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Can Computing Systems Continue to Improve ?
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Can Computing Systems Continue to Improve ?
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Many Obstacles Simultaneously

2D Miniaturization Wall Memory Walli
n 2D scaling Execution time
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Also:
communication wall,
Interconnect wall,
complexity wall,
resilience wall...




How to Improve Computing?



Conventional Approaches

Conventional Silicon Conventional Design
multi-cores

n 2D scaling
15452
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* Important, BUT: * Important, BUT:
® Fundamental limits " | imited “Tricks”

" Diminishing returns " Complexity




Path for next-generation computing ?



Solution: Nanosystems

Transform new nanotech
into new systems
enabling new applications

New Devices

Revolutionary
Architectures

New Fabrication

~—

Abundant-Data




Computer Chips Today

Limited to 2-Dimensional Circuits

sensor
memory
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Future Nanosystems
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Future Nanosystems

]

o LS Fine-grained
3D integration
Computing Logic

Impossible with today’s technologies
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Realizing Nanosystems TODAY
Enabled by Emerging Nanotechnologies

Increased Functionality
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Fine-grained
3D integration
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Case Study: Carbon Nanotube FETs (CNFETSs)

* Energy-efficient VLSI: full-chip case studiesl]

* Enable monolithic 3D integrated systems

carbon nanotube

¥ gate oxide
[1] IBM, imec, TSMC, Stanford, MIT 15




BIG Promise, BUT Major Obstacles

Materials Manufacturing Variability




Imperfections: Metallic CNTs (m-CNT5s)

* |deally: all CNTs are semiconducting (s-CNT)

_
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Metallic CNTs (m-CNT5s)

* Random fraction of CNTs: metallic (m-CNT)
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Metallic CNTs (m-CNT5s)

* Random fraction of CNTs: metallic (m-CNT)
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Mm-CNT Processing Options

* Grow 0% m-CNTs

= Open challenge

* Remove m-CNTs after growth

= ~99.99%
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Major Roadblock

* ~99.999999% purity required

= infeasible! 99% yield target:

~8Ns required

Gom I
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Yield = (1 — PNMV) for required SNMg = VDD / 8 21




The “DREAM” Solution

* Designing REsiliency Against Metallic CNTs:

= Achievable today! 99% yield target:
~8Ns required

Yield = (1 — PNMV) for required SNMg = VDD / 8 22




Metallic CNTs: Impact

°* Example: no m-CNTs

NAND2 > NOR2 "\




Metallic CNTs: Impact

* Example: <1 m-CNT per logic gate

= degraded logic values

- NAND2 NOR2 NAND2 > NOR2 "\

0.5

Vour
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Metallic CNTs: Impact

* Example: <2 m-CNT per logic gate

= incorrect logic functionality!

- NAND2 NOR2 NAND2 > NOR2 "\

violation!

0.5

Vour
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The “TRICK?”

* m-CNTs degrade specific combinations

/ NAND2 - NOR2 NAND2 = NAND2 NOR2 - NOR2: \
violation! OK! 0] ¢

0] Vine Vour O.y

Yield = (1 — PNMV) for required SNMg = VDD / 8 26




The “DREAM” Technique

* Elegant solution:

= apply logic transformation to avoid bad combinations

= any arbitrary logic

transform -

e

MIT, Nature ‘19 27




Manufacturing Defects




Selective Exfoliation

* >250 X reduction in defects
* No damage to remaining CNTs

MIT, Nature ‘19
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CNFET CMOS: P-type and N-type

* Major challenge:
= solid-state + air-stable
= silicon compatible + existing equipment

= Reproducible + robust
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CNFET CMOS: IN THE LAB

* Work function engineering + electrostatic doping

Metal source/ drain

\

High-k dielectric Metal gates

__PMOS NMOS |

-1.8 -0.9 0 09 1.8




Most Importantly

* Combined processing + design solutions

= Essential

* VLSI processing

= No per-unit customization

* VLSI design flow

* Immune CNT library

32




World’s First:
CNFET CMOS Analog + Mixed signal

SAR ADC (~100s CNFETSs)
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World’s First: Monolithic 3D Imager

Transforms Raw Data = Information (~2800 CNFETSs)

Highly-processed information
Computing , g

S

MIT, VLSI “19 34




CNFET CMOS SRAM

World’s First

Kbit SRAM (>6K CNFETS)
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RISC-V Modern Microprocessor

MIT, Nature '20. Collaborators: Arvind, Anantha Chandrakasan
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RV16X-NANO

* RISC-V processor
=>14 700 PMOS + NMOS CNFETs
= 32-bit instructions, 16-bit data

* VLSI compatible

= \Wafer-scale fabrication

= Industry standard design tools

MIT, Nature '19. Collaborators: Arvind, Anantha Chandrakasan
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RV16X-NANO

ign flow

practice VLSI des

* Industry-
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RV16X-NANO

Measured Waveforms
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RV16X-NANO

Measured Waveforms

CLK AN ANAAANANAANAANANAANANNARASAARAAANANARAAANANARNARAANARAANAAANAAARNARNANAARARAANAANARNARASAARNARAAAAANARAANAANARNARAANAANANAAAARAARNANA
instrin
instr]1

T N1 g I 1 I W W W T I A il [ T W,
g My NN gy LN N N _J b N ) L_.L'-[_'_'_J_‘.—J T T N — '_{_::__: - | .__L_L_'_‘ |_|__J_'._| T W g B ;_1__ L)L r—— L
I Iy . — 1
Ny | LT Tl T} ' ' 'm Tl T I _rl n 1
i 1 (557 (NS ) D A r\_'_l m 11 I B i r1 i M T Il m iy M
i p N o N N ey Oy Iy Y o Ny OO W | J BT ] 7 ' g e R O T EY i ] / 1 ) i /
- =

T B U g O VBB N S R O P g g Y O o, P g g B
e 4_.'-l_.'_|._.'__1 ._.r.‘._IT_J_._J_ b _..'_-l_.'_l_.'_l_J_‘ h._l___l e ;. I._.'j._.'_|_.__.‘__L_'.‘ﬁ - |_|__I_.—|._.
Sy TN TN g NN NN g NN NNy WY N Y Y TN N N N NN Y T gy N Y N Y Y Y TN Y

T T N WS R Ry S W T T L._,'_’_.'_L_’_" S W g R R ) S g D

allNg ' JL L I} [
- L_r,_r_aﬁ_c:ﬁn:j_ wE e e T e
‘|=I '_ |'=|| I_| [ |_ ) g ULTL T U L J
J | \ ! J gy i\ W - ! e . !
| ! el -‘ a - ! T T
T RES g oSS g SN L Lt | | ¥ 1 | I [ T
| S | J I |
u 1] 1 A pmEENE L1 1) Wi 1 i O e & TgRE 2
- pa ma— s e e - " = 4= sa s s s pa  pa— e = ad= o . m pm  m
e o S S S S S S S g - e S s S S e J

e | T e
_an_-m aresen

B se,  bens, bess, maad, sess,

Bt S PR P RS o e e bha, e R e i S s e, e, aar, s, aas, Jeaas P A e " oaan e S et P Lo S -

T A T ‘tm.,md.‘m¢”mc‘_.nw,.tm..’tm,.-ﬂv._\oﬂ-vr4rm...mJ“m-‘_‘mf,_,nw,.m..vmgmv.‘omr‘m,‘mdnm“mutm e o L A m"m-b. P
| sssssnsnses wess wens wess wesy wesy wsse weww Sews wess swss wess sessd wesw sasy wssw maws Sews mess Sess wess wssy wess sess Sass mess saws wess swew sess wesw  sess besd  Sess Sess wess vess sesr sees sesd sese beed  wess  sess  wess messs

| BRI EE S A RS RS SS EE LR  EH R SSE SRR S SR S0 S S S RS R S S S R S - - - L e o e - - - - - L L -

R R S S B BTt S 5 v et be e e st ssa s e ST
Boe EL AR T S L L. L -......-,..J---..--h-.mm"mm"mw~w At e e B e B e B
wﬂm—o—o—mw - -y, ...“P- .-WH.W -4 -, k’ -4, ‘...‘mﬂw bl h—. RARA st e e e s T a4 aad - " “qm»ww el “. "
[SSORRRSSREN pay W g INSSSSNNTRRS a1 g SNSRI s MESEEGETO ¥ ag: EASEBGITIY o SRS pay, W o WSS L oed --'.-.-.----*---m iy ISRt g W jpg T REECEEN
nmu.-.....-nn..m‘m..vmw-’..w..n..".._.. P ateeage N el S el et Ll et el s et L et L adl L s I patesagper L seaipy

» o
]m«s-uwwwmmwmuﬂwhmmwwMomwumauu'umm—t-—oﬂdwml‘wwmoWMMH«Q—MMW“MMMM}%WMWWW&
|

BRREERRREE SRR SEEE  SRRE BEEd REed BEed BeeE BeE whEE SRR SREE Red SRR Beed Beed wedd BebE weeE SRR SeEe  Seed SEew  Weed  Beed  wedd  Seee  whEE Sees  eeed  beed  weed  bees h 4

wree wer waws weer teew vesd weed wead bewd weed weer wers  veeew

i Tresssmsssnppisiepgestagqeesngqieasggsattsattiie m“wu- w,mm.mu.ﬂ..mu.u“w.mm. S | e
"h":' esssreaaye T T s e S ittt W.. TR S e L T s e B i e M g ees B Beee -

cha RIS g o . g i o B g TS g S g i 6 gy S W S WS g, D NI hé ower Seer wwew Gwed sund bund weww wwer @ ww L weew wesd sewd  swwwesew v, e
cha - s ,......---w-u-v-- »a D CLLET T LLET T

o - LA Lo Rassppaiy mr‘ * (L] - wasd  we mﬂ.-.dm_ L MO [l " " " hass ud [IEER
h sttt omwl..«““m“m“buwm,.n" . " - "t Tt oL S - T e A F\"“"- - 0w e
Eh{: renrrssseannnasy wenr vaad wewdieed Samsessses, reersgedyggeess  seer " o J SSCUSEE —— e J hase & ,‘u"“'”.”u-d et e T UTEL R
|.:h:=|: ™ -~ ] 1+ e L a1y b mm»n Bassasssas Bassppeapy  seeny oo e e, e TR S

.
M A e Y, v 4\.—"’""‘:-“ o B A s T i L o Tal i'_‘“:.‘;-.l SHTaeee - | = ..&‘.?F"""}.‘_.:‘ s Tl O £ LT A f"‘r o TIN5 A = e L il =

, worild! | am RV16XNano, maaé fromﬁ‘CNTS

MIT, Nature ‘19




Key Take-Aways

* \Wafer-scale

= 150 — 200 mm wafer substrates

* Silicon CMOS compatible

= Existing infrastructure (fabrication + design)

e Achievable today

= combined processing + design solutions
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Transferring Into Commercial Foundry




Transferring Into Commercial Foundry

* SkyWater Technology: D.M.E.A. U.S. Foundry
" [ everaging nanosystem PDK, DREAM, etc.
* DARPA 3DSoC (Electronics Resurgence Initiative)

HEl A
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Three-Dimensional System-on-a-Chip
(DARPA 3DSo(C)

Baseline System ‘ 3D Nanosystem

e,
ompute SiEmn
TR,
Srrhiiraiiiaiitte.,
— L HH 1 Ta,

.

Compute

silicon + off-chip DRAM new tech. + monolithic 3D

Collaborators: Stanford University 45




3DSoC: Our Approach

* Monolithic 3D Integration:
* Fine-grained integration: logic + memory

151
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90 nm CNFETs

S nano-scale vias .




Technology Transfer: U.S. Foundry

* All process modules

= CNFETs + RRAM + 3D

* Foundry MPWs

* End-to-end design tools

* Wafers running today
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Thank you
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