
 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



1 
SCEs in undoped multiple gate MOS 

COMPACT MODELING OF MULTIPLE 
GATE MOS DEVICES 

 

A Thesis Presented to 

The University of Rovira i Virgili 

Department of Electronic, Electrical and Automatic Engineering 
By 

HAMDY MOHAMED ABD ELHAMID 
In Partial Fulfillment of the Requirements  

for the Degree of Doctor of Philosophy in Electrical and Electronics Engineering 
 

Advisor 

Professor Benjamin Iniguez 
 
 

 

 
University of Rovira i Virgili 

Tarragona-Spain  

2007 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



2 
SCEs in undoped multiple gate MOS 

Contents 

List of symbols--------------------------------------------------------------------------------------------------1 
List of figures ---------------------------------------------------------------------------------------------------3 
List of publications ---------------------------------------------------------------------------------------------6 
Acknowledgement ----------------------------------------------------------------------------------------------9 
 
CHAPTER ONE: Multiple Gate MOS Devices Structures and Performances 

1-A INTRODUCTION .....................................................................................................................14 
1-B FABRICATING CHALLENGES ..................................................................................................17 
1-C MODELING CHALLENGES.......................................................................................................21

CHAPTER TWO: Short Channel Effects (SCEs) in Undoped Multiple Gate MOS Devices 
(2-A) PART (I): SHORT CHANNEL EFFECTS (SCES) IN UNDOPED CYLINDRICAL GATE ALL 

AROUND MOSFET............................................................................................................29 
2A-1 Introduction ....................................................................................................................29 
2A-2 Potential Model Derivation ............................................................................................32 
2A-3 Threshold voltage derivation..........................................................................................37 
2A-4 Threshold Voltage and its sensitivity ..............................................................................40 
2A-5 Subthreshold swing model ..............................................................................................42 

(2-A) PART (II): SHORT CHANNEL EFFECTS (SCES) IN UNDOPED CYLINDRICAL GATE ALL 
AROUND MOSFET INCLUDING DIBL EFFECTS ................................................................44 

2A-6 Potential Model Derivation ............................................................................................44 
2A-7 Virtual Cathode: Value and position..............................................................................49 
2A-8 Inversion charge and Threshold voltage ........................................................................51 
2A-9 Subthreshold Swing model..............................................................................................56 

(2-B) SHORT CHANNEL EFFECTS (SCES) IN UNDOPED DOUBLE GATE MOSFET .......................58 
2B-1 Introduction ....................................................................................................................58 
2B-2 Potential Model Derivation ............................................................................................60 
2B-3 Virtual Cathode: Value and position..............................................................................68 
2B-4 Inversion charge and Threshold voltage ........................................................................69 
2B-5 Subthreshold Swing model..............................................................................................73 

(2-C) A 3-D ANALYTICAL PHYSICALLY-BASED MODELS FOR SHORT CHANNEL EFFECTS IN 
UNDOPED FINFETS ...........................................................................................................76 

2C-1 Introduction....................................................................................................................76 
2C-2 Potential Model Derivation............................................................................................78 
2C-3 Subthreshold Swing Model.............................................................................................85 
2C-4 Threshold Voltage Model ...............................................................................................95 

(2D) SCALABILITY LIMITS OF SURROUNDING GATE MOSFETS AND DOUBLE GATE MOSFETS
........................................................................................................................................104

CHAPTER THREE: Current Transport in Undoped Multiple Gate MOS Devices 

(3A) EXPLICIT CONTINUOUS MODEL FOR LONG CHANNEL UNDOPED MULTIPLE GATE MOSFETS
........................................................................................................................................110 

3A-1 Introduction ..................................................................................................................110 
3A-2 GAA Model and results.................................................................................................111 
3A-3 FinFET long channel model .........................................................................................121 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



3 
SCEs in undoped multiple gate MOS 

3A-4 DG MOSFET Model .....................................................................................................131 
(3B) BALLISTIC AND QUASI BALLISTIC TRANSPORT IN............................................................. 135 
UNDOPED MULTIPLE GATE MOS DEVICES ............................................................................... 135 

3B-1 Introduction ..................................................................................................................135 
3B-2 Ballistic and Quasi Ballistic Transport In DG and GAA MOSFETs............................138 
3B-3 Quasi Ballistic Transport in  undoped FinFET devices................................................151

CHAPTER FOUR: Conclusions and recommendations for the future work 
4-1 SUMMARY........................................................................................................................... 157 
4-2 RECOMMENDATIONS FOR THE FUTURE WORK ..................................................................... 159 

APPENDIX (2A-1)...................................................................................................................161 

APPENDIX (2A-2)...................................................................................................................165 

APPENDIX (2-B) .....................................................................................................................170 

APPENDIX (2-C).....................................................................................................................180 

REFERENCES ........................................................................................................................211 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



4 
SCEs in undoped multiple gate MOS 

LIST OF SYMBOLS 

 

k – Boltzmann constant 

n – free electron concentration 

ni – intrinsic electron density, 1.45*1010 cm-3 at 300 K 

q – electron charge 

t  – gate oxide thickness ox

tSi – silicon film thickness 

Eg – silicon band gap, 1.12 eV at 300 K 

I  – drain current D

L – channel length 

N  – channel doping concentration (of acceptors) A

ND/S – source/drain doping concentration (n+ type) 

Q  – a real density of free carriers under threshold conditions TH

S – subthreshold swing 

T – absolute temperature 

Vbi,i – junction built-in voltage between the source/drain and intrinsic silicon 

V  – drain-to-source voltage DS

V  – gate-to-source voltage GS

V  – threshold voltage TH

V  – long channel threshold voltage TH,long

ΔV  – threshold voltage roll-off TH

β – reciprocal of thermal voltage, q/(kT), 38.68 V-1 at 300 K 

ε0 – dielectric constant of vacuum, 8.854*10-12 F*m-1 

εSi – relative dielectric constant of silicon, 11.9 

 – relative dielectric constant of silicon oxide, 3.9 εox

 – difference between Fermi level and intrinsic level in silicon φB

 – difference between Fermi level and electron quasi-Fermi level φF

λDi – intrinsic Debye length, 48.49 μm at 300 K. 

λj – eigenvalues, j=1, 2, 3, … 
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λ1 – lowest-order eigenvalue, length scale 

χ – electron affinity in silicon, 4.05 eV 

φ – electrostatic potential referenced to Fermi level 

φms – work function difference between gate material and silicon channel 

r – back scattering coeffeicent 

η – fermi energy level 

gd- transconductance 

gd –channel conductance 

v – thermal velocity 
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CHAPTER ONE 

 
Multiple Gate MOS Devices Structures and 

Performances 
 
 

1-A Introduction  
 
Thin film MOSFETs are very attractive for sub-100 nm CMOS applications 

because of their steep subthreshold slope and a low body effect coefficient. SOI 
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microprocessors with a 22% speed improvement over bulk have been reported 

recently [1]. Fully depleted MOSFETs with a gate length of 50 nm and a 

switching speed less than a picosecond [2] have been reported. To minimize short 

channel effects and to maintain full depletion if the doping concentration in the 

channel region is increased, the silicon film thickness must be scaled down with 

gate length. While devices made in films thicker than 20 nm have excellent 

mobility and current drive characteristics [2], significant mobility degradation is 

observed in devices made using a silicon film thickness less than 10 nm [3]. If a 

metal gate is used instead of N polysilicon the doping concentration in the film 

can be reduced, which allows for fully depleted operation in thicker silicon films. 

This decrease of doping concentration, however, degrades the short channel 

characteristics and subthreshold slope through an increase of penetration of the 

drain electric field lines in the channel region [4], [5]. To prevent the electric field 

lines originating at the drain from terminating under the channel region, special 

multiple-gate structure devices have been reported. Such multiple-gate devices 

include double-gate and triple-gate structures such as the quantum wire [6], the 

FinFET [7] and II-channel SOI MOSFET [8], and quadruple-gate devices such as 

the gate all-around (GAA) device [9], the DELTA transistor [10], Omega 

MOSFETs [11], and Pi-gate SOI MOSFETs [12]. It is well known that the 

double-gate (top and bottom gate) silicon-on-insulator (SOI) MOSFET and the 

gate-all-around device are the most suitable device structures for suppressing 

short-channel effects such as DIBL and subthreshold slope degradation [9], [12-

15]. Unfortunately the process proposed to fabricate such devices is incompatible 

with standard CMOS or even SOI CMOS manufacturing. The Pi-gate SOI 

MOSFET structure was first introduced in [12].  
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Different multiple gate structures have been proposed: double-gate MOSFET, 

FinFET, surrounding-gate MOSFET. Fig. 1.1 shows the existing gate 

configuration for thin-film SOI MOSFETs: 1) single gate; 2) double gate; 3) triple 

gate; 4) quadruple gate (or GAA). The new proposed gate structure is a triple-gate 

MOSFET where the gate electrode extends to some depth in the buried oxide on 

both sides of the device. The gate is in the shape of the uppercase Greek (Pi) 

letter. The gate extension in the buried oxide shields the back of the channel 

region from the electric field lines from the drain almost as perfectly as an actual 

back gate would.  

 
Fig. 1.1 the existing gate configuration for thin-film SOI MOSFETs. 

 

Their main advantage is an 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, 
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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 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 (I-Vds characteristics are flatter in saturation), and on the 

other hand the gm/Id characteristics have higher values than in conventional 

MOSFETs. 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. 

 

1-B Fabricating challenges 
 

Anyway, multiple gate structures present some difficulties in fabrication. In 

double-gate MOSFETs, the alignment of the top and the bottom gates to each 

other and to source/drain doping is critical for the device performance; 

misalignment can cause an additional overlap capacitance between gate and 

source or drain, as well as an additional series resistance. 

Because of its intrinsic self-aligned process, FinFET devices seem to be the first 

multiple-gate devices that will appear in the market.  Devices with channel lengths 
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of 18 nm have been successfully fabricated. FinFETs work as double-gate devices 

when the width of the silicon fin is much smaller that its height. 

In triple-gate structures an inversion channel forms not only at the planar sides of 

the device, but also in the corners where two such sides meet. It has been shown 

that  premature inversion can be reached at the corners, which degrades the 

subthreshold characteristics and creates an undesirable kink in the 

transconductance versus gate 

voltage curve [16]. The FinFET is a double-gate device, since the top of the 

silicon fin is  covered by a hard mask. However, due to processing conditions a 

slight lateral over-etch of the hard mask can occur. As a result, the top corners of 

the fins can be exposed to gate oxidation and become the weak point in the gate 

oxide as well as the host of corner  inversion. Similarly, a slight over-etch of the 

buried oxide below the fin will expose the 

bottom corners, in which channels can form as well. Premature corner inversion is 

an undesirable effect. It can be avoided by reducing channel doping or by 

rounding the corners of the fins [16]. In [17], hydrogen anneal prior to gate 

oxidation was proposed to round the corners and thereby reduce leakage currents, 

as shown in Fig. 1.2. Table 1.1 indicate the improvements taken place in DIBL, 

threshold voltage, and subthreshold slope due to smoothening the corners. 
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Fig. 1.2 Schematic and TEM cross section of a FinFET without (A, C) and with (B, D) hydrogen 
annealing [17]. 

 

 
Table 1.1 Threshold voltage, DIBL and subthreshold slope in the n-FinFETs, [17] 

 

Through the previous simulation results for the GAA MOSFETs, the design 

optimization for proper suppression of short-channel effects yields the following 

device parameters[18-19]: 

the gate length, the fin width, and the fin height were all 30 nm, and the gate-

oxide thickness was 2 nm. As a result, the performance of GAA MOSFETs had 

been improved with a cubical channel. 

To study short-channel behavior of corner-effect-free GAA MOSFETs, the 

simulation for ideal cylindrical-channel MOSFETs was performed as shown in 

Fig. 1.3. In the case of ideal cylindrical-channel MOSFETs, the main device 

parameter is the cylinder diameter. The cylinder diameter was set to be 30 nm, 

which was the same as the fin width in the cubical-channel MOSFETs. Fig. 1.3b 

shows the transfer characteristics of the cubical-channel MOSFETs and the ideal 

cylindrical-channel MOSFETs. The results of the simulation were summarized in 

Table 1.2. In cylindrical-channel MOSFETs, the OFF current was remarkably 

reduced because the channels were equally affected by the gate electric field while 

the electric field was out of balance inside the channel in the cubical-channel 

MOSFETs. SS as well as DIBL in the ideal  cylindrical-channel MOSFETs were 

smaller than those in cubical-channel MOSFETs with corner effects. 
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Fig. 1.3. a) Cross-sectional views of the optimized cubical-channel MOSFETs and ideal 
cylindrical-channel MOSFETs without corner effects. In the case of ideal cylindrical-channel 
MOSFETs, the main device parameter is the cylinder diameter. The cylinder diameter was set to 
be 30 nm, which is the same as the fin width in the optimized cubical-channel MOSFETs. b) 
Transfer characteristics of cubical-channel GAA MOSFETs and ideal cylindrical-channel 
MOSFETs. c) The SS as well as DIBL in the ideal cylindricalchannel MOSFETs are smaller than 
that in cubical-channel MOSFETs. d) In cylindrical-channel MOSFETs, the OFF current is 
remarkably reduced[18]. 
 

 
Fig.1.4 TEM view of (a) a single and (b) four channel wrap-around-gate MOSFET, (c) A cross-

sectional view of the n-channel nanowire MOSFET [19] 
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The cylindrical surrounding gate MOSFET, in Fig. 1.4,  allows a more drastic 

reduction of the short-channel effects. In this device, a gate electrode surrounds 

the pillar silicon island, which can be formed by conventional trench process 

techniques. 

For designers, one of the main challenges is to have appropriate threshold voltage 

values for integrated circuits; if the device films are not doped, threshold voltage 

control will rely on successfully using metal gates and engineering the work-

function. 

Another challenge for device engineers is to reduce parasitics, such as the series 

resistance and the fringing capacitance. It has been proposed to reduce the series 

resistance by using metal sources/drains, since the resistivity of metal is two 

orders of magnitude smaller than that of heavily doped silicon. 

 

1-C Modeling challenges 
 

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, valid for DC, AC, transient and 

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

models of the current and the terminal charges (from which capacitances are 

obtained) of the devices. These models should be based on expressions with a 

sufficiently high order of continuity. 

Lack of continuity between the different operating regimes leads to convergence 

problems in circuit simulation. In conventional MOSFETs, there have been a 

trend to move from piecewise models (with continuity problems) to unified 

models with an infinite order of continuity.  Smoothening functions are often used 

to assure the continuity between different operating regimes. For the same 

reasons, multiple-gate MOSFETs will need unified highly continuous models. 

For proper modeling of nanoscale MOSFET for VLSI circuit simulation, accurate 

and physics-based compact models are required. The modeling principles for 

these devices are somewhat different from conventional bulk MOSFETs, since 

volume conduction should be considered. For undoped double-gate and 

surrounding-gate MOSFETs the depletion charge does not need to be included in 

Poisson’s equation, which allows exact analytic solutions of the potential without 

the charge-sheet approximation, valid for all operating regimes. The gradual 

channel approximation (which assumes that the quasi Fermi potential stays 

constant along the direction perpendicular to the channel) is used. A compact 

expression of the channel current is obtained assuming that transport is based on 

drift-diffusion.  

Accurate models for undoped double-gate [20-23] and surrounding-gate 

MOSFETs [20],[24-25] have been recently developed using the above principles, 

showing good agreement with three dimensional numerical simulations. These 

models assume that the electrostatic control of the channel is so good that short-

channel effects can be neglected. The inclusion of short-channel effects in 
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multiple gate MOSFET models, using physical equations and without decreasing 

the order of continuity of the devices, is still a modeling challenge.  

For devices with channel lengths shorter than 50 nm, the drift-diffusion 

mechanism may not be the dominant transport mechanism. Ballistic or quasi-

ballistic transport may occur. Adequate models for nanoscale devices must 

consider the balllistic or quasi-ballistic regime[26-44]. So far, several models have 

been developed for multiple gate MOSFETs in the ballistic regime, in particular 

double-gate and surrounding gate MOSFETs. In these models it has been assumed 

that the electrostatic control of the channel is strong enough, so that short channel 

effects can be neglected. Next step in ballistic regime modeling will be the 

consideration of the short-channel effects. 

Anyway, the main modeling challenge regarding transport is the development of a 

transport model formulation that makes the current tend to the expression in the 

ballistic regime for nanometer channel lengths and to the expression in the drift-

diffusion limit for longer channel lengths. 

On the other hand, for films smaller than 10 nm, quantum confinement in the film 

may not be negligible. The subband contributions should be considered in the 

drain current equation. The quantum effects affect the distribution of charge in the 

film and as a consequence, the threshold voltage (increase of the threshold voltage 

in an n-channel device). Some recent models which consider the band structure of 

silicon have been recently presented. At very low temperatures, quantum 

confinement of the charge becomes more important, and this affects the shape of 

the transconductance characteristics [25], see Fig. 1.5  
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Fig. 1.5. Bottom of subbands and transconductance characteristics of a cylindrical surrounding 
gate MOSFET with a 65 nm diameter Si film Dotted line: measurements [25] Solid line: model. 

Vds =2 mV. 
 

 A succession of peaks and valleys are observed, which correspond, respectively, 

when the bottom of the subbands cross the quasi-Fermi energy levels at the source 

and drain. The location of peaks and valleys has been accurately predicted. These 

models should be still completed with the inclusion of short channel effects. 

In the other hand, most of the work done to study the SCEs for the multiple gate 

MOS devices has neglected the mobile charge density term when solving 

electrostatic potential. However, it is important in the near threshold regime. For 

the Double Gate MOSFETs, Linag et. al [45], developed a 2D potential model 

neglecting the effect of mobile charge term. However they did not introduce any 

explicit threshold voltage model nor a subthreshold swing model (see Fig. 1.6). 

Chen et. al [46] , have considered the effect of the conduction path to calculate the 

SCEs for the DG MOSFETs, but the model is not able to calculate the DIBL 

effect. [47-48] have studied the SCEs for the doped GAA MOS devices, but 

neglecting the mobile charge. Pie et. al [49], introduced subthreshold swing model 
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and the threshold voltage roll-off in the FinFET but for high doped channel 

devices. The model does not  provide a good fitting with the numerical 

simulation, as shown in Fig. 1.7. 

 

 
Fig. 1.6. Analytical solutions of the subthreshold slopes for symmetric and asymmetric DG 

MOSFETs (solid curves) compared with 2-D numerical simulation results (dashed curves)[45] 
 

 
Fig. 1.7 Comparison of subthreshold swing from numerical and analytical solutions for both linear 

(V = 0.1 V) and saturation (V = 1.5 V) regions. [49] 
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In this thesis we study the three undoped multiple gate MOS devices, i.e., Double 

Gate MOSFETs, Cylindrical Gate All Around MOSFET, and Tri-Gate FETs. In 

this work we have modeled the SCEs for the whole three devices considering the 

mobile charge density. The SCEs effects that have been studied through this thesis 

are: Threshold voltage, Subthreshold swing, Threshold voltage roll-off, and DIBL 

effect. The SCEs have been verified with numerical simulation results from 

DESSIS, and the allowable experimental results that were done in the Micro-

electronics Laboratory (DICE) in the Microelectronics Laboratory, Université 

catholique de Louvain, Belgium. 

 The thesis organized as: Chapter (2) modeling of SCEs for the undoped three 

devices, Chapter (3) studies the current transport (Drift-Diffusion, Ballistic, and 

Quasi Ballistic) for the three devices. Finally chapter (4) summarizes the work 

done and the future points that needs to studied. 
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CHAPTER TWO 

 
Short Channel Effects (SCEs) in Undoped 

Multiple Gate MOS Devices 
 

In this Chapter  

This chapter is aimed to study the physics insight of the Multiple Gate MOS 

Devices; Gate All Around MOSFETs, Double Gate MOSFETs, and FinFETs. 

The chapter is divided into four parts based on the device structures,  

Section 2A) is divided into two main Parts, in both parts an analytical, physically-

based, models for the threshold voltage and the subthreshold swing of undoped 

cylindrical  Gate All Around (GAA) MOSFETs have been derived based on an 

analytical solution of the two-dimensional (2-D) Poisson equation (in cylindrical 

coordinates) with the mobile charge term included. In (2A-1), The model was not 

able to calculate the DIBL effects, it was only valid for low drain-source voltages, 

as it was done before by Chen., et. al[46] for the Double Gate MOSFET. In (2A-

2), the model has been modified by solving the 2-D Poisson equation taking into 

account the variations of drain-source voltage, therefore the model was finally 

able to calculate the all SCEs including DIBL effects. 

 

In section 2B) we have studied the Short Channel Effects in the Undoped Double 

Gate MOS Devices, by introducing new models for subthreshold swing, 

Threshold Volatge, Roll-Off and DIBL effects. 
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Section 2C) A 3-D analytical model for the undoped FinFET devices, has been 

studied. We introduced for the first time new models for subthreshold swing, 

threshold voltage, DIBL, and roll-off. 

Section 2D) A comparison have been done between the DG, and GAA MOSFET 

performances at low subthreshold swing value (S=70mV/Dec), and from this 

comparison we have predicted the device dimensions to verify this subthreshold 

swing value. 

For the whole device structures, we have taken into account the mobile charge 

density when solving 2D Poisson equation (in DG MOS Devices), or 3-D Poisson 

equation (in GAA MOS Devices, and FinFET Devices). 

We have verified the GAA, and DG MOS device models by comparison with the 

numerical simulation results. For the FinFET devices we have validated the 

subthreshold swing model with both numerical and expermintalas results done at 

the Microelectronics Laboratory, Université catholique de Louvain, Belgium. The 

rest of FinFET models have been verified by comparison with the numerical 

simulation results. 
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(2-A) Part (I): Short Channel Effects (SCEs) In Undoped 

Cylindrical Gate All Around MOSFET 

 

In this section 

 The Poisson equation in cylindrical coordinates for undoped cylindrical GAA MOSFETs at low 

drain-source voltage values has been solved, and from the electrostatic potential we have 

developed  new models for threshold voltage, subthreshold swing, and threshold voltage roll-off 

[50-53]. 

 

2A-1 Introduction 
 

The Gate All Around (GAA) MOSFET is considered one the most promising 

devices for downscaling below 50nm[54-58]. By surrounding the channel 

completely (Fig. 2A-1a), the gate gains increased electrostatic control of the 

channel and short-channel effects can be drastically suppressed. Apart from the 

benefit of allowing a shorter a channel, the GAA MOSFETs can achieve a higher 

packing density due to their enhanced current drive compared to planar 

MOSFETs. The downscaling of device dimensions has been the primary factor 

leading to improvements in IC performance and cost, which contributes to the 

rapid growth of the semiconductor industry. 

 However, even in GAA MOSFET devices, Short Channel Effects (SCE), 

such as the threshold voltage roll-off, the DIBL and the subthreshold swing 

degradation, cannot be neglected for channel lengths below 100nm [59]. 

The threshold voltage roll-off is a consequence of the charge sharing effect 

and typically considered one of the main indications of the short channel effect 
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(SCE). Another important SCE is the subthreshold swing degradation, which 

leads to a higher off-state current. 

The DIBL (drain-induced barrier lowering) effect occurs when the barrier 

height for channel carriers at the edge of the source is reduced due to the influence 

of drain electric field, upon application of a high drain voltage. As the voltage 

drop between the source and drain increases, the depletion region under the drain 

can lower the potential barrier of the source-to-channel junction. If the barrier 

between the source and channel is decreased, electrons are more freely injected 

into the channel region. Therefore the threshold voltage is lowered and the gate 

has less control of the channel.  

Compact and accurate models of the threshold voltage (including DIBL) and 

the subthreshold swing are needed in order to ease the use of these devices in 

nanoscale integrated circuits.  

Most of the existing GAA MOSFET models are based on one-dimensional (1-

D) analysis, and are suitable only for long-channel devices [58][63-64]. As 

consequence, they are unable to reproduce the roll-off as the channel length is 

reduced.  

A two-dimensional analysis is necessary to derive threshold voltage and 

subthreshold swing models that properly account for the channel length 

dependence. A few 2-D models of the threshold voltage for doped [60-61] and 

undoped [62] GAA MOSFETs have been presented; however, all of them neglect 

the effect of the mobile charge density, which can be important in the near-

threshold regime (in particular for undoped devices).  

In this section, we present 2-D models for the threshold voltage (including the 

DIBL effect), and subthreshold swing of a cylindrical undoped GAA MOSFET 
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including the effect of the mobile charge density. The dependences of channel 

length, thickness and drain-source voltage are accounted for. 

An appropriate definition of the threshold voltage for these devices has been 

used. In bulk MOSFET, it is usually defined as the gate voltage at which the 

surface potential is equal to two times the Fermi level (band bending difference at 

the surface between the Fermi level, and the intrinsic level of silicon in the neutral 

region). Nevertheless, this definition is not adequate for DG and GAA MOSFETs 

(in particular for undoped devices), where there is inversion or accumulation in 

the whole film, and not only at the surface. In DG MOSFETs the threshold 

voltage has been instead defined as the gate voltage at which the minimum sheet 

density of carriers, Q , reaches a value Qinv TH which can be identified as the onset 

of the turn-on condition[46],[65]. We have applied the same definition to GAA 

MOSFETs. 

We observed a quite good agreement with the results obtained from 3-D 

numerical simulations with DESSIS-ISE for different channel lengths/thickness 

and from low to high drain-source voltage values.  The structure of the section is 

the following: subsection (2A-2) explains the derivation of the potential model 

from the solution of the 2D Poisson´s equation. In subsection (2A-3), the 

derivation of the expression of the location of the minimum potential is explained. 

In subsection (2A-4), the derivation of the threshold voltage model, using the 

value of the minimum potential, is presented and its dependence with the silicon 

thickness, channel length and compared with 3D numerical simulation results. 

Subsection (2A-5), presents the model of subthreshold swing. 
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2A-2 Potential Model Derivation 
 

Fig. 2A-1 shows the cross section of the symmetrical GAA-MOSFET considered 

in this work. In order to illustrate the behaviour of the compact model we have 

assumed a GAA-MOSFET with Si-SiO2 interface parallel to (100) plane. The 

channel is undoped (≅1016cm-3), the n+ source and drain are highly doped, and all 

calculations have been done at room temperature. 

 

 
 

Fig. 2A-1. Cylindrical GAA-MOSFET considered in this work, a) 3-D device structure, and b) 
Cross section.  

 

The channel electrostatics under threshold condition is governed by the Poisson 

equation with only the inversion charge term included: 
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nqxr
siε

φ =∇ ),(2                                                  (2A-1) 

where φ  is the electrostatic potential referenced to the Fermi level in the source 

[66-67], the electron density is given as  
TF V

ienn /)( φφ−=

in F

                                                                       (2A-2) 

where  is intrinsic electron density in silicon, VT is the thermal voltage, and φ  

is the non-equilibrium quasi- Fermi level referenced to the Fermi level in the 

source, satisfying the following boundary conditions: 

                                                                       (2A-3) 0),0( =rFφ

,                                                (2A-4)             DSF VrL =),(φ

Vds being the drain voltage.  

The boundary conditions for φ  are given as: 
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where V is the gate voltage, φGS ms is the gate work function referenced to intrinsic 

silicon, and Vbi is the built-in voltage given as ( /ni)ln(NV S/DT ⋅ ,∼0.6V), where NS/D 

is the source/drain doping density. Equation (2A-5) arises from the continuity of 

the normal component of the displacement vector across interfaces. The source- 

and drain-side boundary conditions (2A-6) and (2A-7) are idealized assuming 

negligible depletion regions inside source/drain, which is justified when the 

source and drain junctions are abrupt and source/drain are several orders of 
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magnitude more heavily doped than the  channel as in undoped devices.  

 Determination of the potential φ requires Eq.(2A-1) to be coupled with a 

transport equation (for example, the drift-diffusion equation[75]) for the quasi-

Fermi level φ Numerical simulations shown that φF. F is virtually constant in the 

channel depth direction and varies only in the channel length direction. While it 

incurs most of its change near the drain, it stays close to zero in the mid-channel 

and near-source regions, where the conduction-determining potential barrier (or 

virtual cathode) is located. Based on these observations, φF(x,r) is approximated to 

first order as a 1-D δ-function, i.e., is assumed to be zero everywhere except at the 

end of channel (x=L) where it reaches Vds. Such an approximation is implemented 

by modifying (2A-1) and (2A-7) as follows: 
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                                                                       (2A-9) 

 

 Although this 1-D δ-function approximation of φF makes subsequent solutions 

independent of Vds and the final result not able of directly calculating drain 

induced barrier lowering  (DIBL)[46], it is valid to calculate the threshold voltage 

at low Vds values, and therefore, determine the threshold voltage roll-off. 

Therefore, the problem is formulated as to solve the 2-D Poisson Eq.(2A-8) for 

the potential with boundary conditions given in (2A-5), (2A-6), and (2A-9). That 

is, φ(x,r) is to be written in the following form: 

                                                      (2A-10) +φ=φ φ
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where  is the solution to 1-D Poisson equation: )(1 xφ
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where  is an effective oxide capacitance (per unit area) for the cylindrical 

geometry, given by[67] as: 
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The 1-D equation (2A-11) can be solved [76-78] as: 
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and 

T

bi

V
V

i
eL

B
221
−

λ
+

π
=                                                          (2A-21) 

λi  being the intrinsic Debye length given as: 

                                             (2A-22)                             iSiT qnV /2 εi =λ

 

Fig.2A-2 shows the solution of 1-D Poisson equation in Eq.(2A-19), The 

minimum potential value, , takes place very close to the middle of the channel 

length. 

m0φ

 

 
Fig.2A-2 The potential along the channel (normalized) of 1-D Poisson solution, Eq.(2A-19). The channel 

length is 20nm. 
 
The residual 2-D equation is solved by variable separation,  which is a suitable 

method for solving both Laplace and Poisson equations (a solution guide was 

introduced in Appendix 2A-1): 
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                                (2A-23) 

For  and 0 , , and  are given as: 
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( ))ln( r⋅1)2()( 02 rIrf −⋅⋅= η                                                  (2A-25) η

 

where I , and I0 1, are the zeroth order modified Bessel function of the first kind, 

and the first order modified Bessel function of the first kind. γ(=2B/L) is the 

separation factor and LtB Si⋅= 2/ ⋅η . The total potential can be obtained by 

substituting both Eq.(2A-19), and Eq.(2A-23) in Eq.(2A-10). We have observed 

that the model exhibits the expected symmetry of the potential along the GAA 

MOSFET axis.  

 

2A-3 Threshold voltage derivation 
 

The minimum point at which the potential reaches its minimum value at low Vds 

is approximately at the middle of the channel. The determination of the minimum 
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potential is necessary for the threshold voltage calculation. We rewrite Eq.(2A-10) 

at the minimum potential value as: 

 

                                   (2A-26) ),()(),( min2min1min rxxrx φ+φ=φ

where: 

                                                        (2A-27) omxx φ==φ=φ )5.0()( 1min1

and 

                          (2A-28) ),5.0(),( 2min2 rxrx =⋅φα=φ

)75.06.0( −≅

 

α  is constant and can be calculated from the fact that where 

1/ =
∞→LGSmin dVdφ

212102.1 −⋅≈ cmQT

[65].  

 The threshold voltage is defined as the gate voltage at which the minimum sheet 

density of carriers, Q , reaches a value Qinv TH adequate for identifying the turn-on 

condition[65],[46]. The numerical simulation results indicates that 

H  (Appendix 2A-1). The minimum sheet density of the channel 

carriers Qinv is obtained by integrating their spatial density throughout the entire 

channel thickness at the channel location where the potential is minimum as: 
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V
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( )[ ] TommsGSom VIV
siiinv etnQ /)(0 ηφφφ ⋅−−⋅Λ+⋅⋅≈

                           (2A-29) 

 One step is sufficient to solve the last integration numerically as: 

                     (2A-30) 

where 
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                            (2A-31) 

where , and Csi is the silicon capacitance per unit channel thickness. 

 Applying (2A-30) at the threshold voltage condition we find an explicit 

expression for the threshold voltage as: 
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                    (2A-32) 

Therefore, we have obtained a compact threshold voltage model  for GAA 

MOSFETs.  

If the channel length is long enough (at ≅α ), the parameter  is saturated at 

0.8, and Eq.(2A-32) can be written as: 
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                            (2A-33) 

 From (2A-33) we can observe that, as expected, for long channel devices the 

threshold voltage does not depend on the channel length. 

 We want to remark that quantum effects, which can be important for Si film 

thicknesses smaller than 10 nm, have not been considered in this work; they lead 

to a reduction of the channel charge density and an increase of the threshold 

voltage [69]; however, the quantum correction to the threshold voltage is much 

smaller in lightly doped devices than in highly doped ones [70].  Another effect 

caused by quantum confinement in thin Si films is a small reduction of the 

subthreshold swing [71]; however, as the Si film thickness is decreased, the 

excellent gate control of the channel makes the electron distribution unimportant 

and therefore, the quantum correction to the subthreshold swing becomes 

negligible. 
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2A-4 Threshold Voltage and its sensitivity 
 

A good agreement with the numerical simulation results (for more details about 

numerical simulation see appendix 2A-1) was obtained for different channel 

lengths. Fig.2A-3 shows the plot of the calculated values of the threshold voltage 

versus the  silicon film thickness for two channel lengths. Good agreement is 

obtained with 3-D numerical simulations (using DESSIS-ISE). For L=100 nm the 

long-channel approximation, Eq(2A-33) has been applied. 

 

 
Fig.2A-3 Plots of the threshold voltage versus the Silicon thickness. Comparison between the calculated 
values of the threshold voltage obtained from  a) Eq.(2A-32), and b) Eq.(2A-33), and the values obtained 

from 3-D numerical simulation results (DESSIS-ISE). 
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The threshold roll-off, , is defined as the difference between the threshold 

voltage of a device with a certain channel length and the long-channel threshold 

voltage (which is independent of the channel length). From Eq.(2A-32), and 

Eq.(2A-33) we find: 
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⎛                                                  (2A-34) 

This roll-off model was compared with 3-D numerical simulation results 

(obtained with DESSIS-ISE). As shown in Fig. 2A-4, close agreement was 

observed. 

 

 
Fig. 2A-4 Plots of the threshold voltage versus the channel length. Solid lines: analytical model. Black 

circles: 3-D numerical simulation results (DESSIS-ISE). 
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2A-5 Subthreshold swing model 
 

The point at which the potential reaches to its minimum value can be obtained 

directly results to be, from (2A-19): 

2min
Lx =                                (2A-35) 

The resulting value of the minimum total potential is, from (2A-10): 
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              (2A-36) 

Eq.(2A-36) gives the location of the virtual cathode value. The dependence of the 

virtual cathode value on the biasing values, and the device dimensions are noticed 

through Eq.(2A-36).  

 To find an expression for the subthreshold swing, we assume that the 

subthreshold drain current, Ids, is proportional to the total amount of free electrons 

diffusing over the virtual cathode [72]: 
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where  is denoted as: )(rnm

TV
im enrn /min)( φ⋅=                                           (2A-39) 

Using Eq.(2A-36) in Eq.(2A-38), and taking the value of nm(r) and )(min r
GSV∂

∂φ
at 

r=tSi/2 (to have an approximate solution of the integral) the final subthreshold 

swing is obtained as: 
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II
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S
η

ηηηSiC

                                           (2A-40) 

Therefore, a closed form expression for the subthreshold swing has been 

introduced in Eq.(2A-40). The minus sign in Eq.(2A-40) will be reversed by the 

sign of the cosine function to be positive, where B, is closer to π. A good 

agreement is observed in Fig. 2A-5 compared with the 3-D simulation results for 

different channel lengths. The model introduced in Eq.(2A-40), produces a 

maximum relative error of  about 0.015 for very short channel lengths. 
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Fig. 2A-5 The subthreshold swing for Gate All Around MOSFET with t =5nm, and tsi ox=1.5nm. Diamond 
points:3-D numerical simulation results (DESSIS-ISE); lines: analytical model. 

 

(2-A) Part (II): Short Channel Effects (SCEs) In Undoped 

Cylindrical Gate All Around MOSFET 

Including DIBL Effects 

 
In this section 

The model introduced in the Sec.(2.A-1), was not able to calculated the Short Channel Effects 

SCEs for high drain-source voltage values which limits the model accuracy. In this section, 

analytical, physically-based, models for the threshold voltage, the subthreshold swing and DIBL 

of undoped cylindrical Gate All Around (GAA) MOSFETs have been derived based on an 

analytical solution of the two-dimensional (2-D) Poisson equation (in cylindrical coordinates) 

including the mobile charge term, by using new techniques that allow to consider the effect of 

drain-source voltage[80-81].  

 

 

2A-6 Potential Model Derivation 
 

We shall solve again the Poisson Equation [in Eq. (2A-1)], with complete 

boundary conditions or, 

 

0
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dsbi VVrL =),(                                                                        (2A-7) φ +

The drain current can be written as, 
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where μ is the electron low field mobility, and ro=tsi/2. In subthreshold the quasi-

Fermi potential can be considered to have its value at the source end in most of 

the channel [46]; in fact, this is only the region which significantly contributes to 

the integral in the denominator on the right-hand side of (2A-9) [68].  Therefore, 

for practical purposes, in the 2-D Poisson’s equation we can use the expression of 

the electron density with φF=0 (value of quasi-Fermi potential at the source) 

 n                    (2A-43) 

The potential can be written as the sum of two terms: φo(r), which is the solution 

of the 1D Poisson´s equation in the radial direction, and φ1(x,r), which is the 

solution of the remnant 2D differential equation: 

                  (2A-44) φ φ φ+=

)(0 xTherefore, φ is the solution of: 

nqrφ =∇ )(0
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where   

                              (2A-46) TVr /)(0φ

The boundary conditions of φ are: 
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where  from [25][67], 

                              (2A-49) 

is the solution of the remnant 2D Poisson’s equation: φ
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Assuming φ1(r,x)/VT is small, Eq.(2A-51) can be reduced to be a Laplace equation 

form. Therefore, φ can be considered the solution of: 
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where the boundary conditions of φ can be written as: 
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The solution for the 1-D potential termφ  is given by [58][67] : 
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The solution of (2A-52) with the boundary conditions (2A-53)-(2A-55) is (for 

details about the solving procedure see Appendix 2A-2): 
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where S1, and S2 can be considered scaling factors depending on the device 

dimensions. VA, and VB being the biasing effects due to drain and gate-source 

potentials their values listed below:  
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0sφ  is the surface potential of long-channel devices (1D surface potential, obtained 

from (2A-56) using r=r0), t and t2, 1 are device radius, and the modified oxide 

thickness given by[25][67]. J , and J0 1 are the zeros of Bessel function type zero, 

and one respectively. The constant BBn, in Eq.(2A-56) can be calculated from the 

boundary condition of Eq.(2A-48). The total potential is calculated by using the 

expressions of (2A-56) and (2A-57) in (2A-44). 

A good agreement has been found between the model we have introduced and the 

classical 3D numerical simulation results for both low, and high drain-source 

voltage values as shown in Fig.2A-6 (for V =0.1V). GS
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Fig. 2A-6. The surface potential distribution along the channel, for silicon radius is 5nm, and L is 

20nm.  
  

 

2A-7 Virtual Cathode: Value and position 
 

The virtual cathode, or the minimum potential can be calculated from the total 

potential as: 

min10min ),()()( rxrr φφφ +=                                              (2A-68) 

min1 ),( rxφ is the minimum potential along the longitudinal direction, and can be 

calculated from  

 

                                (2A-69) ),(),( min1min1 rxrx φφ =

Where 
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Using Eq.(2A-70) in Eq.(2A-44) we obtain the following expression of x , min
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where the second term of Eq. (2A-71) is the modified term due to drain-source 

voltage (see Fig. 2A-7).  

At zero drain-source voltage  

2min
Lx =                    (2A-72) 

 However, at high drain-source voltage value the virtual cathode becomes closer 

to source end. 
 

 
Fig.2A-7 Virtual cathode position vs. Drain-Source Voltage. The channel length is 40nm. 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



51 
SCEs in undoped multiple gate MOS 

2A-8 Inversion charge and Threshold voltage 
 

Use the same definition for the inversion charge that introduced before in Eq. 

(2A-29), or 
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The integral in (2A-73) can be approximated by its value at 0.5r0 [21][46]. After 

some mathematical manipulations, one obtains: 
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QTH is the value at which the mobile charge density will reach its threshold value, 

and found numerically to be ~ 1012cm-2.  

In Eq.(2A-74):  

[ ]

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

0

sinh
r

L λ
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅+⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⋅

⋅
⎟
⎠
⎞

⎜
⎝
⎛

=
0

min
0

min
0

min

12

0
sinhsinhsinh

2 r
xV

r
x

r
xLV

S
N

J
S

dsbi

ds

λλλλ

  

(2A-75) 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⋅⋅−⋅
⋅

⎟
⎠
⎞

⎜
⎝
⎛

=

0

00
min

2
2

2

0

sinh

2
sinhsinh

2
2

2
00

min

r
L

r
L

r
x

ee
N

J
S r

L
r

x

gs
λ

λλλ
λλ

gsS

             (2A-76) 

Fig.2A-8 shows threshold voltage for different drain- source voltage values. As 

the radius increases the threshold voltage tends to be independent of it at low Vds. 

However, due to the DIBL we observe a decrease of the threshold voltage at 

higher values of radius when Vds is higher enough.  

In devices where the channel is long with respect to the channel radius, , and 
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dsS  are close to zero. Therefore,  the long channel threshold voltage can be 

written as: 
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Eq. (2A-33) will go to Eq. (2A-77) as α goes to 0.75 

Fig.2A-9 shows that the short-channel threshold voltage model in Eq. (2A-74), 

will tend to the expression of Eq. (2A-77) for long channel devices. 

Eq.(2A-74), and Eq.(2A-77) are the threshold voltage models for both short, and 

long channel devices. The threshold voltage roll-off is obtained as the difference 

between the threshold voltage at a given length, and the long-channel threshold 

voltage Eq.(2A-77) 
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Therefore, we have obtained a complete scalable threshold voltage model for 

GAA MOSFETs. The threshold voltage roll-off at low drain-source voltage value 

(10mV), i.e. Eq.(2A-78), is shown in fig. 2A-10. Good agreement is observed for 

channel lengths down to 30nm. 
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Fig. 2A-8 Threshold voltage vs. channel radius, for different drain-source voltage value. The 

channel length is 60nm. 
 

 
 

Fig. 2A-9 Threshold voltage calculated using the long-channel model (2A-77) and the general 
model (2A-74). Vds=10mV 
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Fig. 2A-10 Threshold Voltage Roll-off vs. channel length for different channel radius, tox=1.5nm, 

Vds=10mV. 
 

 

The DIBL, is obtained from the difference between the threshold voltage at high 

drain-source voltage value (e.g., 1V) and the threshold voltage value at low drain-

source voltage (0.1V), using (2A-74) (see Fig. 2A-11). The threshold voltage 

value at low drain-source voltage is: 
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 V

where  
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Finally, the DIBL is obtained as: 
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Fig. 2A-11 Drain Induced Barrier Lowering coefficient vs. channel length, for different channel 
radius, tox=2nm. 
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2A-9 Subthreshold Swing model 
 

To find an expression for the subthreshold swing, we apply the definition in Eq. 

(2A-38), or 
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Where  is denoted as: )(rnm

 

                                                                  (2A-84) 

 

The integral in (2A-83) can be approximated by its value at 0.5r0. After some 

mathematical manipulations, one obtain: 
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Therefore, a closed form expression for the subthreshold swing is obtained (2A-

85). In Figs. 2A-12 and 2A-13 a good agreement is observed between our model 

(2A-85) and 3-D simulation results for different channel lengths, at low and high 

drain-source voltage, respectively. 
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Fig. 2A-12 Subthreshold swing for Gate All Around MOSFET with t =2nm, Vox ds=10mV. 

Diamond, and Circle points:3-D numerical simulation results (DESSIS-ISE); lines: analytical 
model. 

 

 
Fig. 2A-13 Subthreshold swing for Gate All Around MOSFET with t =2nm, Vox ds=1V. Diamond, 

and Circle points:3-D numerical simulation results (DESSIS-ISE); lines: analytical model. 
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(2-B) Short Channel Effects (SCEs) In Undoped Double 

Gate MOSFET 

 
In this section 

We have developed analytical, physically-based, models for the threshold voltage (including the 

DIBL effect) and the subthreshold swing of undoped symmetrical Double Gate (DG) MOSFETs 

[82-83].  

 

2B-1 Introduction 
 

THE double gate architecture is one of the MOSFET structures with the 

highest potential for the scaling to dimensions below 45 nm [66][25],[93] 

according to the requirements of the Silicon Roadmap in 2016 [79] and beyond. 

The downscaling of device dimensions  improves the IC performance in digital 

and RF applications as well as the cost. However, the two-dimensional 

electrostatic effects become relevant as the channel is aggressively scaled down, 

and may limit the performance of scaled down MOSFETs, including, of course, 

DG MOSFETs. When the channel length shrinks down, the electrostatic 

controllability of the gate over the channel decreases due to the increased charge 

sharing from source/drain [59].  

The main short channel effects, are the threshold voltage roll-off (due to 

charge sharing), the degradation of the subthreshold swing, and the DIBL (drain 

induced barrier lowering) effect. As a result, the off-state current increases and 

the on-off current ratio is degraded, and, therefore, the device performance is 

worsened.  

Compact and accurate models of the threshold voltage, DIBL and the 
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subthreshold swing for DG MOSFETs are needed in order to facilitate and extend 

the use of these devices in integrated circuits. However, fully 2-D analytical 

threshold voltage and subthreshold swing models for DG MOSFETs, and in 

particular for undoped devices, are still missing.  Chen et. al.[46] developed a 2-D 

model for the threshold voltage roll-off of DG undoped devices, but that model 

did not include DIBL effects. Kranti et al [60], Chen et al. in [46], and Suzuki, et 

al., [94-95] presented models that accounted for the DIBL effect, but the devices 

considered were doped and the effect of the mobile charge density was neglected.  

It has to be remarked that undoped DG MOSFETs show better performances than 

doped ones, because of their higher mobility. In undoped devices, the effect of the 

mobile charge density cannot be neglected in the near-threshold regime. It was 

shown by Francis et al. [96], that even in doped DG MOSFETs, in order to apply 

standard methods of threshold voltage extraction, volume inversion should be 

considered when deriving a suitable expression of the threshold voltage.  

therefore, there is a pressing need to develop an analytical threshold voltage 

model based on a solution of the 2-D Poisson’s equation which includes the 

carrier concentration term. 

The model by Munteanu et al. [97] addresses the DIBL effect in a DG MOSFET, 

but requires iterations to obtain the expression of the electrostatic potential, from 

which a threshold voltage equation can be derived; on the other hand, this model 

is only valid for very thin Si films, since it assumes a longitudinal field who does 

not change along the depth of the film. Besides, it is also based on using an 

expression of the quasi-Fermi potential below threshold which was derived only 

for bulk MOSFETs, but which is adapted to DG SOI MOSFETs using fitting 

parameters, the geometry dependence of them are not clear. 

Liang and Taur [45] presented a 2-D analytical solution for the short-channel 
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effects in undoped DG MOSFET; the mobile charge was neglected to solve the 2-

D Poisson’s equation. This approximation is valid well below threshold ( the 

regime in which the model of [45] the threshold voltage roll-off, DIBL and 

subthreshold slope are calculated], but near threshold the mobile charge has an 

effect on the electrostatic potential.  

In this section, we present 2-D models for the threshold voltage (including the 

DIBL effect), and subthreshold swing of a symmetric undoped DG MOSFET 

including the effect of the mobile charge density. The dependences of channel 

length, thickness and drain-source voltage are accounted for. 

We have used an appropriate definition of the threshold voltage for these 

devices. In bulk MOSFET, it is usually defined as the gate voltage at which the 

surface potential is equal to two times the Fermi potential [98]. Nevertheless, this 

definition is not adequate for DG MOSFETs (in particular for undoped devices), 

where the inversion and the accumulation take place in the whole film. The 

threshold voltage can be instead defined as the gate voltage at which the minimum 

sheet density of carriers, Qinv, reaches a value QTH that can be identified as the 

onset of the turn-on condition [46][65]. 

We observed a very good agreement with 3-D numerical simulations of the 

threshold voltage and the subthreshold swing for different values of channel 

lengths and thickness and from low to high drain-source voltage values.   

 

2B-2 Potential Model Derivation 
 

Fig. 2B-1 shows the cross section of the symmetrical DG-MOSFET considered in 

this work. We have assumed a DG-MOSFET with Si-SiO interface parallel to 2 
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(100) plane. The channel is undoped (≅1016cm-3), the n+ source and drain are 

highly doped.  

 

 

Fig. 2B-1 Symmetrical DG-MOSFET considered in this work, a) 3-D device structure, and b) 
Cross section. 

 
 

The channel electrostatics is governed by the Poisson equation. If the device is 

undoped: 

nqyx
siε

φ =∇ ),(2                                                               (2B-1) 

where φ  is the electrostatic potential referenced to the Fermi level in the source 

[25][66], the electron density is given as   
TF V

ienn /)( φφ−=

in F

                                                                (2B-2) 

where  is intrinsic electron density in silicon, VT is the thermal voltage, and φ  
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is the non-equilibrium quasi-Fermi level referenced to the Fermi level in the 

source, satisfying the following boundary conditions (see Fig. 2B-2): 

                                                                     (2B-3) 0),0( =yFφ

F L( dsVy =),                                                                  (2B-4)      φ

 

 
      Fig. 2B-2 Quasi Fermi Potential for DG MOSFET.[46] at Vds=1V, mid-gap work function. 

 

Vds being the drain voltage. The boundary conditions for φ  are given as: 
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dsbi VVyL +=),(                                                             (2B-7) φ

where V is the gate voltage, φGS ms is the gate work function referenced to intrinsic 

silicon, Vbi is the built-in voltage given as (∼0.6V), and t0 is half the Si thickness 

t0=t /2 Si

Assuming drift-diffusion transport, the drain current can be written as: 
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where μ is the electron low field mobility. In the subthreshold regime the quasi-

Fermi potential retains  its value at the source end in most of the channel [46]; in 

fact, this region with a constant value of  φ  is the only region which significantly 

contributes to the integral in the denominator on the right-hand side of (2B-9) 

[68].  Therefore, for practical purposes, in the 2-D Poisson’s equation (2B-1) we 

can use the expression of the electron density with φF=0 (value of quasi-Fermi 

potential at the source, see Fig. 2B-2) 
TVyx

ienn /),(φ=                    (2B-10) 

In order to find an analytical solution, we apply the superposition principle, and 

we write the potential φ (x,y) as the sum of two terms: φ1D(y), which is the 

solution of the 1-D Poisson´s equation in the direction perpendicular to the 

channel , and φ2D(x,y), which is the solution of the residual 2-D differential 

equation: 
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φ is the solution of: Therefore, 

nqy
si

D ε
φ =∇ )(1

2

)(0 y

                  (2B-12) 

where   
TD Vy

ienn /)(1φ=                               (2B-13) 

The boundary conditions of φ are: 

0
0

1 =
∂
∂

=y

D

y
φ

                              (2B-14) 

And 

[ ]
oty

D
siDmsGS

ox

ox

y
tyV

t =∂
∂
⋅−==−−⋅ 1

01 )( φ
εφφ

ε
                       (2B-15) 

where 

20
sit

t =

),(2 yxD

                                (2B-16) 

φ is the solution of the residual 2-D Poisson’s Equation: 
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                           (2B-18) 

Assuming φ2D/VT is small Eq.2B-18 can be reduced to be a Laplace equation’s. 

This is a reasonable approximation in well behaved devices, with not too strong 

short-channel effects. This is equivalent to use the superposition of a 1D solution 

of the Poisson’s equation assuming a 1D distribution of the mobile charge, and a 

2D solution of Laplace’s equation. Therefore, φ can be considered the 

solution of: 
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Using (2B-11), the boundary conditions of φ can be written as: 
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The solution for the 1-D potential termφ  is given by [66]: 
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The solution of (2B-19) with the boundary conditions (2B-20)-(2B-22) is (for 

details about the procedure to obtain it see Appendix 2B): 
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 S , and S   depend on the device dimensions, and given by 1 2
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( ) rC=⋅ λλ tan2                             (2B-31) 

0sφ  is the surface potential of long-channel devices (1D surface potential, obtained 

from (2B-23) using y=t ). The constant B0 Bn, in Eq.(2B-23) can be calculated from 

the boundary condition listed in Eq. (2B-15). The total potential is calculated by 

using (2B-23) and (2B-24) in  Eq. (2B-11). 

A good agreement has been obtained between the model we have introduced and 

the 2D numerical simulation results for low, and high drain-source voltage values, 

as shown in Fig. 2B-3 (for VGS=1V). For a long channel device, the device 

electrostatic potential follows the 1D potential component as shown in Fig. 2B-3a, 

whereas as we scaled down the device length, the electrostatic potential follows 

the 2D potential distributions as shown in (Fig. 2B-3b).   

The quantum effects, which become relevant for Si film thickness smaller than 10 

nm, have not been considered in this work. They originate a reduction of the 

channel charge density and an increase of the threshold voltage [69]. Anyway, the 

quantum correction to the threshold voltage is much smaller in lightly doped 

devices than in highly doped ones [70].  On the other hand, the small reduction of 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



67 
SCEs in undoped multiple gate MOS 

the subthreshold swing [71] caused by the quantum confinement in thin Si films 

becomes negligible in extremenly thin Si films [71]. 

 

 

 
Fig. 2B-3. The center potential distribution along the channel, for a) L=200nm, b)L=50nm, and 

Vds=1V, mid-gap work function have assumed, Vds=1V. 
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2B-3 Virtual Cathode: Value and position 
 

The minimum potential can be calculated (as defined in Eq. (2A-68)) from the 

total potential as: 

 

min ,(xφ
min21 ),()() yxyy DD φφ +=                                             (2B-32) 

min2 ),( yxDφ is the minimum potential along the longitudinal direction, and can be 

obtained from, 

),(),( min2min2 yxyx DD φφ =                              (2B-33) 
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(2B-35) 

We can see from Eq.2B-35, that at zero drain-source voltage nx =0.5L. At high 

drain-source voltage value the virtual cathode becomes closer to source end. 

By substituting Eq. (2B-35) into the total potential equation (2B-32), we obtain 

the virtual cathode value at different Si thickness as shown in Fig. (2B-4), for long 

channel devices (Fig. 2B-4a), and for  short channel devices (Fig. 2B-4b). 
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Fig. 2B-4. The minimum potential value, for a) L=200nm, and b)L=50nm 

 

2B-4 Inversion charge and Threshold voltage 
 

The carrier charge sheet density Qinv at the potential minimum is obtained by 

integrating its spatial density throughout the entire film thickness:  

 

[ ]∫=
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The integral in (2B-36) can be approximated by considering the integrand fixed at 

its value at 0.5t0.( See Appendix 2B), since, as shown by Chen et al. [46], that is 

the location of the effective conductive path (validated with numerical 

simulations).  After some mathematical manipulations, we obtain: 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⋅
⋅

−
+= dsS

tin
THQ

TV
gsSmsTHV

o2
ln

1
1φ                   (2B-37) 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



70 
SCEs in undoped multiple gate MOS 

QTH is the value at which the inversion charge a threshold value, and found 

numerically to be ~ 3.1010cm-2 [46]. In Eq. (2B-37), 
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In devices where the channel is long with respect to the channel thickness,  is 

close to zero. Therefore, the long channel threshold voltage can be written as: 
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The threshold voltage derived in Eq. 2B-37, tends to the theoretical long channel 

value (2B-40) as the channel length increases. For long enough channels, Sds tends 

to zero and the threshold voltage expression reduces to the one reported by Chen 

et. al., [46],  
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Eq.(2B-41), and Eq.(2B-37) constitute the threshold voltage compact models for 

both short, and long channel devices. The DG-MOSFET threshold voltage roll-off 

can be written as the difference between the values of threshold voltage calculated 

using  Eq. 2B-41 and Eq. 2B-37, 
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The threshold voltage roll-off shows a good agreement with the numerical results 
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published by Frank, et. al., [85], which include the DIBL effect, shown in 

Fig.(2B-5b). 

 

 

 
Fig. 2B-5 Threshold Voltage Roll-off vs. channel length, for different channel thickness. a)Vds= 

20mV, b) Vds=1V. 
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The decrease of the threshold voltage with Vds is due to the DIBL effect. The 

DIBL has to be determined from the difference between the threshold voltage at 

high drain-source voltage value (e.g., 1V) and the threshold voltage value at low 

drain-source voltage (0.1V), using (2B-37) .  

The threshold voltage value at low drain-source voltage is, from (2B-37): 
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where
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The DIBL coefficient can therefore be written as: 
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As shown in Fig. (2B-6), very good agreement has been obtained with 2-D 

numerical simulations using DESSIS-ISE for channel lengths down to 30 nm. 
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This confirms that the approximations done do not significantly hamper the 

accuracy of the model. 

 

 
Fig. 2B-6 Drain Induced Barrier Lowering coefficient vs. channel length, for different channel 

thickness. 
 

2B-5 Subthreshold Swing model 
 

To find an expression for the subthreshold swing, following [72] we assume that 

the subthreshold drain current, ID, is proportional to the total amount of the free 

electrons diffusing over the virtual cathode (see Fig.2B-7):  
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                                                   (2B-47) 

 

 The subthreshold swing, S, can be expressed as: 
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Fig. 2B-7 Virtual cathode position vs. channel length, for different Drain-source, and Gate-source 

potential . 
 

The  integral in (2B-48) can be approximated (See Appendix 2B) by considering 

the integrand fixed at its value at 0.5t0 ; that is the location of the effective 

conduction path. It was demonstrated that good agreement with numerical 

simulation results is only possible taking the integrand at the location of the 

effective conduction path. Taking it at the middle of the film leads to significant 

differences with numerical simulations (clearly observed in [72]). After some 

mathematical manipulations, we obtain: 
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(2B-50) 

Therefore, a closed form for the subthreshold swing has been introduced in 

Eq.(2B-50). A good agreement is observed in Fig.2B-8 with the 2-D simulation 

results for different channel lengths (at Vds=10 mV). 

 

 

 
Fig.2B-8 Subthreshold swing for DG MOSFET with t =2nm.  Vox ds=10 mV. 
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(2-C) A 3-D Analytical Physically-Based Models for Short 

Channel Effects in Undoped FinFETs 

 
In this section 

An analytical, physically-based analysis for undoped FinFET devices in the 

subthreshold and near threshold regimes has been developed by solving the 3-D Poisson 

equation, in which the mobile charge term was included. From this analysis, a subthreshold 

swing model has been developed; this model is also based on a new physically-based analysis of 

the conduction path. The subthreshold swing model has been verified by comparison with 3-D 

numerical simulations and measured values; a very good agreement with both 3-D numerical 

simulation and the experimental results was observed. Also, we have developed analytical 

models, for threshold voltage, threshold voltage-roll off, and DIBL effects. We have observed 

from the analysis that the FinFET height has a smaller effect than the FinFET width on the 

threshold voltage calculations. The threshold voltage calculations are based on extracting a 

threshold charge from the numerical simulation results of the long channel devices. The models 

of threshold voltage, Roll-off, DIBL effects have been verified by comparison with 3-D 

numerical simulations(DESSIS-ISE); a very good agreement with both 3-D numerical 

simulation has been obtained[99-101].   

 

 

2C-1 Introduction 
 

As discussed before the double-gate metal-oxide-semiconductor field-effect 

transistor (DG MOSFET) structure minimizes short channel effects in order to 

allow a more aggressive device downscaling [102]. Numerical simulations have 

shown that it can be scalable down to 10-nm gate length [103-104]. However, 

process complexity can pose a serious technological barrier to the development of 
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double-gate devices. In 1998, Hisamoto et al. introduced the FinFET , 

demonstrating a not very complex process that yielded n-channel devices with 

promising performance and scalability [105]. The FinFET uses a single poly-Si 

layer deposited over a silicon fin patterned to form perfectly aligned gates 

straddling the fin structure for optimal performance. P-channel FinFETs were 

subsequently demonstrated using a similar fabrication process and showed 

excellent and characteristics [106]. Undoped devices are particularly interesting, 

since they offer higher mobility (because of the decrease of the body scattering 

effects).  

 So far very little work has been done on the analytical modeling of 

FinFET devices, although there have been some works studying the FinFET 

performance through numerical simulation [107], or studying the device physics 

from experimental data [108-120]. The reason why so far there is so little work on 

analytical modeling has probably something to do with the fact that, as the devices 

dimensions are scaled down, the 3-D electrostatics becomes significant and 

compact model development becomes a difficult problem to solve.  

 G. Pei, et. al., [49], presented 3-D subthreshold swing and threshold 

voltage roll-off models, but they are only valid for doped FinFET devices, i.e. 

neglecting the mobile charge term (and therefore neglecting volume inversion). 

However, in undoped devices the mobile charge will affect the electrostatic 

performance, at least in the near threshold regime. In this work, we introduce an 

analytical analysis of the 3-D electrostatics for undoped FinFET in the 

subthreshold and near threshold regimes, and consequently we develop a 

subthreshold swing model, threshold voltage model, threshold voltage roll-off, 

and DIBL effects, which have been validated by comparison with both 3-D 

numerical simulations, and experimental measurements. The devices, fabricated 
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by the IMEC research group (Leuven, Belgium), have been characterized in the 

Microelectronics Laboratory, Université catholique de Louvain, Belgium. The fin 

height is 60nm, with different channel lengths, and different fin widths.  

 

2C-2 Potential Model Derivation 
 

Fig. 2C-1 shows the FinFET structure considered in this work. The channel is 

practically undoped (≅1015cm-3), the n+ source and drain are highly doped, buried 

oxide thickness thickness of 150nm, oxide thickness 1.5nm, mid-gap work 

function, and all measurements and calculations have been done at room 

temperature. 

 

 
Fig. 2C-1. FinFET Cross section for this work, and also that used in simulator, a) xz- device 

structure, and b) yz. device structure 
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As the channel length becomes comparable with the fin height and fin width, the 

channel electrostatics for the device is governed by the 3-D Poisson’s equation, 

with only the mobile charge term included: 
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The electron density is given as   

 

           (2-C2) 

where  is intrinsic electron density in silicon, V  is the thermal voltage, and T φ  

is the non-equilibrium quasi- Fermi level referenced to the Fermi level in the 

source, satisfying the following boundary conditions: 

 

                                                                        (2C-3) )0(Fφ 0=

,                                                              (2C-4)            dsF VL =)(φ

Vds being the drain-source voltage. Before listing the boundary condition, we need 

to mention that the model we shall introduce can be applied for: DG MOSFET (if 

we consider the fin height is very long), Square Gate All Around MOSFET (if we 

have take into account the bottom gate potential, VGS2 see Fig. 2C-1), and finally 

FinFET (if we ground the bottom gate, and use the same oxide thickness for both 

the right-left and top gates). 

 

The boundary conditions for φ  based on the whole alternative device, are given 

as: 
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1) Boundary condition of right gate 
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2) Boundary condition of left gate   
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3) Boundary condition of top gate 
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4) Boundary condition of bottom gate 
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Notice that we have considered that VGS1 is the potential applied on both left/right 

and top gate. Also, we have considered that the bottom gate biasing (it will be the 

buried oxide for FinFET as example) is not the same potential as the top gate, 

VGS1. From the last boundary condition (2C-8) we can say that the device can be 

identified as a FinFET with and without a back gate biasing, as Square Gate All 

Around by setting V  and VGS1 GS2 at the same value (if the oxide thickness has the 

same value everywhere), and finally as a DG MOSFET by removing the top and 

bottom gate (this can done if considered very high values for the top and bottom 

gate the oxide thickness). The boundary condition at the source and drain and can 

be written as, 

At the source end 

φ           (2C-9)  

At the drain end, 
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dsbi VVzyL +=),,(                            (2C-10) φ

We should mention here that we have assumed that the Source/Drain to channel 

junction  is abruptly doped, and we have neglected the corner effects. 

In the above equations φms is the gate work function referred to intrinsic silicon, 

and Vbi is the built-in voltage given as (∼0.6V, ln(NVT ⋅ )/n iS/D ), where Equations 

(2C-5 to 2C-8) arise from the continuity of the normal component of the 

displacement vector across interface.  
To solve the potential in Eq. (2C-1) using the last boundary conditions we have 

considered that the potential will be the sum of three potential (the third 

component included in 2D solution) components as, 
),,(),(), 32 zyxzyz DD,( yx φφφ +=                  (2C-11) 

Where φ2D(y,z) is the 2D potential and is related to 1D potential as, 
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Assuming drift-diffusion transport, the drain current can be written as: 
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In the subthreshold regime the quasi-Fermi potential retains  its value at the source 

end in most of the channel [46]; in fact, this region with a constant value of  φ is  
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the only region which significantly contributes to the integral in the denominator 

on the right-hand side of (2C-14’) [68].  Therefore, for practical purposes, in the 

3-D Poisson’s equation (2C-1) we can use the expression of the electron density 

with 0=Fφ  (value of the quasi-Fermi potential at the source). 

φ1D(y) is the solution of, 
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with the following boundary conditions, 
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And (symmetric boundary condition), 
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We found that (see appendix 2B), 
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, δ,α , and αB  are indicated in Appendix 2C. Bn o 1

),,(3 zyxDφ is the solution of the residual 3-D Poisson’s Equation: 

[ ]1/),,(/),( 32 −TDTD VzyxVyx eq φφ),,(3
2 =∇ i

si
D enzyx

ε
φ                          (2C-19) 

Assuming φ3D/VT is small Eq.2C-19 can be reduced to be a Laplace equation’s. 

This is a reasonable approximation in well behaved devices, with not too strong 

short-channel effects. This is equivalent to use the superposition of a 2D solution 

of the Poisson’s equation assuming a 2D distribution of the mobile charge, and a 
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),,(3 zyxD3D solution of Laplace’s equation. Therefore, φ can be considered the 

solution of:  
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with boundary conditions, 
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After solving the potential for the last components (See Appendix 2C), we 

obtained that 
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Where ΔP , ΔR , ΔR , S , and S2 o 1 o 1 are scaling factors, and their values have been 

indicated in Appendix 2C. λ y, λ z, and λx are the eigen values (see Appendix 

2C), where, 

22
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We need to mention here that we have used the lowest eigen value, for both λ y, 

and λ .  λz zo and λz1 (that appeared in the summation of Eq. (2C-25)) are due to top, 

and bottom gate boundary conditions.  

The total 3-D potential, is obtained by applying Eq. (2C-11) to the potential 

components (sum of Eq. 2C-12 and 2C-25). 

Fig. 2C-2 shows the potential along the device channel, due to Eq. 2C-25, at the 

top gate and cut line at y=WFIN /2 (i.e., at center of the top surface and along the 

channel), for a drain-source voltage is 1V, and channel length is 50nm. The model 

have been tested for different channel length in appendix 2C. 

 

 
Fig. 2C-2 3-D potential distribution along channel length , with toxo=tox1=2nm, and buried oxide 

thickness 200nm, and V =0V, and V=0.2V, V ds =1V mid-gap work function GS1 GS2
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2C-3 Subthreshold Swing Model 
 

Considering the potential distribution all over the channel region, the location of 

the minimum potential in the channel length direction, known as the “virtual 

cathode,” is of great usefulness for the device modeling purpose. This location 

corresponds to the maximum of an energy barrier, over which free electrons 

diffuse from the source and then are swept into the drain forming the subthreshold 

drain current. 

By setting, 
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where xmin is the location of the virtual cathode, the electrostatic potential at the 

virtual cathode can found by replacing (x) in the potential equation by its 

minimum value. where, 
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                (2C-30) 

As expected, the minimum position will not be dependent on the device width 

(from the devices symmetry on y direction), but it is dependent on the height 

position. We found that the effect of the position along the fin height on the 

virtual cathode value, is very small. The main effects come from the drain-source 

potential no matter the device dimensions (see Appendix 2C).  

The subthreshold drain current, ID, is proportional to the total amount of free 

electrons diffusing over the virtual cathode, that is, 
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, Hwhere WFIN FIN are the device width and device height. φF is the difference 

between the equilibrium Fermi level and non-equilibrium quasi-Fermi level (the 

quasi-Fermi level referred to the Fermi level, φF, is assumed to be constant in the 

channel depth and channel height direction where practically no current flow 

occurs) caused by the current flow in the channel length direction, the 

subthreshold swing can be expressed as, 
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Where nm(y,z) is introduced to denote, 
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By substituting the virtual cathode value into Eq. (2C-32), the solution of Eq. (2C-

32), can be expressed as, 

 

     (2C-34) 
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Where K , and K  are scaling factors shown in Appendix 2C. y1 2 c, and zc are the 

conduction paths due to Left/Right Gate, and Top gate respectively. 

The exact value for both yc,  and zc can be calculated from, 
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For high doping (NC-) values, the dopant induced field is significant, so that the 

surface potential is much greater than the center potential and the overall 

conduction is highly confined to surfaces [95]. Consequently, the effective 

conducting path is found at surfaces subjected to immediate gate control, resulting 

in an improved S. With decreasing NC-values, a weakened dopant induced field 

leads to a flatter shape of potential profile such that the effective conducting path 

retreats from surfaces into depth, causing weakened gate control and a larger S. 

Finally, the dopant induced field becomes negligible at low NA values, and then 

the potential profile is virtually determined by 3-D effects alone. Consequently, 

the effective conducting path no longer shifts with NA, resulting in a constant S 

value. In undoped (or lightly doped) FinFET devices, the electrostatic potential, 
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being determined by 3-D effects, is greater at the channel center (y =0) [121] than 

at the surfaces (y = ±to ), making the channel center more leaky than anywhere 

else. However, the difference between the surface and center potentials is quite 

small because of the 3-D nature of its formation and significantly less than that in 

heavily doped cases.  Due to this relatively even spreading of free electrons, 

known as volume inversion [122], the overall conduction, yc, is not confined to the 

channel center and the effective conducting path should be somewhere in-between 

surfaces and channel center. However the situation will be a quite different for zc,  

because of the asymmetric structure in vertical direction (z-direction), where due 

the zero potential applied to the buried oxide, the electric field at the fin bottom-

surface, which will shift the conduction path to be closer to the top gate surface. 

Moreover, the quantum effect will affect  the conduction path location for both 

doped and undoped devices; however, we consider here a device with sizes large 

enough to neglect the quantum confinement.  

  

Mathematically, the integration in y-direction of Eq. (2C-32) can be 

approximated, due to the device symmetry in y-direction, by its value at y=to/2; 

however this cannot be done in z-direction due to the asymmetric device structure. 

This means that the yc will be closer to y=to/2 (i.e., WFIN/4). At high drain-source 

the virtual cathode position will go towards the source end, but this will not 

prevent the effect of drain-source voltage on the virtual cathode value (i.e., DIBL 

effect), (see Fig. 2C-1, and potential equation). The increase of drain-source 

potential will raise the FinFET electric field at the back interface, and the 

conduction path ‘zc’ will shift up more towards the top gate surface. Its is 

expected that both conduction paths will be strong functions of both device 

dimensions ratios (i.e. W /HFIN FIN), and devices biasing (i.e., x /0.5L). min
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Fig. 2C-3 shows the SEM, and TEM images for a one of FinFET device, where its 

wider as we going towards the top gate, which is more clearly in the schematic 

diagram in right side of the same figure. 

 

 

 

 
Fig. 2C-3 FinFET SEM , and TEM image used through this work. 

 

 

 A good agreement have been obtained in Fig. 2C-4(a) and (b), at low Vds 

value, for yc approximately t /2, and zo c at approximately at 95% of fin height.  
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Fig. 2C-4 Subthreshold swing at low drain-source voltage, a) vs. Fin width, and b) vs. Channel 

length. Solid lines in (a) and (b), are for our model, the dashed circle are the numerical results, and 
the stars, and triangular in (a) are the experimental results 
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Fig. 2C-5 Subthreshold swing at high drain-source voltage, a) S vs. FIN width, and b) S vs. 

Channel length. Solid lines in (a) and (b), are for our model, the dashed circle are the numerical 
results, and the stars, and triangular in (a) are the experimental results 
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At high Vds values, as we have mentioned before, the electric field will increase at 

the back surface compared to the top gate surface, which will push the conduction 

path toward the top surface. A good agreement has been obtained in Fig. 2C-5(a) 

and (b), at high Vds value, for yc approximately WFIN/4 from the center along y-

axis, and zc at approximately at 0.99H  from the bottom interface. FIN

The sub-figure shown in Fig. 2C-4(a), (device cross section), shows the actual 

devices shape. The device width is wider at the top gate than at the center (by 

ΔW ). And since the conduction path, “z1 c”, at low Vds value is far from the surface, 

this effect will lead to a negligible value of the effective fin width. However, for 

high drain-source voltages the conduction path, “zc” will be pushed up toward the 

surface at which the fin width becomes wider than the last case (at which 

ΔW >ΔW2 1), which will introduce a higher subthreshold current and consequently 

a higher subthreshold swing value, as shown in Fig. 2C-5.a at WFIN =70nm. Fig . 

2C-6(a), and (b) show the measured drain current at low and high drain-source 

voltage for different channel width, at L=90nm.   

A good agreement has been obtained for various FinFET widths (at HFIN=60nm) 

in Fig . 2C-4(b), and Fig . 2C-4(b) against channel length.  

After fitting the model with both numerical simulations and experimental data, we 

found that both yc and zc barely change from their original values (yc=to/2, and 

z hc= o). Therefore, the model gives acceptable results for all device dimensions, as 

shown in Fig. 2C- 7. In Fig. 2C-7, we have fixed the conduction path value ” zc”, 

at a value closer to the fin height, and we got a good agreement even if we 

changed the fin height value, with a slight change of yc value from its original 

value as shown in the figure. This change in yc comes from the effects of the 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



93 
SCEs in undoped multiple gate MOS 

electric field of the top gate on the right upper and left upper corners as we 

increase and decrease the Fin height.  

 

 

 
Fig. 2C-6 Measured drain current in logarithmic-scale for a channel length of 90nm, at 

a)Vds=20mV, and b)1V. 
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Fig. 2C-7 Subthreshold swing versus Fin height, at channel length=60nm, and  z  ~ Hc FIN. The lines 

are our model, where the stars for experimental data at 60nm. 
 

 
Fig. 2C-8 Measured drain current in Logarithmic-scale, for Wfin=20, and 70nm for different drain-

source voltage, H =60nm FIN
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Fig. 2C-8 shows the measured drain current (logarithmic) at low and high drain 

source voltages. At a high drain-voltage, not only the drain current increases for 

WFIN=70nm when compared to WFIN=20nm, but also the slope increases, because 

the conduction path at high drain-source voltage will be closer to the surface with 

a wider width (at which ΔW >ΔW2 1) than the equivalent conduction path at low 

drain-source voltage value. 

 

2C-4 Threshold Voltage Model 
 

The virtual cathode is considered as a barrier for the electron current and its height 

is fully controlled by the gate-source voltage at very long channel devices. As the 

channel length scaled down and high Vds value, the electric field from the drain 

affects on the virtual cathode value to produce the DIBL effect. The short channel 

effects are strongly dependent the virtual cathode value.The inversion charge can 

be calculated as, 
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φmin(y,z), is the minimum potential value (virtual cathode), which can be 

calculated by replacing x by x  in potential equation, Eq. (2C-11), where  min
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The last integral in the equation for Qinv, (2C-37), can be solved by assuming that, 

in every half of the fin, its main contribution takes place at a location equal to  

WFIN/4; this is the location of the conduction path along the fin width (considering 

one half of the fin in the y direction) if we consider the FinFET as a Double Gate 

MOSFET in which the film thickness is equal to the fin width (since it was 

demonstrated that in DG MOSFETs the conduction path is located at a position 

equal to ¼ of the thickness from the surface, in each half). 

 However, the device is asymmetric along z-axis (not only the structure but also 

the biasing is not symmetrical) which will lead to an asymmetric carrier 

distribution. But we can consider that the result of the integral in Eq. 2C-37, is 

equal to the value of the integrand at the location of the conduction path over an 

effective height equal to (α HFIN), where α (<1) is a correction factor which 

depends on H , and WFIN FIN and its value is extracted numerically. The inversion 

charge can be written, in terms of  α, as,  
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yc(≈W /4), and zFIN c are the conduction paths due to the Left/Right and Top/down 

gates,  respectively. As the inversion charge tends to its threshold value, we can 

calculate the threshold voltage as,  
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Qo is threshold charge at certain pair of fin height and fin width. The numerical 

simulation indicated that there are different threshold charge values based on fin 

height and fin width and a negligible dependence on device length, contrary to 

that happens to the threshold charge value for both DG MOSFET, and GAA 

MOSFET where it was found that there is a unique threshold charge value for 

both devices.  

This indicates the importance of α in the threshold voltage model, which will 

adapt the model to tend to be DG MOSFET behavior at very long fin height or to 

be the square GAA MOSFET behavior for a symmetric devices structure. For all 

device dimensions we can put,  
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Where the first term in the last summation accounts for Vds effects on threshold 

voltage, and second term accounts for the temperature effect. QTH is threshold 

charge for the whole device dimensions. 

For very long channel devices, both Sgs and Sds are going to zero as shown in the 

Fig. (2C-9).  
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Fig. 2C-9 Threshold Voltage coefficients S , and Sgs ds calculations for long channel devices. 

 

 

The threshold voltage for long channel devices can then be written as, 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⋅

⋅+=
FINFINi

th
TmsTH HWn

Q
VV lnφ                 (2C-43) 

By comparing Eq.(2C-43) with the threshold voltage obtained numerically at a 

very long channel device, we have obtained the Qth values as shown in Fig.(2C-

10). There is a negligible threshold charge dependence on the Fin height, and Fin 

width as shown Fig.(2C-10). The threshold charge value has found to be (1*1015 

/m). Now, we can use this Q  value for all the device dimensions. th
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Fig. 2C- 10 Extracted threshold charge value from long threshold voltage model 

 

 
Fig. 2C- 11 long channel threshold voltage vs. a) W fin and b)Hfin 

 

Fig. 2C-10 shows the comparison between the threshold voltage calculated by 

model given in Eq.(2C-43), and the numerical simulation results at different Fin 

heights and different Fin widths.The variation of QTH value due to the Fin width is 

higher than variations due to the fin height and consequently affects more the 

threshold voltage (this because there are two lateral gates that control the 
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electrostatic inside the film width). For short devices, the model is working well 

for different Fin widths and for different heights as shown in Fig. 2C-12a, and b. 

 

 

 
Fig. 2C-12 Threshold voltage for short channel devices for different a) Fin widths, b) Fin heights 
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The threshold voltage roll-off is an indication of the sensitivity of the short 

channel effects. It can be calculated by substracting Eq. (2C-43) (threshold 

voltage for long channel model) from the general model in Eq. (2C-41). A good 

agreement have been obtained with that obtained numerically for different WFIN, 

and Hfin as shown in Fig. 2C- 13 a, and b.  

 

 

 
Fig. 2C- 13 Threshold voltage roll-off for different a) Fin widths, and b) Fin heights. 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



102 
SCEs in undoped multiple gate MOS 

Also, the threshold voltage model given in Eq. (2C-41), is valid for all drain-

source voltage values. Therefore the DIBL effect can be calculated in the same 

manner as DG MOSFET, and GAA MOSFET: by substracting the threshold 

voltage at high Vds value (e.g., 1V) from a low Vds value (e.g., 20mV). The 

DIBL effects for different Fin widths are shown in Fig. 2C-14a, and the DIBL 

effects for different different Fin height are shown in Fig. 2C- 14b. 

 

From the last analysis using our 3-D model we conclude that the Fin height has 

lower effect on the SCEs than the Fin width, and this is because the SCEs can be 

improved by controlling the electrostatic potential inside the device, where the Fin 

width has been surrounding by a two gates leads to a high controllability than the 

fin height. From our analytical models we have proved that as we increase the 

number of gates the SCEs also improve, and GAA MOSFET better than both DG 

MOSFET, and FinFET. 
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Fig. 2C-14 DIBL vs. channel length for different a) Fin widths, b)For different Fin heights 
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(2D) Scalability limits of Surrounding Gate MOSFETs 

and Double Gate MOSFETs 
 
In this section 

 we shall introduce  scalability limits comparison between the surrounding gate 

MOSFET (GAA), and Double Gate MOSFET, the reasons for selecting both devices are to 

demonstrate that multiple gate devices are better than devices with only one gate and a devices 

with two gates [123-124].  

 

A small subthreshold swing is required to provide an adequate value of the on-to-

off current ratio so that a DG/GAA MOSFET can effectively work as a switch. A 

small value of the threshold voltage roll-off is an indication of acceptable SCEs. 

The subthreshold swing of a long-channel fully depleted DG/GAA MOSFET has 

an ideal value, i.e., ~60 mV/dec. To have an acceptable performance, the 

subthreshold swing has to be close to the ideal value. In this example we have 

selected an acceptable subthreshold swing value,70mV, and we will obtain the 

dimensions of the devices that will satisfy this value and also a high drain current, 

i.e. shorter device. Not only the channel length will be estimated but also the 

DIBL value which can somehow account for the power supply needed, and the 

oxide thickness that may be used. 

   The obtained dimensions for that equivalent subthreshold swing value (i.e., 

70mV) of GAA and DG MOSFETs devices are shown in Figs. 2D-(1-2). The 

device dimensions have been summarized in Tables 2D-1, and 2D-2. The most 

important conclusion is that the GAA MOSFET can satisfy the same subthreshold 

swing value as DG MOSFET with a channel length 33% shorter than that given 

by DG MOSFET with also a lower DIBL value. 
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Fig. 2D- 1 Channel length vs. oxide thickness at Vds=0.1V, a) GAA MOSFET, and b) DG 

MOSFET 
 

 

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



106 
SCEs in undoped multiple gate MOS 

 

 
Fig. 2D- 2 DIBL and channel length vs. channel radius/thickness, Vds=0.1V. a) GAA MOSFET, 

and b) DG MOSFET 
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Channel Diameter, 

[nm] 

Channel Length, 

[nm] 

Oxide Thickness, 

[nm] 

DIBL, 

[mV/V] 

10 20 1.5 42 

15 27 1.5 41.6 

30 48 1.5 38 

10 22.5 2 45 

15 30 2 43.5 

30 51 2 40 
 

Table 2D-1 GAA MOSFET device characteristics for 70mv 

 

Channel 

Thickness [nm] 

Channel Length, 

[nm] 

Oxide thickness, 

[nm] 

DIBL, 

[mV/V] 

10 30 1.5 51.1 

15 39 1.5 51.75 

30 65 1.5 50.8 

10 34 2 52.45 

15 43 2 52.25 

30 70 2 51.45 
 

Table 2D-2 DG MOSFET device characteristics for S=70mV 

 

To obtain a 70mV subthreshold swing, for oxide thickness 1.5nm and low DIBL 

value, we recommend to use a GAA MOSFET device with a channel length of 

20nm, and channel diameter of 10nm which has better characteristics than that 
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given by the DG MOSFET characteristics. However, for an oxide thickness below 

1.5nm, a shorter device can be obtained but there are non-negligible value of gate 

tunneling- current. Anyway, as mentioned by Rahman, et. al. [75] this oxide 

thickness  value (1.5nm) is suitable before the tunneling current is significant . 
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CHAPTER THREE 

 
Current Transport in Undoped Multiple Gate 

MOS Devices 
 

In this chapter 
We present analytical and continuous DC models for cylindrical undoped surrounding-gate (SGT) 

MOSFETs, and FinFETs in which the channel current is written as an explicit function of the 

applied voltages [125]. The model is based on a new unified charge control model developed for 

this device. The explicit model shows good agreement with the numerical exact solution obtained 

from the new charge control model, which was previously validated by comparison with 3D 

numerical simulations. We shall also, explain the ultimate models for DG MOSFET for calculating 

the DC models. 

A compact model, which includes scattering, for the silicon quantum well/wire MOSFET has been 

introduced [126-127]. The model is based on the Landauer transmission theory and McKelvey´s 

flux theory, and is continuous from below to above threshold and from linear to saturation regions. 

A good agreement with 2-D numerical simulations (nanoMOS) is obtained with our compact 

model. The effect of backscattering on both the channel conductance and the average velocity near 

the source end is studied in this work. For the undoped FinFET devices we have extracted the 

backscattering coefficient experimentally. 
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(3A) Explicit Continuous Model For Long Channel 

Undoped Multiple Gate MOSFETs 

 
3A-1 Introduction 
 

 In this section, we present explicit continuous DC model for the SGT 

MOSFET, and FinFET devices. The new model is based on a unified charge 

control model for a SGT MOSFET, which results from a reformulation of the 

previous model [128]. The channel current is written in terms of the charge 

densities at the source and drain ends. Examining, with the new charge control 

model, the dependences of the channel charge density on the applied voltages in 

each operating regime, we propose approximate explicit expressions of the 

channel charge densities in terms of the applied bias, and valid and infinitely 

continuous through all operating regimes. Therefore, the channel current becomes 

an explicit function of the bias. Another very important advantage of the new 

model is the absence of empirical fitting parameters. Therefore, all parameters 

have a physical meaning. 

 We have demonstrated that our approximate explicit solution fits very well 

the numerical exact solution of the charge control model in all operating regimes 

for GAA MOSFET devices, we used the experimental results to verify our model 

for the FinFET devices. The resulting explicit model of the channel current shows 

also a very good agreement with the exact calculation (from the numerical 

solution of the charge control model) of the channel current. Due to its infinite 

order of continuity, the new model provides smooth transitions through all 

operating regimes, which is very desirable in circuit simulation. 
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3A-2 GAA Model and results 
 

Assuming the gradual channel approximation (GCA), in an undoped (lightly-

doped) cylindrical n-type SGT-MOSFET (Fig. 3A-1) Poisson’s equation takes the 

following form: 
( )
kT

Vq

e
q

kT
dr
d

rdr
d −

=+
φ

δφφ 1
2

2

        (3A-1) 

where δ=q2ni/kTεSi, being q the electronic charge, φ(r) the electrostatic potential, 

and V(=φF) the electron quasi-Fermi potential. It has been assumed that the hole 

density is negligible compared with the electron density. Equation (3A-1) must 

satisfy the following boundary conditions: 

soRrr
dr
d φφφ        (3A-2) ==== )(,0)0(

where φso is the surface potential. The first one is a symmetry condition. 

The current mainly flows along the y-direction; therefore, we can assume that V is 

constant along the r-direction; i.e., V=V(x). Equation (3A-1) can be analytically 

solved yielding [67]:  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

+= 22 )Brδ(1
8Blog

q
kTV(r)φ        (3A-3) 

B is related to φso through the second boundary condition in (3A-2). The total 

mobile charge (per unit gate area) can be written as Q=C (V -φ -φGS ms sox ), where 

C /(Rln(1+t=εox ox ox/R)). From Gauss’s law, the following relation must hold, 

R=to=Tsi/2(see Fig. 3A-1): 

Rr
soms dr

d

=

==−−
φφφ SiGSox εQ)(VC        (3A-4) 
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Substituting (3A-3) into (3A-4) leads to 

( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+−−=⎟

⎠
⎞

⎜
⎝
⎛−

−−
β
β1ηβlogβ)(1log

δR
8log

kT
VVq 2

2
GS msφ

   (3A-5) 

where β≡1+BR2 is a constant (of r) to be determined from (5), and η=4εSi/CoxR is 

a structural parameter. For a given VGS, β can be solved from (3A-5) as a function 

of V. Note that V varies from the source to the drain, being V=0 at the source end, 

and V=Vds at the drain end. 

 
Fig. 3A-1. Cross section of a Surrounding Gate MOSFET 

 

By writing β as a function of Q, we can obtain a charge control model relating the 

carrier charge density with the bias. 

2
Rr 1

4
dr
d

BR
BR

q
kT

+
−=

=

φWe obtain from (3A-3) that ; therefore, in terms of β, we 

can write 
( )
β=dr Rr q
βφ −

=
14d kT

.  Using this expression in Eq (3A-4), 
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Rr
Si dr =

dεQ =
φ , we finally can write

β
β1Q0Q −

= , where 
q

kT
R

4ε
Q Si

0 = . 

Therefore, 
0

0
QQ

Q
β

+
=

( )

. Replacing it in (3A-5) we obtain the following charge 

control model: 
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This charge control model, without the third term in the right hand side (RHS), is 

very similar to the Unified Charge Control Model (UCCM) derived previously for 

bulk and single-gate fully-depleted SOI MOSFET [129-130]. The third term 

appears because of the existence of volume accumulation or inversion, although 

this effect, in the RHS of (3A-6), is also included in the other two terms. Quantum 

mechanical effects have not been considered in this model; anyway, they are 

negligible for silicon films thicker than 10 nm (i.e., R>5 nm). For films thinner 

than 10 nm, quantum confinement should be considered; it leads to a reduction of 

the channel charge density and an increase of the threshold voltage [67]. 

The drain current is calculated from: 

∫=
dsV

0
ds Q(V)dV

L
2πμI R                            (3A-7) 

We will obtain an expression of Ids in terms of the carrier charge densities. From 

(3A-6) we obtain: 
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Writing dV as a function of Q and dQ in (3A-7), and integrating between Qs and 

Q , we obtain: d
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Without the third term in RHS, this expression is very similar to the conventional 

one for bulk or SOI MOSFET.   

As in other device models derived from UCCM, the second term in the RHS of 

(3A-9) dominates in strong inversion (when channel charges are large), and the 

first term dominates in weak inversion (when channel charges are small). We 

observed that the third term in RHS is only important near threshold, but cannot 

neglected in this regime.  

To calculate the channel current, we have to solve Eq(3A-6) for Q=Qs at the 

source and Q=Qd at the drain. However, (3A-6) has no exact analytical solution 

and in principle has to be solved numerically. 

Anyway, it is possible to find approximate explicit expressions of Q in the 

asymptotic limits of subthreshold and above threshold. 

We can see that in (3A-6), well above threshold, the two logarithmic terms in 

RHS are smaller than the first term in RHS, and (3A-6) can be approximated as: 

( ) ⎟
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And therefore: 

                      (3A-11) 

where ⎟
⎠
⎞

2⎜
⎝
⎛+=0 δR

8log
q

kTV msφ   

On the other hand, we can see that in (3A-6), well below threshold, since Q<<Q0 
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⎟⎟
⎠

⎜⎜
⎝ thV

Q0 exp
⎞⎛ −−

= GS VVVQ 0                          (3A-12) 

where VT=kT/q 

An approximate explicit expression of Q in terms of the bias will, in turn, lead to 

an explicit model of the channel current. In fact, in previous works explicit 

solutions of UCCM in bulk and single-gate SOI MOSFETs were proposed and 

tested [129-131].  

An approximate explicit solution of the standard UCCM equation is [131], is: 
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This expression tends to (3A-10) and (3A-12) above and below threshold, 

respectively. 

However, we observed that this explicit expression of Q (3A-13) does not work 

very well above threshold. . The modeled Q using (3A-13) is significantly lower 

than the calculated Q from the numerical solution of (3A-6). The reason of this 

difference is that the two logarithmic terms in the RHS of (3A-6) increase, 

although slowly, with VGS above threshold, and they are not negligible. 

Nevertheless, this effect can be modeled as a correction of V0. This logarithmic 

increase of the threshold voltage with VGS above threshold is also significant in 

DG SOI MOSFETs [122]. 

By considering this effect, from (3A-6), we can write the above threshold charge 

density as: 
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where , is actually a first iteration for Q. ( )VV0 −−VCQ GSox
' =

Eq(3A-14) is a much more accurate expression for above threshold than (3A-10). 

In order to keep a unified expression for Q, we need a unified expression of the 

threshold voltage. From (3A-12), the threshold voltage is V =VTH 0 below threshold, 

but from (3A-14), above threshold, it is:  
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We cannot use Eq.(3A-15) as a unified threshold voltage expression, because the 

second term in the RHS of (3A-15) would tend to -∞ as we decrease VGS below 

threshold (since then Q’/Q0 tends to 0). However, for the same reason, the third 

term of the RHS tends to 0 as we decrease VGS below threshold, as it should. 

Note, on the other hand, that well above threshold, Q’>>Q , and 0
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A suitable unified expression of the threshold voltage is: 
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Below threshold, Q’<<Q  and V0 TH=V0, as it should. Well above threshold, 

Q’>>Q0 and ⎟⎟
⎠
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Qlog2VVV , as it should. 

Our final explicit expression of Q is written as: 
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In (3A-17) VTH is calculated from (3A-17), where Q’ is calculated from the 

unified expression of (3A-13), that ignores the logarithmic corrections of the 

threshold voltage: 
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+
=ΔIn (3A-18) . This term assures the correct behavior of Q 

above threshold, since 
0

2
ox

TH
2C

V
Q

VT≈Δ  above threshold, and therefore 
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−Δ+−+−≈ , as it 

should. Below threshold ΔVTH has no influence since TH
'

2
0

2
ox

TH V
2C

V <<≈ Q
Q

VTΔ . 

We can see in the figures 3A-2 and 3A-3 that the expression given by  (3A-18) 

agrees very well with the numerical solution of (3A-5), both below and above 

threshold, for different values of R. No fitting parameters are used. We assumed a 

device with channel length L=1 μm, a silicon film radius R=6.25 nm, a silicon 

oxide thickness tox=1.5 nm, and a mid-gap gate electrode (gate working function 

of 4.61 eV). 

Therefore, Q  and Q  are calculated from  (3A-19) using V=0 and V=Vs d ds, 

respectively. The expression of the channel current given in (3A-9) becomes 

explicit. 

We observe in the figures 3A-4 that the new explicit model provides very good 

agreement with the channel current values obtained using the numerical solution 
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of (3A-6). The device simulated is the same as for Fig. 3A-2. The fitting is quite 

good from below to above threshold, and the transitions between the operating 

regimes are smooth, because of the infinite order of continuity of the model. 

 
(a) 

 
(b) 

Fig. 3A-2 Channel charge density (per unit area) at the source (V=0) in linear (a) and logarithmic 
scale (b). R=6.25 nm. Dashed line with circles: model using (3A-17). Solid line: Numerical 

solution of (3A-6). 
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(a) 

 
(b) 

Fig. 3A-3. Transfer characteristic at Vds=0.1 V in linear (a) and logarithmic scale (b). R=6.25 nm. 

Dashed line with circles: model using (3A-18). Solid line: Model using the numerical solution of 

(3A-6). 
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Fig. 3A-4. Output characteristics. R = 6:25 nm. Dashed line with circles: model using (3A-19). 

Solid line: model using the numerical solution of (3A-6). 
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3A-3 FinFET long channel model 
 

To find a closed form for the current in  the long channel FinFET devices, we 

shall follow the same procedures as the Gate All Around model that were 

presented in the last section. From Fig. (3A-5), (see chapter two) the electrostatic 

potential for the long channel FinFET is following the 2D-potential component in 

case the Fin height are comparable to the Fin width, however for a very long 

height the device will follow only the 1D-component.  

 

 
Fig. 3A-5 3D potential components vs. channel length at a) Long channel devices, b) Short 

channel devices. 
 

Assuming the gradual channel approximation (GCA), in an undoped FinFET, 

Poisson’s equation takes the following form (referring to Fig. 2C-1b): 
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                 (3A-21) 

We have found  (see chapter two, and appendix 2C), 

                (3A-22) 

where from chapter two the 1D potential component can written be as, 
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the values of , and C  are ,and respectively, where C , and 

values are given before in chapter two 

From Gauss’s law, the following relation must hold, (see Fig. 2C-1) along the 

FinFET height: 
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From (3A-22) and (3A-24) into (3A-28), we write 

L.H.S: 
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, or normalized to HFIN
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From (3A-39) into (3A-23), the surface potential can be written as 
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Note that for below threshold voltage Q <<Qn o
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For simplicity, drop n-subscript from Q to be  
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For strong inversion: the LHS of Eq. (3A-41), will be larger than both the 

logarithmic terms in the RHS, or 
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From Eq. (3A-41), the threshold voltage can written as, 
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And below the threshold voltage will be, 
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2However for strong inversion Cn >>(Qn/Q ) 2
o , and the threshold voltage can be 

written as, 
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               (3A-49) 

Eq. (3A-47) cannot be used as an explicit model for the threshold voltage, 

however we can approximate Eq. (3A-47) to be,  
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Applying Eq. (3A-7), we shall get the same formula like GAA MOSFET by 

replacing the cylindrical surface with 2H +WFIN FIN, or, 
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 is calculated from Eq. (3A-42), and V  from Eq. (3A-50), and ΔVWhere, V0 TH TH 

as it given in the last section. The differences between  the GAA MOSFET model, 

and this general model, can written as 
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1) The oxide capacitances for both devices are different.. 

2) The V  expression are different for both devices 0

3) The effects of the buried oxide and VGS2 are included in the threshold 

voltage calculations, and charge sheet calculations. 

4) The device height also is included and taken into account 

5) Threshold voltage calculations (Eq. (3A-49) have been done self 

consistently with the charge ratio Q /Q  to find C ) n o n

We have tested the model by comparing the model as a square GAA MOSFET 

(i.e.W , tFIN=HFIN ox=tbox, and VGS1=VGS2, and effective devices width will be the 

square area) with cylindrical GAA MOSFET, as shown in Fig. (3A-6a). However 

there are some difference at high VGS value for cylindrical GAA MOSFET, and it 

is due to the fact that the oxide capacitance for cylindrical GAA MOSFET is 

bigger than the square GAA MOSFET, which leads more charge as shown from 

Eq. (3A-46), in strong inversion.  

The threshold voltage correction, ΔVTH, will be zero at low VGS1 voltage to 

produce a threshold voltage at low V  i.e., VGS 0 as shown in Fig. (3A-6b), and their 

values will be corrected at high VGS, due to the approximation done in Eq. (3A-

48). 
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SCEs in undoped multiple gate MOS 

 

 
Fig. 3A-6 a) comparison between the Square GAA MOSFET, and cylindrical GAA MOSFET, by 

selecting R=7.5nm, HFIN=WFIN=15nm, and tox=tb=1.5nm, and b) Threshold voltage correction 
 

Fig. 3A-7 (a and b), shows the FinFET Ids-VGS1 (at VGS2=0) at low and high Vds 

value, the model is continuous from below-to-above the threshold voltage and 

from linear to saturation regime. The device has been simulated for a mobility of 

 128

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



129 
SCEs in undoped multiple gate MOS 

450 cm2/V-sec, channel length L=10 μm, a silicon film width WFIN=25 nm, 

H =65nm, a silicon oxide thickness tox=1.5 nm, box-oxide thickness tbFIN =150nm 

and gate working function of 4.5 eV. The FinFET output characteristics were also 

shown in Fig. 3A-8. 

 

 
Fig. 3A-7. Transfer characteristic in linear and logarithmic scale at (a) V =20mV (b) V =1V ds ds
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Fig. 3A-8. Output characteristics. at HFIN=65nm, WFIN=25nm, and L=10micron 
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3A-4 DG MOSFET Model 
There are a many models for the undoped long channel DG MOSFET devices 

which have been developed. We shall only mention the charge control model 

similar to the one developed before for both GAA MOSFET, and FinFET devices 

in the last sections. 

Taur in [93], has introduced a long channel model for the inversion charge of  

undoped DG MOSFET devices based on a 1-D analytical solution of Poisson 

equation incorporating only the mobile charge term (referring to Fig. 3A-1, 

replacing r by y), or 

TV
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(3A-54) 

After solving the last equation along the channel depth, the potential been solved 

as a function of the surface, φso, and centre potential, φ0, as 
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and, 
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From the last two equations it was able to calculate the charge density as shown in 

Fig. (3A-9).  
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Fig. 3A-9 Sheet density of mobile charge[93] 

 

Malobabic, et. al [132], have extended the Taur model by solving the surface 

potential in terms of Lambert function, and they found an explicit solution for the 

inversion charge model with a good agreement with that obtained numerically as 

shown in Fig. 3A-10 and Fig. 3A-11. 

 

 
Fig. 3A-10 Potential at the channel  surface and channel center  
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Fig. 3A-11 Carrier charge per unit area induced in the channel 

 

After applying the current model given by He J. et. al., [133] (see Eq. (3A-57)) on 

his charge model, a good agreement have been obtained for the DC 

characteristics, as shown in Fig. 3A-12 
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Fig. 3A-12 Comparison of the drain current-drain voltage output characteristics as calculated 

analytically [132] (continuous line) and from exact numerical calculations (symbols) 
 

From the last sections, we can say that the charge control model has succeeded to 

develop an accurate current model for the undoped long channel multiple gate 

MOS devices. Moreover these models can be applied to the devices with short 

channel if we take consideration the SCEs parameters reported in chapter two. 

This can be done if we are able to couple the SCEs developed in chapter two with 

the drain current model. 
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(3B) Ballistic and Quasi Ballistic Transport in  
undoped Multiple Gate MOS Devices 

 

3B-1 Introduction 
 

CMOS technology has been proven as one of the most important achievements in 

modern engineering history. In less than 30 years, it has become the primary 

engine driving the world economy. The secret to the success is very simple: keep 

delivering more functionality with fewer resources. Device scaling makes this 

possible. For decades, progress in device scaling has followed an exponential 

curve: device density on a microprocessor doubles every three years. This has 

come to be known as Moore’s law[140]. The roadmap projects a device gate-

length down to ~30 nm around 2014. This forecast promises us another ten years 

of brightness. Scaling beyond 30 nm, however, can be much more difficult and 

different. Remember, we are quite close to the fundamental limits of 

semiconductor physics. How much further down can we go? It is hard to answer. 

Nevertheless, without doubt, we are facing numerous challenges, both practically 

and theoretically. Device simulation requires new theory and approaches to help 

us understand device physics and to design devices at the sub-30nm scale.  

For device scaling, we basically try to balance two things: device functionality 

and device reliability. Both of them have to be maintained at a smaller 

dimensional size. To accomplish this, we need to suppress any dimension related 

effects or short channel effects (SCEs) as much as possible. SCEs include 

threshold voltage ( VTH ) variations versus channel length, typically VTH  rolloff at 

shorter channel lengths. This effect is usually accompanied by degraded 

subthreshold swing ( S ), which causes difficulty in turning off a device. SCEs 
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also include the drain-induced barrier lowering (DIBL) effect. DIBL results in a 

drain voltage dependent VTH, which complicates CMOS design at a circuit level. 

As a transistor scales, reliability concerns become more pronounced. In an ultra-

thin body multiple gate MOSFETs the SCEs can be minimized as explained in 

Chapter two. 

 It should be also noticed that high body doping is not needed here, so the band-

to-band tunneling junction leakage is no longer a big concern. 

Moreover, the use of ultra-thin bodies will result in reduced metallurgical junction 

perimeter, therefore low junction capacitance. The bodies are typically lightly 

doped, giving other advantages: 1) there is barely room for the FBE to come into 

play, 2) the VTH variation due to dopant fluctuations can be eliminated, 3) close-

to-ideal subthreshold swing (60 mV/dec) can be achieved, 4) severe mobility 

degradation due to ion scattering might be avoided. 

Quantum effects (sub-band splitting) can become significant as the confinement 

of carriers becomes stronger within ultra-thin bodies, translating to sensitivity of 

VTH to the body thickness. This fundamental physics effect poses an additional 

difficulty to control VTH in ultra-thin bodes. (It is worthwhile to point out that this 

sub-band splitting effect will increase the band gap between lowest electron sub-

band and highest hole subband, which may considerably suppress the band-to-

band tunneling leakage in ultra-thin silicon bodies.) 

So, controlling of short-channel effects is more challenging with the progressive 

scaling of MOSFETs. In an attempt to contribute to this field, we propose a 

physical compact model of the ballistic DG-MOSFET operation, based on the 

Landauer transmission theory [141]. This theory has proved to be an excellent 

framework for describing mesoscopic transport [12-13]. In the Landauer 

approach, the current through a conductor is expressed in terms of the probability 
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that an electron can transmit through it. The net current of the ballistic MOSFET 

is obtained by substracting the drain to source transmitted current from the source 

to drain transmitted current. The electrons injected from the two electrodes see a 

potential barrier along the transport direction. We will consider a classical 

potential barrier with a shape governed by the gate and drain voltages. The 

transmission probabilities for the electrons crossing this barrier is one or zero 

depending whether the electron energy is above or below the barrier respectively. 

The use of a classical barrier to model MOSFET operation is a simplification, but 

it captures the basic mechanism controlling the current. This approach is valid as 

long as the source to drain tunnelling current does not dominate the total current. 

More detailed current-voltage characteristics could be obtained considering a 

quantum potential barrier.  
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3B-2 Ballistic and Quasi Ballistic Transport In DG and GAA 

MOSFETs  
 

In Refs. [25],[134] a  compact model for the nanoscale DG-MOSFET, assuming 

ballistic transport, has been presented. With this model the maximum expected 

performances can be obtained.  However, backscattering affects the behaviour of 

multiple Gate MOSFET, even if they are nanoscale. Therefore, backscattering has 

to be included in a general model. Since the source is highly doped, a built in 

potential exists between the source end and the channel. This built in potential 

will be a barrier for the carriers. The carriers with energies less than this barrier 

value will be reflected towards the injecting reservoirs (source/drain), and the total 

current will be decreased due to these backward travelling carriers. The 

backscattering coefficient (r) has a value between zero and one, and is a function 

of both the critical length, l , and the low field momentum relaxation length λ 

[28]. In this section, our objective is studying and modelling the backscattering 

effects on nanoscale DG-MOSFETs, using the flux method originally introduced 

by McKelvey [135].  

Fig. 1 shows the cross section of the symmetrical DG-MOSFET considered in this 

work. In order to illustrate the behaviour of the compact model we have assumed 

a DG-MOSFET with gate length of 20 nm and the Si-SiO2 interface parallel to 

(100) plane. The top and bottom gate oxide thickness are tox=1.5 nm, the Si body 

thickness tsi is taken as 1.5 nm. The same gate voltage VGS is applied to both 

gates. The channel is undoped, the n+ source and drain are highly doped, 1020 cm-

3.  A low field mobility of 120 cm2/V-sec will be assumed in the channel. All 

calculations have been done at room temperature. 
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Fig. 3B-1 Cross section of the symmetrical DG-MOSFET considered in this section 

 

Let us start with the current expression for a quantum wire MOSFET, given by 

[25] 
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In this equation, L is the channel length, corresponding to the transport direction 

(x-direction), and h  is the velocity of the electrons as they are injected from 

the contact with energy E. The two inner sums account for all the wave vectors 

injected by the electrodes and the outer sum for the three sets of silicon valleys 

(v=1,2,3) where electrons can lie, each one with a two-fold degeneracy (gv=2);  

is the effective mass for the transport in the x-direction. If we suppose that the 

silicon-oxide interface orientation is <100>, then , , where 

mT=0.19m  and m0 L=0.91m , being m0 0 the free electron mass. The electron energy 

is related to k through the parabolic dispersion relation; fS(E) in Eq. (3B-1) is the 
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Fermi function for the source contact, which gives the probability that such an 

electron is injected from the contact; T(E) is the transmission coefficient for the 

electron; and fD(E)=fS(E+qVds) is the Fermi function at the drain contact. The 

electron energy E can be written as the sum of the component in the transport 

direction (Ex) and the component in the confining zy-plane ( v ), with the 

subbindex n denoting discrete subbands ( ); n=1,2,3,...; and the subbindex 

v representing the valley. Only the E

nE

v
nx EEE +=

x component is continuous and can vary from 

zero to infinity. Assuming periodic boundary conditions over the x-direction, the 

inner sum of Eq. (3B-1) can be calculated integrating over kx and multiplying by 

the one-dimensional density of states 2x(L/2π), where the factor 2 accounts for the 

electron spin. Then, the current can be finally expressed as: 
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 component where we have made use of the parabolic dispersion relation for the Ex
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The quantity hπq
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v
n xEE >

 is the current carried per occupied subband per unit energy, 

which is about 80 nA/meV. For ballistic transport T(E)=1 for , where 

xmax identifies the position of the nth-subband maximum energy (or xmin for the 

potential, V). We assume T(E)=0 otherwise. Eq. (3B-2) can be developed 

obtaining the following result: 
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where I  refers to the current under the ballistic transport hypothesis.  B

The ballistic off-current and on-current, are shown in Fig. 3B-2a.The Ids-Vds 

characteristic for a DG MOSFET shown in Fig. 3B-2b. 

 

 
Fig. 3B-2. a) Transfer characteristic of a quantum well DG-MOSFET of 1.5 and 3 nm silicon film 
thickness working at 100 and 300 K; b) output characteristic at room temperature of the quantum 
well DG-MOSFET with a silicon film thickness of 1.5 nm. In the dotted line, we plot the 
nanoMOS simulations; in the solid line, the results from the compact model[25]. 
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Eq. (3B-4) can be rewritten as a simple function of the forward and backward 

directed fluxes as: 

 

                              (3B-5) )( −+−+ −=−= FFqWIII B

+where W, F , and F- are the channel width, the incident  flux from the source, and 

the incident flux from the drain, respectively. A simple one-flux representation of 

channel transport in the nanoscale MOSFET is shown in Fig. 3B-3. This flux 

formulation will be useful for introducing the scattering, as we will explain later. 

The potential and charge distribution of the intrinsic DG structure has been 

reported by Taur [93]. The electrostatic analysis was only done in the vertical 

direction, but it serves to our purposes if we apply the results at the maximum 

energy point (xmax). At this special point, the potential and charge distributions are 

essentially controlled by the electric field perpendicular to the silicon-oxide 

interface provided that the short-channel-effects are not dominant. The potential 

along the vertical direction (0≤y≤t /2) is given by [93] Si
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where φ0≡φ(y=0) is the potential at the center of the silicon film, εSi is the 

permittivity of silicon and ni is the intrinsic carrier density. The surface potential 

is φso≡φ(y=tSi/2); φ  is also related to V  and tso GS ox through the boundary condition 

at the silicon-oxide interface [93] 
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Here Q is the sheet density of mobile charge and φms is the work-function 

difference between the gate electrode and intrinsic silicon: 

 

                                                  (3B-8) )2/( qE gSim +− χφms =φ

The GAA MOSFET model can be developed as reported by [25], with the 

following modifications: 

1) the intrinsic carrier concentration which given as,  

    (3B-9) 

should divided by (π⋅ tsi
2/4) instead of the area of the rectangular section 

(W⋅t ); Si

2) the separation between the bottom of the conduction band and the bottom of 

the subbands is given by the theory of the cylindrical quantum potential well 

or, 

              (3B-10) 

3) the oxide capacitance per unit area for the cylindrical geometry should be 

used (see Sec. 3A) 

where Eg is the gap energy for silicon (1.12 eV). Below the threshold voltage 

V ≈E /2q+φ , the mobile charge is very small and φTH g ms so≈φ ≈V -φ0 msGS . In this case, 

the bands move as a whole because φ  and φ  closely follow Vso o GS. When the gate 

voltage is further increased above the threshold voltage, when φ ≈Eso g/2q, the right 

hand side of (3B-6) and (3B-7) are no longer negligible. Since the angle of the 

cosine function in (3B-6) cannot exceed π/2, φ  saturates to the maximum value 0
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( )222 /2ln)/( SiiSi tnqkTqkT επ

( )somsGSox VCQ

. On the other hand, φso continues to increase slowly as 

governed by (3B-7) with the exp(qφo/kT) term in the square root neglected. From 

(3B-7), the sheet density of mobile charge can be written as 

 

                                                (3B-11) φ −−= 2 φ

 is a function of Vwhere φso GS that can be solved iteratively from (3B-7). The gate 

electrodes control the mobile charge (Q) at the virtual cathode (xmax). This charge 

is provided by the source (Q+) and drain (Q-) reservoirs, by adjusting adequately 

the separation between E  and : )( maxxE v
nFS
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In equilibrium (Vds=0), the kx-distribution at x  is symmetrical (+k  and -kmax x x 

states are equally populated). When V increases, the negative part of the kds x-

distribution is progressively reduced because the barrier height for the –kx states 

increases with Vds. To maintain Q constant, the Fermi level at the source must be 

pulled up to inject more forward travelling electrons into the channel to 

compensate the reduction of the negative flow. Eq. (3B-12) then relates VGS and 

Vds, with the distance between the Fermi level and the bottom of the energy 

subbands at the virtual cathode. It can be written in the form 
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Inserting the one-dimensional density of states into (3B-13) and after some 

algebraic manipulations we arrive to 
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Or in the fluxes form, Eq. (3B-14) can be rewritten as: 

)( −+ += FF
v
qQ                                                                 (3B-15) 

where ν is the average velocity of carriers crossing the plane x=0, and the 

velocities associated with the positive and negative directed fluxes are assumed 

identical [75]. 

 

 

 
Fig. 3B-3. Simple one flux representation of channel transport in nanoscale MOSFETs. 

 

In the presence of scattering, the negative directed flux (F--) contains a component 

(rF+) due to the backscattering of the positive directed flux injected from the drain 

and another component (1-r)FB
- corresponding to the fraction of the flux injected 

from the drain (FB
-) that transmits towards the source. This can be clearly seen in 

Fig. 3B-3. By adding the source and drain related contributions, we find 

 
−+− −+= BFrrFF )1(                                                          (3B-16) 
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By substracting the positive and negative directed fluxes, as in Eq. (3B-5), the 

current including scattering can be calculated as: 
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B

B

IrFF

FrrFFqWI
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                              (3B-17) 
rqW 1( −=

where  is the ballistic current given by Eq. (3B-5). The charges provided by the 

source (Q+) and drain (Q-) will also be modified due to the backscattering, to be: 

{ } −+−++ −++=−++= QrQrFrrFF
v
qQ B )1()1()1(                (3B-18) 

The backscattering coefficient r is related to the critical channel length and the 

low field momentum relaxation length 

l

λ according to Ref. [28] by means of: 
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=
l
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l
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The critical channel length is evaluated analytically in  [75] as a function of the 

drain voltage, 
α

β ⎟⎟
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qKTL /

l

´

                                                              (3B-20) 

where β is a fitting parameter, which should be greater than 1, and α can be 

estimated by solving the one dimensional Poisson´s equation along the transport 

direction in two extreme cases: collision free (ballistic) and collision dominated 

(diffusive) transport in the channel. A single pair of β  and α values are used in 

[75], and also in this work, i.e., β=1.18 and α=0.57 . 

The critical channel length which was introduced in Eq. (3B-20), is switched to L 

for Vds<kT/q, leading to discontinuous behavior of the I-V characteristics. In our 

model, to avoid discontinuities, we use the following interpolation function for the 

critical channel length ( l ), which tends to the desired values at low and high 

drain voltage: 
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where m is a fitting parameter (∼3). From Eq. (3B-21), at low values of ( , 

i.e., Vds>>kT/q), as it should, and at high values of l ( l , i.e., 

V

ll ≈′

ds<kT/q), as it should. The low field momentum relaxation length λ≈′l can 

be obtained from the low field effective channel mobility [75], 
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where η  is the difference between the Fermi energy level and the maximum of 

the barrier and  denotes the Fermi integral of order -1, which can be 

numerically computed by Blakemore’s method [138]. 

1−ℑ

μ  is the low field mobility. 

The thermal velocity (nondegenerated), v is given by: ,T

 

πT
T m

v =
kT2                                                          (3B-23)      

 In Fig. 3B-4, the output characteristics of the DG-MOSFET on the presence of 

scattering are shown. The solid lines are calculated by Eq. (3B-17), and the 

symbols are the numerical 2-D NEGF simulations obtained with nanoMOS. Good 

agreement with nanoMOS numerical simulations  has been found. We have 

observed that about 60% of the ballistic current is scattered, as mentioned in 

[139], and the reason is that the average velocity at the top of the barrier is well 

below the thermal injection limit. The cause of the nonsaturation of the current is 

that the average velocity at the top of the barrier does not saturate to the thermal 

velocity value, as shown in Fig.  3B-5. 
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Fig. 3B-4. Comparison of the output characteristics of the modeled DG-MOSFET. The solid line 
results of our compact model, and the diamonds represents 2D numerical simulation of the same 
device. 

 
Fig. 3B-5. The bold solid lines are the total average velocity, backward travelling carrier velocity, 
and forward travelling carrier velocity. The ratio of the negative directed flux  (I-) respect to the 
positive directed flux  (I+) is also indicated. 

 148

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



149 
SCEs in undoped multiple gate MOS 

 

Fig. 3B-5. shows the average velocity near the source end and its components 

(forward and backward travelling components). As the drain voltage, become 

greater than the thermal voltage, the average velocity will be dominated by the 

forward travelling carrier velocity, and the contribution of the backward travelling 

carrier velocity will be negligible. The reason for the vanishing backward 

travelling carrier velocity is the suppression of the backward directed flux at high 

drain voltage, as shown in Fig. 3B-5 (right side). 

The predicted channel conductance does not tend to zero (see Fig. 3B-6), as in the 

ballistic case, because of the non-saturating electron velocity near the source end.  

 

 
Fig. 3B-6 Channel conductance for the DG-MOSFET. The dotted line is the result from our 
compact scattering model (r≠0), and the solid line from  the ballistic model (r=0). G0 is the 

quantum conductance unit (= q ). hπ/2
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Fig. 3B-7 introduces a comparison between the transfer characteristics (Ids versus 

VGS) obtained with our proposed model (solid lines), and with the model 

presented by [75] (dotted lines). The characteristics are plotted for low 

(Vds=0.05V) and higher (Vds=0.55V) drain bias conditions. We demonstrate that 

our model can be used to describe both subthreshold and above threshold 

behavior. A discontinuity was observed in the model of [75] at the transition 

between below and above threshold, whereas our model does not suffer from this 

discontinuity. 

 

 
Fig. 3B-7. Comparison of the transfer characteristics between our model (solid lines) and the 
model presented in [75] (dotted lines). Plots in linear and log scales for low (Vds=0.05V) and 

higher (V =0.55V) drain biases. ds
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3B-3 Quasi Ballistic Transport in  undoped FinFET devices 
 

As explained before, FinFET becomes attractive due to its quasi-planar structure, 

better immunity to SCEs, range of channel lengths, CMOS compatibility, good 

area efficiency compared to double gate structures and the possibility of using it 

with strained Si. 

The complexity for developing a 3-D model for studying the DC characteristics of 

the FinFETs makes most of the researchers focusing on the numerical results to 

explain the devices performance, as done [145-147]. Even the models which 

developed to study the DC characteristics considered the FinFET as a Double 

Gate device neglecting the effects of the third gate benefits [148-150], and so on, 

the backscattering coefficient cannot be analytically developed. 

So, we can say, the DC characteristics modeling of doped/undoped FinFET 

devices is still an open issue.  

In this section we are focusing on the quasi ballistic transport of the undoped 

FinFET devices. We shall extract the backscattering coefficient from the device 

performance experimentally at different temperatures as it done before for 

MOSFET devices in [142-144]. 

From scattering theory in [75], drive current in saturation region can be expressed 

as, 

( )satTGSox
sat

sat
injsatds VVC

r
r

vWI ,_ 1
1

−⋅⋅⎥
⎦

⎤
⎢
⎣

⎡
+
−

⋅⋅=
               

 

However this model is valid for the conventional MOSFET, but no matter if we 

have used it for the FinFET devices, by considering W is the effective device 

width, i.e., 2H +W .  vfin fin inj, rsat and VTH,sat represent injection velocity, 
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backscattering ratio, and threshold voltage, respectively. The ratio rsat is a function 

of the carrier mean free path (as shown in the last section), λ, and KT layer 

thickness,l . From Eq. 3B-19, we can rewrite the backscattering coefficient as 

sat
satr

l/1
1
λ+

=
                  

(3B-24)      

The VTH,sat is determined by the maximum transconductance method with the 

DIBL consideration (Fig. 3B-9). 

The temperature-dependent analytic model is employed to extract the ratio using 

the following analytic expression: 
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(3B-25)      

where 

( )[ ] Trr
T

r
satsat

sat /12 −⋅=
∂
∂

                 
(3B-26)      

and α can written as, 

satTHGS VVT ,2

4
2
11

−
−

⎥
⎥
⎥
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⎢
⎢
⎢
⎡

+
−=

η
λ

α

( ) ( )[ ]2121 / TTII satdssatds −−= −−

                

(3B-27)      

⎥⎦⎢⎣ l

where α, η represent the temperature sensitivity of Ids-sat and VTH-sat., i.e., 

( ) ( )2121 / TTVV satTHsatTH −α , and = − −−η . 

Experimentally we have increased the temperature from 20 to 125Co, and reported 

Ids-V  curve as shown in Fig. 3B-8(a,b), from below to above threshold voltage, GS
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at low and high drain-source voltage values.  

The VTH,sat is determined by the maximum transconductance curve shown in Fig. 

3B-9. The extracted threshold voltage at low Vds value is shown in Fig. 3B-10, 

From the last curves we calculated both α, and , η, which have been used to 

calculate the backscattering coefficient ratio l/λ , and the backscattering 

coefficient rsat, as shown in Fig. 3B-11.The last procedures have been repeated for 

a FinFET with different channel lengths, at fixed height (60nm), and width 

(25nm). 

 

 
Fig. 3B-8 I  vs. Vds GS at a) V =1V, and b) Vds ds=20mV. L=150nm, Hfin=60nm at different 

temperature values. 
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Fig. 3B-9 The second derivative method used for extracting threshold voltage. Vds=20mV. 

L=150nm, Hfin=60nm at different temperature values. 
 

 
Fig. 3B-10 Extracted threshold voltage vs the temperature, symbols is the extracted values, and 

solid is the linear fitting approximation. V =20mV. L=150nm, Hfin=60nm ds
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Fig. 3B-11Extracted backscattering coefficient vs. channel lengths. Hfin=60nm 

 

We need to mention here that we have taken into account the effect of the series 

resistance, which extracted from Ids-Vds curves. Now, to account the amount of the 

scattering current, we set 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

=
sat

sat
sat r

r
1
1

β

scatteringwithoutdssatscatteringwithds II −− ⋅= __

                    (3B-28)      

Then, the total current can be written as,
                (3B-29)      β

As shown from Fig. 3B-12, we have found that more than 50% of the total current 

will be scattered due to the backscattering phenomena for channel length below 

100nm, which is approximately the same result we have deduced analytically 

before for the DG MOSFETs, in the last section. 
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Fig. 3B-12 The backscattering current ratio vs. channel lengths. Hfin=60nm 

 

With backscattering phenomena we have lost more than 50% of the total current 

for the modern devices, which are designed to obtain lengths below 100nm. The 

future work should try to minimize this ratio. There are many solutions for doing 

that. This work should focus on increasing the electron mobility by, 

1) Using a strained Si layer which will increase the electron mobility and so 

on increasing the total current. 

2) Using new materials like carbon or Ge which increases the drift current 

component. 

3) Using different lattice orientations, and this may need more studying to get 

the best methods that give a higher mobility. 
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CHAPTER FOUR 
 

 
Conclusions and recommendations 

for the future work 
 

4-1 Summary 
 

In this thesis we have studied the characteristics of the undoped multiple gate 

MOS devices. 

We have introduced compact models for the Short Channel Effects (SCEs) for 

three multiple gate devices (Surrounding Gate All Around, Double Gate, and 

FinFET). The compact models for SCEs that are introduced through this thesis 

are: 

1) Threshold voltage 

2) Subthreshold swing 

3) Threshold Voltage Roll-off 

4) DIBL 

After we have studied the last four SCEs effects we got a complete idea about the 

three device performances in the case of scaling down their dimensions. The last 

SCEs effects have been modeled based on solving the Poisson’s equation with the 

mobile charge density. We did not introduce any fitting parameters to develop 

those models. The device electrostatics has been studied based on the device 
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structures as: we consider 2D structures (like Double Gate MOSFETs), and 3D 

structures (like Gate All Around MOSFETs, and FinFETs). The models have been 

successfully validated with numerical simulation results and the experimental 

results that were done at the Microelectronics Laboratory, Université catholique 

de Louvain, Belgium, for channel lengths down to 30nm. 

We have also proved that the devices with multiple gates have better 

performances than the devices with a single gate using our models. We have 

compared the performances of Double Gate (DG) and Surrounding Gate (SG) 

MOSFETs, and we have found that the Surrounding Gate MOS devices can 

provide the same performances as the Double Gate MOS devices, having a 

channel length longer by about 33% than the channel length in the Double Gate 

MOS devices. 

 

Also, we have presented an analytical DC model for undoped multiple gate MOS 

devices. The model is based on a new unified charge control model developed for 

those devices, from which we derived a channel current expression in terms of the 

channel charge densities at the source and drain ends of the channel. The model 

becomes explicit by using appropriate expressions for the channel charge densities 

in terms of the applied voltages. The channel charge distribution in the silicon 

film is adequately accounted for in the charge control model. Good agreement is 

found between the new explicit model and the numerical exact solution obtained 

from the charge control model, which, in turn, was previously validated by 

comparison with 3D numerical simulations. Besides, the channel current 

expression presents an infinite order of continuity over all operating regimes, 

which makes the model very promising for circuit simulation. 
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The backscattering coefficient has also been studied through this thesis. We have 

studied the backscattering coefficient analytically in the Double Gate MOSFETs, 

and experimentally in the FinFETs. The analytical model has been introduced 

based on the McKelvey theory. The current model we have developed, is 

continuous from below to above threshold and from linear to saturation regions 

without suffering from discontinuities. A good agreement with 2-D numerical 

simulations (nanoMOS) was obtained. We have extracted the backscattering 

coefficient from the device performances experimentally based on the device 

current dependence with the temperature variations. 

 

 

4-2 Recommendations for the future work 
 

We have studied the SCEs for devices with channel thickness larger than 10nm, 

which allows us to exclude the quantum effects in our models. In the future we 

shall study the SCEs for the undoped multiple gate MOS devices with channel 

thickness thinner than 10nm, i.e. the quantum effects should be included. To 

improve the SCEs models that were developed through chapter two to includes 

the quantum effects, we do not need to start from the beginning. We should only 

correct the threshold charge values for the three devices[151]. After correcting the 

threshold charge values we can apply our SCEs models with the new corrected 

values. 

Also in the future, we shall study the DC device characteristics for the devices 

with shorter lengths. Again, we shall not start from scratch. The basic idea will be 

to couple the DC model, introduced for the long channel devices in chapter three, 

with SCEs models that we developed in chapter two.  
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After we have studied the backscattering coefficient and we have detected that the 

device lost more than 50% of its total current for the devices with channel lengths 

below 100nm, we should study the backscattering coeffcient for the devices with 

new materials like SiGe [152], or carbon. A lot of research has already been done 

for carbon nanotubes but still there are no suitable compact models for the 

backscattering for that device. Also, the strained materials are interesting to be 

used in Si multiple gate devices, such as FinFET. Compact modeling for those 

devices is still an open issue. 
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Appendix (2A-1) 
 

Using (2A-8), (2A-10) and (2A-11)in  Eq (2A-14), we get: 
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Making a Taylor series expansion of  up to the linear term we obtain 

(this approximation is valid if φ (x,r)/V2 T is small enough): 
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We finally get: 
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where φ1(x) is given in Eq.(2A-19),  by applying the cylindrical gradient to the left 

hand side term of Eq.(2a-3) as: 
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  Assuming that: 

                                     (2a-5) 

substituting Eq.(2a-5) into Eq.(2a-4) and rearranging the appropriate function fn(x) 

with its derivative, we get: 
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Eq.(2a-4) can divided into two equations based on variables separation method to 

be: 
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and  
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                                         (2a-8) 

where γ(=2B/L) as given by [92] is the separation factor (i.e. eigen value of 

Eq.(2a-8)). 

Eq.(2a-8) has a general solution of form: 

                     (2a-9) ⋅= γ ⋅ ⋅+ γ

where K0 is the zeroth order modified Bessel function of the second kind. Eq.(2a-

9) can be written in terms of a new parameter η  as: 

     (2a-10) )/2(02)/2(01)(2 SitrKCSitrICrf ⋅⋅+⋅⋅= ηη

Where and 2/0 Sitr ≤LtsiB ⋅⋅== 2/2/γη ≤ . We can analyze the factor  due to 

the channel length and silicon thickness as: 

η

 

maxmin η≤η≤η

shortη long

3

short                                           (2a-11) 

where  expresses the value for the short channel devices (<50nm), and η  

for long-channel devices. Since ≈B

min

, and the minimum silicon thickness that can 

be considered is about 1.5nm (despite it is not practical case but we shall not 

exclude it to get a wide range model), we obtain η to be . From the 

roadmap and the recommendation listed in ITRS report [79], and the fact that, as 

mentioned in [84-85],  

1.0≈

[ ] 7.0max =/ L

max

tsi and since the minimum expected channel 

length is 10nm (in 2014), we obtain that  1η ≈ . Also, at very long channel 

lengths . Therefore, Eq.(2a-1) can be modified to cover both short and 

long channel lengths as: 

0min →η

                                                  (2a-12) 20 <<η
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The last introduction about  and its range is important to refine Eq.(2a-10), and 

also to get an analytical model that may contribute for updating or comparing with 

that listed in ITRS report.  

η

 We will obtain analytical expressions of f (x) and f1 2(r), from which, using (2a-

5), φ2(x)   will be calculated. 

 Fig. (2a-1)  shows the graphs of the different orders of the first modified Bessel 

function I .  n

 

 

 
Fig. (2a-1) The first order modified Bessel function 

 

Since the second order modified Bessel function K , is defined as [86-91]: 0
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C being approximately 0.6, and for the given range of η , Eq.(2a-10) can be 

approximated to be: 
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Because of the symmetry of the potential along the channel depth the constants 

C , and C  must be equal and Eq.(2a-14) finally can written as: 1 2
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               (2a-16) 

The threshold charge has been calculated numerically. Fig. (2a-2) shows the 3-D 

numerical values of the inversion charge density (cm-2) with log scale for various 

values of both silicon thickness and channel lengths against the gate-source 

voltage. From these simulations, the mobile sheet charge density at threshold was 

estimated to be about . At approximately this value its dependence 

on VGS stops being exponential, which is an indication of the starting of the turn-

on condition. DESSIS-ISE software has been used to perform 3-D numerical 

simulations using the MOSFET structure described in Section 2. The Poisson and 

electron continuity equations are solved considering the drift-diffusion approach.  
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Fig. (2a-2) 3-D numerical simulation results (using DESSIS-ISE)of the mobile charge density (per unit area). 

We observe that the threshold charge is approximately 1.2⋅1012cm-2

 

Appendix (2A-2) 
 

(A) SOLVING (2A-52), 
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We use variable separation to find the solution of Eq.(2A-52), i.e, 

          (2a-17) φ

From (2a-17) into (2A-52), and re-arranging the equation to be: 
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where γ is a separation factor, i.e. an eigen value. (2a-18), can written in two parts 

as: 
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Eq. (2a-19) has a general solution in terms of the Bessel functions types J , and K0 0 

as, 

          (2a-21) ⋅= ⋅γ γ

And Eq. (2a-20) has a general solution in terms of exponential functions as, 
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We normalize Eq. (2a-21) to channel radius: 

         (2a-23) ⋅= ⋅λ λ

where 
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Since the Bessel function K0 is not defined at zero, we can consider that its 

coefficient is zero(for simplicity). Therefore, the potential can be written as: 

( ) )(),( 01
00

n
r
x

r
x

rJeDAeCAxr ⋅⋅
⎥
⎥

⎦

⎤
⎢
⎡

⋅⋅+⋅⋅=
−

λφ
λλ

      (2a-26) 
⎢
⎣

Or 
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),(1 r
⎦⎣

φ

⋅− )nbi rV

() 010
00

n
r
x

r
x

rJeCeCx ⋅⋅
⎥
⎥
⎤

⎢
⎢
⎡

⋅+⋅=
−

λ
λλ

                (2a-27) 

From Eq. (2A-53) one obtains: 

[ ]∑
∞

=

⋅+=
1

0100 ()(
m

mJCCr λφ                            (2a-28) 

And from Eq. (2A-54) one obtains: 

∑
∞

= ⎢
⎢
⎣

⎡
=−

1
0 )(

m
bi rV φ

−

⋅⋅
⎥
⎥
⎦

⎤
⋅+⋅+ 010 )(00

nm
r
L

r
L

ds rJeCeCV
mm

λ
λλ

)(0 rbi

   (2a-29) 

Please notice that, from (2a-28), V φ−  is the bessel Fourier coefficient of the 

function [ ] .  V )(0 rVbids −φ+  is the Bessel Fourier coefficient of )(010 nrJCC ⋅⋅+ λ

)(010
00

n
r
L

r
L

rJeCeC ⋅⋅⎥
⎤

⎢
⎢

⎣

⎡
⋅+⋅

−
λ

λλ
. 

⎥
⎦

Drop subscript m, and n in Eq.2a-28, and Eq.2a-29 by considering, 

0r
λ = mλ          (2a-30) 

[ ] [ ] ⋅⋅−⋅+
0

000 )()( drrJrV
N
rC bi λφ∫=

1

1C
     

(2a-31)
 

[ ] [ ] ⋅⋅−+⋅ 000 )()( drrJrVVC bids λφ

0)()( =⋅+′ oro rGCrG

( )

∫ ⋅=⋅⋅+ ⋅−⋅
1

0
1 N

reCe LL λλ

   
(2a-32) 

To calculate the eigen value, apply (2A-55) to (2a-27), or 

        (2a-33) 

or 
( )

rC=
λ

J
J

λ
λ

0

1

                    
(2a-33) 
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Eq. (2a-33) is called ‘’ Robin Boundary condition”[73],[74], with  norm,( i.e. N) 

is given as,  

( )
⎥⎦⎢⎣2 λ
⎥
⎤

⎢
⎡
+⋅=

2

22
02 1

)(λ rCJ
N

       
(2a-34) 

After solving 2a-31, and 2a-32 one obtains the coefficients C , C0 1 and hence the 

complete solution. 

 As given in the text of the chapter. 

 

(B) THRESHOLD VOLTAGE CALCULATIONS 
 
Use the same definition for the inversion charge as that introduced before in Eq. 

(2A-29), or 

∫
⎥
⎦

⎤
⎢
⎣

⎡

=
0

0
min /,

2
r V

r
rx

iinv enQ
Tφ

dr                                (2a-73) 
0

)(
2

ln min c
oi

inv rr
rn

Q
==⎥

⎦

⎤
⎢
⎣

⎡
⋅

⋅ φTV
      

(2a-74)
 

where rc is the weak path or the conduction path, and from the symmetric of the 

device along the radius Eq. (2a-73) can solved at r=rc=0.5, or 

sogsdsro
oi

inv
T SS

rn
Q

V φφ ⋅−+=⎥
⎦

⎤
⎢
⎣

⎡
⋅

⋅
= 5.02

ln      (2a-75) 

Since the channel is undoped with a  negligible electric field across the device 

radius, we can consider, 

soromsGSV φφφ ≈=−
= 5.0

       (2a-76) 

At the threshold voltage condition, Qinv⇒QTH, and since we can write the 

threshold voltage as, 
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⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⋅
⋅

−
+= dsS

rin
THQ

TV
gsSmsTHV

o2
ln

1
1φ        (2a-77) 

 
(C) SUBTHRESHOLD SWING CALCULATIONS 
 
To find the subthreshold swing model, solve Eq. 2A-83 at the conduction path 

value, i.e. r=rc=0.5, or  

( )
)10ln(

log

1
min

T
GS

c

D

GS V
V

rr
I

V
S

−

⎥
⎦

⎤
⎢
⎣

⎡
∂

=∂
=

∂
∂

=
φ

( )
     

(2a-78) 

where, 

[ ] [ ]gssogsdsro
GSGS

c SSS
VV

rr
−≈⋅−+

∂
∂

=
∂

=∂
=

1
5.0

min φφ
φ

   (2a-79) 

From (2a-79) into (2a-78), we write the subthreshold swing as, 

 

[ ] )10ln(
1

1
log T

gsD

GS V
SI

V
−

=
∂
∂

S =

       

(2a-80) 
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Appendix 2B 
 

(A) SOLVING (2B-12) 

 

nqy
si

D ε
φ =∇ )(1

2                                           Eq.(2B-12) 

or 

T

D

V
y

i
si

D enq
dy

d
)(

2
1

2 1φ

ε
φ

⋅=                (2b-1) 

Eq(2b-1) has a general solution of the form 

 
⎥
⎥
⎤

⎢
⎢
⎡

⎥
⎥
⎤

⎢
⎢
⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⋅
+

⋅
⋅= y

V
AAVy TD 2

tan1
2

ln)( 2
1 α
φ       (2b-2) 

⎦⎣ ⎦⎣ T

where 

i
Tsi

n
V

q
⋅

=
ε

α
         (2b-3)

 

Introduce a new constant BBn, as (normalized to tsi/2, where the device is 

symmetric along y-axis) 

22
si

T
n

t
V
AB ⋅
⋅

=         (2b-4) 

( )[ ]⎥
⎦

⎤
⎢
⎣

⎡
+

⋅
⋅= yB

B
Vy n

n
TD

2
1 tan1

2
ln)(

δ
φ

      (2b-5) 

2b-5 satisfies the boundary condition listed in Eq. 2B-14 

0
0

1 =
∂
∂

=y

D

y
φ

        (Eq. 2B-14)
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2b-5 can be written as: 

( )⎥
⎦

⎤
⎢
⎣

⎡
⋅

⋅= nn
n

TD yB
B

Vy 2
1 sec

2
ln)(

δ
φ

       (2b-6) 

Where B , can be calculated from: Bn

( )[ ]
oty

D
si

ox

ox

yt =∂
∂
⋅−=⋅ 1φε

ε

     (2b-7)
 oDmsGS tyV =−− 1φφ

(B) SOLVING 2D POTENTIAL DISTRIBUTION 

 
Solving Eq.(2B-19) 

0),(
2

),(
2

2
22 =

∂
+

∂

∂ yxyx
y

DD φφ                        (Eq. 2B-19) 
2∂x

Eq. 2B-19 boundary conditions related to the 1-D potential component, can be 

written as 

[ ]
oty

D
si

ox

ox

y
yx

t =∂
∂
⋅=⋅

),(
) 2φε

ε

     (2b-8)
 oD tyx =− ,(0 2φ

[ ]
oty

D
sioD

ox

ox

y
yx

tyx
t −=∂

∂
⋅−=−=−⋅

),(
),(0 2

2
φ

εφ
ε

)(2D

     (2b-9) 

(),0 1 yVy Dbi φ                                                      (2b-10) φ −=

)(),( 12 yVVyL DbidsD                    (2b-11) φ −+=

(2D

φ

Set, 

          (2b-12)  )()(), xHyGyx ⋅=φ

From 2b-12 into Eq.(2B-19), and rearrange the equation to be: 

2

)(
(′′
yG
yG

)(
)()

γ−=
′′

−=
xH
xH          (2b-13) 
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Where γ is separation factor, i.e. eigen value. Eq.2b-13, can written in two parts 

as: 

0
)(

=+γ
yG

)( 2′′ yG            (2b-14) 

and 

0
)(
)( 2 =−

′′
γ

xH
xH              (2b-15) 

Eq.2b-14 has a general as, 

          (2b-16) )()()( ySinByCosAyG ⋅⋅+⋅= ⋅γ γ

And Eq.2b-15 has a general solution in term of exponential functions as, 

[ ]( )=)(xH  
xLx eDeC ⋅−−⋅ ⋅+⋅ γγ

)()()( nn ySinByCosAyG

        (2b-17) 

We normalize Eq.(2b-16) to channel thickness, tsi/2, : 

         (2b-18) ⋅= ⋅λ ⋅+ ⋅λ

Where 

           (2b-19) ot⋅= γλ

substitute Eq.2b-19 into 2b-17, to obtain 

oo t
x

t
Lx

eDeCxH
λλ −

−

⋅+⋅=)(         (2b-20) 

From 2b-16, and 2b-14 into 2b-8, or 

[ ]
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
⋅+⋅⋅⋅⋅+⋅⋅

−
−

oo t
x

t
Lx

nn eDeCySinByCos
λλ

λλ )()(

[ ]

  (2b-21) =⋅=D AxHyGyxφ )()(),(2

drop subscript n from Eq. 2b-21, to be 

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
⋅+⋅⋅⋅⋅+⋅⋅=

−
−

oo t
x

t
Lx

eDeCySinBy
λλ

λλφ )()(    (2b-22) D CosAyx ),(2
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To find the constants of Eq. 2b-22, use the boundary conditions in Eq. 2b-8 and 

Eq. 2b-9, apply the two boundary conditions to 2b-22, or 

[ ] )()() xHtyGx
t osi

ox

ox ⋅=′⋅=⋅ ε
ε

     
(2b-23)

 
()(0 HtyG o ⋅=−

and 

[ ] )()() xHtyGx
t osi

ox

ox ⋅−=′⋅=⋅ ε
ε

     
(2b-24)

 
()(0 HtyG o ⋅−=−

From 2b-17, 2b-18, Chen et. al [78], has proved that the eigen value λ can be, 

, and λλ ⇒ λeven odd 

λodd has a very small effect on Eq. 2b-22, which leads to a negligible  sin 

coeffcient, and the effective value will be only the cosine component based on the 

even eigen i.e, λeven with (see Fig. 2b-1), 

( ) reveneven C=         (2b-25) λ λtan

( ) rC=

set, 

         
(2b-26)

 
λ λtan

si

o
ox

t
C

ε
         (2b-27)

 
rC =

oxt
ox

oxC
ε          (2b-28) =
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Fig. 2b-1 Eigen value calculations, a) series of eigen values, and b) lowest eigen value 

 

So, we can write,  

( ) ( ) )(00
n

t
x

t
Lx

yCoseDAeCA ⋅⋅
⎥
⎥
⎦

⎤⎡
⋅⋅+⋅⋅

−
−

λ
λλ

    (2b-29) ),( yx
⎢
⎢
⎣

=φ

or 

)() 00
10 n

t
x

t
Lx

yCoseCeC ⋅⋅
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅+⋅=

−
−

λ
λλ

              (2b-30) ,( yxφ

, and Cwe can find C0 1, by applying the boundary conditions at the source end, 

and drain end as (Eq. 2b-10, and Eq. 2b-11),  

∑
∞

=

−
⋅⋅

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
+⋅=−

1
101 )()( 0

n
n

t
L

Dbi yCosCeCyV λφ
λ

                         (2b-31) 

∑
∞

=

−

⋅⋅
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅+=−+

1
101 )()( 0

n
n

r
L

Dbids yCoseCCyVV
n

λφ
λ

)(0 ybi

   (2b-32) 

Please notice that from Eq.2b-30 that: V φ− is the Fourier coeffcient of 
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⎥
⎥

⎦

⎤
+ 1

0 C
L

⎢
⎢

⎣

⎡
⋅

−

0 eC t
λ

)(0 yVbids, i.e., a . Where V −φ+  is the Fourier coeffcient of  n

)(0
10 n

r
L

yCoseCC
n

⋅⋅
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
⋅+

−
λ

λ

( ) ( )∫ ⋅= dyyyfa yn λcos

,  i.e., a .Where, n

        (2b-33) 

Applying Eq. 2b-33 to Eq, 2b-31 and Eq. 2b-33 (for more details about solving 

the fourier coefficient, see appendix 2C, for FinFET ), we found C , and C , as, 0 1

so
t

L

bids SeVVSC o φ
λ

⋅−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−⋅+⋅=

−

210 1                       (2b-34) 

so
t

L

ds
t

L

bi SeVeVS oo φ⋅−
⎥
⎥
⎦⎢

⎢
⎣

⋅−
⎟
⎟

⎠
⎜
⎜

⎝
−⋅⋅

−−

21 1C
λλ ⎤⎡ ⎞⎛

=1                   (2b-35) 

 S , and S   depend on the device dimensions, and given by 1 2

[ ]
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
−⋅⋅+⋅

−
ot

L
e

λ

λλ
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1)2sin(2

⋅
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)sin(4             (2b-36) 

[ ]
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
−⋅⋅+⋅

−
ot

L
eλλ

2
1)2sin(2

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
−⋅⎟

⎠
⎞

⎜
⎝
⎛⋅⋅

=

−
ot

L
e

S
λ

λ
λλ

2

1
2

cos4

         (2b-37) 

(C) VIRTUAL CATHODE VALUE AND THRESHOLD VOLTAGE 
Since the virtual cathode value is the minimum potential value, i.e.: 

                   (2b-38) min21 ),()(), yxyyx DD φφ +=min (φ

where 
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),( min2min
yxDφ=),(2 yxDφ                    (2b-39) 

Where x  is the minimum position value and can be expressed as: min

0
),(

min

2 =
∂

∂

x

D

x
yxφ                       (2b-40) 

We found that 

⎥
⎦

⎤
⎢
⎣

⎡
⋅ oC

C1ln
22min λ

⋅−=
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 (2b-41) 
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(2b-42) 

All the above parameters are defined before (see text).  

The virtual cathode position vs. channel length, shown in fig.(2b-2)for different 

Vds values. 
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Fig. 2b-2 Virtual cathode position vs. channel length. 

 

Since, the inversion charge can be calculated as, 

[ ]∫=
0

min /,2
t

Vyx
i dyen Tφ

       
(2b-43)

 0
invQ

invQ =

where the last integration can be approximated as, 
[ ] Tc Vyx

io ent /,min2 φ⋅⋅ (2b-44)
        where yc, in Eq.( 2b-44) accounting as the conduction path (or weak path), and 

from the device symmetry, Eq. (2b-43) can be approximated at the value of 

y=yc=t /2 or to si/4. This approximation of the conduction path agrees with the 

natural of the undoped channel, where the potential along the channel thickness is 

approximately flat which allow us to expected that the weak path can be at any 

point from center to the surface unlike the doped devices. So we can write Eq. 

(2b-44), as 
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 And, 
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            (2b-48) soyDyyD
c

φφφ =≈
=== 115.01

or 
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⎝

since the undoped devices leads to a negligible electric field along the devices 

thickness, or  

       (2b-50) 0
5.0
=1−−

=yDmsGSV φφ

or 

        (2b-51) 
5.01 =

=−
yDmsGSV φφ

into Eq.( 2b-50), 
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At which the inversion charge reaches to its threshold value we can rewrite Eq.( 

2b-52), as 
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or, 
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At very long channel device both Sds, and Sgs goes to zero,  

⎟
⎟
⎠

⎞
⎜
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⎝
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⎥
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⎤
⎢
⎣

⎡
⋅

⋅+
oi

TH
Tms tn

Q
V

2
lnφ        (2b-55) =THV

Eq. 2b-54 and Eq. 2b-55 are accounting as the threshold voltage for both short and 

long channel DG MOSFET device. 

 

(D) SUBTHRESHOLD SWING 
To find an expression for the subthreshold swing, apply 
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   From Eq. (2b-45), we can write      

(2b-58)

 

gsS−≈1
GSV∂

∂ minφ          (2b-59) 

or, 
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(2b-60) 
1

S ≈

  

 

 179

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



180 
SCEs in undoped multiple gate MOS 

 

Appendix 2-C 

3-D Poisson’s Equation solving procedures   

 
We define the oxide capacitances as 

 

ox

ox
oxo t

C =
ε          (2c-1) 

1
1

ox

ox
ox t

C
ε          (2c-2) =

b

ox
ox t

C
ε          (2c-3) =2

We define the oxide capacitance to Si- capacitances ratio, as 
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o
oxro

t
CC

ε1=          (2c-4) 

si

o
oxr

h
CC

ε11 =          (2c-5) 

si

o
oxr

h
CC

ε22 =          (2c-6) 

2rC

1
21

21
rC

−

−
=Δ          (2c-7) 

2

1
11
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1

r

r

C

C

−

−
=Δ          (2c-8) 
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(A) THE 1D POTENTIAL SOLUTION (NORMALIZED TO FIN WIDTH) 
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V
y

i
si

D enq
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(2c-10)
 

 

Where BB
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n, can be calculated from 
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      (2c-13) 1 )(), yzy D += φ

using the boundary condition in Eq. (2C-13), and Eq. (2C-14), or 
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∂
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We found that, 
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    (2c-15) 

 

(B) 3-D ELECTROSTATIC POTENTIAL SOLUTION 
 

The 3-D potential component, is harder to obtain than the other two components. 

We set, ⋅= ⋅φ       (2c-16) 

from Eq. (2c-16), into Laplace Equation in (20), we get 

0
)(
)(

)(
)(

)(
)(

=
′′

+
′′

+
′′

zh
zh

yg
yg

xf
xf        (2c-17) 

by using the variable separation method we can separate f(x),g(y), and h(z), as 

0)( 2 =+
′′yg γ         (2c-18) 

)( yyg

0)( 2 =+
′′

z
zh γ         (2c-19) 

)(zh

0
)(
)( 2 =−
′′

xxf
xf λ

0=−+ xzy γγγ

        (2c-19) 

where γx, γy, and γz are separation variables or eigen values, with 
222         (2c-20) 

and, 

22
zyx γγλ +=         (2c-21) 

The general solution for f(x), g(y) and h(z) found as, 

( ) ( )     (2c-22) yByAyg yy ⋅⋅+⋅⋅= γ sincos)( 11 γ
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( ) xxL xx eBeA ⋅−−⋅ ⋅+⋅= λλ
22xf )(

( ) ( )zBzAzh zz

       (2c-23) 
⋅⋅+⋅⋅= γγ sincos)( 33       (2c-24) 

Since we have proved before from DG MOSFET analysis that g(y) can written as,  

 

( )         (2c-25) yAyg y ⋅⋅= cos)( 1 γ

From Eq.(2c-16) we can write, 

 
( )( ) ( )( ) ( ( ) ( ))zBzAyzyx zzyD ⋅⋅+⋅⋅⋅⋅= γγγφ sincos),,( 333 AeBeA xxL xx ⋅⋅⋅+⋅ ⋅−−⋅ λλ cos122  (2c-26) 

 in the whole parts, and rename the constants again to be as, Multiply A1
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D

x ⋅⋅+⋅⋅⋅⋅+ ⋅−−⋅ γγφ λ sincos(3

[ ]

eAyzy y
x⋅⋅⋅= γ λcos),,  (2c-27) 

For the 3D-Potential component we have 5-boundary conditions and are related to 

the main boundary condition, or, 
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         (Eq.2C-22′)
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(Eq.2C-23)
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To find the eigen values we should use the boundary conditions in Eqs. (21, 22 

and 22′) , as 

 

(B.C.1) Top gate Boundary condition: apply Eq.(21) into Eq. (2c-27), 

( ) ( ) ( )[ ] ( ) ( ) ( )[ ]o
r

o
o hzhygxf

C
h

h =′⋅⋅⋅−==
1

( )
( )

    
(2c-28)

 
zhygxf ⋅⋅−0

01 =
′

⋅−
zh
zhhC or

        
(2c-29) 

where, from Eq.(2c-27) 

( ) ( )zDzCzh zz ⋅⋅+⋅⋅= γ γsincos)(

( )
       (2c-30) 

( )zDzCzh zzzz +⋅⋅⋅−=′ λ γ λ ⋅⋅⋅ sincos)(

( )
( )

γ     (2c-31) 

Substitute from Eq.(2c-30) and Eq.(2c-31), into Eq.(2c-29), 

0
tan
tan1

1 =
⋅+
⋅⋅−

⋅−
ozo

ozo
ozor hR

hR
hC

γ
γ

γ

zo

      (2c-32) 

where γ  is related to the top-gate eigen value 

or normalized to ho, 

( )
( ) 0

tan1 + zo
zorzo R

CF
λ

tan1
=

⋅−
−= zoR λ
λ ozozo h , = ⋅γλ     (2c-33) 

 

(B.C.2) Bottom gate Boundary condition(at Buried oxide): apply Eq.(21) into 

Eq. (2c-27), 

( )
( ) 0

1

=
oztan

tan1 1
12 ⋅−

⋅⋅+
⋅+ oz

ozr hR
hR

hC
γ
γ

γ         (2c-34) 

where 1zγ  is related to the buttom-gate eigen value 

or normalized to ho, 
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( )
( ) 0

tan
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1

1
121 =

−
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+=
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z
zrz R

R
CF

λ
λ

λ ozz h , = ⋅11 γλ      (2c-35) 

where, 

′
)58.( −′
)57.( −

==
⋅

==
CEqCCBCR

⋅ CEqDDBD
      (2c-36) 

(B.C.3) Right/Left gate Boundary condition: apply Eq.(22′) into Eq. (2c-27), 

( )[ ] ( )
oty

D
sioxo y

zyx
C

=∂
∂
⋅−=⋅

,,3φε
     

(2c-37) oD ztyx =− ,,0 3φ

( )        (2c-38) 0tan =⋅⋅⋅− oyoyro ttC γ γ

normalized to to, 

( ) 0tan =⋅− yyroC ,  oyy tγ= ⋅λ      (2c-39) =yoF λλ

The eigen values calculations is shown in Fig. 2c-1. 

 
Fig. 2c-1 The eigen values calculation, where the right sides (b, and d) explore the values of the 
lowest eigen values that were used for calculating the potential, and satisfy Eq. 2C-19.
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(B.C.4) Source end Boundary condition : apply Eq.(2C-23) into Eq. (2c-27), 

( )( ) ( ) ( ) ( )( )
∞ ∞
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we multiply both sides by sin(λz⋅z) and integrate over the Fin height, 
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we use the property of two orthogonal sets, i.e., 
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The last equation is equivalent to the Fourier coefficient ,bn, for the function 

, where bn is defined as, 
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       (2c-44) 

From Eq. (2c-43), and Eq. (2c-44), 

( ) [ ] ( )∫ ∫∫ ⋅−⋅=⋅⋅+⋅⋅ ⋅−

y z
zDbiny

z
z

L dzzzyVdyydzzDBeDA x λφλλλ sin),(cossin 2,
2

[ ] ( )

 (2c-45) 

( )

( )
L

z
z

y z
nyzDbi

xeDA
dzz

dzdyyzzyV

DB ⋅−⋅⋅−
⋅

⋅⋅−

=⋅

∫

∫ ∫
λ

λ

λλφ

2

,2

sin
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   (2c-46) 

Again, we multiply Eq.(2c-40) by cos(λz⋅z) and integrate over the Fin height, 
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The last equation is equivalent to the fourier coefficient ,an, for the function 

, where a[ ] ( )⋅− zD dzzzy λφ cos),(2 n is defined as, 

( ) ( )∫ ⋅ dyyyf yλcos         (2c-49) 
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(B.C.5) Drain end Boundary condition : apply Eq.(24) into Eq. (2c-27), 
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we multiply the last equation by sin(λz⋅z)  and integrate both sides, and solve for 

AD, 
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Again we multiply Eq.(2c-51) by cos(λz⋅z) and solve for AC, 
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    (2c-53) 

we name the variables ΔR , ΔP , ΔR , ΔP , Q , and Q  as, o o 1 1 o 1
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        (2c-56) 

( )∫ ⋅=Δ
z

z dzzP λcos1         (2c-57) 

)sin()sin(4
yzy dyyPP λλλ ⋅=⋅Δ=Δ ∫      (2c-58) cos12

zyy
λλ ⋅

, ΔR , ΔP  and ΔP  against eigen values, λFig . 2c-2, shows the variation of ΔRo 1 1 2 z. 

 

 
Fig. 2c-2 Potential parametric figure (ΔRo, ΔR1, ΔP1 and ΔP2) 
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Set, 
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where Q , and Qo 1 are two symmetric functions along the y-axis as shown in Fig. 

2c-3. We rewrite the equations of AD,AC,BD and BC in terms of the new 

variables to be as, 
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The 3D Potential can then rewritten as, 
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([∑ ∑ ∑
∞

−∞=

∞

−∞=

∞

−∞=

⋅−−⋅⋅−−⋅ ⋅+⋅⋅⋅+⋅+⋅⋅⋅⋅⋅=
n m k

xxL
mz

xxL
mznyD

kxkxkxkx eBDeADzeBCeACzyzyx ,,,,
,,,3 sincos)cos(),,( λλλλ λλλφ

( ) ( )( ) ( ) ( )( )[∑ ∑ ∑
∞

−∞=

∞

−∞=

∞

−∞=

⋅−−⋅⋅−−⋅ ⋅′+⋅′⋅⋅+⋅′+⋅′⋅⋅⋅⋅=
n m k

xxL
mz

xxL
mznyD

kxkxkxkx eDeBzeCeAzyzyx ,,,,
,,,3 sincos)cos(),,( λλλλ λλλφ ](2c-66) 

[ ] [ ]( )
[ ]L

LL
bids

x

xx

eR
eSPeVV

CAA
⋅−

⋅−⋅−

−⋅Δ

−⋅−Δ⋅−+
=⋅=′

λ

λλ

2
1

12

1
11     (2c-67) 

 189

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



190 
SCEs in undoped multiple gate MOS 
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Fig. 2c-3 Qo, and Q1 vs. normalized Fin width, and eigen values 
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Set, 
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Where So, and S1 have not analytical solutions but from the symmetry of both Qo, 

and Q1 along y-axis as shown in Fig. (2c-3), both So, and S1 can be approximated 

as, 
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Where VT is just an offset. The comparison between exact and the approximated 

values of So, and S  is shown in Fig.(2c-4). 1
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Fig. 2c-4 Comparison between exact values (solid lines), and the approximated values (dotted 

lines) of  So, and S1. 
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In Eq.(2c-66) replace the exponential function by hyperbolic functions and 

rearrange the terms again, we got 
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The two summing symbols have been removed; we only consider the lowest eigen 

value, with, 
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λ
λ        Eq.(2C-27) 

 

 
Fig. 2c-5 proves the assumption done in Eq. 19, Hfin=60nm, Wfin=20nm. The potential is drawn 

at y=0.75WFIN, x=0.5L, and z=HFIN

 

Now, the complete 3D potential can be calculated by summing both 3D-potential 

part (Eq. 2c-66) and 2-D potential part (Eq. 2C-13), as shown in Fig.2c-6 a, and b. 
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In Fig. 2c-6a the device is quite long and therefore the device electrostatics is 

governed only by the 2D-part (≅ 1D potential value) where the Short Channel 

Effects are negiligible. In Fig.2c-6b, the device length is scaled down and 

therefore the gate losts the full controllability of the channel electrostatic 

potential, and the drain/source potential are arises the channel potential to increase 

the SCEs, as shown in Fig.(2c-6b).  

 

 
Fig. 2c-6 3D potential components vs. channel length at a) Long channel devices, b) Short channel 

devices. HFIN=60nm, WFIN=20nm. The potential is drawn at y=0.75WFIN, and z=HFIN

 

(C) VIRTUAL CATHODE VALUE AND POSITION 
 

The virtual cathode value is the point at which the potential has its minimum 

value. By finding this point (along the channel length), the virtual cathode 

expression can be calculated substituting by this value into the general form of the 
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3D-electrostatic potential. The minimum value will take place at the position at 

which, 
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Applying the last definition into Eq. 2C-27, we got 
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where as shown from Fig. 2c-7, the minimum position will not be depenedent on 

the position along y-axis (where it is symmetric), but there is a small dependence 

on the z-axis position due to the asymmetric device structure (biasing and 

structure). From Fig. 2c-7, we conclude that there is only one point in the devices 

which will be the virtual cathode value, (which will accounting as the weak path). 

The minimum potential can then be written as (see Fig. 2c-8), 
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Fig.2c-7 The virtual cathode position vs. drain-source voltage. due to a) the effect of the eigen 

value, and b) the position from center to the top gate. 
 
 

 
Fig. 2c-8 the contour of virtual cathode at a) Vds=0V, b) Vds=1V, L=60nm, Hfin=60nm, 

V =0.2V, Wfin=20nm. GS1
 

(D) SUBTHRESHOLD SWING  
 

From Eq.(2C-31), the subthreshold swing defined as, 
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However the last integration is the exact expression for the subthreshold swing, 

and can be calculated  at the conduction path,: 
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, or By differentiating Eq. (2c-82) respecting to the VGS1
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The FinFET normally is designed to have a Fin height bigger than the Fin width, 

and therefore Eq.2c-95, at certain dimensions will tend to be unity (where for a 

very narrow device cross section, the exact solution in Eq. 2c-95 should not 

approximated to be unity).  

From Eq.(2c-93) and Eq.(2c-94) into Eq.(2c-87), and Eq.(2c-88), we can write 

D_So, and D_S1 as, 
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Finally we can write, 
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Using Eq. (2c-100) into Eq. (2c-85), the subthreshold swing is found as 
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we can write, 
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or 
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, and K  are in units of V/V, (SRemember that both K1 2 o, and S1 are in units of 

Volt). Where, 
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The subthreshold swing has been extracted from Ids-VGS curves experminatlly 

(Fig. 2c-9 show an example for the measured Ids-VGS in logarithmic scale) and 

numerically, with a good agreement with both as shown from the figures through 

the chapter. 
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SCEs in undoped multiple gate MOS 

 
Fig. 2c-9 Measured Ids-V  in logarithmic scale, Hfin=60nm, and L=40nm GS

 

(E) THRESHOLD VOLTAGE CALCULATIONS 
 

The inversion charge can be written as, 
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From the devices symmetry along the Fin width, the last integration can be 

approximated as  
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Using Eq.(2c-86), into Eq.(2c-111), 
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Write, 
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Where F1 accounts for the ratio between the top gate oxide to the buried oxide, 

and written as, 
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δ accounts for the ratio between back gate biasing, V GS2 and VGS1, and can be 

written as 
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where, 

 204

UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El Hamid
ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007



205 
SCEs in undoped multiple gate MOS 

( ) ( ) ( )[ ] ( ) ( )( )

( )[ ] ( ) ( ) ( )

( ) ( )5.05.0
111 111

21

=⋅−=⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅Δ+⎟⎟

⎠

⎞
Δ

1

5.0
1111

15.0

1111

5.05.0
5.0

11

21

11

21

1211

⎜⎜
⎝

⎛
−

=

=⋅−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

−Δ⋅=+−
=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

=−−⋅Δ−=−−
==

y

CC

yV
CC

yVyV
y

D

rr

DmsGS

rr

DmsGSDmsGS
o

φδ
φφ

yy

CC

DD

rr

φδφ

φ φ φ φ
α

1

          (2c-121) 

Since the device is undoped, the electric field is ≅0, or 
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From Eq. (2C-15), we can write 
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From Eq. (2c-124), and (2c-125) into Eq. (2c-66), 
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From (2c-118),(2c-123), and (2c-127), into (2c-114), we got 
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At the value of the threshold charge we can write threshold voltage as, 
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msGSV φ≈2As , δ3 will go to zero as shown in Fig. (2c-10), 

 

 
Fig. 2c-10 Demonstration of the value of  δ3 
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Finally we can write the threshold voltage as,  
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To get the value for the threshold charge, we have found that both Sds, and Sgs at 

long channel device goes to zero, as shown in Fig.(2c-11). Also there is a 

negligible difference between Sgs, and Sgs′. 
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Fig. 2c-11 The long channel threshold voltage parameters 

 

and so on the long channel threshold voltage, can be written as 
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By substracting the VTH for long channel devices from the general model in 

Eq.(2c-135), the roll-off can be written as, 
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The DIBL effect can be calculated using the same manner as for both DG, and 

GAA MOSFETs, by substracting the V  at high VTH ds value from the V at low Vds TH 

value. 
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