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Semiconductor industry

What I1s semiconductor
— MOSFET and Scaling

— Multigate Transistors
 FINFET
e Thin-Body Transistor

Compact Modeling of FINFET and UTB FET
What next?



Semiconductor Industry

Communications

e One of the key driving force |

Industrial Computing

In today’s global economy. | |
« >$300 billion industry.

Semiconductor ‘

Technology . Consumer

Transportation
|

| —

Level 6.Final Products Marketing J .1 Semiconductor technology and some of its applications

Level 5.System architecture, Software |

Development * Integrated Device Manufacturers (IDMs) have

their own fabs to fully or partially support

Integrated Device

R s
— : Manufacturers (IDMs) . :
( . ; ) their product manufacturing.
Level 4. Manufacturing, Packaging & g ¢
4 Testing \ S
,-'f Level 3.I1C Design: Analog, Digital and * Fabless companies have no manufacturing
£ Mixed Signals SP|CE Fabless Companies capabilities, and have to outsource all the
y o X manufacturing activities from foundries.
/ : : : ;
y Level 2.Device Engineering: Discrete \_ Yy,

and Integrated Devices

// » Pure-players (foundries) have no intention to
f Level 1.Wafer and EDA tools Pure-p!ayers design their own ICs, even though they may
(Foundries) also design some simple IP blocks, and ESD
C TCAD devices for I/0.
\_\ \ _/
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Global semiconductor companies

ranking (2013) — dynamic industry!
m

1 Intel ~S48B
2 Samsung South Korea IDM ~S33B
3 TSMC Taiwan Foundry ~S198B
4 Qualcomm U.S. Fabless ~S178B
5 SK Hynix South Korea IDM ~S13B
6 Toshiba Japan IDM ~512B
7 Tl U.S. IDM ~S11B
8 Micron U.S. IDM ~S108B
9 ST Europe IDM ~S8B
10 Broadcom u.S. Fabless ~S8B
11 Renesas Japan IDM ~S8B
12 Infineon Europe IDM ~S5B
13 AMD U.S. Fabless ~S5B
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Device engineering groups In a typical

IDM

TCAD Support ESD Design Reliability
Group (T) Group (T) “—T Group
|\ , & ﬂ ;
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Process flow of analog and power
technology development

1.Planning (bulk or
SOl, 0.13um or
t 0.18um, etc.)

6.Wafer level

. testing, additional

TV if necessary

7.Compact

modeling based on

test result

2.Device Design,
Process Integration

5.Tape-out and
wafer coming back

8.Technology
Qualification
(TDDB, EM, HCI,
etc.)

3.TCAD Virtual
Fabrication and
Virtual Test

e

4 Layout for Test
Vehicle

) \

9.1C design with
the help from PDK

group

i

Results from previous technologies and other measurements can serve as a guideline.

Engineers should foresee the future need (2-5 years), to make sure the new technology is
neither too advanced (costly!) nor too conservative (obsolete even before release!).

Keep applications in mind.

The choice of technology node is an important but risky task.

Yogesh S. Chauhan, IIT Kanpur



What is semiconductor?

Energy band Density Occupancy Carrier
diagram of states probability - distributions
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Semiconductor Devices - MOSFET
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Devices to circults

Flip-flop
NOT gate
Memory
A Vdd Q' [
S 92002 HowStuffWorks —_
: | p-channel T E AE2) o =
d : g §
Vin O— —0O Vout 3 —_p
d Full Adder ) g F-RAM Ay
| n‘ChannEI 22002 HowStuffWaorks E
I — | T = L
8 '.: =
eEi,ce2 2
— WE Column Decoder
- ] 2 Logic DX 50
LR T VO Latch & Bus Driver . .
CE
-

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 9



Today’s ICs

Multiple metal layers

3D ICs

A
A & & e
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How do you make these?

. Chguhan, I"I'I Kanpu

Silicon “Wafers” $SBYOi§23 rication
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Building block — (tiny) MOSFET!

« MOSFET Is a transistor used for amplifying or
switching electronic signals.

G

Soulrce
Q

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 12



Invention of Transistor

o First Transistor (1947-1948) at AT&T’s Bell Labs
— Point Contact Transistor
— First transistor was bipolar contact transistor
— Material — Germanium

10/31/2014 Yogesh S. Chauhan, IIT Kanpur



Invention of Transistor

e |nventors

— Walter H. Brattain
(1902-1987)

— John Bardeen (1908-
1991)

— William B. Shockley
(1910-1988)

TR

Revolutionary Amplifier
The CRYSTAL TRIODE

10/31/2014 Yogesh S. Chauha



Silicon Valley

o Started with Shockley Semiconductor in 1956
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Integrated Circuit (IC)

e |C — Electronic circuit manufactured
on the surface of a thin substrate of
semiconductor material.

« Additional materials are deposited and
patterned to form interconnections
between semiconductor devices.

 Jack Kilby (at Texas Instruments)
demonstrated first working IC In
1958.

— Jack Kilby was awarded the Nobel Prize
In Physics 2000.

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 16




Building Block — Tiny MOSFET!

Schematic Cross Section Barrier height is controlled by gate voltage

n(E) < exp (-E/kT) Q
(oo >

Source

increasing E

increasing
Vs Drain

Source Drain distance >

I,s controlled by V

log I,
M

IDN

Desired
- High I,
- Low | ¢ loe ~

Inversé slope is
i subthreshold swing, S

[mV/dec]
1 —> GATE VOLTAGE
0 Vy '

VDD
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Bulk MOSFET

e Drain current in MOSFET (ON operation)

w 2
loy = lif Cox(Vpp = Vry)

e Drain current in MOSFET (OFF operation)
. 1O(VGS;VTH)
OFF x C, =€,/ to=0xide cap.

® DeS| red S — Subthreshold slope
* High lgy (IL, 1Cox, TVpp-Viy)
* Low loer (TVrp, 1)

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 18




Technology Scaling

e Each time the minimum ...
line width 1s reduced,
we say that a new
technology node is
Introduced.

> g, Intel 8088

ed light (700 nm wavelength
g. Intel 8008 \ A }&(72\\;/\
, 'Vfa' light (40 nm%ave ngthzl
e \ ."I \,‘ il fll'
11 ! | \\.-"J I\\.f"l \./lll \\z"l
82]_ g. Intel 10286
Zéﬂﬁ;!gu Intel 80386

M 4000 nm|(1989)e.g. P5 Pentium 60 MHZ " 2
500 nm| (1994)eg Motorola PowerPC 601

(=2

L350 m*n (1995) eqg. Pentlum 1l Klamath NN
250 nm (1998) e.g. AMD KB-2 —
180 nm|(1999)e.q. Copﬁ'e{;njn_e_E O
130 N, (2000) e.9. PowerPC 7447 O
nm (2002)e.g VIACT
'65 nm {_2006) e.g. Core Duo "
49 nm (2D08) e.g. Core 2 (Wolfdale)
'32 nm (2010) e.g. Core i3 (Clarkdale)

 Example: 90 nm, 65
nm, 45 nm

— Numbers refer to the
minimum metal line
width. |
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be eve n S mal I e r. aureus bacterium ea i
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Technology Scaling

* Scaling — At each new node, all geometrical
features are reduced In size to 70% of the
previous node.

* Reward — Reduction of circuit size by half. (~50%
reduction in area, 1.e., 0.7 x 0.7 = 0.49.)
— Twice number of circuits on each wafer
— Cost per circuit is reduced significantly.

o Ultimately — Scaling drives down the cost of
I1Cs.



LOG, OF THE NUMBER OF
COMPONEMTS PER INTEGRATED FUNCTION

Scaling and Moore’s Law

 Number of components per IC function will double every
two years — April 19, 1965 (Electronics Magazine)

« Shorthand for rapid technological change!

Microprocessor Transistor Counts 1971-2011 & Moore’s Law

2,600,000,000

12 [ 1,000,000,000
14+
;S : 100,000,000
I
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g [ S 10,000,000
gk 8
7L S
&b 2 1,000,000 |
S5r s
4 (=
3 100,000
2 [ . .
5 Still working!
10,000+
2,300~ wwne

l T T T 1
Fig. £ HNumber of components per lntegrated 1971 1980 1990 2000 2011

functiea for minimum cost per component . A
extrapalated va thme, Date of introduction
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Moore’s Law:
The defining features of the integrated circuit technology (size,
speed, cost) follow an exponential growth pattern over time

Moral: Computing power T while cost ¥ exponentially!

1 01 0 FrTrrrrrril I rrrrrrrni I rrrrrrrril l rrnrrni Tl’]’]‘l‘l rrrriri
109 |- ® Microprocessor P E
o 8 ¢ Memory "".’. =
o 10 = o other PG —1100.0 B4
E 107 &= ’/ _e . N
2 106 —\o o7 1100 2
» * - . Qo
o 10° | Moore’s Law k' =
» (1965) “ o ©
@9 104 _ @
2 10 Oy 1.0 @
s 10° |- \T" £
= 10?2 2X increase per 2 o 0.1 €
10 years =
| T I | I Lil 111111l I L1 1111111 I L1111 i1111l I L1111 1111l 01 E

1 ]
1960 1970 1980 1990 2000 2010
Year

. Yogesh S. Chauhan, IIT Kanpur 2

N




Moore’s Law

It’s not technology! = It's economy.

« to such wu _ _
The price per transistor
«s connectedtoa  onachip has dropped

dramatically since Intel

or automo ].]ef:‘,fl a4  was founded in 1968.

Some people estimate

lipment elec‘ that the price of a transistor

is now about the same

be feaSib C tOda‘ as that of one printed
- 2 newspaper character.
~ in the pre

t © 2005 Intel Corporation. All rights reserved.

In 1978, a commercial
flight between New York
and Paris cost around $900

¢ WayS tO H Uge P I'OfItS ‘1 ‘ and took seven hours. If the
. & principles of Moore’s Law
— H |g h perfO FMmance and .‘ P ; / had been applied to the
LOW Cost - airline industry the way they
. . have to the semiconductor
— ACh|eved by mak| ng industry since 1978, that

- flight would now cost
everythlng SMALLER about a penny and take
less than one second.
Yogesh S. Chpuhan, IIT Kanpur 23




1 Nano-$ / Transistor!
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Ways to drive performance & decrease
cost?

 Closer distance between elements — Pitch
 Faster signal transfer and processing rate

* For the same Chip size (thus material cost),
more functionality

« Mass production

— Wafer size is doubled every 10years.

— Currently i1t’s 300mm.

o Use less energy (or less power) to achieve the
same function



Technology Scaling

(Cost, Speed & Power Consumption)

In the last 45 years since 1965

Price of memory/logic gates has dropped 100
million times.
— Rapid price drop has stimulated new applications.

The primary englne that powered the proliferation
of electronics Is “miniaturization”.

More circuits on each wafer = cheaper circuits.

Miniaturization has also been instrumental to the
Improvements in speed and power consumption
of ICs.



Threshold Voltage Roll-Off

Long Channel Short Channel | - -
0.00 — —
V=0V V=0V i |
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. } |
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,'“'\'r+ Draiﬂ E _D 1;] __ __
(a) () SO
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(b) (d)
b, L J .
s Vt decreases at very small Lg. It determines the
""" g minimum acceptable Lg because loff is too large

when Vt becomes too low or too sensitive to Lg.
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Sourceﬁ

Channel Length Modulation

Esat

Gate Em

Pinch off point moves
owards the source as
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C.Hu, Modern Semiconductor Devices for IC, 2009 Prentice Hall
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© Carrier velocity (em/s)

Velocity Saturation

State of the art MOSFET, channels are short enough to cause velocity
saturation

0.016

T AN ey Sa——

: . Longchamnel < V25V Long channel current is
Measured carrier velocity - behavior / . .
~0 > well predicted by model
IE+7 " _ o ooz Y A
: / ] / | Forshort channel,
Mr / B P current is saturated
o // Z ooos |- / g
| s / \ __w=2v] well below V,,
/
QP\?}‘ | T=3{.}{).i.( | - !f 20V
(E+5 A | | } 0004 f! 1.5V
B2 1B IBw 1E+S / LoV
Electric field (V/em) -/ wsy
Y.Taur, Fundamentals of Modern £
VLSI Devices, 2009 Cambridge 0 . ” 2 o3
Press
Modeling E<E. v = uE : For low field, velocity is
Ho € proportional to mobility
[l + (rgl{gc)n]lﬁ‘l E>EC, VZMEC = Vsat ngh Evertical ---> Low M--> H|gh EC
Y.S.Chauhan et.al., “BSIM6: Analog and RF Compact Model
10/31/2014

Yogesh S. ChaLfBWBUITk}f\?I@gIEET," Transaction on Electron Devices, 2071?4



Subthreshold slope

e |t Is defined as the amount of gate voltage
required to change the gate current by 1-decade.

dVs

S —
d(lOg Ids)

7

S KT

:——JnaO{?+
q

dep

OX

)

J

At room temperature

(

S =(25.85)(2.30)

[ C
1+
C

dep

(0),4

Threshold voltage On
5 current
1+ 146

101 H

= — 0.8
S fg
E = One decade
= -3 f t S
:? 10 of curren E 6
E 10-4 ———I}——— 1/slope =SS
3 105 LA | : - 0.4
— H
3= : I — :
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ot ]T G
SN r<—>: - - 0.2
I
108 l -
| | ! | ' I I I I 0
0.2 04 0.6 0.8 1.0
\Gate voltage, V5 (V)
dep
~o0mV |1+
0X
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Subthreshold slope

e Minimum value of S is

t, 1, (mA)

60mV/decade. 5 e

10-2

Drain curr

e | IS determined by VTH and S
o If Iy at Vo, is 1004 -

10-1
10-2

lo'._
1077 -
10-8

1 -

C
S :k—TIn(lo)[1+ depj
q C

0X

Threshold voltage

C

I I I
0.2 04 0.6 08 1.0
Gate voltage, V5 (V)

Ves —Vu

W T W, Vo
Ids(nA)zloofe /o :1OOT10 [ |Off(nA):]_00T10 s}

e To minimize | ¢

— Increase V;,, — Not good as |, decreases (low speed!) ¢ -

— Reduce S
* |ncrease Cox — Thin oxide

» Decrease Cdep (Increase Wdep) — Use substrate bias or low doping N

e Decrease Temperature — cost?
Yogesh S. Chauhan, IIT Kanpur
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Channel Engineering : Lateral Non Uniform
Doping

The encroachment of depletion layer in the channel is the prime
cause of Vt Roll off
Sol: Control depletion region by increasing doping of the

sulqstrete, but will have adverse effect on other parameters
=" : : :

| Locally increase doping near S/D : Halo dopmg
Bin Yu et al, Short-Channel Effect Improved by Lateral Channel

S E@gineering in Deep-Submicronmeter MOSFET’S, IEEE Tran on Elec Dev. 1997

o Soid Lines: with pocket - n? H
g Dotted Lines; without packet 2 040F b G ]
T r M o F
. o ] :;E 0.35F k=156 MM E y
— oL P ) 5 0.0+ 10 L . . " E
b g 030k Lines: Model ]
bt.;-ﬁbl- £ 9 Y ketas Markers: Experiment
Nsu | E J =0 Vpg=0.05V g 025r 7 * Dose=2x10"m? )
g = L 1, 2
Nsub,1 . 3 01F ol 7 —o—Vpe=1.5V | - E | k=1.22 * Duse-1.5x1ﬁmt:m_2 |
| £ X / —o Vo008V | | @ PE | s DoptiFent
Nm# e e E— I m -_Jl - vns- 1 .SV E D. 1 5 k=|nﬁ? ¥ DG&E:EIW‘ECM'Z 7
L e— s , : e
u dL L-ﬂ‘ .‘ 'E _0.2 " i " 010 .............
I 0.1 02 03 04 05 08 07 01 02 03 04 05 06 Q.7 08
E Effective Channel Length L,y (1m) Effective Channel Length L, (um)

Okumura et al, “Novel Source to Drain Non Unojgormly Doped channel MOSFET for High Current
Drivability and Threshold Voltage Controllability”, IEDM, 1990



. - w
Strained Silicon o~ =Q% Cox(Vpp = Vrp)?

Silicon is placed on substrate having large atomic spacing

Source 0 Drain
S L

o Relaxed Sig 7 Geg 3 Nl

| Relaxed Graded SijyGey layer
% y=0t00.3 3

Si substrate

High Stress
Film

Methods of straining
-Burried SiGe —Biaxial
-Uniaxial Stress S/D

| SiGe
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High-K Metal Gate Technology

* “The implementation of high-k and metal gate materials marks the
biggest change in transistor technology since the introduction of
polysilicon gate MOS transistors in the late 1960s’- Moore

Gate

SOurcs T

What is HKMG

Oixide

Dirain

/

F Bemiconductor body

) Q@ scaling %J QZ

Lateral and vertical dimensions squeezed

Coy : Tox‘ , Cox increases . Better Gate Control J

: Gate Leakage Increases ¥

C,. can alternatively be increased by using high K material : HKMG

10/31/2014
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High-K Metal Gate Technology

HK+MG
Transistor

— Low resistance Iayel

Gate Electrode

Metal gate S Upper interface
Different for L]
NMOS and PMOS il Gate Diclectric
—L+—— High-k gate oxide | Lower intertace
S : ' D Hafnium based Channel Layer
------ ' L Si substrate
Silicon substrate
3.9 —
EOT =—1,, EOT @ 45nm = 1.0nm
K @ 32nm=0.9nm

Requires interface engineering

Metal Gate
* Increases the gate field effect

High-k Dielectric
* [ncreases the gate field effect

« Allows use of thicker dielectric layer
to reduce gate leakage

HK + MG Combined

» Drive currentincreased >20%
(>20% higher performance)

* Or source-drain leakage reduced >3
« (Gate oxide leakage reduced > 10x

High K Material used —
HfO,

Intel began volume production of HKMG in 2008 at 45nm

10/31/2014
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Technology Trend

45 Technology; 25
_— '
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i ¥ // 15
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s 15
=
g 10 05
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Strained Silicon Strained Silicon High-k High-k Tri-Gate 0 ' . . 0.0
Metal Gate Metal Gate 130nm  90nm  B5nm 45nm 320
Strained Silicon 5 1% —Performance ..
High-k Metal Gate — 1.0%, 100 nAl gre
Tri-Gate M strain
Product B HAMc
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Penryn Nehalem Westmere Sandy Bridge lvy Bridge Current
Intel® Core” NEW Intel® Intelf NEW Intel® Intel® 90nm
Microarchitecture Microarchitecture Microarchitecture Microarchitecture Microarchitecture lmAjum, 0 5 L
(Nenalem) (5andy Bridge) - 130nm
TICK TOCK TICK TOCK TICK PMOS
Intel’s First
22 nm Processor 0 0 L ! II
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Wasn’t that smooth ride?

 \Where Is the bottleneck?

w 2
Iony = MTCox(VDD — Vry)

* V., can’t be decreased — why?

10/31/2014 Yogesh S. Chauhan, IIT Kanpur
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Thin Depletion Layer - Problem
| Gate

* Qg=QQ,
e Charge sharing

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 38



Current in MOSFET

IDS

| IS nNot zero/~> Standby Rower

!
| !
off |

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 39



Short Channel — Big Problem

Smaller
size

p—
=
3.
<
172]
=
Hr\
o
o
-
-
O
=
O
o

00 03 06 09
Gate Voltage, V__ (V)

MOSFET becomes “resistor” at small L.

Chenming Hu, “Modern Semiconductor Devices for ICs” 2010, Pearson
10/31/2014 Yogesh S. Chauhan, IIT Kanpur 40



Making Oxide Thin is Not Enough

Source

Gate cannot control the leakage
current paths that are far from the gate

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 41



Good Old MOSFET has reached its Limits

Limited Body Bias 3
Capability ‘ : l 3
} — 8 I
LDD/Halo Implant =
: g

Channel Doping = PPPI Sirlllar

Heavily Doped Well g I size

o
(@]

00 03 06 09
Gate Voltage, V__ (V)

« loffis bad
e Size and dopant variations

v
High VVdd, Power, Design Cost

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 42



What can we do?

Source

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 43



May 4, 2011
The New York Times Front Page

e Intel will use 3D ——
The New York Times .
Science
I In F E I at 22n m WORLD U.S. N.Y./REGION BUSINESS TECHNOLOGY SCIENCE HEALTH SPORTS OPINION
ENVIRONMENT SPACE & COSMOS

Intel Increases Transistor Speed by Building Upward

By JOHN MARKOFF

HILLSBORO, Ore. — Intel announced on Wednesday that it had
o IVI t d I h again found a way to make computer chips that could process
O S r a I C a C a. n g e I n information more quickly and with less power in less space.
d e C a d e S Enlarge This Image 1 he transistors on computer chips —

O:J whether for PC's or smartphones —
{\ have been designed in essentially the

Ve
0;;"
same way since 1959 when Robert
Noyee, Intel’s co-founder, and Jack
Kilby of Texas Instruments

independently invented the first

integrated circuits that became the
basic building block of electronic

« Thereisacompeting = e
SOI technology




One Way to Eliminate Si Far from Gate

body controlled
By multiple gates.

Source

Drain

N

FinFET body B
is a thin Fin.

N

®
GLI

/312014

]

N. Lindert et al., DRC paper II.A.6, 2001
Yogesh S. Chauhan, IIT Kanpur
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40nm FINFET — 1999
30nm Fin allows 2.7nm SiO2 & undoped body

a o -, a a o -; a a

1E-02

Vvd=005V, 1.05V

i
=
P

1E-06
1E-08
1E-10
1E-12
1E-14

66mV/dec

Measured
& Simulated

Drain current ld [A/m]

-15 10 05 00 05 10 15
Gate voltage Vg [V]

X Hlf@/QEZ%EAaI" IEDM, p. 67, 1999 Yogesh S. Chauhan, IIT Kanpur 46



Introduced New Scaling Rule

Leakage is well suppressed if
Fin thickness < Lg

10nm Lg AMD 5nmLg TSMC 3nm Lg KAIST
2002 IEDM 2004 VLSI 2006 VLSI

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 47



Two Improvements Since 1999

. 2002 FINFET with thin

oxide on Fin top

F.L.Yang et al. (TSMC) 2002 IEDM, p.
225.

. 2003 FINFET on bulk

substrate

T. Park et al. (Samsung) 2003 VLSI Symp.
p. 135.

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 48



State-of-the-Art 14nm FINFET

Transistor Fin Improvement

22 nm 1 Generation
Tri-gate Transistor

intel) |-

0.01x

Lower Leakage Power

0.001x

1EUSHirce: Anandtech

14 nm 2" Generation
Tri-gate Transistor

42 nm

60 nm pitch

pitch

34 nm
height

42 nm
height

22 nm Process 14 nm Process

65nm 45nm 32nm 22nm 14 nm

v

Taller and Thinner Fins for increased
drive current and performance

Higher Transistor Performance (switching speed)

Yogesh S. Chauhan, IIT Kanpur 49



2"d Way to Eliminate Si far from Gate
Ultra-thin-body SOI (UTB-SOI)

1.E-02

£ 1.E-04

T,;=6nm
~ T,;=4nm

0 02 04 06 08 1

Gate Voltage [V]
fe.augmented
10/31/2014C =) leti Yogesh S. Chauhan, IIT Kanpur 50




Ultra Thin Body on Thin Box

G

e Problem in thin BOX without Back- BOX

Plane: Depleted zone can extend sy

under thC BOX Si

— Increased short channel effects
compared to Bulk devices. Front Gate
Source ™ ~*—— Drain

e Benefit of Thin BOX with Back- ¢ ¢BOX ¢

Plane: Ground plane

— Doped & Biased Back Plane

. . . . T. Ernst, Volume 46, Issue 3, March 2002, Pages 373-378
eliminates this depletion effect

under the BOX. IOS NMOS
G G
ov [ 8 Sifim \D| | V,, [ 8 sifilm D
] BOX 10nm e BOX 10nm
. +  Pp-type —  n-type
High K-HtZrO, EOT=1.4nm, I.g=32nm, Mt vt
. T 19 3 T Substrate [ | ||+ Substrate
Lipacer=10nm, N, ;=10%em™ , Tsi=7nm
10/31/2014 Yogesh S. Chauhan, IIT Kanpur 51
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Compact Modeling or SPICE Modeling

1 F 3 T F | - - - - - .
if T “ w - - % g
v d Rl » g .
' W c L R - - A e
% BERERES, | ST = g =
N st B " \ -5 r Z e
H e % 3 \ o -
Y E . . =
ok = L - > Y
g e B y i L
% B ¥ s = 0
Y ] ,‘ | . ! s =
| -
W ;| w Ea i -
Ak 2 & .
\
F

Medium of
Information
exchange

e Good model should be » Excellent Convergence
= Accurate: Trustworthy simulations. 4 Simulation Time — ~LISec

= Simple: Parameter extraction is

easy. « Accuracy requirements
" Balance  between accuracy and _ ~ 1% RMS error after fitting

simplicity depends on end application
e Example: BSIM6, BSIM-
CMG

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 52



Industry Standard Compact Models

 Standardization Body — Compact Model Coalition

e CMC Members — EDA Vendors, Foundries, IDMSs,
Fabless, Research Institutions/Consortia

« CMC is by the industry and for the industry



BSIM-CMG and BSIM-IMG

Berkeley Short-channel IGFET Model

First industry standard SPICE model for IC
simulation

Used by hundreds of companies for IC
design since 1997

BSIM FINFET model became industry
standard in March 2012

It’s Free
2 A



Compact Model is Art Based on Science

Mobility and Short

Transport Channel
Output Effects

Conductance

Inversion Layer
Thickness

Non-Quasi-Static
Effects

Current
Saturation Substrate RC
Network
Quantization s /
>

Parasitic

<7

Gate Current Diode, BJT

GIDL Current 77 T T§5elf Heating
Impact lonization Temperature
Overlap Effects

Current i
Capacitances

Noise models Proximity Effects

S/D Resistance Fringe

Gate Resistance Capacitances Random Variations

Y. S. Chauhan et.al., “BSIM6: Analog and RF Compact Model for Bulk MOSFET,” IEEE TED, 2014
10/31/2014 Yogesh S. Chauhan, IIT Kanpur 55



Common-Multi-Gate Modeling

e Common Multi-gate (BSIM-CMG):
— All gates tied together

Gate Gate
u u :
BOX 2]0).¢

— Surface-potential-based core I-V and C-V model

— Supports double-gate, triple-gate, quadruple-gate,
cylindrical-gate; Bulk and SOI substrates

10/31/2014 Yogesh S. Chauhan, IIT Kanpur 56



BSIM-CMG
Global fitting with 30nm-10um FInFETs

14 S 25
12 110% ~ < N-Channel MOS
< \Crannelmos 24 L £ 20] wvastov
é 10 o Vds=1.0V fo i3 © g
€038 AT 1107 2 € 1.5
o ™ Lgincreases fok o 3 S Lg increases
‘g 0.6 Lgincreases : f; é 10
o 04 10-109 c
£ Q o 05
© 0.2 o
[a S | Y g e
0.0 ecepocceres ShEEs s 10-13 I: () — i B et
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Gate Voltage (V) Gate Voltage (V)
3‘0:1" B AL S 30I\‘I,Illll'_llll_llll,iilt
2.2 . 155 ."fgggﬁ
- e 19 e
< L 3 - 7id &1\
Z 1.4p Z 8E._ 4
£ f “Ef - eventitl \ S
::g' 0.6 t T 6 ALY ;E’i‘ -
e b R
B e . o o0, g0 SSEeeumt -18 : “'é",,pja Lg increases
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Modeling of Germanium FINFETs @10nm

e Ge FINFET may be used in 10nm node for
better P-FINFET.

 Industry standard BSIM FInFET model can
now model Ge FInFET.

 Early availability of a unified Si/Ge FINFET
model facilitates technology-circuits co-
development.



Verification of Ge FINFET Model

, . 10" ;
® Measured | === iz Sthicon
—_ 20nm S, XK Measured G s T Ve CRTRI J
> 40 ; % ——ssimcme 40 = ;
: N
s Model o 2
- = E 10
5 > 3
55 20 . ZOS: 1310-2 L 4
O o j
= - 3
o 10° L
() % 0.1
N , i i E,,, (MVicm)
-1.0 -0.5 0.0 0.5
Gate Voltage (V) T F o ¥ &b
o} et Clcri-
e Due to the lower m* of holes in Ge the charge-centroid is
farther away from the oxide interface resulting in a weaker SR 50 L ]
scattering. §
* Ge mobility has a weaker dependence on £, up-to ~0.5 MV/cm o a0l |
as the impact of SR scattering is only seen at much higher E,in  *
Ge as compared to Si. 20

1 L il

S. Khandelwal et. al., "Modeling 20nm Germanium FinFET with the Industry

. _ 40 08 06 04 02 00
Standard FinFET Model", IEEE Electron Device Letters, Vol. 35, Issue 7, July 2014. Gate Voltage (V)
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Modeling of InGaAs FINFET @10nm

L=20 nm, H=30nm, W =20 nm, Nfin = 4. Data from: J. J. Gu et al. IEDM 2012
' ' ' ' ' ' ' 400 . T .
o Measured Data
I BSIM-CMG Model
300 - -

< = .
= < }
= = 200 |[V,=0t008V '
[t o
5 g
= Lines: BSIM-CMG Model S

Symbols: Measured Data 100 - P T 00 06600004

e

T 0
g 2.0 ’ : . : , .
® 2x Measured CurrentV, =1V b mgzz‘:‘red Data
% Measured CurrentV, =05V = —_ -
, LR 160 n
0.6 | Lines: BSIM-CMG Model 3 ;.-
< 1.2
E 2 g
+~ 0.4 g Q
c Q 3
o 08% c
3 o
U 0-2 ~ —_— 15
0.4 (Eh 2
N -
0.0 C — 5 1 N " on
0.0 0.2 0.4 0.6 0.8

0.0 02 04 0.6 0.8
Drain Voltage (V)

S. Khandelwal et. al., "InGaAs FinFET Modeling Using Industry Standard Compact Model BSIM-CMG", Workshop on
ComvgactiModeling, Washington D.C., USA, Jung2C14 hauhan, 11T Kanpur 60

Gate Voltage (V)



Transistor Pathway

Si/Ge Gate All Around (GAA)
Vertical or Horizontal

Improved electrostatics

* Precision etch and CMP
» Scaled metals

* High Aspect Ratio ALD

n22, n14 n10, n7

-V FInFET

Improved mobility
* Epi structure
» [lI-V gate interface

Si FinFET

Si/Ge FinFET » New material CMP
Vertical
TFET
Improved SS
y  Epi structure
Moy , * Multi-pass CMP
10/31/2014 Yogesh S. Chauhan;-HI_Remor— « Precision etch & CMB

Source: Applied Materials <y




Future devices — Beyond CMOS

Power challenge

| b
————————— - E High mobility (II-V, SiGe)
|deal
w0 CHe—— B
g o |
= o i
g S | Bulk Si l
5 3 MOSFET :
= ( > MuG |
g c | {
( E | .
: | |
|
>, | |
o " ! :
Va Vo U . |

Gate voltage, V, Gate voltage, V,

Scaling down of both the V,; and V; maintains same
performance (l,y) by keeping the overdrive (VDD - VT) constant.

Yogesh S. Chauhan, IIT Kanpur 62
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Future devices — Beyond CMOS

e Alternate channel material

ﬂv Transistor (InGab\

sell aligned Si implant

q  |IIE

iy

| S
frier i b barmer——

Source:
Sematech

NATURE NANOTECHNOLOGY | VOL 6 | MARCH 2011

Al,O,/GeO,
\ gate stack

Yogesh S. Chauhan, IIT Kanpur



Norm. drain current, I/'W (A/um)

Future devices — Beyond CMOS

Suspended Gate/body FET

[N
ngll L L.Io“ \«n*.

1] 0.5 1 1.5 2 25 3
Gate bias, V,; (V)

Source
(Au)

Drain

Spin-field effect transistorl'l

Ferromagnetic Gate
electrodes electrodes

1
o\ Two-dimensional
Electron spin electron gas
Effective magnetic field due to SOI

Effective
Magnetic Field

ol

_ pxE
Wi/ 7 2me?

An effective magnetic field is induced
by spin-orbit interaction (SOI).

Magnetic devices

Yogesh S. Chauhan, IIT Kanpur
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My Two years at [I T Kanpur

Received IBM Faculty Award (2013)
Awarded Ramanujan Fellowship (2012) 8
Group: Postdoc-1, Ph.D.—7, M.Tech-6, s
R.A—4
Funding > Rs. 3crore i

— Device Characterization Lab (1.75crore)
— Upgraded computational infra. (50Lac)

Collaboration: >20 companies/labs

Publications:
10 journal papers, 13 conference papers,

Chegugamlwtl?adn pEEr;‘ lks 65




Joint Development & Collaboration

« Working closely with universities/companies on
model development and support

P TRetromens Wi
X
A Berkeley s
d Soitec
UNMIC
J M o
(lntel) B
GLOBALFOUNDRIES GMSRE

Lyr cadence -SYNOPSYS [OENSE




FINFET Modeling for IC Simulation and Design:
Using the BSIM-CMG Standard

DA E O TQ
ation & Desig Chapters
dard 1. FinFET- from Device Concept to Standard
Compact Model
- e [ " 2. Analog/RF behavior of FinFET
- “.’;’.’{;’.o ’ 3. Core Model for FinFETs
Wi PO 4. Channel Current and Real Device Effects

i 5. Leakage Currents
- 6. Charge, Capacitance and Non-Quasi-Static
R Effect

7. Parasitic Resistances and Capacitances

8. Noise
: r Ve iy 9. Junction Diode Current and Capacitance
e ndelwsa 10. Benchmark tests for Compact Models

Pablo Duarte 11. BSIM-CMG Model Parameter Extraction
avid Paydavo 12. Temperature Effects

han, IIT Kanpur 67



Summary

Future Is beyond your imagination.

Challenges

— Technology — Hardware and Software
— Need Innovation

Opportunities

— Entrepreneurship

— Research

— Jobs (private/public)

Knowledge economy



Check my homepage!

e Recent publications

"Modeling of GaN based Normally-off FinFET", accepted in IEEE
Electron Device Letters, 2014.

"BSIMG6: Analog and RF Compact Model for Bulk MOSFET", IEEE Trans.
on Elec. Devices, Feb. 2014.

"A Robust Surface-Potential-Based Compact Model for GaN HEMT IC
Design", IEEE Trans. on Elec. Devices, Oct. 2013.

"Extraction of Isothermal Condition and Thermal Network in UTBB SO
MOSFETSs", IEEE Electron Device Letters, Sept. 2012.

"BSIM-IMG: A Compact Model for Ultra-Thin Body SOl MOSFETs with
Back-Gate Control", IEEE Trans. on Elec. Devices, Aug. 2012.

"InGaAs FINFET Modeling Using Industry Standard Compact Model
BSIM-CMG", Nanotech, Washington D.C., USA, June 2014.

"High Voltage LDMOSFET Modeling using BSIMG6 as Intrinsic-MQOS
Model", IEEE PrimeAsia, Visakhapatnam, Dec. 2013.
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