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21st century workload:
Large amounts of loosely-structured data

ÁStreaming video/audio
ÁNatural languages
ÁReal-time sensor
ÁContextual environment
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Abundant-Data Applications
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Abundant-Data Applications

Huge memory wall

Application execution time

96% 

Compute

Memory access

Source: S. Mitra (Stanford)



Stanford University2015.04.15H.-S. Philip Wong6

Hardware Software

Today
Commodity
hardware

Advanced 
image

analysis

Hardware-Software Co-Evolution

Source: Subhasish Mitra, Chris Ré



Stanford University2015.04.15H.-S. Philip Wong7

Hardware Software

Today

Tomorrow

Commodity
hardware

CGRAs

Advanced 
image

analysis

Automatic
video

annotation

Hardware-Software Co-Evolution

Source: Subhasish Mitra, Chris Ré



Stanford University2015.04.15H.-S. Philip Wong8

Hardware Software

Today

Tomorrow

The Day
After Tomorrow

Commodity
hardware

CGRAs

N3XT
Brain 

network

Advanced 
image

analysis

Automatic
video

annotation

Hardware-Software Co-Evolution

Source: Subhasish Mitra, Chris Ré



Stanford University2015.04.15H.-S. Philip Wong9

Hardware Software

Today

Tomorrow

The Day
After Tomorrow

Commodity
hardware

CGRAs

N3XT
Brain 

network

Advanced 
image

analysis

Automatic
video

annotation

Source: Subhasish Mitra, Chris Ré



Stanford University2015.04.15H.-S. Philip Wong10

Source: Intel

Logic

Memory Wire
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Computing Chips Today
Limited to Two-Dimensional CircuitsComputation immersed in memory

N3XT Nanosystems
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N3XT Nanosystems
Computation immersed in memory
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Memory
Ultra-dense

vertical connections

N3XT Nanosystems
Computation immersed in memory

Computing logic
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Many of these breakthroughs will require 
new kinds of nanoscale devices and materials 
integrated intothree-dimensional systems
and may take a decade or more to achieve. 
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Memory
Ultra-dense

vertical connections

N3XT Nanosystems
Computation immersed in memory

Computing logic
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άbŜǿέ aŜƳƻǊƛŜǎ
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Memory Hierarchy

CPU cycles 1 10 - 100 >100 106 - 108 >109

Speed лΦмΩǎ ƴǎ1 -млΩǎ ƴǎ млΩǎ -мллΩǎ ƴǎ  0.1-млΩǎ ƳǎҔ мллΩǎ Ƴǎ

100 M G T PSize (bytes) K

Main 
Memory
(DRAM)

Tertiary 
Storage 

(Disk, RAID)

Registers [R]
L1 Instruction Cache (SRAM) [L1I]

L1 Data Cache (SRAM) [L1D]
L2 Cache (SRAM) [L2]

L3 Cache (eDRAM) [L3]
R L1I

L1D
Secondary 
Storage

(Flash, Disk)

Core 1

In
te

rco
n
n
e

ct

L2 Cache

Peripheral controller

M
e
m

o
ry 

C
o

n
tro

lle
r(s)

ΧΧ

L2 Cache

L3 Cache 
(eDRAM)

Core N

L2

L3

Must change drastically in the coming decade

H.-S. P. Wong, S. Salahuddin, Nature Nanotech(2015)
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STT-MRAM

CPU cycles 1 10 - 100 >100 106 - 108 >109

Speed лΦмΩǎ ƴǎ1 -млΩǎ ƴǎ млΩǎ -мллΩǎ ƴǎ  0.1-млΩǎ ƳǎҔ мллΩǎ Ƴǎ

100 M G T PSize (bytes) K

Main 
Memory
(DRAM)

Tertiary 
Storage 

(Disk, RAID)
R L1I

L1D

Secondary 
Storage

(Flash, Disk)

L2
L3

Soft Magnet

Pinned Magnet

tunnel barrier (oxide)

current

You already know:
ÁVPROGҖ лΦр±Σ ±DD= 1.2 ς1.5 V
ÁA few ςмлΩǎ ƻŦ ƴǎread/write
Á²ǊƛǘŜ ŎǳǊǊŜƴǘ Ϥ млΩǎ A˃ (F<45 nm)
ÁάƛƴŦƛƴƛǘŜέ ŜƴŘǳǊŀƴŎŜ
Á1T1MTJ, > 6F2

ÁScalable to 20 nm (expt.)
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Embedded STT-MRAM Cache

H. Noguchi Ŝǘ ŀƭΦΣ ά! оΦоƴǎ-Access-¢ƛƳŜ тмΦн˃²κaIȊ мaō Embedded STT-MRAM Using Physically Eliminated Read-Disturb  Scheme and 
Normally-Off Memory !ǊŎƘƛǘŜŎǘǳǊŜΣέ ISSCC, pp. 136 ς137 (2015) [Toshiba]
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Why has STT-MRAM not arrived?

aŀȅōŜ L ǿƛƭƭ ōŜ ǇǊƻǾŜƴ ǿǊƻƴƎ ǎƻƻƴ Χ

Source: Intel
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Homework for STT-MRAM Folks

Device technology

Á/ǳǊǊŜƴǘ όмлΩǎ A˃) too high

ÁSpin Hall effect promises to reduce current by 10X

ÁScalability demonstrated to 20 nm so far

Manufacturing 

ÁNot ready at the same time as logic (cf. SRAM)

ÁMTJ ςstacks of 16 layers , 4Å thick

ÁDeposited and ion milled across 300 mm wafer

ÁDoes not survive 400ÁC BEOL fab temperature

(# = nm)
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STT-MRAM Design Opportunity

TkE BB /=DThermal stability,

()D= expottRetention time,

Bco EI ´Write current,

Á10-year retention: 40=D

ÁLarge array 60=D

.ǳǘ ǿŜ ŘƻƴΩǘ ƴŜŜŘ мл ȅŜŀǊ ǊŜǘŜƴǘƛƻƴ ŦƻǊ 
cache and main memory!

Write current can be significantly reduced
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RRAM ςCŀō CǊƛŜƴŘƭȅΣ ά9ŀǎȅέ ǘƻ aŀƪŜ

CPU cycles 1 10 - 100 >100 106 - 108 >109

Speed лΦмΩǎ ƴǎ1 -млΩǎ ƴǎ млΩǎ -мллΩǎ ƴǎ  0.1-млΩǎ ƳǎҔ мллΩǎ Ƴǎ

100 M G T PSize (bytes) K

Main 
Memory
(DRAM)

Tertiary 
Storage 

(Disk, RAID)
R L1I

L1D

Secondary 
Storage

(Flash, Disk)

L2
L3

You already know:
Á10 nsread/write, VPROG~1 ς2 V
ÁWrite current ~ nAςмлΩǎ A˃
Á1E12 cycles endurance @ device
Á1T1R, ~ 6F2

Á3D RRAM (similar to 3D NAND)
ÁScalable to < 5 nm & smaller
ÁFab-friendly, easy to embed

filament

oxygen  ion

Top Electrode

Bottom Electrode

metal
oxide

oxygen  
vacancy

TiN, Al

HfOx, TaOx, 
AlOx, AlOxNy

TiN
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RRAM Integrated on CMOSRRAM

J. Provineet al., GOMAC, 2014

CMOS
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RRAM FPGA Integration

FPGA Chip 
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A

AΩ
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Y. Liauwet al., Solid-State Circuits Conference Digest of Technical Papers (ISSCC), 2012.
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RRAM Is Scalable

Bi-layer TiOx (2.5nm) / HfOx (1.5nm)

Y. Wu et al., IEDM2013.

Scalable: 10 nmScalable: 12 nm
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RRAM Promises
1012 cycles Multi-bit

±[{LΩмм ό{ŀƳǎǳƴƎύ
±[{LΩмн ό{ŀƳǎǳƴƎύ

L95aΩмн ό{ǘŀƴŦƻǊŘύ

IPROG< 100 nA

±[{LΩмм ό{ǘŀƴŦƻǊŘύ

40 nm

Pt

SiO2

SiO2

SiO2

Pt

TiN

HfOx

VRRAM

Bit-Cost Scalable
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3D RRAM

40 nm

Pt

SiO2

SiO2

SiO2

Pt

TiN

HfOx

VRRAM

S. Yu, H.-Y. Chen et al., Symp. VLSI Tech. 2013
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High Density 3D Memory

Á< 1 ˃ A

Á1 ς2 V

Á5 ns

Á> 1G cycles

ÁF = 5 nm

Á128 layers

Á64 Tb per chip

L95a ΩмнΣ ΩмоΣ Ωмп
±[{L ΩмоΣ Ωмп, Ωмс
5!¢9 ΩмрΣ bŀǘǳǊŜ CommΩмр
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https://nano.stanford.edu/stanford-memory-trends

Energy vs Speed @ Device Level

Nothing faster 
than STT-MRAM

Speed limited 
by physics
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Write Energy Scaling @ Device Level

https://nano.stanford.edu/stanford-memory-trends

NAND
STT-MRAM 
Proportional to 
area

PCM: 
Proportional to 
area
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Material and 
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[ƻƎƛŎ {ǿƛǘŎƘŜǎ ŦƻǊ млΣ тΣ рΣ оΣ м Χ ƴƳ 

ETSOI

b²C9¢ Ґ άƴŀƴƻǿƛǊŜ C9¢έΣ 9¢{hL Ґ άŜȄǘǊŜƳŜƭȅ-thin silicon-on-ƛƴǎǳƭŀǘƻǊέΣ /bC9¢ Ґ άŎŀǊōƻƴ ƴŀƴƻǘǳōŜ C9¢έ

NWFETFinFET CNFET

d~1nm
CNT

ÁThin channel body (electrostatics control)
ÁMinimize parasitic capacitance and resistance

Source: G. Hills, S. Mitra (Stanford)
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Carbon Nanotube FET (CNFET)

Á10X EDP Benefit vs. silicon

ÁSub-10 nm node VLSI circuits

EDP: ñenergy-delay productò

2 µm

Gate

2 µm

Gate

LG<10nm

d~1.2nm

CNT

Source: G. Hills, S. Mitra (Stanford)
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CNFET: ~10XEDP vs. Si-CMOS

Nodes: 22 é 14 ... 11é 8 ... 5 (FinFET)

20 W/cm2

100 W/cm2

Nodes: 8 .. 5 (CNFET)

Performance (1015 transitions/sec.)
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Source: D. Frank and W. 

Haensch, IBM (IEDM Short 

Course 2012)
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CNT Computer

Instruction FetchData Fetch ALU Write-back

Instruction Fetch Data Fetch Write BackArithmetic 
Block

M. Shulaker et al., Nature 13
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CNT Computer

Instruction FetchData Fetch ALU Write-back

M. Shulaker et al., Nature 13
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CNFET Enables Monolithic 3D

CNT transferdecouples high temperature growth

High-temperature CNT growth

900 °C

2 µm

CNT transfer  

Low-temperature 
circuit fabrication

120 °C

CNTs

Growth

2 µm

Post-transfer

N. Patil, Symp. VLSI Tech. 08
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Temperature < 250 oC

V
O

U
T
(V

)

VIN (V)

Inter-layer logic 3-Layer integration Memory on logic

RRAM

Layer 1Layer 2

CNFETs

Conventional 

vias, no TSVs

CNFET: Monolithic 3D Fabrication Flow

CNT transfer

Imperfection-
immune 
circuit

Passivation

Inter-layer 
vias & 

interconnects

H. Wei, IEDM 09, IEDM 13
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2D Ҧ о5 Ҧ 2D Structure, 2D Ҧ о5 Integration

FinFET NWFET ETSOI CNFET

5nm

[Tsutsui IEDM 05]

100nm

10nm8nm

[Intel VLSI 15] [IBM VLSI 15]

Source: G. Hills, S. Mitra (Stanford)

[Shulaker IEDM 14]
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Computation Immersed in Memory

thermal

thermal

MRAM
Quick access

3D Resistive RAM
Massive storage

Not TSV

thermal

1D CNFET, 2D FET
Compute, RAM access

1D CNFET, 2D FET
Compute, RAM access

1D CNFET, 2D FET
Compute, Power, 

Clock

Silicon 
compatible

Ultra-dense,             
fine-grained

vias
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Aly et al., IEEE Computer, 2015


