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CMOS Electronics: Past, Present and Future

New Materials in Silicon
Technology
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1997: Mobile Phone
Low Power

~1995: Desktop PC
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Performance Integration (10T) loE: 7?7?74

2007: iPhone
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Physically Compliant Interactive Electronics

Sensors  Analog Digital Power RF Actuator

functionalities X reliability X safety

Key metric:
cost

Interactive electronic system: Al enabled data collection, analysis, decision and execution
Every component — physically compliant

Use expanded CMOS technology for physically compliant CMOS electronics (data, RF)
Use low-cost materials and processes as applicable and as much as possible

Always multi-disciplinary efforts while maintaining core competency

Benchmark to move forward

Empower all with electronics

ONOOhAWN =
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Materials—Flexible System Integration Paradox

embedded microcontroller device vadio chip
(with SMD components on top and bottom) antenna

Data generated from_g,cg vs sampling frequency

-

i

d Battery holder

Component side

Photo credits: imec, Holst, John Rogers, Zhenan Bao, Ali Javey, Ana Arias
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16 bit, 16 MHz, 516/4 kB (Flash/RAM)

it

= Flexibility in integration, role of flexible silicon is limited to data management
» Presently using commonly known polymeric materials as encapsulations

mmhlabs.org Small 2016 (Cover Article) 9/4/2018



Recent Innovations

SPECTRUM SPECTRUM

Folowon. # & I # = Folowon f & in ¥ W

Engineering Topics Special Reports Engineenng Topics

TochTal: 1 oowdicel 1 Bromicicn Derices The Human O | Biomedical | Dagnastis

Skin Patches Enable Smartphone-

: : 'Paper Watch' Aims to Democratize
Controlled Pain Relief Eithiess Trackers
:;».m:xsmmunnmr,m nnunu By Jecemy Hsy nunnn
Posted 0 Jan 2017 | 17:44 GMT

Not shown: smart dental brace, wearable stethoscope, security decal, fault detector,
safe pill, add-on antenna

Application spectrum: Things to human to plants to marine species, birds and animals

mmhlabs.org Adv. Healthcare Mater. 2014, Adv. Funct. Mater. 2016, Adv. Mater. Tech. 2017, npj Flex. Elect. 2017, npj Flex. Elect. 2017 9/4/2018



Device Design Criteria for Brain-Machine Interfacing (BMl)

oy - Boundary Condition for BMI:
Q vl &8 = For non-invasive devices, power

ol " is delivered wirelessly
= Upper limit of RF power that the

Integrated
\""\mem i Electrode
£ ;4- ~

ReF —1°

(L)

Neurophysiology

/ EEG

ECoG

Neurophysiology o s~ i H 1
Gamcarsanrs | oo feld e human tissue can withstand
9 W'W\NW \ .
— stmuteg Foi] without damage is 40 mW/cm?
' => tissue temperature rises
by 2 °C

= Dynamic power budget: 20% of
e total power budget
SO => 6 mW/cm?

mmhlabs.org 9/4/2018 7



Designing CMOS For Intracranial Space Implantable

Electronics
900 }
A
a
800} @
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€ J00l
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_5 [ -
500 —_G\)
A
400 L L L L L
90 65 45 32 22
Technology Node
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10
P, =6mWicm’
a =02
3 100,000 transistors/cm®
0.1}
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0.01} 3
& o TR Y GRS
= L_ 10M transistorsicm?
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90 65 45 32 22

Technology Node

= WI/L <1 => Traditional CMOS are inapplicable for implantable electronics

mmhlabs.org
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3D Nanotube FET - Concept

Core Gate Gate-All-
Around

Drain

GAA Pros: Drain
- GAA provides superior
Electrostatics,

- Volume inverted operation

(d <10 nm), Shell Gate
- Enhanced carrier mobility

Channel

- Gate Dielectric

GAA Cons:
- Poor non-normalized Source

performance, Soliree
- Requires arraying, Silicon Nanotube as a new topology:
- Massive contact losses - Similar electrostatics as Si NW

- Higher non-normalized performance without device arraying
- New form of quantum confinement due to core/shell gate stack

mmhlabs.org Nano Lett. 2011 9/4/2018 9



Si-Nanotube FET Performance

Gate Dielectric

Shell Gate

Source

NTFET utilizes
core-shell gates to
capitalize on
volume inversion in
ultra-thin nanotubes

Core Gate

Drain
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Channel (L,)
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\ ~ 60 mVidec

1
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n'/i/n" - Abrupt Source/Channel/ Drain
Profile
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0.0 0.2 0.4 0.6 0.8 1.0
Gate Voltage (Vgs), V)

Hussain M. M. et al.,
Scientific reports 2,
475, 2012

Hussain M. M. et al.,
Nano letters 11, no.
10, pp. 4393-4399,
2011.
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Supply voltage (V,,), (V)

Silicon Nanotube Tunnel FETs for More-Moore

10 . . . ] Tunnel FET- turn on at lower supply voltage beyond the

= |TRS LSTP
LRSS Afundamental limit

Channel

—4wW2m* [E
Twkg =~ exp ( \/7)

(X XK __’ Over the barrier
/ charge transport

3qh(Eg +4 §)

Fundamental

‘ CIaSS|Ca| MOSFET leltatGOmV/dec

Band-Band Tunneling
charge transport

0.4

2012 2016 2020 2024 2028
Year

issipati 3
Power Dissipation a |5 Vpp

SS =

d¥; d(log Id) q

Slope - 60 mV/dec

Drain Current

Gate Voltage g

X In(10) =

- Low V,,is needed

60 mV/dec @ RT

Source

Source

Drain

¢hanne|

Over-the-barrier
(MOSFET)

Through-the
barrier(TFET)

mmhlabs.org
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Si NT TFET for More-Moore

Hussain M. M. et al., IEEE TED, vol. 60, no. 3, pp. 1034-1039, 2013

T T T - 180
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Gate Dielectric 05} Source = 10 nm thin NT < 10° ; £ 140
=10 nm dia NW =3 i ~

Gate-All-Around 0.0 = ’/1 a. 120
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Slice Along Channel (nm) Gate Voltage (Vgs)’ (V) Drain Current (1), (1A)

Nanotube Tunnel FET device architecture may enable a higher |, than GAA NWs by
leveraging a larger physical tunneling area with similar electrostatics

mmhlabs.org 9/4/2018 12



Source Material Selection for Low Power NT TFET

422m* |E3

~ A\
o =)

Where m* is the carrier effective mass, A is the screening tunneling length, E; is the material
bandgap, and A @ is band offset 8 : . .
©-SG | D

= A material with low bandgap, Eg , and carrier effective mass, m*,
tunneling rates.

= Possible choices are Ge for n-type, and InAs for p-type TFETs

= A, is a function of the device electrostatics, i.e: Agg> A\pg™> Agan A :
Liu et al., IEEE DRC, pp. 17-18, 2010 0 25 5 15 10
Ts [nm]
Careful design of both device architecture and choice of source material-> Higher I

mmhlabs.org 9/4/2018 13



InAs/Si Heterojunction NT TFET

Hussain M. M. et al., Scientific Reports, vol. 5, p. 9843, 2015

Core Gate
Gate Dielectric

Shell Gate
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Channel
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0 AAAAAAAA
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Drain Current(l ), (A)

110 nm— 5 X 110 nm (normalized)
INT = 54 x N (non — normalized)
for CG,,= 100 nm
SSlO wm = 40 mV/dec
SSNW = 25 mV/dec

Lower SS is achieved for NW due to lower A

mmhlabs.org
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InAs/Si Heterojunction NT TFET

Hussain M. M. et al., Scientific Reports, vol. 5, p. 9843, 2015

Hole Band2Bq PN (CM"-3"S7-1) i Hole Band2Banq pn (cm”-3*S/-1)

002 |

z z
nd2BandG (em: ) Hole Band2BandGeneration (cm”-3*s”-1)

uuuuuu — . -a.moasz
2.373e+29
6.919e+25
00 0.0 lz. 17e+22

ooooooo 5.882¢
.I. 777777
0.000e+00

-0.02 -0.02 |
10.06 0.'05 04 02 Q -0. -0.02
X PX

1.7 x Higher volumetric peak BTBT generation rate for 10 nm NT TFET when compared with 10
nm NW TFET.

mmhlabs.org 9/4/2018 15



InAs/Si Heterojunction NT TFET

Hussain M. M. et al., Scientific Reports, vol. 5, p. 9843. 2015

"0 < 18
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= 8.4% higher volumetric band-band generation x NT additional cross sectional area gives

48x anticipated increase in the current

= More than 1 order magnitude lower SRH recombination for NT compared to NW TFET
= NT has ~4x lower chip area compared to a NW array providing the same drive current

mmhlabs.org
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Ge/Si Hetero-junction In-Plane Nanotubes: A Better
TFET solution for Low Power Electronics

n* Si Drain n* Si Drain

3 1
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i I i > 2
H 2, [ ] G ) g - V, =01V
: § i ' - . ~>10"E *
i
| | | - _o
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1 © (50 nm:10 nm) : : (50 nm:10 nm) > . Simulation assumes relaxed Si tunnel gap C 1 0'2 e
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1 ! 1 S -05FF o =
; : : {2 — Vs |3 4g0 y
tar == 7/ Gate¢ =45eV - ] 3 ,
: : : -- ZI nSiTunnelGap | = 1.0 : T:ni;ﬂmGap =85 nm T Ve 03V c /| 60 mwia "0’ —_— 0, =406V ]
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(B @ 10 cm?) 1 (B @ 10 cm?) ! p** Ge Source 1 B @ 109 cm?) ! ) ) ) © 10* J 1 ===t =a5eV
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1 ! 1 \ ! .
‘ . P (a) Distance (x, (nm)) (b) Gate Voltage (V.,), (V)
L i - i

(a) Classical NT TFET
(b) In-plane NT TFET

Placing tunneling junction normal to gate electric field improves tunneling efficiency leading to
sharper turn-on tunneling currents

mmhlabs.org J. App. Phys. 2016 9/4/2018 17



Ge/Si Hetero-junction In-Plane Nanotubes
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Ge/Si Hetrojunction NT TFET for BMI Application

e < 200 10°
n++ Si Drain %) 3
10° 1M transistors/cm? PN .g L, =30 nm — - P, = 6 mWicm®
Gat ] LR > EOT =15nm 'T‘E
sl r aal £ 150} NT,  =10nm S
Dielectric 10° LA = vV, =05V >
Core Gate T J AA 8‘ CG, =0.79um =
- F iy — N c
Shell Gate 5 10™f L, =30nm g 100 g
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= SS <60 mV/dec for more than four decades of current

= Number of transistors can be increased up to 10 million/cm? (with CG, = 70 nm) to provide
more functionality in the circuit without compromising the power budget

» |nteresting potential exists for new architecture infused with new physics like negative
capacitance to complementarily enhance overall functionalities (both logic and memory)

mmhlabs.org J. Appl. Phys. 2016 9/4/2018 19



Can CMOS technology be expanded to add new features
in CMQOS electronics while maintaining and/or

stren
[ ] By

gthening existing attributes?
infusing emerging materials and processes

= Physical compliance, democratized, interactive

= CMOS electronics essential for data management

= Repurposing CMOS electronics

Will the functionalities over cost be advantageous?

= Sig

nificantly — depends on manufacturing strategy

Can the existing applications be further strengthened
and/or diversified?

= Sin

gular infotainment platform, defense wearable

What potential applications may emerge?

= Personalized affordable healthcare (wearable and
implantable), artificial organs

= Smart objects and textiles

= Soft robotics, automated vehicles

m-mr]g%\_/gr nmental monitoring including harsh environment (space,
In

ustry, oceanography), agriculture, forestry, poultry, dairy
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Some Fundamental Questions

 Can CMOS technology be expanded further to achieve
new feature(s) in CMOS electronics while maintaining
and/or strengthening existing attributes?

= Will the functionalities over cost be beneficial?

» Can the existing applications be further strengthened
and/or diversified?

» What new applications practically emerge and impact?

mmhlabs.org 9/4/2018
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Evolution of Transistor Technology
Hussain M. M. et al., Scientific reports, vol. 2, p. 475, 2012
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Drain Current (I ), (A)
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SiGe Channel Material for High-Performance PMOS
Hussain M. M. et al., 8" IEEE NMDC, pp. 13-15, 2013
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SiGe as an alternative channel material

Ultra-short channel junction-less(JL) devices have large amounts of direct source-drain tunneling

mmhlabs.org
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SiGe Channel Material for High-Performance PMOS

Hussain M. M. et al., 8" IEEE NMDC, pp. 13-15, 2013
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Future Electronics: Science and Engineering
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