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•  Introduction to Nanoelectronics 

•  Modeling electron devices: 

•  Electrostatic and electrodynamics in 
mesoscopic devices 

•  The semi-classical approach to model 
charge transport 
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OUTLINE OF THE COURSE 
CLASS 2: the MOSFET 

EEEEEEEEnr

•  MOSFET : basic theory  

•  Threshold voltage 

•  MOSFET current-voltage characteristics.  

•  Short Channel Effects 

•  MOSFET scaling and scaling strategies 

•  Scaled MOSFETS 

•  Limits of scaling 
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OUTLINE OF THE COURSE 
CLASS 3: from nano to Tera 

 

•  MOSFET Scaling: 

•  Recent Scaling Scenario 

•  Multigate MOSFET architectures 
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Suggested Readings 

Y. Taur T. H. Ning, Fundamentals of Modern VLSI Devices, 
Cambridge University Press, ISBN  0 521 559596  
 

Mark Lundstrom, Fundamentals of Carrier Transport, 2nd 
Edition, Cambridge University Press 

 

R.S. Muller T.I. Kamins, Device Electronics for Integrated 
circuits,  Wiley  
 

Robert F. Pierret, Semiconductor device Fundamentals, 
Addison-Wesley, ISBN 0201 54393 1 
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Introduction to Nanoelectronics: 
The Good, the Bad and the Ugly 

 *The Good, the Bad and the Ugly (Italian: Il 

Buono, il Brutto, il Cattivo) is a 1966 Italian 

epic spaghetti western film directed by 

Sergio Leone, starring Clint Eastwood 
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The Good of Nanoelectronics: 
Business and Science. 
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•  Electronics is the 

  Most relevant invention of the 20th century 

•  Electronic Circuits in 100 years 

 from       Vacuum tube        to  ULSI 

 

 



History of Electronic Devices  
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DEVICES FOR CONTROLLED ELECTRIC CURRENT 

Filed March 28, 1928 



1947: 1st transistor John Bardeen, Walter Brattain, 
William Shockley 

Bipolar using Ge 



First MOSFET by D. Kahng and M. Atalla 

Top View Cross-section 

Al 

SiO2 

Si 

Exceptionally 

good interface! 
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Technology for electronic systems:  
from milli- to micro- to nano- 
Moore’s Law 
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Moore’s Law 

Doubling every year 

Doubling every two years 
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Nanotechnology  
and 

Nanoelectronics 
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Sub 100nm CMOS is Nanotechnology 

! Based on dimensions 

! Based on fabrication 

method 

! Based on principles of 

operation 

Silicon crystal atoms 

Silicon, Oxygen  

& Nitride atoms 

Polysilicon atoms 

9 Silicon Atoms High 

And nanoelectronics will be the largest nanotechnology 

Market for at least the next 10 years 
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Nanometer electronic devices in Si 
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But Nanoelectronics >> Nanoscale Devices 
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Source: S. Sze, Applied Materials Nanotechnology Seminar, Feb 2006 
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Integration and Moore’s Law 

Ref : “No exponential is forever… but we can delay 
forever, G. Moore, International Solid State Circuits 
Conference, 2003 



September 7, 2016 
Enrico Sangiorgi 

Successive ITRS Roadmap Predictions 
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The Bad :  
complexity, roadblocks and physical 

limits 
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Complexity and acceleration 
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Si Technology:  
Complexity Increasing Exponentially 

rico Sangiorgi 

Source: Intel – ISTAC Meeting 2-2004 
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Roadblock: Power Density 

0.001 

0.01 

0.1 

1 

10 

100 

1000

0.01 0.1 1 

Gate Length (µm)

P
o

w
e

r 
(W

/c
m

2
) 

Active Power Density

Stand-by Power Density 

Air Cooling Limits (W/cm2) 

 

90 – Unipocessor 

60 – Multi Processor 



External Use 

 

Heat forces Intel to cancel desktop chips, says report  

By Peter Clarke Silicon Strategies  

05/07/2004, 8:11 AM ET 

 

LONDON -- Intel Corp. plans to announce Friday (May 7) that it has cancelled its next chips for desktop 
and server computers, codenamed Tejas and Jayhawk, according to a Reuters report that cited an un-
named source.  

The move represents a significant shift in Intel's development plans and a desire to build chips that are 
computationally powerful without generating excessive amounts of heat, the report said.  

The chips to be cancelled include a version of Intel's fourth-generation Pentium 4 chip, code-named 
Tejas, which was expected to come to market in 2005, and a Xeon processor for low-end computer 
servers, code-named Jayhawk, the report said referencing its un-named source.  

Intel is expected to explain on Friday that it plans to use processors designed for mobile computers for 
future desktop and server applications, the report said.  

The Blind Race for GHz is Over 
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Physical limits and switch 
performance 

•  Control electrostatics 

•  Control power dissipation 

•  Control (Improve) conductivity 

•  Minimize parasitics 
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Predictions of Scaling limits since IC 
started 

Period   Expected limit       Cause  

Late 1970’s   1µm:             SCE 

Early 1980’s   0.5µm:         S/D resistance 

Early 1980’s   0.25µm:     Direct-tunneling of gate SiO2 

Late 1980’s   0.1µm:           Several 

Today                50nm:             Several 

Today                <10nm:         Fundamental?  

 

Fundamental: electron wave length (10nm), tunneling 
distance(3nm), atom distance (0.3nm) 
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The Ugly : costs  
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Wafer Dimensions 
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OUTLINE OF THE COURSE  
CLASS 1: Device Simulation 

•  Electrostatic and electrodynamics in 

mesoscopic devices: Schroedinger and 

Boltzmann equations  

•  The semi-classical approach to model 

charge transport 

•  The method of moments 

•  The Monte Carlo method 



September 8, 2016 Enrico Sangiorgi 

Device simulation and Quantum 
Mechanics: setting the stage 

•  At microscopic level (dimensions 
comparable with atom size) electrons are 
described by wave functions whose 

frequency and wave length are related to 
the particle energy and momentum 

•  Momentum and position of a particle are 
known within a given uncertainty 
(uncertainty principle) 
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•  Electrons are Fermions and thus obey the 
Pauli exclusion principle: only one electron 
can be found in a given state (allowed 

state) 

•  Energy and momentum of allowed states 
are solution of the Schrödinger equation 
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The Schrödinger equation 

•  The Schrödinger equation in the effective mass 
approximation and for spherical, parabolic bands 

 

•  EC0: conduction band; U: potential due to external fields 
and charge distribution, Ψ: envelope wave function; US: 

the scattering potential associated to local perturbations 
due to impurities, lattice vibrations, other particles 
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•  Electrons in semiconductors are well 
described by a superimposition of different 
wave functions, each with defined energy 

and momentum, and with different weight 
(wave packet). 

•  The wave packet energy and momentum 
are also solution of the Schrödinger 
equation 
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•  The wave packet is reasonably described by a 
single value of the crystal momentum P=ħK and 

position r corresponding to the centroid of the 
packet. 

•  The propagation velocity of the wave packet 
(group velocity) is given by:  
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•  E(K) is called energy-momentum 
dispersion relation and provides the 
allowed energy values for each value of 
the crystal momentum K, once the 
Schrödinger equation is applied to the 
periodic crystal potential. E(K) depends on 
the material  and it is periodic with period 
2π/L (reciprocal reticule) where L is the 
periodic distance of the crystal in r (crystal 
reticule). 
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View of the Si bands 
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•  The effects of the periodic crystal potential 
are included by adopting the E(k) 
dispersion relation. 

•  Therefore the motion of the particle is 
described by a single wave  packet, with 
given k and r, subject to the external 

forces and to the interaction with the 
crystal lattice (scattering events). 
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The semi-classical approach to 
charge transport 

The theoretical frame described above is 
called “semiclassical approach” to device 
modeling: each carrier behaves like a 

classical, electrically charged particle,  
reacting to the field in accordance to 

Newton’s law, and interacting with lattice 
vibrations (phonons), defects, or 
impurities. Quantum mechanics is used 

only to describe collisions.  
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The Botzmann Transport Equation 
Carriers are statistically described through a distribution function 

that gives the probability of occupation of a state with wave-
vector k and position r  at time t. The distribution function is 
the solution of the Boltzmann Transport Equation (BTE)  that 
describes the classical motion of carriers under the action of the 
electric field F  and perturbation:  

Where p=ħk represents the carrier momentum and F(p,r,t) 
is the distribution function. The BTE expresses the 
conservation of  particles in position and momentum 
space as described next.  
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Boltzmann Transport Equation 
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Solution of the BTE 

•  The solution of the BTE for realistic devices is a 
very difficult task 

•  Difficult arises from: 

–  Non homogeneous device structure (doping and 
topology 

–  Models for collision mechanisms 

–  Complexity of the band structure 

•  Most common solutions: statistical methods 
(Monte Carlo) or drastic approximations (methods 
of moments) 
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 Approximations behind the BTE 

•  Statistical Description using Single Particle 

Probabilities ( Number of Electrons in the active 

device? )  

•  Classical Treatment of Motion + QM Scatterings 

•  Scatterings occur instantly in time and localized in 

space (interaction with macroscopic fields are 

neglected during the scattering) 

•  Fermi Golden Rule for Scattering Rates  
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OUTLINE OF THE COURSE  
CLASS 1 

•  Electrostatic and electrodynamics in 

mesoscopic devices: Schroedinger and 

Boltzmann equations  

•  The semi-classical approach to model charge 

transport 

•  The method of moments 

•  The Monte Carlo method 
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Mobility: the key parameter of 
the drift-diffusion model 
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Drift velocity vs. field 
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Mobility vs. doping 



September 8, 2016 Enrico Sangiorgi 

Mobility vs. Temperature 
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Resistivity vs. doping 
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OUTLINE OF THE COURSE  
CLASS 1 

•  Electrostatic and electrodynamics in 

mesoscopic devices: Schroedinger and 

Boltzmann equations  

•  The semi-classical approach to model charge 

transport 

•  The method of moments 

•  The Monte Carlo method 
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Basic structure of the MC transport 

•  Motion of sample particles: 

– Free-flights 

– Scattering events 

•  Determine the free-flight 
duration 

•  “Randomize” K 

– Gathering of the statistics 

Fe
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Structure of a Monte Carlo simulator 

Monte Carlo 

Transport 

Statistics’ 

Collection 

Poisson 

Equation 

Band 

Structure 

Scattering 

Rates 

Post-Processing 

and output  

Device mesh 

Add-ons for specific 

applications 
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Band Structure: analytical bands 

•  Spherical band (parabolic)  

z

z

y

y

x

x

m

K

m

K

m

K
E

222

222222
ℏℏℏ

++=

•  Spherical band (non parabolic)  

•  Ellipsoidal band (parabolic/non-parabolic)  

*

2222

2

)(

m

KKK
E

zyx ++
=
ℏ

*

2222

2

)(
)1(

m

KKK
EE

zyx ++
=+
ℏ

α

•  Warped band (holes) ( )







+++±−= 2222222

4
2

2

0

2

2
zxzyyx KKKKKKCKBKA

m
E

!!ℏ

•  Composition of analytical bands to reproduce high energy 
band structure: 
 [A Abramo, et al., IEEE Trans. on CAD of Integrated Circuits and Systems, 
Vol 12 pp. 1327-1336 (1993) ] 
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Full-Band Monte Carlo (1) 

The dispersion relationship is parabolic only close to band minima 

• Full-Band MC are based on the full dispersion relationship 

(from Non-Local-Pseudopotential method, etc.) 

• Needed for high field transport (simulation of hot carriers) 

• Integration of the equation of motion is more complicated 
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 BTE for the 2D Electron Gas 

•  A 3D Gas (Bulk Silicon) has a Single f(K,R) 

•   A 2D Gas (MOSFET) has fi(k) at each (x): 

Occupation probability of State (k) in Sub-

band (i) at a section (x) along the channel   

•  Once the fi(k) are known we can Calculate 

the Electron Density, Velocity hence the 

Current Density of each band 

•  Monte Carlo implementation are heavy but 

feasible (Multi Subbands MC) 



ADDITIONAL MATERIAL 
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VD 

VG1 

x 

y 
VG2 

VS 

•  Capture the 2D nature of the 
electron gas in the channel 

•  Solve 1D Schrödinger equation 
in each section of the device 

•  Solve the Boltzman Transport 
equation in each sub-band 

•  Dim(K)=2. The new dimension 

is the subband index 

•  Dim(R)=1 (but 2D Poisson) 

Multi Subband Monte Carlo 

[L.Lucci et al, Solid State Elect, Vol.49, p.1529, 2005] 
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OUTLINE OF CLASS 2 

S t b 8 2016 E i S i

•  MOSFET : basic theory.  

•  Threshold voltage 

•  MOSFET current-voltage 
characteristics.  

•  Short Channel Effects 

•  MOSFET scaling and scaling strategies 

•  Scaled MOSFETS 

•  Limits of Scaling 
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MOS Energy Band Diagram (I) 
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Band Diagram (II) 
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Charge vs. surf. potential 



September 8, 2016 Enrico Sangiorgi 14 



September 8, 2016 Enrico Sangiorgi 15 



September 8, 2016 Enrico Sangiorgi 16 

MOSFET: beyond the basics 

• Subthreshold characteristics 

• Velocity saturation 

• Short channel effects 



September 8, 2016 Enrico Sangiorgi 17 

Transfer I-V characteristics 
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Subthreshold region 
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Subthreshold current 
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Short Channel Effects (I) 
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Short Channel Effects (II) 
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Short channel VT roll-off 
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2D simulation of potential 

 

 

 

 

 

 

 

 

Long channel Short channel 
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Drain-induced barrier lowering 
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OUTLINE OF CLASS 2 

•  MOSFET : basic theory.  

•  Threshold voltage 

•  MOSFET current-voltage characteristics.  

•  Short Channel Effects 

•  MOSFET scaling and scaling strategies 

•  Scaled MOSFETS 

•  Limits of Scaling 
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MOSFET SCALING 
Device scaling: simplified design rules for shrinking 

device dimensions to density and performance 

gains and power reduction  

Principle of constant field scaling (Dennard, 1978) 



Vacuum 

Tube 

Transistor IC LSI ULSI 

cm cm mm µm nm 

In 100 years, the feature size has been reduced  

by one million times 

m m m m m 

Downsizing of the components has been 

the driving force for circuit evolution



    Scaling 

   1. Reduce Capacitance 

         Reduce switching time of MOSFETs 

         Reduce power consumption 

 

   2. Increase number of Transistors 

         Increase functionality 

         Parallel processing 

         Increase circuit operation speed 



VLSI textbook (Mead and Conway) 

Finally, there appears to be a fundamental 

limit of approximately quarter micron 

channel length, where certain physical 

effects such as the tunneling through the 

gate oxide and fluctuations in the positions 

of impurities in the depletion layers begin to 

make the devices of smaller dimension 

unworkable. 
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Predictions of Scaling limits since IC 
started 

Period   Expected limit       Cause  

Late 1970’s   1µm:             SCE 

Early 1980’s   0.5µm:         S/D resistance 

Early 1980’s   0.25µm:     Direct-tunneling of gate SiO2 

Late 1980’s   0.1µm:           Several 

Today                50nm:             Several 

Today                <10nm:         Fundamental?  

 

Fundamental: electron wave length (10nm), tunneling 
distance(3nm), atom distance (0.3nm) 

 



Qi Xinag, ECS 2004, AMD 
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Constant field scaling (I) 

The principle of constant field scaling lies in 
scaling the device voltages and the device 
dimensions (horizontal and vertical) by the 

same factor, k>1 , such that the electric field 
distribution within the device remains 

unchanged. 

Issues: short-channel effects, power density, 
reliability 
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Constant field scaling (II) 
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Generalized scaling 

•  It allows the electric field to scale up 

•   by a factor α, while device 
dimensions scale down by κ  

• Voltages scale by α/κ 

• More flexible than constant-field 
scaling, but has power and reliability 

concerns 



September 8, 2016 Enrico Sangiorgi 35 

Constant voltage scaling 

• Special case of generalized  scaling 
with  α = κ 

• Threshold voltage remains unchanged 

• Physically incorrect since electric field 
increases (reliability) and power 
density increases 
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Practical scaling 

•  CMOS technology has gone through a 
mixture of constant voltage and constant 
field scaling steps, partially due to system 
level needs. As a result, field and power 
density has gone up, but performance gain 
has been maintained and power per circuit 
has come down. 

•  Reliability requirements continue to be met 
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CMOS Technology generations 
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Non-scaling factors 
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Other non-scaling factors 

•  Source and drain resistances 

•  Doping level limited by solid solubility 

•  Junction abruptness limited by annealing 

•  Polysilicon gate depletion 

•  Inversion layer thickness 

•  Process tolerances: 

•  Gate length 

•  Dopant number fluctuation 
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OUTLINE OF THE COURSE 
CLASS 3: from nano to Tera 

 

•  MOSFET Scaling: 

•  Recent Scaling Scenario 

•  Multigate MOSFET architectures 

 



Recent Scenario 

•  CMOS scaling below the 32 - 28 TN is 

constrained by several parasitic effects, among 

which are: 

•  Lateral SCE 

•  Gate leakage due to tunneling 

•  Low mobility induced by high doping 

•  Multi-Gate MOSFETs and high-k dielectrics help 

to limit SCE allowing for a thicker gate oxide 

compared to conventional bulk MOSFETs. 
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Device Scaling 

•  Channel Width ∝ Channel Length 
•  To ensure that optimal W/L ratios are available 

 

•  Drain-to-Source Voltage ∝ Channel Length 

•  To maintain a constant electric field from source to drain 

 

•  Gate-Oxide Thickness ∝ Channel Length 

•  To maintain control of the energy barrier in the channel through 
increasing the capacitive coupling from the gate 

 

•  Channel Doping Density ∝ 1/(Channel Length) 

•  Maintain a reasonable number of dopants in the decreasing 
channel area 
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Scaling Issues 

•  Short-Channel Effects 

•  Drain Induced Barrier Lowering (DIBL) 

 

 

Possible Solution 

New channel doping profiles 
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Scaling Issues 

•  Mobility Degradation 

– Increased Surface Scattering 

 

 

Possible Solution 

“Strained Silicon” 
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Scaling Issues 

•  Doping Density Fluctuations 

– Decreasing channel dimensions make 

matching channel doping from one device to 
the next nearly impossible.   

 

 

Possible Solution 

Un-doped Channels 
(Not a reasonable solution for the conventional MOSFET) 
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Double-gate FET (DGFET) can reduce Short Channel Effects 
(SCEs) 

•  Reduce Drain-Induced-Barrier-Lowering 

•  Improve Subthreshold Swing S 

•  allows for thicker gate oxide compared to conventional bulk MOSFET 

• Medici-predicted DIBL and subthreshold swing versus 

effective channel length for DG and bulk-silicon nFETs 

• E J Nowak, I Aller, T Ludwig, K Kim R V Joshi, C-T Chuang, K Bernstein and R Puri, IEEE Circuits and Dev.  Magazine, p20-31, Jan/Feb 2004 k I All T L d i
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Design - Geometry 

• Gen Pei, et al., IEEE Trans on Electron Dev., vol.49, no.8, p1411-1419, 2002 

• Effective channel width W = (Tfin) + 2×Hfin 

• H -J L Gossmann, et al., IEEE Trans on Nanotechnology, vol.2, no.4, p 285-290, 2003 

• Hfin >> Tfin 

• Top gate oxide thickness >> sidewall oxide thickness  
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Design - Dependence of sub-threshold I-V 

characteristic on Tfin   

• Gen Pei, et al., IEEE Trans on Electron Dev., vol.49, no.8, p1411-1419, 2002 

•  Very good sub-threshold characteristics for thin silicon layer 

•  Increasing the thickness of the silicon layer leads to largely 

degraded short-channel effects  September 8, 2016 Enrico Sangiorgi 



Design - SCEs with Leff/Tfin 

• Kidong Kim, et al., Japanese J of Appl. Phys., vol.43, no.6B, p3784-3789, 2004  

• Leff/Tfin > 1.5 is desirable 
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Independent-Gates FinFET 

• The adoption of two separated gate electrodes provides additional 

control on devices' characteristics (e.g. leakage control)‏ 

• M. Fried et al., IEEE TED, Vol. 24, No. 9, 2003 
September 8, 2016 Enrico Sangiorgi 



FinFETs - taking advantage of 
different crystal orientations 

•  FinFETs can be easily fabricated outside of the 
traditional (100) plane, allowing to change the crystal 
orientation to optimize CMOS circuit performance. 

•  Alternative surface orientations such as (110) and 

(111) enhance hole mobility while degrading electron 

mobility, thus allowing for adjustment of the ratio 

between n- and pMOS transistor drive currents. 

•  By optimizing the surface orientation, up to a 15% 

improvement in gate delay can be expected. This 

value depends upon the type of logic gate, the off-

state leakage specification, and technology scaling 

trends. 
September 8, 2016 Enrico Sangiorgi 



Effect of crystal orientation on 
low-field mobility 
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Effect of crystal orientation on circuit 

speed – flexibility offered by FinFETs 

• L. Chang et al. IEEE Trans. Elec. Dev. Vol. 51, No. 10, 2004. 
September 8, 2016 
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Performance - IV Characteristics 

• Optimization of S/D and extensions leads to ON-currents comparable 

• to those of bulk MOSFETs with low short-channel effects.  

• The performance of the p-FinFET is very good because the hole mobility  

• in the (110) channel is enhanced  
• J. Kedzierski et al. IEEE Trans. Elec. Dev, Vol. 50, No. 4, 2003 
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Performance - Speed  

• Gate Delay is 0.34 ps for n-FET and 0.43 ps for p-FET respectively at 

10 nm Lg  

• Chenming Hu, et al. Dept. of EECS, UC-Berkeley, IEDM, p251-254, 2002 
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Performance - Short Channel 
Effects 

• Chenming Hu, et al. Dept. of EECS, UC-Berkeley, IEDM, p251-254, 2002 

• Medici-predicted DIBL and subthreshold swing versus 

effective channel length for DG and bulk-silicon nFETs 
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Summary 

•  Double-gate FET can reduce Short Channel Effects 

    and FinFET is the leading DGFET 

•  Optimization design includes geometry, S-D fin-
extension doping, dielectric thickness scaling, 
threshold voltage control…. 

•  Fabrication of FinFET is compatible with CMOS 
process 

 

 

 

 

• “Easy in concept----Tough to build” 

September 8, 2016 Enrico Sangiorgi 



September 8, 2016 Enrico Sangiorgi 



September 8, 2016 Enrico Sangiorgi 



September 8, 2016 Enrico Sangiorgi 



September 8, 2016 Enrico Sangiorgi 



ADDITIONAL MATERIAL 

September 8, 2016 Enrico Sangiorgi 



September 8, 2016 Enrico Sangiorgi 

Photovoltaics: nano devices for 
Terawatts 
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