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Reminder

CMOS Scaling



Constant Electric Field Scaling Constant Voltage Scaling

Technology scali[\g — Technology scaling
. g [ ] [ ] >
[ | __ || Scaling factor k > 1 Scaling factor K > 1 é %

Primary scaling factors:

Primary scaling factors:
Tox, L, W, Xj (all linear dimensions) 1/K

Tox, L, W, Xj (all linear dimensions) 1/K
Na, Nd (doping concentration) K

. . 5
Vdd (supply voltage) 1/K Cj’de (dc:pmgI concentration) E
Derived scaling behavior of transistor: (supply voltage)
Electric field 1 Derived scaling behavior of transistor:
Ids 1/K Electric field K
Capacitance 1/K Ids K
Derived scaling behavior of circuit: Capacitance 1/K
Delay (CV/1) 1/K Derived scaling behavior of circuit:
Power (V1) 1/K? Delay (CV/I) 1/K?
Power-delay product 1/K3 Power (VI) K
Circuit density (a. 1/A) K® Power-delay product 1/K
Circuit density (a 1/A) K2
TABLE 1I

SCALING RESULTS FOR INTERCONNECTION LINES

Parameter Scaling Faetor

Line resistance, By, = sL/Wt
Normalized voltage drop IR, /V
Line response time R;,C

Line current density I/4

N ]




Generalized Scaling

Technology scaling

Scaling factor K> 1
l<a<K

Primary scaling factors:
Tox, L, W, Xj (all linear dimensions) 1/K
Na, Nd (doping concentration)
Vdd (supply voltage)

Derived scaling behavior of transistor:
Electric field
Ids

Capacitance

Derived scaling behavior of circuit:
Delay (CV/I)
Power (VI)
Power-delay product
Circuit density (o 1/A)

S

a/K

a?/K
1/K

1/akK
a3/K?
a?/K3
K2

Non Scaling Factors

Bandgap of Silicon Eg=1.12eV
Thermal voltage kT/q

Mobility degradation
Increasing doping and electric field

Velocity saturation
Parasitic s/d resistance

Process tolerance

R. H. Dennard, F. H. Gaensslen, H. N. Yu, V. L. Rideout, E. Bassous, and A. R. LeBlanc, “Design of ion-implanted
MOSFET’s with very small physical dimensions,” IEEE ]. Solid-State Circuits, vol. SC-9, p. 256, 1974.



General Scaling Trends
CMOS Transistors



(EPT) Moore’s Law Challenges Below 10nm: Technology, Design and Economic

Implications
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Process/device innovation has always been an indispensable part of scaling
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(Ref: Moore's law challenges below 10nm: Technology, design and economic implications, ISSCC (Solid- State Circuits Conference ) Panel, 2015)
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp? punumber=7054075
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A Taxonomy for Nano Information Processing Technologies
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(Ref: ITRS http://www.itrs.net/reports.html )
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The number of transistors per microprocessor chip versus time, showing introduction of new enabling technologies.

(Ref: Cavin et al, Science and Engineering Beyond Moore’s Law, Proceedings of the IEEE | Vol. 100, May 13th, 2012)
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The number of transistors per microprocessor chip versus time, showing introduction of new enabling technologies.

(Ref: National Research Council, The Future of Computing Performance: Game Over or Next Level? Nat'l Academies Press, 2010)



Trends & Wishes
(various technologies)



INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS 2013 EDITION

CMOS Scaling Roadmap

Year of Production 2013 2045 2017 2019 2021 2023 2025 2028
Logic Industry "WNode Name™ Label "16/14" 10" T "5 "3.5" "2.5" "1.8"

Laogic %= Pitch {nm) 40 32 25 20 16 13 10 [
Flash ¥z Piich [21)] inm) 18 15 13 11 a9 (] B 8
DRAM 2 Pitch fnm) 28 24 20 17 14 12 10 [
FinFET Fin Halfpitch (new) {nm) 30 24 19 15 12 9.5 7.5 5.3
FinFET Fin Widith inew) (nm) 7.6 7.2 6.8 6.4 6.1 5.7 54 5.0
G-t SRAM Cell Sizetum 2) 6027 0.096 0.061 0.038 0.024 0.015 0.010 0. 0G0 0.0030
MPUVASIC HighPerf 4t NAND Gate Sizefum 2) 0.248 0.157 0.099 0.062 0.039 0.025 0.018 0.009
4-mput NAND Gate Density (Egatesimm) fal1552] 4.03E+03 6.37TEH03 1.01E4 1.61E+04 2.55604 4.05E+04 6.42E6+04 1.28E05
Flash Generations Label (bits par chip) (SLCMLC) 640G 128G | 128G /256G | 256G /7 512G | 52G/1T 5126717 1T/ 2T FANE1] 4T /8T
Flash 30 Number of Layer targets (ot relaxed Poly half pitch) 16-32 16-32 16-32 J2-64 48-06 64-128 96-192 192-384
Flash 30 Layer half-pitch targets (nm) G4nm Sdnm 45nm J0mm 28nm 2Tnm 25nm 22nm
DRAM Crenerations Label (bits per chip) 4G 8G B 160G 320G 320G 320G 320G
450mm Production High Volume Mamufacturing Begins (100Ewzpm) 2018

Vdd (High Performance, high Vdd transistors) [**] 0.86 0.83 0.80 0.77 0.74 0.71 0.68 0.64
LACHT ) ilipsec) [**=] 1.13 1.53 1.75 1.97 210 2.29 2.52 3A7
On-chip local clock MPU HP [at 4% CAGE] 2.50 595 G.44 6.96 7.53 8.14 8.8 9.9
Maximum mumber wiring levels unchanged 13 13 14 14 15 15 16 17
MPU High-Performance (HP) Printed Gate Length (GLpr) (nm) [**] 28 22 18 14 11 9 T ]
MPU High-Performance Physical Gate Length (GLph) (nm) [**] 20 17 14 12 10 8 T 4]
ASTCLow Standby Power (LP) Physical Gate Length (nm) (GLph)f**] 23 19 16 13 11 9 8 B

** Note: from the PIDS working group data; however, the calibration of Vdd, GLph, and I/'CV is ongoing for improved targets in 2014 ITRS work




IMEC LOGIC DEVICE ROADMAP

DEVICETECHNOLOGY FEATURES

Early 2013-2014 2015 - 2016 2017 -2018
production 16 -14nm Snm
vdd (V) 0.7-0.5
Ui,
Pla—m_r SOI—. Bulk FinFET SOI FiInFET IV channel Loteral Nonowire Ver:ncal Nom:ml
Device FinFET (Bulk, SOI), FDSOI FinFET (Bulk, SOI FinFET (GAA, Q)Y. SOI) GAA lateral NW; (Vert. NW)
Improve Electrostatics
Channel nlp Si/Si Si/ SiGe Si /SiGe (Ge) Si/ SiGe (IIV / Ge)
S/D Strain N S/D Si:P N S/D SiP:.C | N §/D Si:P:C TBD
P S/D eSiGe (55%) P S/D eSiGe (>60%) P S/D eSiGe (>60%)
Low-k spacer Low-k spacer Low-k space

Improve Performance
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Mobility and strain in Si and Ge as a function of stress and wafer orientation illustrating the reduction in
improvement between (100) and (110) material (with a <110> channel direction) as a function of stress.

(Ref: Kelin J. Kuhn, IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 7, JULY 2012)



Increasing Functionality

Increasing 1/0
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(Ref: Electronics Cooling Magazine 2015, http://www.electronics-cooling.com/ )
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Wafer Bumping Trends

Pitch capabilities / Alloy
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(Ref: Yole Developpement http://www.yole.fr/)
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SDTECHNOLOGY LANDSCAPE @GC
. psoc | Dic

wiring level Global Semi-global Intermediate Local FEOL
2nd FEOL L
afer stacking Multi-tier FEOL
2-tier RAR SRmER W Il lllll!l ! lllI
stack = —
Contact Pitch 40 =20 =10=5um | 5 = | pm 2pym =05pm | 200 = 100 nm < 100 nm
Partitioning Die blocks of standard cells Gates Transistors
Block-level partitioning - 5/ : -
placement cell design
Block size depends on R,C of the > EDA —>device/cel
3D interconnect structure problem | problem

Today’s 3D technology landscape segmented by wiring-level, showing cross-sections of typical 2-tier circuit
stacks, and indicating planned reductions in contact pitches. (Source: IMEC)



3D Packaai N 3D IC Integration 3D Si Integration W2W
acTsag'"g (N cocicowmw2w: microbump bonding; 5 < TSV < 30um: pad-pad bonding (TSV
) 20 £ memory stack < 50pm; 100 < interposers < 200pm < 1.5um)
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CMOS image sensor Passive TSV interposer to

with TSV support high-performance
Memory (50pum) with
TSV and microbump
32 memory (20pm) :
stacked Bumpless
vevwewew _ v rrrrrrrrr— Si02-Si02 bonding
Mass Production CMOS image Active TSV Interposer —
sensor with DSP (e.g., Memory on Logic \:il:e Topmetal 3D via
and TSV with TSVs) :

Bumpless

3D MEMS; 3D LED
Low Volume —
Production 2008 2010 2012
oonass — Don’t care to guess!
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Low volume production = only a handful of companies are SHIPPING it;
Mass production = many companies are SHIPPING it.

3D Integration Roadmap

(Ref: International Electronics Manufacturing Initiative (iNEMI), 2013 http://www.inemi.org/about-us )


http://www.inemi.org/about-us

TSV AND SiI INTERPOSER FORECAST

Bn TSV Die/ | ' \Y Wafers_ Typical
Packages Package (300mm Equiv.) Wafer Size
plus control die
o 300
Si Interposer for Logic . . : : 200/300/
panel
RF/Discrete/LED/ . : : 150/200/300
otal . : : : : :

3D Integration Roadmap

(Ref: International Electronics Manufacturing Initiative (iNEMI), 2013 http://www.inemi.org/about-us )
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Draft Interposer Table

Base Silicon .
Year of Production 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Interposer
Minimum TSV pitch (um) 40 40 30 30 30 20 20 20 20 20 20
Minimum TSV diameter(um) (D) 20 20 15 15 15 10 10 10 10 10 10
TSV maximum aspect ratio (LD} 5 5 7 7 7 10 10 10 10 10 10
TSV Minimum Si Wafer final thickness
(2 100 100 100 100 100 100 100 100 100 100 100
(um) ™
TSV Methods and Materials
Via fill method Cu ECD Fill | Cu ECD Fill | Cu ECD Fill | Cu ECD Fill | Cu ECD Fill { Cu ECD Fill | Cu ECD Fill | Cu ECD Fill | Cu ECD Fill | Cu ECD Fill | Cu ECD Fill
TSV Fill Cu/ Other | Cu/fOther | Cu/ Other | Cul Other | Cu/ Cther | Cu/ Other | Cu/ Other | Cu/f Other | Cu/ Other | Cu/Other | Cu/ Cther
Allgnment requirement, um 5 5 3.75 375 3.75 25 25 25 25 25 25
(assume 25% exit dia)
w'axlmum Number of RDL Layers 4 1 4 s 4 A 4 4 4 1 4
Top side
N‘axlmum Number of RDL Layers 5 9 5 9 5 5 5 9 5 9 5
Bottom side
. Ci=Cu; ET=ETE CoCH, Gt CuCu, Cuta CuCu, Cut Ci=Cu, CuCu CECH,
3D Integration | cuSnCu, | CuSnCu, | Cu-SnCu, | Cu-SnCu, | Cu-SnCu, | CuSnCu, | CuSnCu | CuSnCu, | CuSnCu, | Cu-SnCu, | Cu-Sn-Cu,
Interconnect methods - Topside | cypnyay- | CuliAu- | CulitAu- | CulNiAu- | CulNiAu- | CuNiAu- | CulifAu- | CuNiAu- | CuNiAu- | CuNifAu- | CuNitAu-
(3) SnAg, SnAg, SnAg, SnAg, SnAg, SnAg, SnAg, SnAg, SnAg, SnAg, SnAg,
Ausn, AusSn AuSn, AuSn AuSn, AusSn, AusSn, AusSn, Ausn, AusSn AuSn,
Cu-inCu Cu-inCu CuHinCu Cu-inCu CinCu Cu-inCu Cun-Cu Cu-inCu Cu-inCu Cu-inCu Cu-inCu
Interconnect methods - Bottom Solder Solder Solder Soider Solder Solder Solder Solder Solder Soider Solder
) Ca Cu Cu Cu Cu Cu Cu Cu Cu Cu Cu
side PillarfSolder | Pillar'Solder | PillarfSolder | PillariSolder | Pillad/Solder | Pillar/Solder| Pillar/Solder | Pillar/Solder | PillarfSolder | Pillar'Solder | PillarfSolder
3D Integration Roadmap

(Ref: International Electronics Manufacturing Initiative (iNEMI), 2013 http://www.inemi.org/about-us )
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Global Roadmap for 3D Integration with TSV
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(Ref: Yole Developpement http://www.yole.fr/ )
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IMEC LOGIC LITHOGRAPHY ROADMAP

KEY TRANSISTOR DIMENSIONS
Early 2013 -20014 2015 -2016 2017 -20018
production 16 -14nm 10nm Tnm
FinFET pitch (nm) 42-48nm 30-32nm 21-24nm I 4-16nm
Gate Pitch (nm) &4-B0nm 50-64nm 40-45nm 22-32nm
Contact pitch {(nm) &4-Blnm 20-64nm 40-45nm i1-3Znm
Metal pitch (nm) S6-64nm 40-45nm 28-32nm 20-22nm
20 - ;
= - .
= ’% _ =& 16 Mx = Meal
80 o w ' i : LEZ = bhaleich times 3
E W o 0 SADP=Ssif-algned dual patterning
T ; - & 5 SAQP=Sslf aligned quadnuple pat
70 s w ' & = SE=gingle exposure
U : O = , 64
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Development of chip complexity measured as the number of components per chip. Data for indium-
phosphide-based photonic integrated circuits (PICs, blue) and for hybrid-silicon PICs (red) which fit to
exponential growth curves (dashed).

(Ref: M. J. R. Heck, M. L. Davenport, and J. E. Bowers, "Progress in hybrid-silicon photonic integrated circuit technology," SPIE Newsroom,
doi:10.1117/2.1201302.004730 (2013)).



(Ref: Erika Garutti, Silicon photomultipliers for high energy physics detectors, Journal of Instrumentation, Volume 6, October 2011)

: . s Input
Chip Name Measured quantity Application configuration Technology
ILC Analog
FLC_SiPM Pulse charge HCAL Current input | CMOS 0,8 um
ATLAS
MARQOC Pulse charge, trigger | luminometer | Current input | SiGe 0,35 ym
Pulse charge, trigger,
SPIROC time ILC HCAL Current input | SiGe 0,35 ym
Differential
NINO Trigger, pulse width | ALICE TOF input CMOS 0,26 im
Pulse charge, Differential
PETA trigger time PET input CMOS 0,18 ym
BASIC Pulse height, trigger PET Current input |CMOS 0,35 tm
SPIDER Pulse height, trigger,
(VATA64-HDR16)| time SPIDER RICH | Current input
RAPSODI Pulse height, trigger SNOOPER Current input [CMOS 0,35 um
SiPM for HEP detectors




Chip Name chfn::Is 5;22:1! :::pﬁ; [s:}'n:m] D:::;ic M:i:':::u :::Ienrg Year
FLC_SiPM 18 n 5V (0,2W) 10 - 2004
MAROC2 64 y bV 16 80pC | 50O 2006

SPIROC 36 y 5V 32 2007

NINO 8 n (0,24W) 8 2000pe| 200 |[260ps| 2004

PETA 40 y (1,2W) 2b 8 bit 50 ps | 2008

BASIC 32 y 33V 7 70pC | 17Q [~120ps| 2009
SPIDER

(VATA64-HDR16) 64 n 15 12 pC 2009

RAPSODI 2 vy B3v(©2w) 9 100pC | 200 - 2008

SiPM for HEP detectors

(Ref: Erika Garutti, Silicon photomultipliers for high energy physics detectors, Journal of Instrumentation, Volume 6, October 2011)



Global Photonic Interconnect

(a)

Photonic Interconnect Comparison
(Ref: Raymond G. Beausoleil et al. Proceedings of the IEEE, Vol. 96, No. 2, February 2008)
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The data points represent the highest capacity transmission numbers (all transmission distances considered)
reported at the post-deadline sessions of the annual Optical Fiber Communications Conference over the period
1982 to the present. The transmission capacity of a single fibre increases by a factor of approximately 10 every
four years. Key previous technological breakthroughs include the development of low-loss SMFs, the EDFA,
WDM and high-spectral-efficiency coding through DSP-enabled coherent transmission. The data points for
SDM also include results from the post-deadline session of the annual European Conference on Optical
Communications in 2011 and 2012. SDM seems poised to provide the next big jump in transmission capacity.

(Ref: D. J. Richardson, J. M. Fini & L. E. Nelson, Nature Photonics 7, 354-362 (2013) doi:10.1038/nphoton.2013.94 Published online 29 April
2013)
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Projected high-speed I/O data bandwidth trends for popular communication standards.
(Reft: ITRS http://www.itrs.net/ )
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Global Internet Protocol Traffic Growth, 2008-2013
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Exascale HPC evolution. The blue line shows the trend for vector machines, the first supercomputers,
and the red line for massively parallel machines, which followed them architecturally. The black line

shows the more modern hybrid, many core machine.

(Ref: The National Energy Research Scientific Computing Center (NERSC), US, 2015, https://www.nersc.gov/about/ )
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Dreams
(various technologies)



Table ERD7a  Emerging Research Logic Devices—Demonstrated and Projected Parameters
Dievice |:|:| |:|:| ‘ P =
o, r —\\I
=5 i . @
\E““El‘ﬂll&'l - “f
FET Extension
FET [4] ID structures Chanmnel SET Molecular Fervomagnetic | Spin fransistor
replacement logic
Typical example devices S1CMOS CNTFET IV compound SET Crossbar latch | Moving domain Spin Gain
NW FET semiconductor and Malecular wall transistor
NW hetero- Ge channel transistor M:QCA
strctmes replacement Molecular QCA Spin FET
Nanonbbon
transistors with Spin Torque
graphene Transistor
Cell 5’!'253 Projected 100 nm 100 nm [D] 300 nm [I] 40 nm [O] 10 nm [U] 140 nm [Y] 100 nm [C]
(spatia
pitch) [B] Demonstrated 390 nm ~1.5 pm [E] 1700 nm [T] ~200 nm [K, L] ~2 um [V] 250 nm [Z, AA] | 100 um [AB]
Density Projected 1E10 4.5E9 6.1E9 6ELD 1E12 SEQ 4 5E9
idevice/cm™) | Demonstrated 2.8ER 4E7 3.5E7 ~JEQ 2E7 1.6E9 1E4
Switch Speed Projected 12TH= 6.3 THz [F] =] THz 10 TH= [Q] 1 THz [W] 1 GHz [Y] 40 GHz [AC]
Switch Spe
¥ Demonstrated 1.5 THz 200 MHz [G] =300 GH= 2 THz [R] 100 Hz [V] J0Hz[Z, AA] Not known
Circuit Spead Projected 61 GHz 61 GHz [C] 61 GHz [C] 1 GHz [O] 1 GH=z [U] 10 MHz [¥] Not known
A PEET [ Demonstrated | 5.6 GHz J0Hz[H] |Datanotavailable| 1MHz [P] 100 Hz [V] 30 Hz [Z] Not known
-1
Projected 3E-18 3E-18 3.00E-18 1><_1I} _-[.G] SE-17 [X] ~1E-17 [Z] JE-18
Switching _ [-1.5%10 1[5]
Energy, J 8x107 [T)
Demonstrated 1E-16 1E-11 [H] 1E-16 [J] -1 JE-7[V] 6E-18 [AA] Not known
[=1.3x1074[S]
B f”“f:}' Projected 238 238 61 10 1000 SE-2 Not known
'ﬁ:mugrlpuz;
GERitmsiem” Demonstrated 1.6 1E-8 Diata not available XEA4 2E-9 JE-8 Not known
Overational Temperanrs ET ET BT RT [M, N] ET ET BT
CAT. 51, IOV
- b - . . i -,
Materials System Si 51, Ge, ]]1_*._._ InGaAs, InAs, M-V, Si, Ge, Organic FEHDM‘?MHE complex metals
Ins0s. ZnQ. Ti0s, InSh molecules alloys oxides
51,
Research Aciivity [AL] 379 62 o1 244 32 122

(Ref: ITRS http://www.itrs.net/reports.html )
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NANOWIRE
CHANNEL

| HiK GATE
/| DIELECTRIC

CONDUCTIVE
ELECTRODE

GATE-ALL-AROUND
ARCHITECTURE

Ultimate CMOS Device with a nanowire channel, a gate-all-around (GAA) architecture, a high-k gate dielectric,
and a conductive gate electrode stack. The minimum channel dimensions will be determined by quantum
confinement effects and scattering at atomic dimensions. The nanowire architecture is determined by electrostatic
requirements to achieve the best possible short-channel control. Each of the various gate layers (interface layer (IL),

high-k layer, threshold voltage (VT ) control layer, primary work function layer, conduction layer, and so on) is
limited by material properties at atomic dimensions.

(Ref: Kelin J. Kuhn, IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 7, JULY 2012)



si-uCell

Bio-uCell

\ NS Sy \/{\”L

R W

Memory: 107 bit Memory: ~10" bit

Logic: >10° bit Logic: ~300-150,000 bit
Power: 103w Power: ~107W

Heat: 10'6VW/ cm? Heat: ~1 W/em?
Energy/task: 107"] Energy/task : ~107]

Task time™:  2400s=40min Task time: 510,000 s ~ 6 days

‘Equivalent to 10" output bits

Comparison of significant parameters of the bio-pcell and the Si-pcell.

(Ref: Cavin et al, Science and Engineering Beyond Moore’s Law, Proceedings of the IEEE | Vol. 100, May 13th, 2012)



optical optical spin CMOS/

waveguides detectors devices BiCMOS
optical 7
modulators
RTDs +
functional
devices

.E,z?,z? &
— a— &— rf

7/ components

/ / Si or SOI substrate
\(é))/ﬁbre molecular '

optic electronics

The system-on-a-chip of the future? The ability to integrate new technologies with CMOS or BiCMOS is important
but may be too expensive for some technologies or suffer technological problems such as crosstalk like rf solutions.
Multi-chip modules may therefore be a more adequate solution for specific applications.

(Ref: European Commission, IST programme, Future and Emerging Technologies, Technology Roadmap for Nanoelectronics,
Second Edition, November 2000, Editor: R. Compano, http://nanotech.law.asu.edu/Documents/2009/09/fetnidrm 239 7700.pdf )
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Delay time (s/gate)
g

10f 100f Ip 10p 100p 1n 10m 100m 1z 10z 100z Im
Power dissipation (W/gate)

The above figure plots the delay time per transistor (using CVDD/Ion) versus the power dissipation (Ion VDD for the transistors) using either a
CMOS inverter, a n-MOS inverter or a p-MOS inverter as appropriate for the technology. To provide a fair comparison, a noise margin required to
transmit 1 bit of information down a 1 mm long level-7 interconnect made of copper from a CMOS processor has been assumed for the logic so that
the correct scaling of gate width can be accounted for. All devices use EXTRINSIC I-V characteristics from the literature since for CMOS most of the
performance limitations are related to contact resistivity, access resistance, parasitic RC time constants etc...... Therefore all comparisons are fair for
making circuits from the technology base.)

Semiconductor Group, Glasgow University, (http://userweb.eng.gla.ac.uk/douglas.paul/SiGe/limits.html)
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Radiation science and engineering

J-PARC 3GeV synchrotron Ring Second Phase
50GeV synchrotron Ring Accelerator Driven Subcritical Reactor
| ) ! { |
smallSou Small and local synchrotron radiation facility industrial applications of
Downsizing accelerators Technical development of novel radiation sources navel sources
Size: Table-top Portable | nviver | |
Advanced Reactor High temperature gas-cooled reactor Super Safe, Small and Simple fast reactor Realization of small fast reactor
| | | | | | |
Scintillator Quality improvement of Putting new type scintillator New creation of novel
new type scintillators in practical use scintillator technology
Micro-pattern Improvements of Development of large area and Practical use of large area and
= E Gas Detector spatial resolution high spatial resolution detector high spatial resolution detector
2 & | | n I {
% u>f Cryogenic Putl'ing high energy resolution and Development of new type Ultra high ENEreY o solution
c‘zu g Detector multi-channel TES in practical use cryogenic detector spatial
E g Energy Resolution: AE=2eV Abk=1eV
zg % Spatial Resolution: 500 i m(64ch) 10 £ m( ) 000ch)
o
Semiconductor Improvement of new 3D readout Compound-semiconductor Medical/non—-distractive inspection
Detector compound-semiconductor gamma-ray imager using semiconductor detector
| | | | | | |
dosimeter Development of new material Improvement of radiation Application in medical field Establishment of
and improvement of sensitivity and energy discrimination dosimetry in space
| | | | | | |
§ Radiation Standard International consistency Diversification of standards New concept of standard
2 | i | i i |
-§ g Medical Upgrading of radiotherapy/nuclear medicine Exposed dose reduction New concept of radiomedicine
[=%
% <C Non-distractive Test Performance improvement Large- or nano-size inspection Dynamic imaging/Functional test Expanding applications
=
S5 | | | , 4 w -
= Materials Advanced analysis of solid state physics Material modification/Micro-fabrication Creation of new functional materials
- | ' [ ' ' '
)
o E"“”m‘m‘""“" Upgrading of radiation irradiation Expanding applications Advanced nuclear reactor system

2010 2015 2020 2025 2030

Japan Society of Applied Physics (Academic Roadmap https://www.jsap.or.jp/english/aboutus/academic-roadmap.html )
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Photonics

A « N ' N :
Ig:;:{;y Safe & Secure Society > Sustainable Society >Comfortable & Natural Society>
! w H e
Practical Ultra High-Capacity & High-Speed NW Super Ublqunous Net Work
Use i R&D of Photonic Operation Tech. > Application of Matured Photonic Technology
: NS :
Unrestricted Photonic Measurement Unmm‘(c::gend"zrotonic Unrestricted Photonic Operation
(Photonic Sensing) (Photonic Processing (Photonic Manupulation)
ity
ce ant \0!\ ‘Non\\“ea
%‘\)\% ic N s s-Ultra Fine Febri®) \'\ gher Or°
R&D
THi e Photonic Nano-Integration Quantum Effects of Light
| 3%,%’3;,”{ :rooessing Quantum Control of Chemical Reaction | New Interface: Five Senses
" | One Molecule Spectroscopy, | Coherent Temporal and Spatial COntrol Three-Dimension
Academy Base = Attosecond Photonics || Fusion & Col- eco-photorics| |
. OuntmPooncs || Jabofalion Bohaoncs || New Pholonics
Nonlinear Photonics Nano-Photonics :
~ Ultra High-Speed Photonics ~ Plasmo-Photonics _
' . ' >
2005 2010 2020 2030 2040
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Global Electronic Interconnect

Global Photonic Interconnect

(b)

Photonic Interconnect Comparison
(Ref: Raymond G. Beausoleil et al. Proceedings of the IEEE, Vol. 96, No. 2, February 2008)



Terahertz Electronics

Vision of the future of Terahertz Electromcs

Ultrafast wireless THz communication THz qubit control

Information and Broadband THz amplifier
Communication

THz imaging THz sensor network
Security
Drugs & Explosives s
’ v For a safe & secure society ...
Material Science W‘:L‘;’Z":omh THz near-field 2 o
and Medicine . spectroscopy ; ¥ Biomolecule control
Construct THz database oo
Large scale molecular dynamics cal. smgle-cell -molecule THz spectroscopy.
Biologyand  Biomolecular , _
Medical Care spectroscopy THz pathological Gene & Protein
study functional analyses
Agriculture and Process management THz xﬁ;g‘em New Medicine & Medical
other industries | rocuction quality care via THz technology
control Develop device and software
. g Environmental sensing - Earth & Space
Environment Radio Energy conversion technology THz science for dark matter
and Space astronomy and origin of the universe

THz wave electric power
transmission

THz spectroscopy Compact & Mobile

ts
o : ":at;ﬁszg Photonic crystal
Photonics Fthoseco% laser Flexible waveguide
Parametric light source THz synthesizer Advanced system

Semiconductor devices  THz single photon detector integration =

QCL RTD Heterodyne detection http/f

y f imagine.gsfc.nasa.gov/images/features/
mmw devices Arrayed detector exhibittenyear/future_universe.jpg
2010 2015 2020 2025 2030 2035 2040
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Widegap Semiconductor Electronics

Short wavelength light emitter, Light sensor Resource survey  Next-generation transporter
System design e 3
G . 3 = 3 T nergy-saving
Agphcat'on Compact size, Ultra high efficiency, Ultra high reliability Eco-svatem
High-power RF devices

High-power switching devices \uclear reactor control I‘Iext-genraﬁon obot
sl : Sustainable
e Development
[ pmclass sub-um class
Normally-off operation :

Blue uv

Optical devices anspare

Electron devices Information a ele tronlcs, Life application electronics
Dewce Short wavelength High frequency. High voltage, Large current, High efficiency

Energy electronics, Extreme environment electronics
Two-dimensional electron gas Biexciton Spin interaction Bose-Einstein.conder
Negative electron affinity Site selective. 5

Large-capac
Extreme operatio

| Impurity and carrier control =
| Heteroepitaxy control, Strain control = Iyt tructure, Superlattice) >
Epi-wafer Lateral 3 <
Bulk- A Nano-particle
Material T Defect control Perfect crystal

IV-IV, llI-V, II-VI (SiC, Diamond, GaN, ZnO, etc.)
Light-element semiconductors : Environment-friendly materials (Heavy metal-free, Deleterious material-free)

| I I I I I I I
2005 2010 2015 2020 2025 2030 2035 2040
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Micro/Nano-Mechatronics

: : . - ; B Mechanics B Communication
A A I Micro || Nano Patterning, Functional Molecules, Bio-Fusion > B Chemistry B Biomedical
Three | Multi ” Bio-Inspired System, Integrated MEMS, Telecom > B Electronics B Material
“‘M’s TR R R T R R e [ o , M Optics, Photonics M Nanotechnology
_ [ Mass || Large Scape Hetero-Functions, Large Area - EohF feauancy
3 MEMS Wall Papers : Bio-inspired autonomous :
6 f— Image —_ : : ' '
1_(_) Dispsllay Wearable . S— (visual, auditory) | i distributed system
3 Computer ' by hetero-functional |
(1 - 4 s ' 2 3 !
% Vsl Smart Skin Smart Wear » e integration of :
-4 = + MICro nano systems that ;
) Olfaction Display isenses, thinks, and acts. E
104 |- / Integrated Gustation Display =~
N MEMS Implantable Chips | [ Artificial Organ / Skeleton
ek Bio-Printing
SFIU|d'C Fiber / Wireless Healthcare Chip - -
P ystem g Sensor Network B'a:'r:‘t;'\gz‘é';'”e In-vivo Medical
& @ i : Micro Machine
I ﬁl Fiber Endoscope Astionautic = '
102 ‘ — M Molecular Craft - -
I Anti-collision Radar | Capsule Bio Nanomachine
Endoscope Robot Sensors
Ultra-small Variable Contact
:| Diagnosis Tool Compact Power Lens
=1 T Aloohor Source
“%% Vehicle Sensor S:r?s:r
100 | f 1 | | | 5
2000 2005 2010 2015 2020 2025 2030 2035 2040
Telecom Bio VLSI Nanotech | |Bio, Medical U
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Optics

Optics open the future !
Society

ble
Comfortable Sta
Safe & Secure
Industry Convenient optics ' Gentle optics Optics to cure
High fidelity display system Multi-view display Medical treatment, 3D holographic display _ :
Security processing system Capsule endoscope health Ubiquitous security system r(:gt;ial’ aars(s::frte
Fast 3D archiving | ight-assisted medicine 2
Private information ! 3D recording Real time health monitor 3D dalzzlg%s.'y:tem
Optical sensing system for automatic control 2 < ,
; [ Disaster alarm system, Meteor plogy+ Real time holographic recording
Distribution - traffic Large capacity arghwmg. Weather-harvest Prevention of disaster 3D copy
its medical application estimation system
Technology @ Global measurement | Active manipulation
technology of wave front
Classification Control of wave front, =
;- g":‘l“:""“ .| Optics in space new optical processing
e ] and optical memory
2.1 Optical measurement Light generation, 2 =
2.2 Biomedical optics  [Measurement and contro e P e st
3. Optical information I L____“‘Méﬁm——gﬁ?—%
process and optical Condensed matter physucs,
memory Surface physics AT
4. Human interface . : 'M . r@a‘\
4.1 Display Chemistry, Environmental
4.2 Bi i i
4.3 Bl:::::i:: Fharmacology SEIeHeS Psychology,
: : o : : Human being
5. Human science optics Medicine, BIO'Ogy SOCIO'Ogy
;Multifunctional remote sensing system Space optics Cure & care optics
Academy Prime biomedical optics Next generation optical computer 3D TV system
2010 2020 2030

>
2040
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Quantum media conversion
between spin and photon

ﬂllﬂlllllm Illfllmlall(lll Small-scale spin quantum computer

(quantum dot, diamond NV center,
magnetic molecule, ...)

Spintronics

Quantum repeater
Quantum memory
Quantum processor

Quantum communication network

- ) 2

Large-scale spin quantum computer

7270075

— — e —

s 2 Ph m 2 High-frequency electronics Spin photodiode =
pin Fnotonics Spintronics m) SonLED High-frequency spomce
Optics / Photonics Reconfigurable optoelectronics circuit Spin - optical buffering memory
ngh mulleﬂﬂ High output magneloresistive high g Spintronic monolithic microwave IC
u m frequency device Superhigh frequency device lnfomla!lon transmlssipn and
an emo' (Oscillator, Detector, Mixer, Amplifier etc.) Highly localized element cooli processing by pure spin
L = Development in Spin caloritronics » m.gm{que dia currents and spin waves
spin devices (Spin Pettier effect, Spin Seebeck effect) Sokn et gecieration by heat
Areal bit-density (bit/in?) 1T 10T 100T
Storage Bitsize(hmxnm)  25x25 - — 8x8 | — 25x25
TMR/CPP-GMR — CPP-GMR — Molecular-/atomic-size sensors
(by improvements) (with new materials and structures) (using new principles)
Patterned media —  Bit-patterned media (using self-assembly process) —  Multi-level recording media
MRAM technology F
45nm 32nm 22nm
Memuw.mm 15F2 10F2 8F2 -
MRAM write energy Multi-bits, -layers circuits using magnetic domain control,
~1.5pJ ~0.3pJ ~0.18pJ multi-bits, -layers circuits using multiferroics materials, ferromagnetic molecular memory
SRAM for mobile devices =SRAM for PC =nonvolatile logic =>reconfigurable hardwear, brain-computer type logic circuit
*in-vehicle memory =substitution for DRAM  =>nonvolatilereconfigurable logic circuit

Dielectric, Transparent, Half-metal,

Environmental harmonic,

Spin-thermoelectric

Computational material design
Physics

Development of spin-current physics

Materials-Physics

2015

Japan Society of Applied Physics (Academic Roadmap https://www.jsap.or.jp/english/aboutus/academic-roadmap.html )

Spin transistor ¢ "\\"//ll l
Devices using spin current Seif-handling materials
and/or magnetic domain wall ‘ Permanent magnets without using rare-earth compounds

Atomically-controlled crystal growtt Magnetic superalioy with large magnetic moment

Application using strongly-correlated
electron systems

2020 2025 2030 2035 2040 year
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|Graphene!

High ) Highly

mobility 0 flexible

Unique optical
properties

2d crystals
and hybrids

Industrial
Academic

-

e o o o o o o e+ o

On demand
Nanoribbons

Growth on flexible

Inks

Interfaces
Doping
Superstructures
Toxicology

e

» Energy
" Composites
\"(Opto)electronics
‘ Health

Spin logic circuits

Mobility >50000cm?/Vs
on large area

Wafer scale
Composites doping control
« Stronger

* Multifunctional

Ultrafast low-power
electronics

High surface area > ;
(Opto)electronics > 2,000 m?/g)

s Eactor ‘ THz imager
« Cheaper P Medical repair kits

 Flexible

Self-powered flexible

mobile devices
Distributed sensor
networks g

Fiber-optical
communication system_

Energy storage
and conversion

» Efficient
* Cheaper
Sustainable

Health y Flexible electronics and
Ultrasensitive ; optoelectronics

Label-free

y "System
Integration

European Technology Roadmap for Graphene

(Ref: Andrea C. Ferrari et. al, Nanoscale, 2015, 7, 4598-4810)



Still an Insatiable Need for Computing

Climate Simulation
1 ZFlops

100 EFlops

10 EFlops
1 EFlops
100 PFlops
10 PFlops
1 PFlops
100 TFlops
10 TFlops
1 TFlops
100 GFlops
10 GFlops
1 GFlops

100 MFlops
1993 1999 2005 2011 2017 2023

(Ref: http://www.top500.0rg/ )
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Link Speed (b/s)
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The 2015 Ethernet Roadmap

(Ref: The Ethernet Alliance, http://www.ethernetalliance.org/roadmap/ )
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Link Speed (b/s)
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The 2015 Ethernet Roadmap

(Ref: The Ethernet Alliance, http://www.ethernetalliance.org/roadmap/ )
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Link Speed (b/s)
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The 2015 Ethernet Roadmap

(Ref: The Ethernet Alliance, http://www.ethernetalliance.org/roadmap/ )
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Petascale system

Exascale / data center

Petascale /

Terascale /

(2012) (2020) departmental (2020) embedded (2020)
Number of nodes [3-8] x1013 [50-200] x1073 (20x) [60-100] 1
Computation (Flop/s & Instructions) 1075 10718 (1000x) 1075 10M2
Memory Capacity (B) [1-2] x10*14 > 10 M7 (1000x) > 10M4 > 107M1
Global Memory bandwidth (B/s) [2-5] x10"14 > 10M7 (1000x) > 10M4 > 10M1
Interconnect bisection bandwidth (B/s) [5-10] x10M3 ~10716 (1000x) ~10M3 N/A
Storage Capacity (B) [1-10] x10715 >10"M8 (1000x) > 10Mb > 10M2
Storage bandwidth (B/s) [10-500] x1079 > 10 x10712 (1000x) > 10 x1079 > 1076
|O operations/s 100 x1073 > 100 x1076 (1000x) > 100 x1073 > 100
Power Consumption (W) [.5-1.] x1076 < 20 x1076 (20x) < 20 x10/3 < 20

HPC Expected system characteristic 2020

(Ref: The European Technology Platform for High Performance Computing
http://www.etp4hpc.eu/publications/key-documents/ )
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Traditional technologies

Emerging technologies

Memory type DRAM SRAM NAND FeRAM STT-MRAM PCRAM ReRAM

Physical effect Silicon Silicon Tunnel effect Ferroelectrics advanced Phase-Change Redox/

at work Spintronics Memristor

Technology status Mature product products being 1st Research

introduced Generation

Read time (ns) <1 <0.3 <b0 <45 <20 <60 <b0

Write erase time(ns) <0.5 <0.3 1076 10 10 60 <250

Retention time (years) N/A N/A >10 >10 =10 >10 >10

Write endurance 10M6 10n16 1075 10714 10M16 1019 1075

(nb of cycles)

Density (Gbit/cm2) 6.67 0.17 2.47 0.14 1 1.48 250

Technology potential Major Limited Promising Promising Promising

scalability technological

barriers

Exascale No recognised Potential to scale Tech barriers and Unlikely Promising, Very Promising Unclear,

applicability alternative suitably? endurance, may potential potential as
be overtaken by successor for compatible
other NV devices DRAM SoC device

Expected memory characteristics ranges in 2020

(Ref: The European Technology Platform for High Performance Computing

http://www.etp4hpc.eu/publications/key-documents/ )
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Mobile Computing and
Internet of Everything
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Next Generation Computing Roadmap

(Ref: Study carried out for the
European Commission by
eutema GmbH (Austria) in co -
operation with Optimat, EPCC and 451
Research, 2014,
https://ec.europa.eu/digital-
agenda/en/news/next-generation-
computing-roadmap )
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5G Roadmap
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of End 2015: Global consensus on the “5G vision” including the broad definition, VW
key functionalities and the target time table LA

Initial decision on main 5G functionalities ?W.

v
A

i Development of the worldwide interoperability standard for SG?W_
.« 3 February 2014: v P
£y Launch Launch of Large scale trials of 5G systems & technologygﬂ:
of the 56 : , (Ref: European Commission
Public Private eﬂnce
Partnership o caf'f t6 o
A ) . A R?:"al 29" ot 3 Early commercial deployment 'ﬁ’w https://ec.europa.eu/digital-
A A . .
e ‘ o i s ek agenda/en/5G-international-
.ﬁ : > advanced uses
"¢ Announcement g

of EU vision on 5G

3 cooperation )

A
A

Full commercial & 24
5G infrastructure ik

..% July 2015: ; deployment
N¢ . Launch of phase 1 :

of EU-funded 5G projects

A
A

.'% Launch of phase 2 of EU-funded 5G projects

€&, Launch of phase 3 of EU-funded 5G projects

ﬁ EU Milestones q mWoﬂd Milestones “ European
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