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INTRODUCTION

At ~0.1 µm gate length and smaller MOSFET performance is 
degraded so much that further scaling does not give improved 
performance of the integrated circuit as a whole.

Electrostatics (constant field scaling)
D/S space charge layer is bigger part of device length L

Vt rolloff, DIBL, channel length modulation (Lambda)
Lower supply voltage means Lower threshold voltages

implies larger off-current for given sub-Vt slope
Parasitics

Gate Oxide Leakage implies larger on-currents
Higher Source Drain series resistance implies lower Idrive
Gate Depletion reduces Idrive and gm

Channel Transport – High channel doping reduces Idrive and gm
Current Drive proportional to mobility
Transconductance proportional to mobility
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STRAINED SILICON



Page 3

© April 27, 2010   Dr. Lynn Fuller

Advanced CMOS Process Technology

Page 5

STRAINED SILICON

Strained silicon can 
increase carrier mobility
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STRAINED SILICON

A simple way to think about strained silicon follows:  Tensile strain 
causes the silicon atoms to be pulled further apart making it easier 
for electrons to move through the silicon.  On the other hand moving 
the atoms further apart makes it harder for holes to move because 
holes require bound electrons to move from a silicon atom to a 
neighboring silicon atom in the opposite direction, which is more 
difficult if they are further apart. Thus tensile strain increases 
mobility in n-type silicon and compressive strain increases mobility 
in  p-type silicon (devices).

Strain can be created globally or locally.  Growing an epitaxial layer 
of silicon on a silicon/germanium substrate creates (global) biaxial 
tensile strain in the silicon.  N-MOSFETS built on these wafers will 
have higher mobility.  P-MOSFETS will have lower mobility. Local 
strain can be created for each transistor such that N-MOSFETS see 
tensile strain and P-MOSFETS see compressive strain improving 
both transistors mobility. Local strain techniques include capping 
layers and introducing Ge or C in the source/drain regions.
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INTRODUCTION TO STRAINED SILICON

The piezoresistive effect was first reported in 1954 [1] and has been 
used in making sensors for years.  The effect of strain on the 
mobility of electrons and holes in semiconductors is important in 
today's sensors and transistors.

1.  Charles S. Smith, “Piezoresistance Effect in Germanium and 
Silicon,” Physical Review, Vol 94, No.1, April 1, 1954.

2.  Y. Kanda, “A graphical representation of the piezoresistance 
coefficients in silicon,” Electron Devices, IEEE Transactions 
on, vol. 29, no. 1, pp. 64-70, 1982.

3.  C. Mazure, and I. Cayrefourcq, "Status of device mobility 
enhancement through strained silicon engineering." pp. 1-6.
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CHARLES SMITH 1954
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CRYSTAL STRUCTURE
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(100) wafer

<110> direction
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PIEZORESISTANCE

Piezoresistance is defined as the change in electrical 
resistance of a solid when subjected to stress.  The 
piezorestivity coefficient is Π and a typical value may be 
1E−10 cm2/dyne. 

The fractional change in resistance ∆R/R is given by:

∆R/R  = Π σ

where σ is the stress in dyne/cm2.  
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SINGLE CRYSTAL DIFFUSED RESISTORS

Aluminum contacts

The n-type wafer is always biased positive with respect to the p-type 
diffused region.  This ensures that the pn junction that is formed is in 
reverse bias, and there is no current leaking to the substrate.  Current 
will flow through the diffused resistor from one contact to the other.  
The I-V characteristic follows Ohm’s Law:  I = V/R

n-wafer Diffused p-type region

Silicon dioxide

Sheet Resistance  = ρs ~ 1/( qµ Dose) ohms/square

x
y

z
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EXPRESSION FOR RESISTANCE

R = Ro [ 1 + πLσxx + πT(σyy + σzz)]

Ro = (L/W)(1/(qµ(N,T) Dose))

πL is longitudinal piezoresistive coefficient

πT is transverse piezoresistive coefficient

σxx is the x directed stress

σyy is the y directed stress

Charles S. Smith
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PIEZORESISTANCE COEFFICIENTS

In the <110> direction

ππππL (E
-11/Pa) ππππT (E

-11/Pa)

Electrons -31.6 -17.6

holes 71.8 -66.3

In the <100> direction

ππππL (E
-11/Pa) ππππT (E

-11/Pa)

Electrons -102 53.4

holes 6.6 -1.1

Direction of 
Carrier Flow

Tensile strain in (100) silicon increases mobility for electrons for flow in <110> direction

Compressive strain in (100) silicon increases mobility for holes for flow in <110> direction

(100) wafer
<110> directions

(100) wafer
<100> directions

Charles S. Smith
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PIEZORESISTANCE COEFFICIENTS VS DIRECTION

[2]
Y. Kanda

For holes
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PIEZORESISTANCE COEFFICIENTS VS DIRECTION

Y. Kanda

For electrons
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SUMMARY FOR MOBILITY / STRAIN

1.  Mobility is affected by strain in semiconductors.  Mobility can be 
increased or decreased depending on the type of strain (tensile, 
compressive) and the direction of strain relative to crystal orientation 
and current flow.

For (100) wafers and current flow in <110> direction:

2. Tensile strain n-type silicon enhances mobility of electrons. Tensile 
strain transverse to current flow enhances mobility of electrons.

3.  Compressive strain in the direction of current flow in p-type 
silicon enhances mobility of holes. Tensile strain transverse to current 
flow enhances mobility of holes.
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0.025µm STRAINED SILICON MOSFET

2007
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0.025µm STRAINED SILICON MOSFET 
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0.025µm STRAINED SILICON MOSFET
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STRAINED SILICON

Silicon SOI wafers 

with bi-axial tensile 

strain
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BI-AXIAL STRAIN

From: Dr. Judy Hoyt, MIT
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THREE GATE TRANSISTORS
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TRIPLE-GATE TRANSISTOR
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TRIPLE GATE TRANSISTOR

�The drive currents are 446 uA/um for n-FinFET and 356 uA/um for  p-FinFET respectively

�The peak transconductance of the p-FinFET is very high (633uS/um at 105 nm Lg), because 
the hole mobility in the (110) channel is enhanced 

�Gate Delay is 0.34 ps for n-FET and 0.43 ps for p-FET respectively at 10 nm Lg 

�The subthreshold slope is ~60 mV/dec for n-FET and 101 mV/dec for p-FET respectively

�The DIBL is 71 mV/V n-FET and 120 mV/V for p-FET respectively

Qin Zhang, 04/19/2005

MEDECI Simulated
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FIN FET

from: Arabinda Das and 

Alexandre Dorofeev, 

UBM Tech Insights
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FIN FETS IN FLASH MEMORY

Acrobat Document

20 nm gate length fin FETS 

used in worlds smallest flash 

memory cell.

Possible future chips with 

capacity of 32 Gbit.
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SUMMARY FOR FINFETS AND TRIPLE GATE FETS

1. Fin FETS have higher gm and Idrive because mobility is increased 
with lower doped channels. 

2. Fin FETs have higher sub-threshold slope.

3. Fin FETS have lower DIBL
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HIGH-K, METAL GATES, Cu, LOW-K, STRAINED Si

(HK+MG) from top chipmakers including 
Intel and IBM, as well as NEC, Toshiba, and 
Samsung. 
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HIGH-K FOR GATES

In its approach, “TI will leverage a chemical vapor deposition (CVD) 

process to deposit hafnium silicon oxide (HfSiO), followed by a 

reaction with a downstream nitrogen plasma process to form HfSiON 

or hafnium silicon oxynitride. By implementing the nitrided CVD 

technique, TI is able to solve the leakage issue without degradation of 

the other key parameters that customers have come to expect from 

SiO2-based gate dielectrics,” according to the company. “Through a 

modular addition to the typical CMOS gate stack process, HfSiON 

integration has been demonstrated offering mobility that is 90 percent 

of the silicon dioxide universal mobility curve, with effective oxide 

thicknesses (EOTs) below 1-nm,” according to TI.

EE Times, June 2007
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HIGH K, METAL GATE

From: Dr. Judy Hoyt

MIT



Page 16

© April 27, 2010   Dr. Lynn Fuller

Advanced CMOS Process Technology

Page 31

SUMMARY

Electrostatics (constant field scaling)
D/S space charge layer is bigger part of device length L

Vt rolloff, DIBL, channel length modulation (Lambda)
(Fin FETs reduce effect of D/S space charge regions)

Lower supply voltage means Lower threshold voltages
implies larger off-current for given sub-Vt slope
(Increase sub-Vt slope with FINFETs)

Parasitic
Gate Oxide Leakage implies larger on-currents (High K gate)
Higher Source Drain series resistance implies lower Idrive
(Schottky Metal Drain and Source)
Gate Depletion reduces Idrive and gm (Metal gate)

Channel Transport – High channel doping reduces Idrive and gm
Current Drive proportional to mobility
Transconductance proportional to mobility

(Increase mobility with strained silicon, higher mobility materials)
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LOW-K FOR INTERCONNECT
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ADVANCED LITHOGRAPHY

Immersion Lithography
Optical Proximity Correction
Phase Shift Masks
Off Axis Illumination
Resist Trimming
Double Exposure

Pixelated Phase Shift Mask
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OPTICAL PROXIMITY CORRECTION (OPC)
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CUSTOM OFF AXIS ILLUMINATION AND MASK
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CUSTOM OFF AXIS ILLUMINATION AND MASK
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IMMERSION LITHOGRAPHY

Increases NA

Increased Resolution
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DOUBLE PATTERNING

IEEE Spectrum, Nov 2008

Page 49
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DOUBLE EXPOSURE

Double Exposure: 25nm gate features – arguably the physical limit 
of CMOS! – printed by MIT Lincoln Lab with a 0.60NA KrF stepper 
(Canon FPA-3000EX4). Source: MIT Lincoln Lab. 

© April 27, 2010   Dr. Lynn Fuller

Advanced CMOS Process Technology

Page 40

RESIST TRIMMING

Figure 17: 0.45 µm PR Line Before Trim

Figure 18: 0.2 µm PR Line After Trim

o Resolution limit of Canon i-line 
stepper ~ 0.5 µm

o 1250 Å of PR is etched off each 
side of 0.5 µm PR lines in O2 plasma 
to make 0.25 µm lines

Recipe Parameters:
Power = 100 W
Pressure = 400 mTorr
O2 = 20 sccm
Gap = 1.65 cm
Tool = LAM490

o PR Horizontal Etch Rate = 555 Å/min
o PR Vertical Etch Rate = 720 Å/min
o Anisotropy = (1-ERH/ERV) = 0.23



Page 21

© April 27, 2010   Dr. Lynn Fuller

Advanced CMOS Process Technology

Page 41

GENEROUS DESIGN RULES

90nm Generous 45nm

Fully Scaled 45nm

active

poly
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ADVANCED PACKAGING
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THROUGH WAFER VIAS

© April 27, 2010   Dr. Lynn Fuller

Advanced CMOS Process Technology

Page 44

CHIP SCALE PACKAGE
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C4 FLIP CHIP

Flip chip has the highest density of interconnects.  Example: P2SC 

single-chip RISC 6000 processor has 2050 C4 bumps on 18x18 mm.
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REVIEW QUESTIONS

1.  Explain why steep sub-threshold slope is good for transistors in      
IC’s with millions of extremely small transistors?

2.  Explain why mobility is lower in extremely small transistors?

3.  What are the implications of lower mobility in extremely small
transistors on overall integrated circuit performance?

4.  What determines drive current?  Why is it adversely affected in
extremely small transistors?  What can be done to improve drive
current?


