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Size of the Electronic Market

1.5X

2002 2007F Increases
Over 2002

— -.3x

Sources: Dataquest, Applied Materials, WSTS, SEMI
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Definition of Nanotechnology

d Working at the length scale of 1-100 nm to
create materials, devices, and systems with
fundamentally new properties and functions
because of their nanoscale size.

from www.nano.gov
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70 nm Gate Length FET
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ENIAC - the First Electronic Computer (1946)
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The First Transistor (1948)

First transistor
Bell Labs, 1948
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The Transistor Revolution (1948)

The Nobel Prize in Physics 1956

""for their researches on semiconductors and their discovery of the
transistor effect"

William B. Shockley John Bardeen Walter H. Brattain
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The First Integrated Circuit (1961)

J. Kilby:

Two transistors laid out onto the same
semiconductor substrate and connected by
external wiring

R. Noyce:

Two transistors laid out onto the same
semiconductor substrate and connected by on-
chip metallization

G. Baccarani I A‘ceﬁ 9
02> University of Bologna



The First Commercial Integrated Circuit (1966)

Bipolar logic
1960°s

ECL 3-input Gate
Motorola 1966
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The First Microprocessor (1971)

INTEL 4004
Microprocessor (1971)
M. Huff — F. Faggin
1000 transistors

1 MHz operation
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INTEL Pentium IV Microprocessor

INTEL Pentium IV
Microprocessor
42 Million Transistors
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Moore’s Law (1964)

e In 1965, Gordon Moore noted that the
number of transistors on a chip doubled
every 18 to 24 months.

e He made a prediction that semiconductor
technology would double its effectiveness
every 18 months
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Moore’s Law

OO MmN
- T T -

—TOO0OOMNOULTOMONT«S™O
-

NOILONNA ILV¥OILNI ¥3d SININOJINOD
40 ¥39INNN 3HL 40 901

G.61
V.61
€.61
cl6l
1161
0.61
6961
8961
1961
9961
G961
¥961
€961
¢961
1961
0961
6561

: University of Bologna

o Al

Electronics, April 19, 1965.

G. Baccarani



Evolution of Complexity

Number of bits per chip
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Moore’s Law for Microprocessors
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100 F 2X growth in 1.96 years!
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Die Size Growth
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Why Scaling?

2 Technology shrinks by 0.7/generation

a With every generation we can integrate 2x more
functions per chip; chip cost does not increase
significantly

01 Cost of a function decreases by 2x

a But ...

* How to design chips with more and more functions?

= Design engineering population does not double every
two years...

d Hence, a need for more efficient design methods
= Exploit different levels of abstraction
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Technology Scaling Models

2 Full Scaling (constant electric field)
Dimensions and voltages scale together by the same factor A

a Fixed Voltage Scaling

Only dimensions scale; voltages remain constant

a General Scaling

Voltages and dimensions scale by different and independent factors
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Constant Field Scaling (Long-channel FETSs)

Phys. Parameters Expressions Scaling factor
Dimensions W, Lty x; 1/A
Voltages Vas, Vbs 1/
Impurity Conc. N4, Np A
Electric Field b |
Current (W/2L) nCop (Vs — Vr)? 1/
Transconductance | (W/L)uC,, (Vs — Vi) |

xate Delay ') 'T;};}_I,.a"':[ D, l)\
Power InVop 1 A\
Power-Delay Pr. Cr.Vip 1/2°
Power density Pi/Aate |
Current density Ip/Ain
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Constant-Field Scaling (Short-Channel FETSs)

Phys. Parameters Expressions Scaling factor
Dimensions W, L, tog, T 1/A
Voltages Vs, Vbs 1/A
Impurity Conc. Na. Np A
Electric Field b |
Current W Cor (Vas — Vi) vga 1/A
Transconductance W Clp Vsar |

Gate Delay ') _.-””f..-[ D l}\
Power InVpp 1/\*
Power-Delay Pr. Cr.Vip 1/\?
Power density P/ A ate 1
Current density Ip/A A

G. Baccarani Arces 22
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Constant-Field Scaling (Short-Channel FETSs)
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Fixed-Voltage Scaling (Long-Channel FETSs)

Phys. Parameters Expressions Scaling factor
Dimensions W, L, toz, T; 1/A
Voltages Vas. Vs |
Impurity Conc. Ni.Np \’
Electric Field b A
Current (W/2L)uCor(Vigs — Vip)? A
Transconductance | (W/L) uC,, (Vs — Vi) A
Gate Delay (') -"!,”}j,-"[ D l}\“}
Power InVpp A
Power-Delay Pr. CLVip 1/A
Power density Py/ A at A3
Current density Ip/Ain P
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Fixed Voltage Scaling (Short-Channel FETS)

Phys. Parameters Expressions Scaling factor
Dimensions W, L,to, Z; 1/A
Voltages Vas. Vs 1
Impurity Conc. Nai. Np \°
Electric Field b A
Current W Cu (Vas — Vr)vsa |
Transconductance W O\ Vet |
rate Delay C'r _.—””;,.-[ D l}\
Power f;} 1 ':r 1) |
Power-Delay Pr. CLVip 1/
Power density P/ Agate \-
Current density Ip/Aiu \?
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Generalized Scaling Theory
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Scaling Relationships (Long-Channel FETSs)

Phys. Parameters Expressions Scaling factor
Dimensions W, L, to, 1/\
Voltages Vs, Vs /K
Impurity Conc. Na, Np /\E;’:ff
Electric Field E A/ K
Current (W/2L) uCpy (Virs — Vi) N/ K
Transconductance | (W/L)uC,, (Vs — Vi) A/ K
(GGate Delay C'r ) 'T;};}J,s"':f D K /\“}
Power IhVpp A K3
Power-Delay Pr. CtVip 1/AK?
Power density Pi/ At Ak
Current density Ip/Ain A3k
G. Baccarani 0 Arced 27
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Scaling Relationships (Short-Channel FETSs)

Phys. Parameters Expressions Scaling factor
Dimensions W, L, to, T; 1/A
Voltages Vs, Vs 1/k
Impurity Conc. N4, Np A”_,s"&f
Electric Field E A K
Current W Cor (Vas — Vi) Usai 1 /K
Transconductance W O, Vi |
xate Delay C'h ) _.r””f..-[ D l)\
Power InVpp lll,.f""-f{j
Power-Delay Pr. CiVip 1/ Ak
Power density P/ Agat \? /K?
Current density Ip/Ain A\ /K
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Feature size scaling
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Complexity and acceleration
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Device dimensions [nm]
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Power Dissipation
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Power Dissipation Trend
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Power Density
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ITRS Technology Nodes

Year of Production 2005 2000 2007 2008 2009 2010 2011 2012 2013
DRAM ¥ Piteh (nm) (contacted) 80 70 63 57 50 45 40 36 32
:,‘:‘:? ?@ﬁi iﬁjﬁ‘” el 90 78 68 50 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 i3
Eg: Physical Lgam Jfor High Performance logic
(mm) [1] 32 28 25 22 20 18 16 14 13
EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A) 12 1 11

UTBFD (4)

DG (A)
Gate Poly Depletion and Inversion-Layver Thicimess [3]

Extended Planar Bulk (4) 7.3 7.4 7.4

UTBFD (4)

DG (A)
EOT o0 Electrical Equivalent Oxide Thickness in inversion [4]

Extended Planar Bulk (4) 19.3 18.4 184 103

UTBFD (4)

DG (A)

G. Baccarani " Axcesl 37
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ITRS Technology Nodes

Vaq: Power Supply Voltage (V) [06] 1.1 1.1 1.1 1 1 1 1 0.9 0.9
Vi sar: Saturation Threshold Voltage [7]
Extended Planar Bulk (mV) 195 168 165
UTB FD (mV)
DG (mV)
Isd, Joak- Source/Drain Subthreshold Off-State Leakage Current [§]
Extended Planar Bulk (pA/um) 0.06 0.15 0.2
UTB FD (pA/pum)
DG (pApm)
I sqr: effective NMOS Drive Current [9]
Extended Planar Bulk (nA/um) 1020 1130 1200 2050 2490
UTB FD (pA/pm) 1815 2015
DG (pA/pm) 1899
Moabilitv Enhancement Factor for 145 [10]
Extended Planar Bulk 1.09 1.09 1.08 1.09 1.10 1.10 1.12 1.11
UTBED 1.06 1.06 1.06 1.06 1.05 1.05
DG 1.05 1.04 1.05
Effective Ballistic Enhancement Factor [11]
Extended Planar Bulk 1 1 1 1 1 1 1 1
UTBEFD 1 1 1 1 1 1.1
DG 1.17 1.25 1.31




CMOS Outlook

Delay scaling will slow down

Energy scaling will slow down

High Probability Low Probability _

Low Probability High Probability
Medium Very High

G. Baccarani 1) A;cesij 39
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Scaling Roadblocks

a Reduced line width — EUV lithography (13 nm)

Q Tunneling through the gate oxide — high-k
dielectrics

Q Poly gate depletion capacitance — metal gate

a Propagation delay (RC) through long-distance
iInterconnects — low-k dielectrics

A Threshold voltage scaling and increased leakage
current

Q Increased power dissipation per unit area

G. Baccarani ) Acced 40
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Scaling Roadblocks

ncreased drain-induced barrier lowering (DIBL)
Reduced subthreshold slope (SS)

ncreased threshold-voltage roll-off

ncreased gate-induced drain leakage (GIDL)

U O 0 0 O

ncreased statistical fluctuations of the threshold
voltage due to randomness of the dopant atoms

a Solution: new device architectures

G. Baccarani ) Acced 4
471552 University of Bologna
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Advanced Metallization

Dual damascene IC process

* Oxide deposition

* Stud lithography and
reactive ion etch

* Wire lithography and
reactive ion etch

¢ Stud and wire
metal deposition

¢ Metal chemical-
mechanical polish

Source: IBM Corp.

A
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Advanced Matallization
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Advanced Metallization

SEM view of Copper Interconnect
(IBEM Microglectronics)

G. Baccarani Courtesy, IBM
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Packaging
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Packaging

@uad Package Device Wire Bonding
(Siemens AmG) [(Kulicke & Soffa Indusiries, Inc.)
G. Baccarani A: ces| 47



Packaging
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J
J
J

Requirements of CMOS Logic Gates

g
g
g

N noise immunity — voltage gain
n fan out — power gain

n fan in — 1/O isolation

a Compatibility of the /O logic levels

J
J

G. Baccarani

High switching speed
_OW power consumption
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CMOS Inverter 1/0O Characteristics
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CMOS Inverter 1/0O Characteristics
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Gain vs. Supply Voltage
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CMOS Inverter Delay
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Delay
Vi” Vout
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Energy Dissipation per Switch

1
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Alternative Device Architectures

In view of a number of roadblocks which prevent
standard CMOS scaling according to the ITRS
provisions, new device architectures are being
investigated in order to exploit the ultimate potential of

the CMOS technology. Among them

» Ultra-thin body silicon on insulator (UTB-SOI) FETs
» Silicon on insulator double-
gate (SOI-DG) FETs

» Tri-gate FInNFETs
» (Gate all around silicon nanowire

(GAA NW) FETs.

A;-ceﬁ 57
e University of Bologna
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Alternative Device Architectures

BOX {buried oxide)

boitoom gale ~ 10 rim

SOI-MOSFET DG-MOSFET

Cylindrical
Nanowire
MOSFET

Source

Source

BOX (buried oxide)

FinFET CNW-FET

Arwa 58

niversity of Bologna

G. Baccarani



Bulk CMOS vs. New Architectures

 The short-channel effect (SCE) is reduced as the
gate control increases; thus, DIBL, SS and AV,
improve as we move from bulk to nanowire FETs
for equivalent geometries

4 For an acceptable DIBL, SS and AV, , the electrical
oxide thickness (EOT) scaling may be relaxed

d Undoped silicon channels prevent statistical doping
fluctuation, improve mobility and reduce parasitic
capacitance effects

d The presence of two or more channels improves
the current drive capability of the FETs.

G. Baccarani ) Acced 59
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Bulk vs. New Architectures

1 In order to fully exploit the potential of innovative
architectures technology enhancements are being
iInvestigated

A High-k dielectrics for gate isolation, to increase the
Insulator capacitance while keeping a thicker oxide
to prevent tunneling effects

d Metal gate to replace polycrystalline silicon gate, to
prevent poly depletion at the poly-oxide interface

d Tensile and compressive stress to enhance
channel mobility

G. Baccarani ) Acced 60
8. of Bologna
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Electrostatics Solution

Classical solution: r q(o—o )
Jjn=ne K1
~V(£Y(p)) = a(p—n+N) o)
p=ne K
mmm) non linear differential equation.
QM solution: :
Y (ev(oN - o ) n =T ly(e)]
— V(€& = — N + -

mm) 1 is the solution of the Schrédinger problem.

=) A coupled Schrodinger-Poisson solution must be worked out.




Electrostatic Solution

Charge density

o(r)

h? d*y)
— — + V= Ev
2m* da? K ’
al E E m*
| o -
olr) = — Vi (r)|"o_

) =~ e Po-u (T ) 3
1700 0lo—
v25ﬁ+_(‘_L) 5@:_L“ﬁ’ %O_vzwo
< ()\,0 P=%o €

Potential ¢

Equazione di Schroedinger =

Autofunzioni
Autovalori

Y

Calcolo della densita di carica
Potenziale

Y
Equazione di Poisson

Potenziale

Y

Verifica dell’errore

Y
Soluzione autoconsistente



FINFET — Electron Density

= o Classical solution
d_
S
3 o
Buried Oxide -

QM solution

-~
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Electron concentration in the tri-gate FInFET (hp90)

Classical solution

/

1 w1020
AT

Quantum solution

/

Vg=1V

0x10*'®
0x10°)

ox10°

N,=6x10"8 cm-3



Electron concentration in the tri-gate FInNFET (hp45)

Classical solution Quantum solution
1.0x10*2!

1.0x10*%

7.5%x10*%)

5.0x10*%

2.5x10*%
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CNW-FET - Electron Density

R=10nm

I R=5nm

R=2.5nm
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Current Transport in DG and CNW-FETs

Double-gate FET

The DG-FET represents the best
trade off between performance
and manufacturability among the
different multi-gate proposed
structures.

Cylindrical nanowire FET

The CNW-FET is found to be
one of the 1D silicon structures
with the greater potential impact
on scaled nanoelectronics.

G. Baccarani



Simulation Approach: Quantum DD

>l 0
/ Schrodinger o
Solve the 2D coupled 0) \ ‘/ dn/do
Schrédinger-Poisson problem 2D Poisson

Lo

Extract the quantum potential n = n; expla(p — pn — A)/kpT]

from the Schrodinger-Poisson kT n
solution q

Solve the 2D drift-diffusion —
equation to determine the 2D Drift-diffusion

quasi-Fermi potential @ o

|




Simulation approach: full-quantum transport

The problem is solved by decoupling the Schrodinger equation along the
transverse and longitudinal coordinate:

)l ¢°

Solve the 1D Schrodinger eq.
normal to the interface for each 1D Schrodinger (closed boundary)
node along the channel

- @ En (2), Y (X%2)
Solve.the 1_D Schrodinger 1D Schrédinger (QTBM)
equation with open boundary
conditions @ X (2)
Calculate the charge density Charge calculation

@ n, dn/de

Solve the 2D Poisson equation 2D Poisson equation

Lo

|




Comparison of device performance
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Scaling rules

12

1.2

HP45 | HP32 | HP22 | HP14
Year 2010 | 2013 | 2016 | 2020
| _Lg(nm) HB——43 —-5 | |,
<£\OT(nm) 09 [ 06 | 05 | 05 [D
—
tg, (8845511 2.59
Voo V) | 10 | 09 | 08 | 07 N "
o (0Aum) | 145 | 107 | 108 | 108 | 2 -
£ S
The electrical oxide thickness is 6 | | 06

expected to be scaled down to
0.5 nm for HP22 and HP14:

104

=» gate leakage current
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High-k Dielectrics

High-permittivity dielectrics are thoroughly being investigated as an
alternative to the conventional silicon dioxide.

!

Hafnium oxide is one of the most promising candidates.

thio2™ Erroz/ €sioz EOT ~ 6 EOT

=» A fundamental drawback of high-k dielectrics is mobility
degradation.
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Mobility model

Mobility (cm®/Vs)
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r SiO, and HfO

obility model fo
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DIBL and SS

Device performance:
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Capacitive contribution

Both the vertical electric field in the channel and the fringing field in the

oxide play a role in determining the device performance.
gate

1 Cox 1 Cox 1 Cax 1 Cox O L €OX C L 27TEOX
o C Lox Crox Crox c oxX — ox —
—— ] n n S tox In (1 + 2
——Csc —Csc —Csc —Csc L
ANAA—— A —— A ——AMA v The lateral capacitance is
saree]| TS« TS T¢e TCO«dl dmin| €Xpected to be given by:
Crox HCLOX HCLOX HCLOX Crox
::C ::C ::C ::C OLOX = goxtox [ [ /5

gate
o is the average length of the electric field lines originating from drain and ending

onto the channel charge.

If HfO, is used at a fixed EOT:

OHfOQ _ /\2 OSiOg

Lox Lox with A = kaOg/kSiOQ



Charge distribution and potential profiles: DG HP45
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Surface potential within the channel: DG HP45
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ON current vs. gate length
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Outline

Evolution from micro- to nano-electronics
Device miniaturization and scaling theory
Evolution of interconnects and packaging
The ITRS and its impact on the research area
Functional requirements of CMOS logic gates
New device architectures

Device modeling issues
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Conclusions

A Microelectronics has evolved to become Nanoelectronics

aQ Moore’s law has been followed for nearly 4 decades mainly by
device miniaturization

A Conventional scaling now provides diminishing returns

ad New materials and new device architectures are necessary in
order to comply with technology roadblocks

a Strong mobility improvements are possible by using strained
channel materials, with encouraging effects on the on-current

A Device simulation requires a deeper understanding of the
underlying device physics
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