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215t century workload:
Large amounts of loosefgtructured data

AStreaming video/audio
ANatural languages
ARealtime sensor
AContextual environment
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AbundantData Applications
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AbundantData Applications

Huge memory wall
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N3XTNanosystems
Computation immersed in memory
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N3XT Nanosystems
Computation immersed in memory
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N3XT Nanosystems
Computation immersed in memory
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BRIEFING ROOM ISSUES THE ADMINISTRATION PARTICIPATE 1600 PENN

HOME - BLOG

A Nanotechnology-Inspired Grand Challenge for Future
Computing

OCTOBER 20, 2015 AT 6:00 AM ET BY LLOYD WHITMAN, RANDY BRYANT, AND TOM KALIL

»® @

Summary: Today, the White House is announcing a grand challenge to develop transformational computing

capabilities by combining innovations in multiple scientific disciplines.

In June, the Office of Science and Technology Policy issued a Reguest for Information seeking
suggestions for Nanotechnology-Inspired Grand Challenges for the Next Decade. After considering
over 100 respl

weeramint Many of these breakthroughs will require

new kinds of nanoscale devices and mater
iIntegrated intothree-dimensional systems
and may take a decade or more to achieve.
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abSgeE aSY2Z2NRAS
Random access, newvlatile, no erase before write, echip integration
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Memory Hierarchy

Must change drastically in the coming decade

eww ERlA
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I Peripheral controller
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BIL1 Instruction Cache (SRAM) [L1I]

I L1 Data Cache (SRAM) [L1D] Main Secondary Tertiary

Bt EEEL Memoy  Somge Sirage
T (DRAM)  (Flash, Disk) (Disk, RAID)

Speed ndomQa VvavnQa vven@manQa.IWMAQa BramnnQa

CPU cycles 1 10-100 >100 10°- 108 >1C

Size (bytes) 100 K M G T P

H.-S. P. Wong, S. Salahudd\iature Nanotecl{2015)

18

H-S. Philip Wong Stanford University@



STIMRAM

You already know:
AVporoaK N ®p=tlR2¢ 15V
Soft Magnet A Afewcm n QA& readfwrity”
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tunnel barrier (oxide)
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L2 Memory Storage Storage
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Size (bytes) 100 K M G T P
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Embedded STVIRAM Cache

Technology 165-nm CMOS [ cpuso || cPus CPU#7
i 2 L1d$ || L1i$ ||L1dS|| L1i$ L1d$|| L1i$
Macro.5|ze 0.8196mm 32KB||32KB||32KB| |32KB| “** |32KB| |32KB )
Capacity 1Mb Simulated cache energy
170 width 256bits L2$ 256KB||L2$ 256KB |L2$ 256KB| 1 ,
Read speed |3.3ns STT-MRAM-based L3$ 16-way 32MB | g9 | \ OLeakage
Write speed |3.0ns ! ® Dynamic
Read energy |71.2uJ/MHz 5,08 T \
T 1)
Write energy [166.2uJ/MHz > ‘ -59.9%
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e e : ... .-i—— c \
| , 240U = o) \
hell| l 78.5%
0.92| - (]
-
o5 \
o \
: u 04 B \
© \
Eo3 |
2o | 0.34
0.1 }
o L1008 “Toos

SRAM-LLC MRAM-LLC This work
(VLSI2014)

I f ®Accesst AXBo yf a1 dH > Embadddd SMHRAMUSsing Physicallgliminated Readisturb Schemand

H. Noguch§ (i
NormallyOff Memory! ND K A (i ISS0GxizNE6G 187 (2015) [Toshiba]
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Source: Intel

21 H-S. Philip Wong




Homework for STTMRAM Folks

Device technology

A | dzZNNS y>i) tad kighQ &

A Spin Hall effect promises to reduce current by 10X

A Scalability demonstrated to 20 nm so far
Manufacturing ri%(?_
A Not ready at the same time as logic (cf. SRAM) |02
A MTJc stacks of 16 layers , 4A thick J
A Deposited and ion milled across 300 mm wafe[ B

Ru(0.42
Co(0.4)

A Does not survive 40 BEOL fab temperature | [EonEcn?

(# = nm)



STIMRAM Design Opportunity

Retention time,

t=t,exdD) A 10vyear retention: D=40

Thermal stability, D=Ez /kgT A Large array D=60

Write current,
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Cco
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cache and main memory!
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Write current can be significantly reduce
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RRAMcClF 6 CNASYRfé&s

Top Electrode

You already know:

A 10 nsread/write, Vpgoe=1¢ 2 V
A Write current ~nA¢ M 1 XA AR
A 1E12 cycles endurance @ devi AlQ, AIQN,
A1TIR, ~ 6F

, o Bottom Electrode RN
A 3D RRAM (similar to 3D NANLD

A Scalable to < 5 nm & smaller
A Fabfriendly, easy to embed

BER Main Secondary  Tertiary

«<— TIN Al

e °o° .
oxygen io - qu(, TaQ,
oxygen

4

2N Memory Storage Storage
B (DRAM)  (Flash, Disk) (Disk, RAID)
R
Speed nomQa vYavnQa ywanman QaD.IMAQa Bramnn(
CPU cycles 1 10-100 >100 106-10° >10
Size (bytes) 100 K M G T P
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J. Provinest al, GOMAC2014



RRAM FPGA Integration

EPGA Chip Crosssection View
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RRAMSs Scala

Scalable: 12 nm

Y. Wu et al.[EDM2013.
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RRAM Promises

102 cycles Multi-bit
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3D RRAM
Metal Plane

Metal Pillar 1 Electrode

Electrode

Memory cell

~

R=H/F  NTOX Etch Angle

e S Yu, HY.Chenet al., Symp VLSI Tecl2013

29 ‘ H-S. Philip Wong Stanford University@



High Density 3D Memory
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Energy vs Speed @ Device Level

Speed limited
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by physics
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Write Energy Scaling @ Device Level

Equivalent Contact Diameter (nm)

4 11
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A Thin channel body (electrostatics control)

A Minimize parasitic capacitance and resistance
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Carbon Nanotube FET (CNFET)

A10X EDP Benefit vs. silicon
A Sub-10 nm node VLSI circuits

EDP: neaeredraggy product o
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CNFET=10XEDP vs. &MOS

Nodes: 22 €& 14FnFET) 11e¢ 8 ... 5 (

O
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Source: D. Frank and W.

Haensch, IBM (IEDM Short Performance (10 transitions/sec.)

Course 2012)
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CNT Computer

Instruction Fetch Data Fetch  Arithmetic  \Write Back
CLK1 CLK3 Block
3 |3
1 e |
70 ToH e o
E x E x D-latches D-latches
b b
Instr. Mem 3 3 Data Mem rﬁ_‘ﬁx rﬁ*@
CLK1|RD_en — = CLK1|RD_A en 1 1
WR_en 4. 1’9 :f’, Al 71}_1 [Al A=A A A %
[2:0] A-'B'J_
Next Instr Addr CLK2|RD B en
3 3 > o 1 ADB 1
[4:1] [0] [B] CLK3|WR en  gl— g B 1 .
1 2o [ (B] 7
\ / Data_in CLK2 / CLK3
D-Iatzhes I

Inscin Fetch
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CNFET Enables Monolithic 3D

CNT transfedecouples high temperature growth

- Hightemperature CNT growth

CNT transfer
- 900°C | L_th_empe_ratqre
circuit fabrication

- Growth ‘ Posttransfer

iy
[l [t

N. Patil, Symp VLSI Tech. 08 Stanford University &



CNFET: Monolithic 3D Fabrication Flo\

Conventional
vias, no TSV

Inter-layer
vias

CNT transfe

Temperature < 250C

Imperfection

Interconnectg

Inter-layer logic
3

]

Passivatio

3-Layer integration

2 2 s .
3 w Layer 2 o
> \ THM TEMimage Layer 1
0 Vi (V
0 1 R 2 n (V)

Immune
circuit

Memory on logic

[l Wk

Layer 2Layer 1
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2DIh olb2D Structure2Dlh olriegration
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Computation Immersed in Memory

3D Resistive RAM
Massive storage

1D CNFET, 2D FET Not TSV

Compute, RAM access thermal

MRAM
Quick access

fine-grained
1D CNFET, 2D FET - == vias
Compute, RAM access=——
1D CNFET, 2D FET Silicon
Compute, Power, Compatible

Clock thermal
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Aly et al. JEEE ComputeR015
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