drain voltage. To counteract the resulting decrease in output 

http://en.wikipedia.org/wiki/High-k_Dielectric
http://en.wikipedia.org/wiki/Dielectric_constant
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resistance, circuits are made more complex, either by requiring more devices, for example the 

cascade and cascade amplifiers, or by feedback circuitry using operational amplifiers, for 

example a circuit like that in the adjacent figure Fig. I.9, where the operational amplifier 

provides feedback that maintains a high output resistance. 

 

 

 

 

 

• Lower transconductance  

The transconductance of the MOSFET decides its gain and is proportional to hole or electron 

mobility (depending on device type), at least for low drain voltages. As MOSFET size is 

reduced, the fields in the channel increase and the dopant impurity levels increase. Both 

changes reduce the carrier mobility, and hence the transconductance. As channel lengths are 

reduced without proportional reduction in drain voltage, raising the electric field in the 

channel, the result is velocity saturation of the carriers, limiting the current and the 

transconductance. 

• Interconnect capacitance 

Traditionally, switching time was roughly proportional to the gate capacitance of gates. 

However, with transistors becoming smaller and more transistors being placed on the chip, 

interconnect capacitance (the capacitance of the wires connecting different parts of the chip) 

is becoming a large percentage of capacitance. Signals have to travel through the interconnect, 

which leads to increased delay and lower performance. 

  

 

Fig. I.9. MOSFET version of gain-boosted current mirror; M1 and M2 are in active mode, while 
M3 and M4 are in Ohmic mode, and act like resistors. 
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• Heat production 

The ever-increasing density of MOSFETs on an integrated circuit creates problems of 

substantial localized heat generation that can impair circuit operation. Circuits operate slower 

at high temperatures, and have reduced reliability and shorter lifetimes. Heat sinks and other 

cooling methods are now required for many integrated circuits including microprocessors. 

Power MOSFETs are at risk of thermal runaway. As their on-state resistance rises with 

temperature, if the load is approximately a constant-current load then the power loss rises 

correspondingly, generating further heat. When the heat sink is not able to keep the 

temperature low enough, the junction temperature may rise quickly and uncontrollably, 

resulting in destruction of the device. In order to assist designers in the device selection 

process, a simulation tool can be used to simulate in-circuit performance. 

• Modeling challenges 

Modern ICs are computer-simulated with the goal of obtaining working circuits from the very 

first manufactured lot. As devices are miniaturized, the complexity of the processing makes it 

difficult to predict exactly what the final devices look like, and modeling of physical 

processes becomes more challenging as well. In addition, microscopic variations in structure 

due simply to the probabilistic nature of atomic processes require statistical predictions. These 

factors combine to make adequate simulation and "right the first time" manufacture difficult. 

 

I.6. EMERGENT SOLUTIONS 

Many solutions have been proposed in literature among them we have [12], 

I.6.1. High-k and metal gate integration 

Low-power applications such as battery operated handheld devices require a reduced gate 

leakage current. To reduce the gate leakage, standard oxynitride gate insulators will be 

replaced by high-k dielectrics. Among the promising candidates for the 45 nm technology 

node are hafnium oxides (HfO2) and hafnium silicates HfSiON with a high-k value in the 

range 10–15, which should be  compared to 3.9 for SiO2 and 6–7 for the oxynitrides. This 

leads to significantly reduced gate leakage for the same equivalent oxide thickness. The main 

issues related to these types of dielectric materials, which still have to be addressed by 

researchers, are the high number of fixed/trapped charges and interface states. Both threshold 

voltage stability and low-field mobility are negatively affected by the high amount of charge 

present in the high-k oxides. 
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While the reduced mobility can be partially offset by strain enhancement techniques, the poor 

threshold voltage control and possible reliability problems cannot be accepted. An additional 

complication is the poor thermal stability of high-k materials. The dielectrics should be stable 

during high temperature processing steps (mainly source/drain activation anneals), since, e.g., 

recrystallization can increase the gate leakage current. For the ultimate scaling of CMOS, 

below 10 nm gate length, other high-k materials such as La2O3, with a larger k value might be 

of interest. The choice of suitable materials is limited by the additional constraint that the 

band gap offset should be large enough compared to silicon. In some cases the offset to either 

the conduction or valence band is too small. By considering the increased fringing field, due 

to the higher k value, the influence on short channel effects and switching speed can be 

analyzed to find an optimum k value close to 30. 

High-k materials are often used in combination with different metal gate electrodes, e.g., TiN, 

TaN. Metal gates are important for several reasons, including the ability to control threshold 

voltage by tuning the work function of the gate electrode. For nitrided metal gates the tuning 

can be done either during the reactive sputter deposition or by subsequent nitrogen ion 

implantation. This allows reduced channel doping and hence higher mobility in both bulk and 

thin body SOI devices. Furthermore, metal gates do not suffer from depletion, compared to 

the case with a highly doped polysilicon gate electrode. For successful metal gate integration, 

selective etching processes, with high anisotropy, need to be developed for patterning of 

10nm gate lengths. The use of fully nickel silicided (FUSI) polysilicon gates offers a more 

straightforward approach in this respect, since the patterning of polysilicon gates is more 

mature. In this case, the work function control can be achieved by dopant pile-up at the metal 

gate/oxide interface. The combinationof FUSI and high-k has generated a lot of attention 

recently. 

I.6.2. Strain-enhanced mobility 

For high-performance applications the challenge is mainly to maintain sufficiently high drive 

current for short-channel devices which suffer from short channel effects and high parasitic 

resistances. For higher drive current and increased switching speed the focus is on different 

methods of mobility enhancement, using strain. For CMOS applications both higher hole and 

electron mobility are desired. For PMOS the first attempts at increased channel mobility were 

done by selective SiGe epitaxy in the channel region. However, from the 90 nm technology 

node, selective SiGe growth in the source/drain has emerged as the preferred method to create 

compressive strain in the PMOS channel. Significantly increased electron mobility has also 

been demonstrated in NMOS devices, where a dielectric capping layer, commonly silicon 
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nitride, introduces a tensile strain in the channel region. In this approach the strain in both 

PMOS and NMOS channels becomes uniaxial, which is beneficial compared to biaxial strain. 

It is important to note that the NMOS and PMOS can be optimized independently of each 

other. Very high mobility can also be achieved for both electrons and holes using so called 

virtual substrates, with a thin Si-channel on top of a relaxed SiGe buffer layer. There are 

several issues with the virtual substrate technique, including a poor thermal conductivity and a 

high intentional concentration of defects (dislocations). Furthermore the mobility increase is 

smaller for holes, which is not advantageous for CMOS applications, where the PMOS has 

the most need for performance increase. 

I.6.3. Multi-gate devices 

Multi-gate MOSFETs realized on thin films are the most promising devices for the ultimate 

integration of MOS structures due to the volume inversion in the conductive layer, leading to 

an increase in the number and the mobility of electrons and holes. The on-current Ion of the 

MOSFET is limited to a maximum value IBL that is reached in the ballistic transport regime. 

For a given DIBL, an increased ballisticity is obtained for low doping double gate SOI 

devices. The transfer characteristics of several multiple-gate (1, 2, 3 and 4 gates) MOSFETs, 

calculated using the 3D SchrÄodinger{Poisson equation and the non equilibrium Green 

function (NGEF) formalism for the ballistic transport or MC simulations, have shown similar 

trends. The best performance (drain current, subthreshold swing) is outlined for the 4-gates 

(QG | quadruple gate or GAA | gate all around) structure. However, the propagation delay in 

triple gate (TG) and quadruple gate MOSFETs are degraded due to a strong rise of the gate 

capacitance. A properly designed double-gate (DG) structure appears to be the best 

compromise at given current ( For a double gate device, the impact of a gate misalignment on 

the drain current is important. The impact of a gate misalignment is significant for Ion in 2G 

MOSFETs. A large back gate (BG) shift reduces the saturation current compared to the 

aligned case, whereas a slight BG shift towards the source increases Ion. This is due to a 

lower source access resistance. In terms of short channel effects, aligned transistors exhibit 

the best control while highly misaligned MOSFETs operate like single gate ones. The current 

is much more influenced by the misalignment than Ion due to a degradation of the 

electrostatic control. The oversized transistor shows attractive static performance and a larger 

tolerance to misalignment but the dynamic performance is rapidly degraded as the overlap 

length increases. 

In decananometer MOSFETs, gate underlap is also a promising solution in order to reduce the 

DIBL effect. The on-current is almost not affected by the gate underlap whereas the leakage 
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currents are substantially reduced due to a decrease in DIBL and drain to gate tunneling 

current. A reduction of the effective gate capacitance Cg for larger underlap values at Ion has 

also been shown. This reduction of Cg leads to a decrease in the  propagation delay and 

power. In order to reach very high performance devices at the end of the roadmap, multi-

bridge-channel MOSFETs (MBCFET) present very high driving currents larger than those of 

GAA devices and exceeding the ITRS requirements as given by figure Fig. I.10. 

 

 

 

 

The main advantage of multi-gate devices is their excellent electrostatic control of the 

channel, which reduces the short channel effects. On the other hand, since the conduction 

takes place in a volume instead of just one surface, these devices present higher mobility than 

conventional bulk MOSFETs because there is less scattering; their operation can even be near 

the ballistic limit for very short channel devices.  

In multiple gate devices, the use of a very thin film allows to downscale the devices without 

the need of using high channel doping densities and gradients. In fact, undoped films can be 

used: the full depletion of the thin film prevents punch-through from happening. Besides, the 

absence of dopant atoms in the channel increases the mobility by suppressing impurity 

scattering. On the other hand, unwanted dispersion of the characteristics is avoided; this 

dispersion results from the random microscopic fluctuations in ultra-small devices.  

Multiple gate nanoscale devices have many advantages in circuit performance. A very high 

packaging density is possible because of the small size of these devices, caused by the short 

channel and the thin film. Because of the higher mobility, transconductance can be higher, 

which gives more current gain and allows a higher operating frequency. Therefore, multiple 

gate nanoscale devices have a big potential for RF and microwave applications. The analog 

Fig. I.10. Schematic diagram of MBCFET on SOI [12]. 
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performance is also very good. Voltage gain is much higher than in conventional bulk 

MOSFETs, and especially in moderate inversion: the reduction of short channel effects leads 

to a higher Early voltage, and on the other hand the g
m
/I

ds 
characteristics have higher values 

than in conventional MOSFETs [13]. Regarding digital applications, the small subthreshold 

swing of multiple gate devices keeps a high ratio between on current and off current even for 

devices with channel lengths of the order of nm.  

 

I.7. NANOTECHNOLOGIES 

The nanoelectronics platforms, bear a striking resemblance to the good old-fashioned silicon 

microelectronics, in that exploit the electrical and magnetic properties if fairly simple 

materials. All of the approaches discussed to date have also reached a point in their 

commercialization, where we can be reasonably certain that something will come of them 

[14]. Molectronics (sometimes called “moletronics”) is different, because it has a lot further 

to go commercially. In fact, it isn’t even all that well-defined. Indeed, molectronics is 

basically a catchall term for electronics that uses complex (often biological) molecules as the 

main materials platform. There is a considerable amount of interesting R&D in this field that 

is being performed in both academic and industrial laboratories that involves quantum 

computing or chemical computing, although this kind of molectronics is so far off in terms of 

commercialization, that we can so no real business opportunities emerging from this work in 

this decade. Instead, this kind of thing will remain in university labs or in the labs of the very 

largest electronics and semiconductor firms for many years to come. There is another aspect 

to molectronics, though, one that is closer to commercialization, and which researchers 

believe will present some genuine opportunities in the next five to ten years. This approach is 

one in which switching is based upon the change in state of individual molecules. The change 

can be based on conductivity as a result of an applied field (much like a classical FET), a 

conformational change resulting in a change of conductivity (including a complete contact 

break) or optical properties. In practice, devices may contain many such molecules in an 

individual switching unit. Although some approaches to this kind of molectronics involve 

radical changes in circuit design, others are more in line with conventional architectures. 

All this diversity—no settled materials, designs, or architectures—is symptomatic of the early 

stage of development at which molectronics currently exists. Probably the closest product to 

commercialization that might be classified as molectronics is a memory chip from a firm 

called Zettacore, which uses complex molecules as material platform, but otherwise doesn’t 
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diverge too much from standard chip designs. However, when looking further into the future, 

when processors and logic may be built using molectronics, molectronics will probably 

require significant changes in approach to design largely 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 add its contribution. A number of start-ups have 

opened their doors in this space and the European Union has just launched a large R&D 

program focused on exactly this area. The impact of nanophotonics is fairly diverse. NanOpto 

makes a range of nanoengineered polarizers, splitters, and “waveplates,” using a nanoimprint 

lithography. Toshiba has claimed a breakthrough when it recently announced quantum dot 

light sources that could transmit single photons and this type of device would most probably 

be used in quantum encryption. It seems more likely that the first big business for 

nanoengineered lasers will come from chip interconnection. Until recently, the speed 

bottleneck in computing and telecom was the speed of the processors. In the last few years, 

however, the processor speed has reached a point at which it is the interconnections that are 

now the limiting factor. In response, semiconductor manufacturers have moved from 

aluminium interconnects to copper interconnects and are now experimenting with optical 

interconnection as well as exotic lower-k materials and carbon nanotubes. Optical 

interconnection could supply more than enough bandwidth to suck up and supply data to even 

the fastest processors. The requirements for lasers to support such an application would very 

demanding in terms of size and cost, but the market size is potentially huge. For on-chip 

applications, the lasers would have to be embedded and their value would be subsumed by 

that of the entire chip. But an examination of the on-board market suggests that addressable 

markets for nano-engineered interconnects could be huge. Consider a board with 10 devices 

on it. If these devices were fully interconnected, 90 lasers would be required [16].  

I.8. CONCLUSION 

The multi-gate devices that control the channel from multiple sides and very thin body 

devices are new to circuit and system designers. These devices need to be modeled to 

understand and predict the functionality of the circuits. Compact device models are used in 

circuit design. New compact models that accurately model these novel devices, and are 

computationally efficient, are in development. There are new physical effects that now need 

to be incorporated into these device models.  

The use of multiple gate devices in circuit design is critically dependent on the availability of 

accurate models for these devices. Using appropriate models, circuit simulation allows to 
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design circuits with devices of adequate dimensions. Circuit simulation requires accurate 

models of the current and the terminal charges of the devices in addition to the modeling of 

additional constraints. 
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Chapter II – 
   

DEFECTS IN MOSFET DEVICES 
 
 
 
Abstract: The hot-carrier effect is a reliability problem which occurs when hot (energetic) 

carriers cause Si-SiO, interface damage and/or oxide trapping. This leads to the degradation 

of the current drive capability of the transistor, thus eventually causing circuit failure. The 

origin of this degradation is the high electric field near the drain end. One of the most 

effective ways to control the hot-carrier effect is to include a field reducing region in the 

transistor structure. These regions, called the LDD (lightly doped drain) or MDD (moderately 

doped drain), reduce the amount of damage a device suffers, and consequently increase its 

operational lifetime. 

This chapter is dedicated to the description of the main defects occurring in MOSFETs 

structure due to intrinsic anomalies or stress conditions, the hot-carrier degradation shift on 

the main parameters is also studied and the basic models used for the modelling of such 

phenomenon are presented.  
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II.1. INTRODUCTION 

A global view of today’s world permits to notify that many hardware and software based 

systems, are characterized by complex behavior and often have special features and structures 

requiring high complexity approaches for modeling [17]. In such situation, this may result in 

many unwanted phenomena disturbing the correct function particularly when taking into 

account the VLSI constraints. In order to avoid the heavy costs associated with maintenance 

and diagnostic operations, a deep understanding of the degradation process should be 

established so that the reliability of such systems can be enhanced significantly. Despite that 

the recent progress in different fields has made resulted products more powerful than ever, the 

increasing level of complexity implied that reliability problems not only will continue to exist, 

but also are likely to require ever more innovative solutions [18]. 

The demand for high-performance devices has been experiencing a steady rise in the 

sophistication degree of semiconductor manufacturing techniques, which in turn have driven 

the associated MOSFET size close to their physical limits. Theoretical analyses make it clear 

that we should be able to rearrange atoms and molecules one by one to get more efficient 

tools at a tiny scale. Therefore, the initial stage consists in the seek of new design approaches 

for devices miniaturization scheme, the adopted approach based on keeping the internal 

electric fields constant had to be abandoned due to several practical reasons including [19]: 

• Loss of compatibility with previous generation circuits, 

• Decrease in noise margins because of the non-scaling of the threshold voltage and the 

subthreshold slope, 

• Decrease in operating speeds in sub-micron devices due to the non-scaling of parasitic 

capacitances. 

In this chapter, our aim is to present different types of defects that can exist in MOSFET 

devices, these defects are a major concern in reliability field. Therefore, their inclusion in 

compact models can bring deep understanding towards the resolution of many problems for 

integrated circuit design. The shift caused by the phenomenon in some basic parameters is 

also studied and the basic models used for the modeling of the hot-carrier degradation effects 

are presented.  
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II.2. DEFECTS  CLASSIFICATION   

In spite of the effort paid up to now by the scientific community concerning Silicon and 

silicon based devices widely used in many fields of physics, there still remain a lot of aspects 

not clarified, related to the behavior of impurities, and a global understanding of their local 

structure and properties became increasingly important due to the reduction in chip sizes and 

to the increase of the operation speed [20].  

Since the reliability concepts are the most popular framework allowing the good description 

of the system life cycle based on failures occurrence; which is mainly caused by the original 

existence or generation of defects in the device, it would be of great utility to analyze different 

evolution stages. The reliability of semiconductor devices is represented by the failure rate 

curve known as the “bathtub curve”, depicted in figure II.1. The curve can be divided into 

three regions [21]: 

• Initial failures are considered to occur when a latent defect is formed, then becomes 

manifest under the stress of operation. Generally, the period of initial failures is 

defined as the first six months to one year of a product cycle, the failure rate tends to 

decrease with time because only devices having latent defects will fail, and these 

devices are gradually removed. 

•  Random failures in which the failure rate is constant, such mode covers soft errors, 

electrical noise, electrostatic discharge, and other problems. All of these problems will 

occur at random under the stress of external factors.  

• Wear-out failures occur due to the ageing of devices from wear and fatigue. This 

period indicates the life of different failure modes of semiconductors such as Hot 

carriers, electromigration and time dependant dielectric breakdown. 
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In the screening process, if we assume a certain length of time (t0) before device shipment, the 

lifetime can be forecasted by the probability density function. With the Weibull distribution 

density function [22], the rate of accumulated failures (t: t0) available after screening 

becomes: 
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where m and  η are scale and shape parameters of the Weibull distribution.    

Therefore, it’s possible to estimate the device lifetime basing on probabilistic exploitation of 

such distribution density function. The reliability based analysis highlights the necessity to 

improve the device lifetime through the enlargement of the random failures interval, where 

the failure rate is approximately constant. Hence, it’s a mandatory requirement to assimilate 

existing defects in both extreme regions, so that abusive effects could be eliminated or at least 

reduced [23]. 

II.2.1. Bulk defects 

This type of defects is closely related to the bulk structure of a semiconductor, in the sense 

that the trap defects are distributed over the whole volume. The resulted effect on the behavior 

of future produced devices has been studied intensively in literature. However, with the 

advance of MOSFETs technology at nanoscale level, the gap becomes more apparent and 

additional efforts then before should be focused on the subject. 

 

 

Fig. II.1. Failure rate curve (Bathtub Curve) of semiconductors devices. 
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Origin of the problem 

The availability of semiconductor materials and their use as a basis of nanodevices have bring 

to the front many disadvantages related from a part to the inherit structure and from another 

part to production process constraints. In single crystal semiconductors, deep level used 

impurities have usually a metallic nature, but they can be crystal imperfections (dislocations, 

precipitates, vacancies, and interstitials) [24]. Such defects are in general avoidable, but 

occasionally they are intentionally introduced to affect a device characteristic (switching time, 

resistivity). For amorphous semiconductors, defects are mainly due to structural 

imperfections. Manufacturing environment conditions are also a key medium altering the 

concentration of existing impurities in the semiconductor; methods used for crystal growth 

such as epitaxy can give rise to deep level traps. Another recognized cause concerns several 

properties of employed resources; the higher static charge levels in a semiconductor fab than 

in a conventional room. In fact, it is not uncommon for a fab with no safeguards against static 

charge to achieve levels of tens of kilovolts on a variety of critical surfaces.   

The existence of foreign atoms or crystal defects perturbs the periodicity of the single crystal, 

hence resulting in discrete energy levels into the band gap, as illustrated in figure II.2. They 

can be considered as recombination centers when there are excess carriers, and as generation 

centers when the carrier density is below its equilibrium value. 

 
 
 

 

The thermodynamics of defects plays an important role in the deduction of some specific 

aspects, the thermodynamic parameters including band gaps, energies of defect formation and 

migration, are not the Eigenvalues of a Schrödinger equation describing the crystal. Such 

Fig. II.2. Electron energy band diagram for a semiconductor with deep-level impurities in 
addition to capture and emission process. 
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parameters are defined statistically in terms of reactions occurring among ensembles of all 

possible configurations of the system. 

The governing law of the equilibrium concentration of point defects introduced into a perfect 

semiconductor crystal is given for a neutral point defect X0 by the expression [25]: 
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where [S] is the concentration of available lattice sites in the crystal, 0X
θ  is the number of 

degrees of internal freedom of the defect on a lattice site, and  f

X
G 0 is the standard Gibbs free 

energy. The parameters k and T  respectively represent Boltzmann’s constant and temperature. 

In order to get an accurate model of the real defects equilibrium inside the bulk 

semiconductor, the enthalpy of formation need not refer only to elementary point defects such 

as interstitial, but also supports more complicated defect cluster formation encompassing a 

wide variety of defects  including the divacancy, diinterstitial and vacancy-dopant pair, where 

we find in literature numerous methods for calculating the formation enthalpy of a defect pair 

and more progress still take place [26]. 

Characterization methods 

In order to study defect properties, several experimental techniques have been used. Some of 

these approaches can be extended to deal with new materials and organic semiconductors. 

There is no universal approach suited to all situations, so continual improvement consists a 

major concern. However, two basic methods have been used abundantly in experimental 

applications [27], the first on is deep level transient spectroscopy (DLTS) developed by Lang 

in 1974, it exhibits its highest performances under ideal circumstances where it can reach 

defect concentrations as low as 10–6 times the carrier concentration of the semiconductor. By 

mean of this technique, it’s also possible to identify radiation induced defects. 

The key feature of DLTS consists in the limitation of emission rate so that only values of the 

capacitance transient within this range are extracted by the measurement apparatus. With the 

temperature variation, a peak in the instrument response is observed at the temperature 

associated with the trap emission rate. The sensitivity of DLTS when used in the capacitive 

mode decreases linearly with the distance towards the junction.  Small uncertainties in the 

determination of the position of a DLTS peak can cause significant errors in the evaluation of 

the parameters of electronic states deep within the band gap; it is difficult to distinguish 

defects that are very close in energy. 
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Although DLTS is spectroscopic in nature giving trap energies, it has some undesirable 

properties: namely the large effort required in sample preparation and the limitation to 

samples of certain doping concentrations.   

The second more versatile technique known as positron annihilation spectroscopy (PAS), is 

the spectroscopy of gamma (γ) rays emerging from the annihilation of positrons and electrons. 

The method is based on using the energy and momentum conservation during the annihilation 

process to study solids taking the advantage of parameters sensitivity to lattice imperfections 

(see Figure. II.3). When a positron is trapped in an open-volume defect, such as vacancies and 

dislocations, the annihilation parameters are modified in a characteristic way. Its lifetime 

increases due to the lower electron density. Momentum conservation leads to a small angular 

spread of the collinear γ –quanta or a Doppler shift of the annihilation energy [28]. Most 

positron lifetimes for the important semiconductors and lifetimes for various vacancy-type 

defects have been experimentally determined. Neutral and negative vacancy-type defects, as 

well as negative ions, are the dominant positron traps in semiconductors. Temperature-

dependent lifetime measurements may distinguish between both defect types. 

 

 
 

 

 

The intricate challenge facing the practical implementation of the method is the high costs of 

equipment not readily available to most researchers. 

 

 

Fig. II.3. Schematic illustration of positron annihilation showing positron creation, 
positronelectron annihilation, γ emission and the main experimental techniques for PAS. 
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II.2.2. Hot carrier  

In the last years, numerous studies have been revised and enhanced to get more adequate 

models regarding the hot carrier induced device degradation. In fact, the phenomenon has 

been observed or implemented under special forms in some types of Random Access Memory 

cells [29]. With the recent trends in nanodevices manufacturing, condensed efforts are 

invested to gain higher immunity performances without altering the optimal function of the 

device. 

II.2.2.1. Origin of the problem 

Under the bias conditions of a MOSFET structure, large electric fields are created along the 

device channel, as a result, carriers gain sufficiently high energies that allow their injection 

into the surrounding dielectric films such as the gate and sidewall oxides. The accumulation 

of mobile carriers at interfaces over long periods of operation can dramatically trigger many 

harmful physical processes causing the circuit in the worst case to fail. The hot carrier 

degradation process in a DG MOSFET device generates a second region having distinct 

properties influencing the behavior of the device as shown in figure II.4. 

 

 

 

 

A more vigilant analysis indicates that the process takes initially place near the drain side 

where a drain substrate junction is created due to the formation of a pinch-off region. The 

lateral electric field exhibits a sharp peak in this region increasing with the shrink of channel 

length, as stated by figure II.5. The tunneling effect caused by the application of high drain 

biases, results in carriers penetration through the considered region and exhibition of non-

equilibrium energy distributions. As a consequence, the concentration of energetic carriers 

Fig. II.4. Creation of a damaged region in the DG MOSFET structure because of hot-carrier 
degradation process. 
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available for injection into the oxide requires the accurate calculation of electric field 

distribution in silicon because of the strict dependency between both quantities. 

 

 

 

In both n and p-channel MOSFETs, vulnerabilities towards the injection of hot carriers have 

been detected, electrically active defects are generated in the oxide and at the Si-SiO2  

interface [30]. At advanced stages of the process, the energy gained by the carriers in the high 

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

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

factor of the device instabilities observed during the hot-carrier injection. The different 

mechanisms leading to MOSFET degradation are summarized on figure. II.6. 

 

 

Fig. II.5. Maximum lateral electric field at the Si-SiO2 interface along the channel in MOS 
transistors with decreasing channel lengths. 

Fig. II.6. Sequence of physical mechanisms that contribute to HC-induced device 
degradation in MOS transistors.  
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II.2.2. 2. Device Parameter Shift 

The presence of trapped charge and interface traps in the device due to HC injection directly 

affects the device operation. The amount of damage caused by hot-carriers is typically 

measured in terms of the shift in certain device-level parameters such as the threshold voltage, 

subthreshold slope, transconductance, and drain current obtained by performing device 

characterization measurements before and after HC injection. Similar techniques are also used 

to characterize the oxide damage resulting from other stress conditions such as high oxide 

fields, Fowler-Nordheim injection, and radiation exposure. However, the HC-induced device 

degradation differs from most of these stress conditions in the fact that the damage caused 

during HC injection is highly localized. On the other hand, damage caused by exposure to 

ionizing radiation, for example, occurs relatively uniformly throughout the oxide. The 

localized nature of damage caused by HC injection implies that the interpretation of shift in 

device parameters under such stress conditions is significantly different from cases when the 

damage is uniform. For example, a change in the subthreshold slope of the device is typically 

associated with a change in the density of interface traps if the damage is uniform. However, 

similar shifts in subthreshold slope can also be observed through a localized increase in 

trapped charge density in the oxide near the drain region. Even though advanced 

characterization techniques such as charge pumping measurements provide better 

understanding of the nature of HC induced device degradation, it is often essential to utilize 

device simulation tools along with the characterization experiments to gain better insight into 

the physical processes responsible for hot-carrier induced parameter shifts. In order to aid this 

process, device simulation tools must be able to model the influence of hot-carrier induced 

trapped charge and interface traps on the device characteristics. 

The increase of interface trap charge density leads to an increase of the threshold voltage, it is 

observed that the variation of the threshold voltage with stressing time t follows a power law 

given by [31]: 
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       (II.3) 

It was also observed that another effect of the damage due to hot carriers consists in the drop 

of mobility of electrons in the inversion layer after stress. This is because with the increase of 

interface traps density with stress, the charge trapped at the interface traps also increases and 

affects the mobility of the channel carriers through Coulomb scattering. A drop in mobility 

and an increase of threshold voltage lead to a lower drain current in the device, the normalized 
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variation of drain current with stress time are similar to the threshold voltage, the normalized 

variation of the drain current with stress time follows a power law. 

As a result of the drop in the biasing current of the transistor and the channel carrier mobility, 

the transconductance gm also decreases. It is possible that the degradation of mobility due to 

stress is the dominant factor in the decrease of both the drain current and the 

transconductance, which also could be the reason why coefficients of the degradation laws are 

close, as the dominant degradation mechanism of both is the same. The slope of the Ids–Vds 

graphs in the saturation region is known as the output conductance gds of the transistor and 

gds can have an important effect on the operation of CMOS analog integrated circuits. From 

empirical results (Figure. II.7.), it was found that this slope changes with hot carrier stress. In 

contrast to threshold voltage and transconductance, the variations of gds with stress time when 

plotted in a log–log scale shows some saturation, especially at higher stress conditions [32]. 

 

 

  

 

In Table. II.1. a summary of important changes caused by hot-carrier stress is presented. 

 
TABLE. II.1. Summary of important changes in the single NMOSFET 

  
Parameter Direction of change 

Threshold voltage Vth Increases 

Drain current  Ids Decreases 

Transconductance gm Decreases 

Output conductance gds Increases 

Fig. II.7. Normalized variation of the output conductance gds with stress time t. 
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II.3. DEVICE DEGRADATION MODELS 

In order to predict the device degradation due to hot-carrier injection under circuit operation, 

several empirical and semi-empirical models have been suggested in the past literature. This 

section provides an overview of some of the most popular 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 dependent model for parameter shifts based 

on the experiments performed under the IB;max condition. In their experiments, they observed 

that  ∆VT or %∆Gm could be modeled empirically using expressions such as: 

n
m AtG =∆%        (II.4) 

where, A and n are empirical parameters extracted separately for each technology. The 

parameter n has a strong dependence on the gate bias used during the stressing experiments 

but little dependence on the drain bias. Similarly, the parameter A shows a strong dependence 

on the drain bias while its independent of the gate bias. In order to allow extrapolation from 

the drain bias used under stressing conditions to real-life drain biases, the dependence of A on 

the drain bias can be modeled as: 
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The simplicity of this model allows quick and easy extrapolation of device lifetimes under 

stressing conditions to the real-life biases. This approach has been used extensively for fast 

first-order benchmarking of different technologies. In the past, a duty-cycle based extension 

of this model has been applied to evaluate device lifetime under AC operation [34]. However, 

this model finds little application in predicting the dynamic degradation of present generation 

MOSFETs. 

• Hu Model 

Hu et al.[35] extended the lucky electron approach to obtain a semi-empirical model for 

predicting device degradation under circuit operation. The physical basis of this model and 

the use of this model in circuit reliability simulators such as BERT has made this the most 

popular hot-carrier degradation model for n-channel MOSFETs. A complete analysis and the 

assumptions involved in this model can be found elsewhere. For the purpose of this work, we 

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

( )
n

t

DS

m

DS

B
m dtI

I

I
AtG






















=∆ ∫

0

%      (II.6) 



                                        CHAPTER II – DEFECTS IN MOSFET DEVICES 
 

 37 
 

where, A, m, and n are empirical parameters. As the degradation model is driven by substrate 

and drain currents, it can be directly applied to device degradation under dynamic operation 

once the empirical parameters have been obtained from single-bias DC stressing experiments. 

This model assumes that the device degradation is entirely due to increase in the interface trap 

density and is usually parameterized using stressing experiments performed under the IB;max 

condition. 

• Woltjer Model 

The lucky-electron model predicts the interface trap generation at maximum-substrate current 

conditions but fails at other bias conditions. The model suggested by Woltjer et al.[36] 

incorporated the dependence on the oxide electric field in this model to extend it to all biases 

under which the effect of interface traps dominates. The influence of oxide charge has been 

avoided in this work by defining the device lifetime at a large number of interface states in 

terms of the change in charge pumping current. The effect of the charge has, however, been 

observed if the lifetime is defined as a smaller value. As interface trap generation depends 

approximately exponentially on the oxide electric field, Eox = (Vg-Vd-Vt)/tox, the following 

correction to the "lucky-electron" model has been suggested: 

0/ EE
Icp

oxeατ       (II.7) 

where, τIcp is the charge-pump lifetime defined as τIcp/W/f = 100pA/m/Hz and Eo is an 

empirical parameter. The degradation data obtained on MOSFETs with different dimensions 

and oxide-thicknesses has been fitted to the following model using the same set of fitting 

parameters for the technology used: 
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where, A, n, Eo and CW3 are the fitting parameters. This gives the following relationship for 

the degradation of the charge-pumping current as a function of time: 







































−
























=∆
n

b

dn

E

nE
nA

d

cp

I

I
A

CW

tI
C

I

ox

10

1
4

log10

10
1

0

       (II.9) 

• Mistry et al. Approach 

In some of the recent studies involving dynamic stressing experiments, it was observed that 

degradation models based on a single degradation mechanisms failed to accurately predict the 
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degradation under dynamic operation. Mistry et al.[37] attributed this discrepancy to the 

presence of two different degradation modes during dynamic operation. As mentioned earlier, 

these three degradation modes correspond to stressing experiments performed under three 

different bias conditions: Hinj, IB;max and Einj. Mistry et al. modeled the device lifetime under 

each of these bias conditions using three different models: 
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The device lifetime under dynamic operation can be obtained in terms of these models using 

the following approach. If the terminal currents of the device are known as a function of time 

during the dynamic operation of the device, the contributions of each of the three degradation 

mechanisms over one cycle of the AC waveform can be calculated by integrating the 

individual models listed above: 
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If each of the integral above can be treated as damage functions, the dynamic lifetime, τAC, 

can be obtained using a Matthiessen-like rule as follows: 

injinjxB EHIAC ττττ
1111

max,

++=                     (II.12) 

This approach has been successfully applied to predict the device degradation under dynamic 

operation in simple digital CMOS circuits based on the three sets of single-bias DC stressing 

experiments. However, in order to be used in a circuit reliability simulator, a model for device 

degradation should predict the time dependence of the degradation rather than the lifetime. As 

the dynamic degradation of n-channel MOSFETs has been shown to have a much stronger 
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time dependence as compared to static degradation, the definition of the lifetime itself can 

affect the validity of lifetime models for certain technologies. Conventional models deviate 

from the observed values while the coupled application of three models results in an improved 

prediction as shown in figure. II.7. 

 
 
 

  
 
 
 
 
II.4. CONCLUSION 

In this chapter, we discussed the qualitative nature of the basic physical mechanisms 

responsible for hot-carrier-induced degradation in MOSFETs. The physical mechanisms 

described here represent effects that are active during the normal operation of such devices 

and result in shifts in experimentally measurable device parameters such as threshold voltage 

and linear transconductance. In order to aid this process, device simulation tools must be able 

to model the influence of hot-carrier induced trapped charge and interface traps on the device 

characteristics. 

Fig. II.8. Device degradation for stressing under bias sequence [19]. 
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Chapter III  –  
 

MODELING OF GCGS DG MOSFET IN 
SUBTHRESHOLD REGION 

 
 
Abstract: In order to pursue the miniaturization process as predicted by Moor’s law and go 

beyond actual reached lengths, more condensed efforts should be focused not only on looking 

for higher mobility materials but also on improving existing topologies of nanocircuits digital 

devices, which are the bone stone of currently used information storage supports.. 

The aim of this chapter is to provide a quantitative proof  about the efficiency of our proposed 

structure Graded Channel Gate Stack Double Gate MOSFET (GCGS DG MOSFET) in 

remedying the many degradation aspects caused by short channel and hot carriers effects. Our 

proposed structure shows reduced significantly the response to such altered behavior. 

Consequently, it can be reasonably claimed that the GCGS DG MOSFET structure can bring 

promised solutions for overcoming the downscaling imposed burdens. 
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III.1. INTRODUCTION  

In recent years, design and fabrication of nanoscale MOSFETs have been received great 

interests for their high potential adaptability in advanced integration circuits design 

particularly CMOS based devices, an aggressive race was conducted by researchers to tackle 

the new challenges occurring due to the downscaling process [38]. In fact, the improvement 

of the MOSFET structure is a battle against the parasitic phenomena becoming clearer when 

the channel length shrinks down to nanoscale level. Among the main problems appearing 

because of miniaturization we find the short channel effects (SCE) and the hot carrier 

degradation effects, these undesirable phenomena are basically caused by the influence of the 

drain potential on the gate control over the channel, in addition to the presence of an 

interfacial charge density near the drain side. Consequently, the most obvious result of such 

situation is that various characteristics parameters are affected and became dependent on 

channel length. 

 Due to the high costs required for practical implementation of nano-devices, the need for 

other performance criteria measure approaches that are easier to develop is vital [39], 

numerical simulation can be considered as a paramount solution for the design and 

optimization of novel semiconductor devices. Hence, the suitability of  simulation to this field 

is an undiscussed reality.  

The main goal of this chapter is to investigate the appropriateness of our proposed  Graded 

Channel Gate Stack Double Gate MOSFET (GCGS DG MOSFET) structure in dealing 

essentially with the hot-carrier degradation effects. Motivated by the many lacks of 

conventional MOSFET in nanoscale regime, we examine the possibility of developing new 

models assessing the performances of our structure under different combined constraints. Our 

approach for developing such models is based on the surface-potential formalism, which will 

not only enable the accurate description of the GCGS DG MOSFET behavior, but will also 

facilitate the incorporation of new added conditions to the whole approach when needed. The 

rest of this chapter is partitioned as follows: Section III.2. provides the modeling approach for 

principal parameters. Section III.3. presents and discuss simulation results. Finally, Section 

III.4. summarizes some concluding notes.  
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III.2. MODEL FORMULATION 

III.2.1. Surface potential  

A detailed view of the nanoscale GCGS DG MOSFET is depicted in figure.III.1. By 

definition, the whole channel is constituted of a low doping concentration (NAL) region and a 

high doping concentration (NAH) one [40], if we assume the existence of an interfacial charge 

density (Nf) near the drain [41], thus the high doping concentration region can be divided into 

fresh and damaged subregions. The total length of the channel is L, the lengths of the fresh 

subregions I and II are denoted by L1 and L2 respectively, whereas the length of the damaged 

subregion can be deduced as 21 LLLLd −−= . The structure is symmetric with a double-layer 

gate stack, oxide and high-k layers, the doping level of the drain/source region is given by 

ND/S  respectively. 

 

 

 
 
Since the electrostatics potential inside the channel is described by the 2-D Poisson partial 

differential equation: 
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subject to the boundary conditions: 
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Fig. III.1. Cross-sectional view of the GC GS DG MOSFET proposed inner structure. 
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( ) biVy =,0ψ             (III.2.c) 

( ) dsbi VVyL +=,ψ            (III.2.d) 

so we have to resolve such boundary problem separately for each subregion after adding two 

new conditions defined on intermediate frontiers: 

( ) 11, pVyL =ψ             (III.3.a) 

( ) 221 , pVyLL =+ψ            (III.3.b) 

where εox is the oxide permittivity, tsi is the thickness of silicon channel. Vbi is the junction 

voltage between the source/drain and intrinsic silicon with ( ) ( )iSDbi nNqkTV /ln/ /= , ni is the 

intrinsic silicon density and Vds is the drain to source voltage.  

The introduction of effective voltages at the front and bottom gates allow to alleviate 

derivations for symmetric structure as follows: 

MSgseffBeffFg VVVV φ−===∗
,,              (III.4) 

where MSφ  is the gate work function referenced to intrinsic silicon and Vgs represents the gate 

source voltage. The effective oxide layer thickness of insulator layer toxeff  is given by the 

superposition of  the thickness of the SiO2 layer t1 ( 1εε =ox ) and the thickness of the high-k 

layer  t2 (ε2 ) as follows:  

( ) 2211 / tttoxeff εε+=                (III.5) 

Young’s pioneer work showed that by taking a particular profile for the potential distribution, 

many simplifications are provided in term of computational complexity [42]. By adopting the 

same scheme expressed by a parabolic profile as: 

( ) ( ) ( ) ( ) 2, yxcyxbxayx ++=ψ              (III.6) 

we can transform our initial boundary problem to an ordinary differential equation that is 

much easier to resolve. 

After application of the boundary conditions and 
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condition, yields the formula describing the channel potential distribution: 
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where Ψs(x) represents the surface potential at Si/SiO2 frontiers given by y=0 and y=tsi. 

Substituting (III.7) in (III.1), an ordinary differential equation dealing only with the surface 

potential is obtained:  
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              (III.8) 

The general solution of such equation is the sum of the complementary solution given by 

λλ
xx

eAeA
−

+ 21  associated with the homogeneous equation and the particular solution easily 

guessed to be D2λ− . Thus, the general solution of (III.8) has the form 

( ) λλλψ
xx

s eAeADx
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++−= 21
2  , where A1 and A2 are constants determined by satisfying the 

boundary conditions [43]. 

In region I ( 10 Lx ≤≤  ) the equation to be solved is: 
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under the following boundary conditions: 

( ) biVy =,0ψ  

( ) 11, pVyL =ψ  

After some mathematical manipulations we deduce: 
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with 1
2

11 DVpD λφ += and 1
2

1 DVbis λφ +=  

In region II ( 211 LLxL +≤≤ ), by following the same methodology as above for the following 

problem: 

( ) ( ) 2222
2

2 1
Dx

dx

xd
s

s =− ψ
λ

ψ
            (III.11) 

with ∗−= g
si

AH V
qN

D
22

1

λε
 

under the following boundary conditions: 

( ) 11, pVyL =ψ  

( ) 221 , pVyLL =+ψ  

The obtained solution is: 
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with 2
2

22 DV ps λφ += and 2
2

12 DV pD λφ +=  

In region III ( LxLL ≤≤+ 21 ), by the same manner for the equation: 
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 and Cox is the oxide capacitance [44]. 

under the following boundary conditions: 

( ) 221 , pVyLL =+ψ  

( ) dsbi VVyL +=,ψ  

Some mathematical simplifications lead to the solution: 
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with 3
2

3 DVV dsbiD λφ ++= and 3
2

23 DV ps λφ +=  

Vp1 and Vp2 which denote potentials at the boundaries can be deduced by resolving the linear 

system given below, which reflects the continuity equation of the electric field at x=L1 and at 

x=L1+L2: 
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Using the well-known determinant method we get at the end the following expressions:  
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where αi, βi, γi, δi and χi ; i=1,2 are known factors depending on parameters L, L1, L2 , Vbi, Vds 

and λ. 

 



     CHAPTER III – MODELING OF GCGS DG MOSFET IN SUBTHRESHOLD REGION 
 

 47 
 

III.2.2.Threshold voltage 

Based on the set of expressions defining the surface potential in each subregion, the threshold 

voltage can be calculated using the famous condition of the minimum channel potential: 

( ) BVVs
thgs

x φψ 2min =
=

               (III.17) 

where Bφ  represents the bulk potential of silicon body given as ( ) ( )iAHALB nNqkT /ln/ /=φ . 

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

basic equation for all subregions: 

( )
03,2,1 =

∂
∂

x

xsssψ
              (III.18) 

Without big difficulty, we get the following results: 
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It should be pointed out that the minimum surface potential is specified in a global manner by 

taking:  

( )min3min2min1min ,,min ssss ψψψψ =     (III.20) 

If we assume that the minimum surface potential is located in the first healthy subregion, 

then, we have to manipulate the equation: 
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Finally, some mathematical simplifications lead us to the formula [45]: 
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It should be noted that such equation can be easily transformed to an equivalent second 

degree algebraic one dealing with the threshold voltage explicitly. So, the application of the 

familiar quadratic formula suffices to get the threshold voltage. Despite that two possible 

solutions are valid theoretically; the wrong one meaningless physically is eliminated by taking 

into consideration the fact that the device is high sensitive in addition to the good 

correspondence with the fresh device when hot-carriers effects are neglected. 

III.2.3. Subthreshold current 

To study the subthreshold current in presence of the hot-carriers degradation effects, we 

should first determine the properties and characteristics of the current density. It’s important 

to mention that despite its composition of both terms of drift and diffusion currents and due to 

the weak inversion region, the diffusion one dominates. In this case, the current is 

proportional to the electron concentration at the virtual cathode. By adopting in a similar way 

the methodology proposed for 4-T and 3-T DG MOSFET [46], an explicit analytical 

subthreshold current equation is derived for our GCGS DG MOSFET as follows: 
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where Dn denotes the diffusion constant and Vt is the thermal voltage. The potential is 

minimum at a fixed location along the channel where the carriers concentration is given by 

nmin(y). Such quantity can be calculated  by substituting the minimum potential into 

Boltzmann distribution and the electrons density at virtual cathode can be defined as:  
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The subthreshold current adapted to our GCGS DG MOSFET model including interfacial 

traps effects is obtained by integrating  (III.23) along the silicon film to get: 

321 subsubsubsub IIII ++=             (III.25)  

with Isub1, Isub2 and Isub3 are the subthreshold currents associated with the first, second and 

third subregions respectively which are defined by: 
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If the damaged subregion is extended to the whole high doping concentration region ( 02 →L ), 

our initial analytical subthreshold current model reduces to following simple expression:  

21 subsubsub III +=              (III.27) 

with Isub1, and Isub2 are the subthreshold currents associated with the low doping concentration 

subregion and the high doping concentration completely damaged subregion: 
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where Vp is the potential at the boundary given by: 
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III.2.4. Subthreshold swing 

Based on the previous assumption about proportionality between the drain current and the 

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

general subthreshold swing (S) model is given by: 
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An approximate solution for this integral was proved  to have the form: 
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Hence, a closed form expression for subthreshold swing for our GCGS DG MOSFET with the 

hot-carriers degradation effects can be written in case of  1min0 Lx ≤≤   as: 
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A more elementary model can be deduced with some approximations and simplifications as: 
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For a high doping concentration completely damaged region 02 →L . Therefore, a new 

closed form relation is obtained as: 
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For long channel device ( λ>>L  ), a simple new analytical subthreshold swing model can be 

expressed as: 
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III.3. RESULTS AND DISCUSSION 

Parameter values used for the simulation are summarized in TABLE .III.3.  

 

TABLE .III.3. Values of parameters used in the analysis. 

 

 

 

 
 

Parameter Value 
L 2×10-6   cm 
W 1×10-6   cm 
tsi 1×10-6   cm 
t1 1×10-7   cm 
t2 1.5×10-7   cm 
ε1 3.9 
ε2 10 
ni 1.45×1010   cm-3 
NAL 1×1015   cm-3 
NAH 1×1017   cm-3 
µ 1400   cm2/V.s 
ND 1×1020   cm-3 
NS 1×1020   cm-3 
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Figure.II.2. shows the variation of surface potential along the channel for GCGS and 

conventional DG MOSFETs for L=20 nm. Two interesting features can be easily observed, 

first, the incorporation of GCGS design introduces a shift in the surface potential profile along 

the channel compared to the conventional case, which shows the dependency between the 

decrease in this potential and high-k layer parameters. The shift in the potential profile 

screens the region near the source end from the variations in drain voltage and thus ensures 

reduction in threshold voltage roll-off in comparison with conventional DG MOSFETs. Thus, 

gate stack oxide acts as a controlling gate oxide. Second, the surface potential for both 

structures with traps deviates considerably from that of the fresh device where the potential 

surface in the damaged subregion is increased when the interface charges Nf are present. This 

is due to the important effect of the hot-carrier induced localized charge density on the 

electrons transport characteristics (drain current) through the channel. 

 

 

 

 

 

Figure.III.3. compares the threshold voltage roll-off curves as established using our analytical 

model for the conventional and GCGS DG MOSFET, hot-carrier effects for both structures on 

the threshold voltage roll-off is also studied (Nf =0 cm-2 corresponds to the fresh device and   

Nf = 1012 cm-2 to the damaged device). It can be noted that the threshold voltage roll-off 

increases rapidly as the channel length augments to reach the ideal value when L >30 nm.  

What is significant is that the discrepancy of curves associated with each prototype becomes 

more apparent for very short channel length devices (less than 30 nm), which can be 

explained by the fact that the hot-carrier degradation effect contributes essentially in the 

Fig. III.2. Surface potential for Conventional and GCGS DG MOSFET with and without 
traps ((L1=L/2, Ld=L/8 ). 
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nanoscale domain. The curves deposition confirms that the GCGS DG MOSFET with or 

without traps has a higher threshold voltage as compared to conventional DG MOSFET. 

 

 

 

 

 

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

threshold voltage at high drain-drain source voltage (0.5 V) and the threshold voltage value at 

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

its lowest values on curves belonging to GCGS DG MOSFET design without and with traps, 

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

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

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

each type of DG MOSFET (Conventional and GCGS) with and without traps converges to a 

common point ( 250 for GCGS and 475 for Conventional DG MOSFET). It is also observed 

that the DIBL remains unaffected due to the hot carrier density for channel length L > 30 nm.  

 

Fig.III.3. Calculated threshold voltage roll-off for Conventional and GCGS DG MOSFET 
with and without traps (L1=L/2, Ld=L/3). 
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Figure.III.5, shows the variation of subthreshold current as a function of gate voltage. 

Comparison of both considered prototypes of DG MOSFETs (GCGS and Conventional) with 

presence and absence of traps, indicates that the GCGS DG MOSFET structure exhibits better 

performances in term of immunity against the hot-carrier degradation effect, where the OFF-

state current for conventional DG MOSFET with traps have been found to be no longer 

negligible and contribute to standby power where the ratio Ion/Ioff calculated in this case equal 

to 1.11×107. Moreover, due to the augmentation of the ratio Ion/Ioff in the case of GCGS DG 

MOSFET with traps, where the ratio increased to 2.3×109, our proposed structure satisfies 

well requirements of high quality commutation from OFF-state to ON-state needed for 

building efficient downscaled digital circuits. 

  

 

 

Fig.III.4. Variation of DIBL  for Conventional and GCGS DG MOSFET with and without 
traps as function of channel length (L1=L/2, Ld=L/3). 

 

Fig.III.5. Calculated subthreshold current for Conventional and GCGS DG MOSFET with and 
without traps (L1=2L/3, Ld=L/6). 
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Figure.III.6, plots the subthreshold swing as a function of channel length calculated from our 

compact model, this is done for conventional and GCGS DG MOFET structures with and 

without traps. It can be deduced that the subthreshold swing increases rapidly as the channel 

lengths down and reaches the ideal value for L >30 nm. The comparison of the subthreshold 

swing evolution for various cases, shows that the GCGS DG MOSFETs provides better 

subthreshold swing with or without traps, which is a good indicator validating our 

assumptions about the immunity of such new structure particularly when compared to 

conventional devices.  

 

 

 

 

 

 

III.4. CONCLUSION  

In this chapter, a two dimensional model which takes into account the hot-carriers degradation 

effects is used with adequate boundary conditions to investigate the short channel effects, the 

developed model is dedicated to analyze a new proposed structure, GCGS DG MOSFET, a 

performance comparison is also carried out by means of conventional DG MOSFET. Based 

on subthreshold behavior parameters calculation, a considerable improvement was predicted 

in terms of efficiency and immunity against the presence of an interfacial charge density near 

the drain side. Hence, the GCGS DG MOSFET device can emerge as one of the promising 

candidates for reducing the parasitic downscaling resulted effects in low power nano-circuits 

design.

Fig.III.6. Calculated subthreshold swing for Conventional and GCGS DG MOSFET with and 
without traps as a function of  channel length (L1=L/2, Ld=L/3). 
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Chapter ٍٍٍIV  –  
 
 

MODELING OF GS DG MOSFET IN 
LINEAR AND SATURATION REGIONS 

 
 
 
 
 
 
Abstract: Due to the excellent control of DG MOSFETs over the short channel effects, they 

have been considered as a leading candidate to extend the scaling limit of conventional bulk 

MOSFETs. However, the hot carrier injection into gate oxides remains a potential problem in 

reliability field hence altering the device lifetime.  

In the present chapter, comprehensive drain current models including hot-carrier-induced 

degradation effects are developed, the derivation is carried out based on some assumptions 

regarding threshold voltage and mobility. Using obtained models, we have studied the utility 

of adding a high-k layer into the device structure for which an improvement is detected, the 

accuracy and efficiency make our analytic current-voltage models for DG MOSFETs suitable 

for circuit simulation programs.  
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IV.1. INTRODUCTION 

The ongoing downscaling of the bulk technology has resulted in an increase in the transistor 

count and chip sizes. Thus, new structures have been proposed to scale down CMOS 

technology more aggressively, among these non classical structures, double-gate (DG) 

MOSFETs are becoming intense subject of very large scale integration research because of 

their good performances in suppressing effectively short channel effects, and in this respect, 

they are an ideal candidate to enable further dimension miniaturization in deep submicron 

level [47]. In the last years, many approaches for analytic drain current modelling have been 

elaborated, despite the abundance of such literature surveys, the number of models 

incorporating the hot carrier degradation effect is very limited up to our knowledge and the 

development of unified compact models allowing the comparison of different structures based 

on a common framework is an urgent need. The importance of the considered effect is issued 

from its impact on several parameters widely used in circuit design field [48].        

In this chapter, we introduce three analytic drain current models which are suitable for GS DG  

MOSFETs. First, the structure under study is presented in section IV.2. Section IV.3. is 

devoted to the followed steps for the development of the proposed approaches of modeling. 

Obtained  simulation results of the considered structure in term of immunity against hot 

carrier degradation provided by our analytical expressions are illustrated in section IV.4. 

Finally, some concluding remarks are highlighted aiming to open new directions on the light 

of the study particularly in integrated circuit design.     

 

IV.2. DESCRIPTION OF THE STUDIED STRUCTURE 

Figure. IV.1. shows the schematic cross-sectional view of a symmetric DG structure 

considered in this study. To calculate the hot-carrier-damaged drain current we assume that 

the spatial distribution of hot-carrier-induced negative oxide trapping charge density Nf 

( 21210 −≅ cm ) with a length of 1LLLd −= , where L represents the channel length and L1 is the 

fresh region length. NA and ND/S are the doping level of the channel and the drain/source 

( 32010 −≅ cm ) regions, respectively. The studied device is assumed to have a width noted by 

W. The silicon channel thickness and permittivity of the DG MOSFET structure are denoted 

by tsi  and εsi respectively, the intrinsic silicon density ni is taken ( 3101045.1 −×≅ cm ). The 

effective oxide layer thickness of insulator layer toxeff is calculated by combining the thickness 
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of the SiO2 layer t1 with permittivity 1ε  ( 9.3= ) and the thickness of the high-k layer t2 having 

permittivity ε2 ( 10= ) as follows:  

( ) 2211 / tttoxeff εε+=          (IV.1) 

 

     

 

 

 

When the device is operating in or near the saturation region, the electrons moving from the 

source to the drain experience a significant velocity increase caused by the high horizontal 

electric field. Such situation is basically responsible about the hot-carrier injection into the 

gate oxide near the drain side. Although it is quite clear that the hot-carrier-induced oxide 

charge is localized very close to the drain, the shape of the charge distribution profile is not 

known exactly and many shapes have been proposed [49-51]. 

For the derivation of analytical models, we consider the localized oxide-interface charge 

arising from hot-carrier injection to have a uniform charge profile as: 
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As a result of the uniform charge profile, two device parameters are basically altered; first, the 

flat-band voltage is augmented by an additional term in damaged region reflecting the hot-

carrier degradation effect: 

Fig. IV.1. GS DG MOSFET investigated in this work, where region II is the region with 
hot-carrier induced interface charges. 
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where ΦMS represents the work function difference, Qox represents the constant positive oxide-

interface charge density independent of hot-carrier injection. 

The second affected parameter concerns the channel electron mobility, where we have a 

reduction law represented by Mathiessen’s rule in the damaged region [52]: 
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with µ0  represents the bulk mobility, and 
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 ×=
80

103
1000

3 T

Nit
oxµ  is  the oxide-interface 

charge scattering mobility. The mobility model in device simulation is an important parameter 

that greatly affects the calculation results [53, 54]. Once we have all these ingredients in hand, 

the compact model of drain current and small signal parameters can be elaborated 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 considered devices can basically be 

perceived as two subdevices connected in series each having its own threshold voltage Vth and 

channel length. So, in order to get a compact model, individual drain currents are obtained in 

the damaged and fresh regions using the charge density in each part and finally an expression 

for drain current in linear region is obtained  that takes into account the presence of interface 

traps.      

The mobile electron charge along the channel region is expressed using the charge-sheet 

approximation:    

( ) ( ) ( )[ ] ( )( )[ ]2

1

222 biPASiPfbgsoxn VyVqNyVyVVCyQ −+Φ+Φ−−−−= ε   (IV.5) 

Here Vgs represents the gate voltage, and Φp is silicon barrier potential.  

When the DG MOSFET is operating in the linear region, an incremental length, dy, along the 

channel sustains a voltage drop, dV , that can be expressed as the well-known product of the 

drain current, Ids, and the incremental channel resistance: 
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( ) ( ) ( )yQyW
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or  

( ) ( ) ( )ydVyQyWdyI nnds µ−=                  (IV.7) 

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

density over the cross-sectional area of the channel. For the fresh region, we have: 
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where V is the channel voltage. 

Integration of equation (IV.8) is straightforward and consideration of the symmetry of the 

structure, lead for the fresh region (undamaged) to the result: 
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By repeating the above calculations for the damaged region with appropriate modifications, a 

compact analytical drain current model for damaged region can be given as: 
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In (IV.9) and (IV.10), Vp represents the channel voltage at the boundary of the damaged 

region (y=L1). It is easily seen that (IV.9) corresponds to the exact drain current equation of 

an undamaged transistor with channel length L1 and drain voltage Vp. Since a damaged DG 

MOSFET can be considered as two elementary transistors, fresh and damaged regions, having 

different properties and connected in series, we can get the boundary voltage value, Vp, by 

equating both expressions of drain current (IV.9 and IV.10) then resolving the nonlinear 

resulted equation numerically, so that the compact model can be well defined. 

In the linear region, it is assumed that an inversion layer exists along the channel from the 

source to drain, which is true beyond   the threshold and for small drain voltages. However, 

when the drain voltage reaches a certain value the inversion charge at the drain end drops to 

zero. That is, the channel is pinched-off near the drain end, the drain voltage that results in the 

disappearance of the channel is referred to as the saturation voltage, and the corresponding 

current is approximately constant. The expression of the saturation voltage is obtained by 

either one of these two conditions mathematically equivalent: 
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From equations (IV.5) and (IV.11), an analytical model of the saturation drain voltage can be 

given as follows: 
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In the damaged GS DG MOSFET model presented here, the channel-end voltage beyond 

saturation is calculated by taking into account the uniform oxide charge distribution given in 

(IV.2) and the advantages provided by the DG MOSFET design for long channel devices. 

Thus, contrary to the conventional bulk MOSFET transistor in saturation, the channel-end 

voltage does remain equal todsatV . For dsatds VV > , the saturation drain current of the transistor is 

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

the saturation voltagedsatV .  

The Small-signal parameters particularly gm and gds are required basically for analog circuits 

design [55]. These parameters can easily be derived from the device drain current models.  

Transconductance of a device represents the amplification delivered by the device and is 

given as: 

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

obtained as: 
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The ratio of change in the drain current to the change in the drain voltage is called output 

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

The expression of threshold voltage resulted from the incorporation of the precedent flat-band 

voltage is in good agreement with the fact the interface traps leads to an increase in the 

threshold voltage, the detailed expression of the threshold voltage [56] is given below as: 
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 (IV.16) 

However, the threshold voltage of the whole device can be taken as the maximum due to the 

increase law which means a less sensibility hence reflecting the degradation process: 

 )(max
2,1
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i

th VV
=

=     (IV.17) 

The modification of the channel electron mobility due to hot-carrier-effects can be modeled 

using Mathiessen’s law as indicated in (IV.4). 

In strong inversion region, the inversion charge Qn(y) at a point z in the channel is given as: 

 ( ) ( )( ))( yVyVVCyQ thgsoxn −−−=            (IV.18)  

Since the drain current is predominantly given by the drift tendency and can be expressed as: 

( ) ( ) ( )( ) ( )
dy

ydV
yVyVVyWCI thgsoxds −−= µ            (IV.19) 

where dV(y)/dy denotes the channel electric field. 

The solution of such equation can be found in two adjacent channel regions,  by integrating 

both sides of (IV.19) from the source to the boundary of the damaged region L1 then from the 

boundary to the drain, valid expressions of drain current in these regions are carried out as 

follows: 
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    (IV.21) 

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

boundary Vp, by equating equations we get the following second order degree equation 

dealing only with the boundary voltage: 

02 =++ δβα pp VV         (IV.22) 

with 
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The correct solution of the equation is selected using the familiar quadratic formula in 

addition to the elementary condition ( dsp VV ≤≤0 ) and is given by: 

α
αδββ

2
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=pV           (IV.23) 

The saturation voltage expression is obtained using (IV.18) to yield: 
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We can deduce a closed form for small-signal parameters particularly gm and gds using 

equation (IV.20) as follow: 
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Both partial derivatives 
gs

p

V

V

∂
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 and 
ds

p

V

V

∂
∂

can be easily obtained from the analytical expression 

of Vp given in (IV.23). 

 
IV.3.2. Surface potential based drain current model  

In this final model, we propose a global analytical approach for obtaining the characteristics 

of the GS DG MOSFET including hot-carrier degradation effects, based on closed-form 

solutions of Poisson’s and current continuity equations. The model has three distinctive 

features: 

1) The device channel is assumed to be undoped (lightly doped) instead of the usual high 

channel doping density. Such absence of dopant atoms in the channel further reduces the 

mobility degradation by eliminating impurity scattering and avoiding random microscopic 

dopant fluctuations. 

2) The analytic drain current model covers all three regions of MOSFET operations: 

subthreshold, linear, and saturation, thus maintaining strong continuity between different 

regions, without the need for adjustable parameters which are in general meaningless 

physically. 

3) The compact model for GS DG MOSFET including hot-carrier degradation effect is 

derived based on the Pao-Sah integral without the charge sheet approximation, so that the 

volume inversion phenomenon in the subthreshold region can be properly predicted. 

Our proposed long-channel model is ideally suitable for being the kernel of an GS DG 

MOSFET including hot-carrier effects compact formulation. For a complete compact model, 

this long-channel core would need to be enhanced with additional physical effects, such as 

short-channel and quantum mechanical effects. 

We consider the symmetric GS DG undoped n-channel MOSFET including the hot-carrier 

degradation effects illustrated in Fig. IV.1. We also consider a long channel enough in order 

that the device electrostatics is described by 1-D Poisson’s equation in the direction vertical to 

the channel. Neglecting the hole density, Poisson’s equation in the silicon is given by: 
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  (IV.27)   

where q being the electronic charge, ni the intrinsic carrier concentration, εsi the permittivity 

of silicon, ψ(x) the silicon band bending, and V the electron quasi-Fermi potential. 

Since the current mainly flows along the y-direction, we assume that V is constant along the x-

direction; i.e., V=V(y). this is the so called gradual channel approximation. Equation (IV.27) 
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can then be integrated twice to yield the solution [57]: 
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The constant β is related to ψ through the boundary condition deduced from Gauss’s law: 
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Here ∆Ø is the work function of both the top and bottom gate electrodes with respect to the 

intrinsic silicon.  

By substituting (IV.28) into (IV.29), we get a nonlinear equation relating β explicitly to 

different basic parameters:  
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The hot-carrier-induced oxide-interface charge has a significant influence on two device 

properties: (i) it affects the local electric potential in the adjacent drain region, and (ii) it 

changes the local channel electron mobility. The potential effect can be accounted for as an 

additional term in the total mobile charge per unit gate area Qinv in the damaged region. By 

using (IV.28) combined with 
( )

2

2
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xsi
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dx
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, required quantity Qinv  expressed in terms 

of β  yields for each region: 
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The reduction of channel electron mobility can be represented by Mathiessen’s rule as 

proposed in (IV.4). 

For a given Vgs, β can be solved from (IV.30) as a function of V. Note that V varies from the 

source to the drain, the functional dependence of V(y) and β(y) is determined by the current 

continuity equation, which requires the current Ids given by 

( )( )dydddVWQdydVWQI invinvds /// ββµµ == to be constant, independent of V or y. The 

parameter µ is the effective mobility, and W is the device width. Note that dV/dβ can also be 

expressed as a function of β by differentiating (IV.30) to get: 

( )







++−= ββ

βε
ε

β
ββ

tan2tan
12

d

d

t

t

q

kT

d

dV

isox

oxeffsi    (IV.32) 



CHAPTER IV – MODELING OF GS DG MOSFETIN LINEAR AND SATURATION REGIONS 

 67 
 

The solution of Pao–Sah’s integral can be found in two adjacent channel regions, by 

integrating both sides of the continuity equation from the source to the boundary of the 

damaged region L1 then from the boundary to the drain, valid expressions of the drain current 

in these regions are carried out as follows: for the fresh region we have: 
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Substituting different factors in (IV.33) and carrying out the integration analytically:  
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and for the damaged region:  
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Substituting appropriate parameters as previously then carrying out the integration 

analytically yields: 

( )

( )
p

d

p

d

isox

oxeffsi

d

f

isox

oxeffsi

dsi

si
ds

t

t

L

kTWN

t

t

q

kT

Lt

W
I

β

β

β

β

ββ
ε
ε

β
βµ

ββ
ε

εβββεµ









+






−









+−








=

tan
2

cos
ln

4

tan
2

tan
24

2

2
22

2

     (IV.36) 

To compute the drain current we define the following two functions representing the right-

hand side of (IV.30) and (IV.34): 

( ) [ ] βββββ lncoslntan2 +−= rf r            (IV.37) 
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Note that the range of β is 0< β <π/2 and r is a structural parameter defined as 

sioxoxeffis ttr εε /= . For given Vgs and Vds, βs and βd are calculated from the condition (IV.30):  

( ) ( )( )02/ VVkTqf gssr −=β               (IV.39) 

( ) ( )( )dsgsdr VVVkTqf −−= 02/β               (IV.40) 
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At this level, βp can be also obtained numerically by equating drain current expressions of 

both damaged and fresh regions.   

In the limit case of a fresh device, we have all parameters correspond to those of the fresh 

region, hence βp → βd, and as a result our compact model reduces to the drain current model 
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established in [58]:  
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Here we have in hand all ingredients required for the elaboration of the drain current model 

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

( ) ( )[ ]prsrds ggI ββα −            (IV.42) 

Some asymptotic values and dominance rules regarding different operation modes are 

summarized in Table. IV.1. [59-60] 

 

TABLE .IV.1. Asymptotic values and dominance rules for different regions of operation. 
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In the following, the GS DG MOSFET including hot-carrier effects regions of operation are 

derived from this continuous analytical model based on approximations given above. 

1) Subthreshold Region [61]: 

 21 dsdsds III +=          (IV.43) 
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are the subthreshold currents associated with the fresh and damaged regions based on the 

basic diffusion current  [62], ( ) ( )













−= t
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nn e
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yn
qDyJ 1min , where Dn denotes the diffusion 

constant, and  nmin(y) is the minimum carriers concentration at a fixed location along the 

channel. The subthreshold current is proportional to the cross sectional area of the device, but 

independent of toxeff, which is a manifestation of “volume inversion” that cannot be 
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reproduced by standard charge sheet-based I–V models. 

2) Linear Region Above Threshold [63]:  
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where Vth is the threshold voltage, and Cox is the oxide capacitance. 

3) Saturation Region: 

( )
( )





















−−=

−−
kT

VVVq

thgsoxds

pgs

e
q

kT
rVV

L

W
CI

02

2

1
1

2
2µ            (IV.45) 

The saturation current depends on (Vgs-Vth)
2, as expected for a MOSFET. The saturation 

current approaches the saturation value with a difference term exponentially decreasing with 

Vp, in contrast to common piecewise models in which the current is made to be constant in 

saturation [64]. 

Since all precedent expressions of the drain current depends on the voltage at the boundary of 

both regions Vp rather than the parameters βp, an implicit formula for Vp can be obtained from 

the boundary condition (IV.30):  
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IV.4. RESULTS AND DISCUSSION 

IV.4.1. Piece-Wise Drain Current Models 

first model  

Various parameters used in the simulation are summarized in Table .IV.2.  

 
 TABLE .IV.2. Values of parameters used in the simulation based on the first model. 

 
 

 
 
 
 
 
 
 
 
 
 

Parameter Value 
L 1×10-5   cm 
L1 2L/3   cm 
W 2×10-5   cm 
tsi 2×10-6   cm 
t1 2×10-7   cm 
t2 3×10-7   cm 
Nox 1010   cm-2 
NA 1.5×1015   cm-3 
µ0 800   cm2/V.s 
ØMS -0.8385   V 
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The analytical and numerical I-V characteristics of DG and GS DG MOSFETs with and 

without hot-carrier stress are given in Fig. IV.2. It can be seen that GS DG device has higher 

current as compared to DG device and the analytical results are found to be in close 

agreement with the simulated results. It is clear that a reduction in the drain current can be 

observed in the case of damaged devices. This reduction can be explained by the effect of the 

trapped electrons in damaged region on the drain current density. Moreover, the drain current 

degradation becomes more apparent when the gate voltage is increased to higher values. 

 
 

 

 

 

The GS DG MOSFET brings prominent advantages in terms of immunity against the hot-

carrier degradation effect compared to conventional DG MOSFET. As expected, the threshold 

voltage increases with the amount of oxide interface charge. This clearly implies that GS DG 

design leads to a reduction in hot carrier effects and impact ionization and therefore, the hot 

carrier reliability is considerably improved. Fig. IV.3. shows the advantages of introducing a 

high-k layer on the oxide layer of the DG MOSFET structure when considering the existence 

of interface traps over the performance of conventional DG MOSFET. As a result of the drop 

in the biasing voltage of the transistor and the channel carrier mobility, the transconductance 

also decreases. From this figure, it can be clearly seen that the degradation simulated above 

threshold value is increasing with increased gate voltage. It is also observed from the figure 

that GSDG design leads to enhancement in transconductance. A good agreement between 

analytical and simulated results validates the model. 

 

Fig. IV.2. Ids-Vds characteristics for DG and GSDG MOSFETs with and without traps. 
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Fig. IV.4. shows the variation of output conductance with drain voltage for both structures 

including hot-carrier effects. It is observed from the figure that GSDG design leads to 

enhancement in output conductance for linear region operating mode. In addition, a 

degradation of the output conductance has been observed for both designs. It is also observed 

from the figure that the calculated output conductance for the saturation region equal to zero. 

This result can be explained by the constant value of the drain current in the saturation region 

(Fig. IV.2.). 

  

 

 

 

second model  

In order to gain a clear understanding of the behaviour of both structures in response to the 

presence of an interface charge density near the drain side, the degradation of the main 

Fig. IV.3. Transconductance variation for both DG and GSDG MOSFETs including 
hot-carrier effects. 

Fig. IV.4. Output conductance versus drain voltage of DG and GSDG MOSFETs. 
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parameters is studied and the results are presented. All the parameters used in our analysis are 

given in Table .IV.3. 

 

TABLE .IV.3. Values of parameters used in the simulation based on the second model. 

 
 

 

 

As explained in the model formulation, a drop in mobility and an increase of threshold 

voltage lead to a lower drain current in the device. In Fig. IV.5, a typical diagram Ids-Vds is 

shown for virgin and damaged DG MOSFETs in both cases with and without high-k layer, 

where the benefit of including such  layer is well proved through the calculation of 

normalized variation of the drain current 
0ds

ds

I

I∆
 as depicted in Fig. IV.6. 

 

 
 
 
 
 
 

  

Parameter Value 
L 1×10-5   cm 
L1 2L/3   cm 
W 3×10-6   cm 
tsi 3×10-6   cm 
t1 2×10-7   cm 
t2 3×10-7   cm 
Nox 109   cm-2 
NA 1015   cm-3 
µ0 800   cm2/V.s 
Nf 5×1012   cm-2 
ØMS -0.8385   V 

Fig. IV.5. Ids-Vds characteristics of DG MOSFET  before and after stress for both 
cases with and without high-k layer. 
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In Fig. IV.7. the calculated drain current degradation versus hot-carrier damage levels, which 

correspond to different traps densities, is compared with simulation results. The drain current 

degradation is defined as the decrease of the current at Vgs=6V and Vds=8V (saturation 

regime).  

 

 

 

 

 

The transconductance degradation for both designs (with and without high-k layer) was also 

plotted in Fig.IV.7. This figure shows a plot of simulated transconductance degradation with 

respect to the initial transconductance, fresh device, as a function of the traps densities. It can 

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

 

Fig. IV.7. Calculated drain current degradation as function of traps densities for DG 
MOSFET with high-k layer. 
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be noticed that the transconductance decreases as the traps density augments, and reaches a 

low transconductance values when traps density Nf > 1012 cm-2 for both cases (GSDG and DG 

MOSFETs). It is also observed that an improvement, shift in transconductance values, of the 

transconductance is obtained in the case of GSDG MOSFETs for wide interfacial traps range. 

Clearly, the GSDG MOSFET design provides better electrical performances and high hot-

carrier immunity, with respect to DG MOSFET, in deep submicron domain.  

 

 

 

 

  

IV.4.2. Surface potential based drain current model    

Parameters required for the simulation are summarized on the following table: 

  

TABLE .IV.4. Values of parameters used in the simulation based on surface potential model. 

  

 

 

 

 

 

 

 

Figures Fig. IV.9. and Fig. IV.10. show the I-V characteristics of DG and GS DG MOSFETs 

with and without hot-carrier stress. It can be seen that GS DG device has higher current as 

compared to DG device. It is also clear that a reduction in the drain current can be observed in 

Parameter Value 
L 2×10-5   cm 
L1 2L/3   cm 
W 3×10-6   cm 
tsi 2×10-6   cm 
t1 1×10-7   cm 
t2 1.5×10-7   cm 
NA 1015   cm-3 
µ0 800   cm2/V.s 

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

. 
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the case of damaged devices, this reduction can be explained by the effect of the trapped 

electrons in damaged region on the drain current density. Moreover, the drain current 

degradation becomes more apparent when the gate voltage is increased to higher values. The 

GSDG MOSFET brings prominent advantages in terms of immunity against the hot-carrier 

degradation effect compared to conventional DG MOSFET, which clearly implies that GS 

DG design leads to a reduction in hot carrier effects and impact ionization and therefore, the 

hot carrier reliability is considerably improved.    

  

   
 
 
 

 
 

 
 
 
 

Fig. IV.9. Ids-Vds characteristics of DG MOSFET  before and after stress for both cases 
with and without high-k layer. 

Fig. IV.10. Ids-Vgs characteristics of DG MOSFET  before and after stress for 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 electronic simulators do not take into account the 

interfacial hot-carrier-induced degradation phenomenon. This latter is purely experimental and 

very effective in the treatment of the ageing phenomenon. Considering the importance of this 

phenomenon, we developed a model that is related to the degradation effect. The electric 

scheme of the DG MOSFET before and after the setting up of the interfacial hot-carrier-

induced degradation effect is represented in Fig. IV.11. In this Figure, a new current generators 

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

 

  

(a) (b) 

 

 

 

In order to show the impact of our approach on the circuits design, we propose to study the 

gain and cut-off frequency parameters of a single transistor amplifier under stress conditions 

as function of traps densities. The amplifier consisted of a GSDG MOSFET and a drain 

resistance as shown in Fig. IV.12. The drain resistance is set at RD=2KΩ and the gate voltage 

is set to give the maximum gain for fresh device. The (W/L) ratio of the GSDG MOSFET is 

Fig. IV.11. Electric scheme of the GSDG MOSFET without parasitic resistances (a) before 
the implantation of our model, and (b) after the implantation of the interfacial hot-carrier 
degradation effects. 
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(200/100). The gain and cut-off frequency degradations of a single deep submicron GSDG 

MOSFET amplifier with traps densities effects are shown in Fig. 6. The initial gain and cut-

off frequency, for fresh device without high-k layer, are about 8.84 and 528 GHz, 

respectively. However, the gain and cut-off frequency are degraded to about 7.82 and 455 

GHz, respectively, for Nf =5.1012 cm-2. The gain and cut-off frequency are given by 

ro/gGain m= and oxmT C2/gf π= , respectively, where ro represents the output 

conductance of the amplifier, which is considered as constant in saturation region.  

 

 

 

 

From Fig. IV.13., it is also observed that an improvement of the gain and the cut-off 

frequency can be obtained by introducing the high-k layer in the device design. To investigate 

the degradation of the gain and cut-off frequency, the transconductance degradation for both 

designs (with and without high-k layer) was also plotted in Fig. IV.14. This figure shows a 

plot of simulated transconductance degradation with respect to the initial transconductance, 

fresh device, as a function of the traps densities. It can be noticed that the transconductance 

decreases as the traps density augments, and reaches a low transconductance values when 

traps density Nf > 1012 cm-2 for both cases (GSDG and DG MOSFETs). It is also observed 

that an improvement, shift in transconductance values, of the transconductance is obtained in 

the case of GSDG MOSFETs for wide interfacial traps range. Clearly, the GSDG MOSFET 

Fig. IV.12.  Circuit diagram of a single GSDG MOSFET amplifier. 
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design provides better electrical performances and high hot-carrier immunity, with respect to 

DG MOSFET, in deep submicron domain.  

  

 
 

 

 

 

 

IV.6. CONCLUSIONS 

This chapter describes compact modeling approaches to study the performances of GS DG 

MOSFET design including the hot-carrier degradation effects. Based on the development of 

compact analytical expressions valid in the linear and the saturation regions, the complete 

behavior scheme of the device including hot-carrier effects can be established. Besides on 

Fig. IV.13. Gain and cut-off frequency degradations of the GSDG MOSFET amplifier as 
function of interfacial traps densities  

 

Fig. IV.14. Transconductance degradation as function of interfacial traps densities 
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providing information about the long term reliability behavior, the compact modeling 

arguments also help in making a priority order for different prototypes when subject to 

additional constraints. The elaborated analysis in this chapter is mainly relied on 

mathematical modeling and assumptions, taking the advantage of the low computational 

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

 
 
Hot-carrier degradation of MOS devices has been considered as a major reliability problem 

for the past several decades. Empirical and semi-empirical models based on many studies 

have been used in the past to evaluate the hot-carrier reliability of semiconductor 

technologies. Some of the most widely used models are based on simplifying assumptions 

regarding the physical mechanisms responsible for hot-carrier generation, injection and oxide 

degradation. These assumptions have been known to break down in agreesively scaled 

semiconductor technologies. In addition, these models are not capable of predicting hot-

carrier reliability variations across technologies. Finally, one of the major components that 

has been missing in past modeling approaches is the ability to model interactions between 

injected carriers and defects in the oxide. 

The hot-carrier modeling approaches presented in this thesis provides a framework to reflect 

the majority of phenomena occurring in deep submicron MOSFET devices. The use of 

current-continuity and Poisson’s equations allows us to account for the such phenomena in 

various topologies under study.  

Comprehensive models for the drain current in linear and saturation regimes have been 

developed. This allows us to model the degradation process of the current due to the trapping 

of injected electrons at defect sites in the oxide. In addition, the change in the small signal 

parameters caused by injected energetic carriers has been modeled by analytical expressions. 

One of the most significant additions of this research has been the elaboration of a continuous 

I-V characteristics valid for different regimes of the device function: Subthreshold, linear and 

saturation regimes, which is to our knowledge done for the first time. The formation of 

interface traps is the major cause of device degradations due to hot-carrier injection. Using 

our models, the long-term reliability performance of DG MOSFET structures can be 

significantly enhanced. 

As illustrated in Chapters III and IV, we have successfully modeled hot-carrier degradation of 

short and long-channel deep submicron MOSFETs using several analytical models. The 

localized increase of threshold voltage due to trapped electrons in the oxide is shown to result 
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in an effective channel shortening. This latter affects the channel current as well as the 

transconductance of the device. Our simulations accurately predict these phenomena.  

The different approaches presented here represent a first step towards the technological design 

process for building hot-carrier reliability in current and future technologies. However, it’s 

possible to undertake some improvements at the level of the mathematical models described 

to improve the predictability of the modeling approach. Most significantly, an improved 

model for carrier injection mechanisms across the Si-SiO2 interface is required. The injection 

model does not account for several physical mechanisms such as carrier tunneling, quantum 

effects, and interactions with defect levels close to the interface. These physical mechanisms 

have been identified as some of the key reliability modeling requirements in the ITRS 

published by SIA and may need to be addressed through a hybrid simulation approach. 

The modeling technique used in this research attempts to reduce the use of non-physical 

empirical or fitting parameters to study the hot-carrier phenomena. While certain key 

parameters used in our work have to be extracted from a set of experimental data such 

information may not be available on experimental technologies. In such cases, it might be 

possible to obtain similar information from other simulation techniques such as 

commercialized research simulations tools.  

Finally, even though the interface-trap model based on a uniform interfacial charge near the 

drain side close to the interface was sufficient to address the technologies investigated in this 

thesis, several other profiles such as gaussian and trapezoidal forms have been shown to be of 

a great help in the handling of various semiconductor device technologies. One or more of 

these profiles may need to be included in the future to provide a comprehensive set of models 

for carrier degradation effects in the oxide. 
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Abstract 
In recent years, advances in semiconductor manufacturing techniques have driven the associated 

MOSFET sizes close to their physical limits. The presence of mobile carriers in the oxides triggers 

the degradation of device and circuit behavior due to injection of energetic carriers from the silicon 

substrate into the surrounding dielectrics known as “hot-carrier degradation”. This work is 

dedicated to the compact modeling of proposed nanodevices. The thesis is divided into four 

chapters, the first one is reserved to the state of the art of  multi-gate devices. The second describes 

the hot-carrier degradation phenomenon. The followed chapter gives the main steps of the analysis 

of a new device in subthreshold region. Finally, in the last chapter, analytical models for the drain 

current in linear and saturation regions are presented. We hope that this work has succeed in 

reaching the fixed goals and satisfying results too.  

Keywords: Hot-carrier degradation effect, multi-gate device, compact analytical modeling. 

Résumé 
Dans les dernières années, le développement des techniques de matériaux semi-conducteurs a 

engendré la réduction de la taille de la structure MOSFET à l’échelle physique. La présence de 

charge mobile dans l’oxyde déclenche la dégradation des performances de la structure. Le travail 

abordé dans ce mémoire est consacré à la modélisation compacte des structures nanométriques. Le 

mémoire est composé de 4 chapitres, le premier est consacré à l’état de l’art de structure multi-

grille. Le deuxième décrit le processus de dégradation causé par ces défauts d’interface. Le chapitre 

suivant donne les étapes de l’analyse d’une nouvelle structure dans le régime sous seuil. On termine 

par le développement de models analytiques pour le courant du drain dans les régimes linéaire et de 

saturation. Nous pensons que ce travail a permis d’atteindre les objectifs fixés ainsi que des résultats 

satisfaisants. 

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

analytique  compacte. 
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��ده� ال���� ال�����. 56 ال>.*ات ا;خ�!ة  أدت ال"8*رات 56 34.��ت �1�.2 ال)*اد ال.0/ ال.�-�� إل+ ��*غ ال)!آ&�ت ا$ل#"!و��� أ

�D E&�3  إن وC*د ال?�.�ت ال)"�!آ� 56 ا;آ>�� �">&A 56 ��03ن 6��ل�� ال�ارة �>&A ا�"�3ل ال?�.�ت ذات ال�8-� ال��ل��

ال�)O ال)�3م 56 هNM ال)Mآ!ة ��Lف إل+ ال�راس� و . ال>���>�*م إل+ ال�*ازل ال)���8 وه* �� ��!ف �"�FG! ال?�.�ت ال>�خ.�

��د ���*�"!���G��� 06*ل وخ�2T ���1 ح�R أن الO0Q ا;ول �P"L . ال.)�CM ال"������ ل&.��ت �!آ&�ت ��4"*ي ال)Mآ!ة �1+ أر

��دة ال&*ا��ت�"P��3 ال)!آ&�ت ال"( . E1 �V4�.ال?�.�ت ال>�خ.� ال O�6 E1 �&4!"(اه! ال*Wا ل)�"�/ ال!�<Q4 5 ��3م��Xال O0Qال

�.�� �3"!ح� ���Cة 56 ال).Z�4 �38 ال����. ال?*اAY ال���� O���"ال"�ل5 �*\] ال�8*ات ا;س�س�� ل O0Qا;خ�! . ال O0Qو56 ال

و56 ا;خ�! �!C* أن ال�)O ال).E#� aV  .56 آE� O ال).�38 ال���8 و �.�38  ا`ش&�عP4 84*�! �1ة �)�ذج ������4 ل�"��ر �2ل�� 

�Lل b8�(غ ا;ه�اف ال*�� E�.   
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