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Regression results:
EDVAC N = 80
Eniac Adjusted R-squared = 0.983
Comps/kWh = exp(0.4401939 x Year - 849.1617)
Average doubling time (1946 to 2009) = 1.57 years

1950 1960 1970 1980 1990 2000 2010

Computations per KWh doubling every 1.57 years (1946 to 2009)
Slowing to 2.7 years more recently
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Supply Voltage Scaling
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For past decade, we are scaling V at 2kgT per year
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Energy vs Delay

Increased variability at
low Voltage

[Rapid performance loss

at low Voltage
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CMOS & CMOS Plus Roadmap
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Silicon CMQOS
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Vo 1IN 22nm Si CMOS
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Injection velocity in the range of 4 to 6 x10 cm/sec
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22nm,14nm Si CMOS and beyond

1000 22nm, 14nm

Natarajan, IEDM 2014
Fin Pitch 42 nm
Fin Height 42 nm

Auth, VLSI 2012
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Low risk scaling strategy: Taller and finer pitch fins
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Si

FINFETs for 7nm and beyond?

Subthreshold Swing [mV/dec]
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Problem: Short channel effects affect FInFETs
(difficult to sale below 5nm fin width w/o affecting mobility)
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CrossRoad at 7nm and beyond

Si FInFET Si/Ge FinFET

Courtesy: Adam Brand,
Applied Materials
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Si/Ge Gate All Around (GAA)
ertical or Horizontal

mproved electrostatics
Precision etch and CMP
Scaled metals
High Aspect Ratio ALD

-V FinFET

Improved mobility

» Epi structure

« |ll-V gate interface
* New material CMP

Vertical
TFET

Improved SS

» Epi structure

* Multi-pass CMP

* Precision etch & CMP

@ ATRER.




Gate-All-Around (GAA) FET

Additional
“planar” channel HGAA=6*HNW

HGAA=4*HNW =54nm

HFIN=37nm =36nm~HFIN

WNW=

9nm
\}4nm Si Bulk FF ‘/14nm Si GAA (INW) ‘}4nm Si GAA (2NW) ‘}4nm Si GAA (BNW)
LG=20nm, WMID=9nm, LG=20nm, WNW=9nm, v LG=20nm, WNW=9nm, HNW=9nm LG=20nm, WNW=9nm,
HFIN=37nm HNW=9nm HGAA=4*HNW=36nm~HFIN v HNW=9nm

Additional “planar” channel at the v HGAA=6*HNW=54nm
lowest SiGe layer removal Additional “planar” channel at
the lowest SiGe layer removal

C. Cress and S. Datta “Nanoscale transistors — just around the gate ?” Science Jul 12, 2013
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Electron Density
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(a) Si FinFET (b) 1-NW GAA (C) 2-NW GAA (d) 3-NW GAA

Less electrostatic control at the wider bottom of FINFET
« Better DIBL and SS in GAA than FINFET
High electron density along the entire height of the FInNFET
* Higher ON current in FINFET than GAA
Bottommost NW becomes the weakest contributor to drive current
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FINFETs vs GAA FETs

Normalization Scheme: 1umlayout = 10 fins or Pillars

0-8 | ! | ! | ION (mA/”m)
"""""""""""""""" 7V
'S 0.6 SIFF (Hep=37nm) - Si FinFET 0.630 0
3. @l __=
2 OFF
= 160nA/pm 1 NW GAA 0.286 -0.55
% 0.4+ - 2 NW GAA 0.525 0.17
a @Vq, = 0.2V
# V. = 0.7V 3 NW GAA 0.576 -0.09
0.2 L2 - . - . Si FF
1 2 3 (H|:|N:54nm) 0.690 +0.095
Number of NWs

The Si FF with H,=54nm shows about 17% higher I, than the
equivalent 3 NW GAA device
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CrossRoad at 7nm and beyond

Si FInFET Si/Ge FinFET

Courtesy: Adam Brand,
Applied Materials
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Si/Ge Gate All Around (GAA)
Vertical or Horizontal

Improved electrostatics

* Precision etch and CMP
» Scaled metals

* High Aspect Ratio ALD

lI-V FinFET

mproved mobility
Epi structure
I1I-V gate interface
New material CMP

Vertical
TFET

Improved SS

» Epi structure

* Multi-pass CMP

* Precision etch & CMP
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Germanium FINFET
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« NMOS options: InSh, GaSb, InAs, InGaAs, Ge, GaAs, InP

« PMOS options: InSh, GaSb,

Ge
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Cgq: Tri-Layer Gate Stack
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GeOx as passivation layer, Al203 as diffusion barrier and HfO2 as the
high-k dielectric lead to EOT of 0.8nm

Reliability is remaining challenge

Y. Zheng, R. Engel-Herbert, S. Datta, In Situ Process Control of Trilayer Gate-Stacks on p-
Germanium With 0.85-nm EOT, IEEE Electr. Dev. Lett. July 2015
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Ge FINFETs

Gate Metal

Siy 3Ge, 7 Buffer

20nm5E18 /om® Phos Doping

500 nm Si,,Ge, ; Buffer

Si Substrate

A. Agrawal, S. Datta et al [IEDM 2014
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Ge QW FInFET mobility
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2.6X higher pp.. obtained with s-Ge QW FInFET (W;,=20nm)
compared to unstrained-Ge

A. Agrawal, S. Datta et al [IEDM 2014
HPC Workshop 2016, Baltimore



1I-V (In,Ga, ,As) FINFETs

5 nm n+ In0.70Ga0.3As 5 nm n++ In0.70Ga0.3As 5 nm n++ In0.70Ga0.3As

10 nm n+ In0.53Ga0.47As 10 nm n+ In0.53Ga0.47As 10 nm n+ In0.53Ga0.47As
2nm InP

2nm InP 2nm InP

10 nm In0.53Ga0.47As 10 nm In0.70Ga0.3As
40 nm In0.53Ga0.47As

In0.7Ga0.3As QW

IN0.53Ga0.47As Channel IN0.53Ga0.47As QW

Various channel architectures chosen to study effect of In % change and confinement
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Cg. Bi-layer Gate Stack

75KHz
to 1IMHz
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~ Interfacial - d
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Plasma AlIOxNy passivation layer realized on InxGal-xAs

EOT = 0.85nm
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11I-V FINFET I\/Ioblllty
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Arun VT, S. Datta et al VLSI Symp 2014, 2015
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SS: [lI-V FINFETS

10* ~In, .,Ga, As Bulk 10"
10' V= 0.5V ‘ 10
0 10°
T 0 = g =
< < <
'E; 10 3 '3;1 0* =
g 105mV/deci = 2 117mV/dec} -2 114mV/dec
10" | E 10™ [ . 10" L | |
0.5 0.0 0.5 0.5 0.0 0.5 0.4 0.0 0.4
V.-V, [V] V.-V, V] V-V [V]
SS still needs improvement
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V.. 1I-V FINFET

Ino.53Ga0.47As Bulk
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Veff extracted 1.4x10 cm/sec for In0.7Ga0.3As QW

Drive current projected to be 2.5x higher for In0.7Ga0.3As QW FIinFET
compared to silicon FF at VDS = 0.5V and fixed IOFF = 1nA/fin
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CrossRoad at 7nm and beyond

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

-y Improved electrostatics
. .+ Precision etch and CMP
n22, n14 n10, n7 . ' 4 - Scaled metals
* High Aspect Ratio ALD

e <
=2

-V FinFET

Improved mobility

» Epi structure

« |ll-V gate interface
Si FinFET Si/Ge FinFET * New material CMP

Vertical
TFET

Improved SS

» Epi structure

* Multi-pass CMP

* Precision etch & CMP
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Tunnel FET

TFET Gate

i-<channel

N+
Drain

High energy tail carrier distribution filtered during source to channel

tunneling leading to sub kT/g switching
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SS reduction
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Promise of Tunnel FETs is based on sub-kT/q operation
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[FET design challenges

Ultrathin geometry for robust

Abrupt tunneling junction
P 9] electrostatics

Electric
— \
Field | 2
| <> \,

-
Mel Tup Drain

Source
Drain-Gate underlap to
I1I-V / high-k interface minimize ambi-polar leakage
with low D;;

Tunnel FET requirements more stringent than MOSFETs
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N and P-channel HTFET

NTFET PTFET

Drain Source
___________________ ~1 Tunnel Junc.
200nm GaAs( ::Sb

Channel Intri 0.35%™0.65| channel
Tunnel Junc. i — ==y ntrinsic
Source 10nm G'aﬁgg_4'§b_30_6 Orain
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InP Substrate
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source \ Ege=0.31eV EBeﬁ=0.25e\V channel
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. channel
\ Source /

High quality abrupt hetero-junctions to maximize ION and ION/IOFF
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Vertical Transistor

llI-V / high-k interface Pillar based
with low D, ultrathin T,

Substrate

In situ doped Molecular Drain-Gate
Beam Epitaxially grown underlap
junctions structure
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Vertical TFETS

Map data 86

R. Pandey, VLSI Symp 2015

N+ In0.7Ga0.3As

g )

P+ GaAs0.355b0.65 (Drain) P+ GaAs0.45b0.6 (Source)

Ti/Pd/Au

N+ In0.65Ga0.35As

(Drain) LD

{ i In0.65Ga0.35 As(Channel)
FY 3

i W NEERRAR

i 200 NM

Complimentary HTFET on common metamorphic buffer

UNIVERSITY OF

NOTRE DAME

HPC Workshop 2016, Baltimore

31



Advanced Gate Stacks
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UNIVERSITY OF
NOTRE DAME HPC Workshop 2016, Baltimore

32



11I-V Tunnel FETs (N & P)
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R. Pandey, S. Datta et al, VLSI 2015
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[EET State of Affair
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[1] H. Zhao et al, IEEE EDL, Dec. 2010

[4] D. Sarkar. et al., Nature Vol. 526, Oct. 2015

UNIVERSITY OF

Drain Current, |_. [pA/pm]

[2] M. Noguchi et al., IEDM 2013

[5] L. Knoll et al., IEEE EDL, June 2013

[3] B. Ganjipour et al., ACS Nano, Apr. 2012
[6] A. Villalon et al., VLSI 2012

[7] R. Pandey et al., VLSI 2015
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[FET vs CMOS

32 Bit Adder : Energy-Delay Comparison
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Tunnel FETs show better energy delay performance below 0.5V
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Heterogeneous CMOS-TFET cores

Dark silicon Dim silicon

Run serial applications on CMOS cores in dark silicon setting
Run parallel applications on TFET cores in dim silicon setting

UNIVERSITY OF
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Key Message

Silicon and Silicon Germanium FinFETs will extend CMOS to 10nm
node and likely 7nm node

Taller and tighter fin pitch FINFETs are low risk path to 5nm node, but
short channel effects are a concern

Gate all Around (GAA) FETs are 2nd option for 5nm node, but stacking
wires is a challenge

Band structure engineered Germanium and IlI-V QW FIinFETs show
great performance advantage, but manufacturability is a challenge

Band engineered Tunnel FETs may augment CMOS to support
heterogeneous core processors, but experimental demonstration of
steep slope with acceptable drive current is still elusive
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