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Future CMOS Development Irrelevant?

20,000,000,000
10,000,000,000
5,000,000,000

1,000,000,000
500,000,000

100,000,000
50,000,000

10,000,000
5,000,000

Transistor count

1,000,000
500,000

00,000
50,000

10,000
5,000

1,000

Karl-Magnus Persson | Nanoelectronics

1.1x?/year

18V 212 Storace Conzole
1heo¢ Yoor Ha\nlbts

& et w s : :w%» 2000 Y Z

301t Yeon K &-20

Duabccistanur ooy O P n-ﬂ'nﬂng ERLO: Somantit)
‘ ° . Q@) oo oGP ore 7 Hamdll

Poatum N Proster
S v 0.2 M»a:’an/ §330-Cr8 AMEA THOU SCL
a2 tonsun Ve, L ST
atium g 2 5
10D 2 MCFINE Q@ . hs" DTRINE newssacn
P Loan & P %0 1+

©Cuiw? Duu Mmwale
: “Sonium 4 Cadar Ml1
’Pﬂ'l-nl Presant

1.5x/year e & S, S

. ."-rﬁnlll WWHC@!& O

ol

PR A L,
5\5. L JUE
Han %}‘
¢
e
THS 1 000
°
frie Lo0%g

FLEFPLFSFTFFFS LTS s°

Yeer of intraduction

NANO o~
ELECTRONICS — L
GROUP



Karl-Magnus Persson | Nanoelectronics

NANO //'\'

Technology Benchmarking FLECTRONICS 3>

GROUP

(a) standard cel (b) 7 nm node 5 nm node
height laver Pitch width pitch width
Yr '(nm) (nm) (nm) (nm)

gate 42 - 42

'blug 42 - 42

MO |32 21 21 105
M (422 21 12
M2M3 |32 16 21 | 12
MAM5 | 48 24 | 48 24
M6-M8 | 80 40 72 36
# 1 pitch VONO1 | 32 | 21 |21 | 12

sources V12V23/ 32 | 16 | 21 | 12
drain V4 40 | 16 | 21| 12
gate Va5 (48 | 24 |48 | 24
- contacted | V56 | 64 24 |48 24
" gatepitch V67,V78 80 40 72 36
'© 2100% -

gate
MO pitch contact plug
100% -

e
ility

‘dchannel
\@source

e T

cumulativ
probabil

0% - 38 0% -
itc 0 Ry (Q/pm) 600 0 Ry (Q/um) 1500
Le

100% (d) 8520/6’ 100% (f)

CHTE R
Afimmnmm

95%:
0.22 fF/uym
50%:

‘fF/um
w

probability

50%:
0.13 fF/jpm

cumulative
probability
‘cumulative |

0% - 0% +—F———
0 Cw(fFium) 04 | 0 Cy(fFlym) 04

G. Hills et al, Nanotech 2018



Technology Benchmarking
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Technology Benchmarking
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2021-2033: 2.5D/3D fine-pitch assembly + stacking

A4

Nanowire

#(,‘f L (i g
;lgéi G-alez I f & e ‘..d»

inFET LGAA GAA AT 5
Fi v 1D/2D FETs | e
Compute elements, / on as
b 30 - register files ALO,
Cache Carbon r
nanotube
5nm TVPd
25 - Metal half-pitch s
E 20-
5
@
L - - ..
1D/2D FETs
10 - Compute elements, ==
& Gate langth register files
ST g . — Cache (L1)
— —&
54

17 T 11 T T
2016 2018 2020 2022 2024

N. Orji et al - Nature Elec 2018

2026 2028 2030 2032 2034



+ 3D RRAM

Proposed system shows up to 1000x gains in combined

power and speed

M. Aly et al — IEEE computer 2015

Research Trend | — Stacking Circuits and Mem

Performance predictions of ReRAM with large scale
circuit simulations using calibrated models

Study shows benchmarks of a contemporary Intel Xeon
Phi system VS a system with CNT-cores and STT-MRAM
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PageRank: 850x EDP Benefit

Energy consumption Baseline  N3XT
o D Core active 10.8% 1.74%
N3XT |4—'" i .
| i M Memory 341%  0.24%
0% 100%
(a)
Execution time
Baseline  N3XT
Baseline B Active 3%  357%
Idle 97% 0.8%
N3XT 23x speedup — ' '
0% 100%

(b)

Conventional CPU is idle 97% of the time!!

M. Aly et al — IEEE computer 2015
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Machine Learning Hardware Implications

 Iterative re-programming of memory

« Large data sets - Limited by read/write of none-volatile-
memory (NVM)

Hardware Challenges

« Component improvement stagnated - Moore’s law has halted

* NVM technologies - 10,000x slower than computing

« Separate compute and memory circuitry infer large inefficiencies

Possible solutions

* New methods - co-integrated circuits and memory in 3D,
introducing new materials

« True neuromorphic hardware - synaptic networks using
computational units



The Memory Hiearchy FLECTRONICS 3

H.-S. P. Wong, S. Salahuddin - Nature Nanotech 2015
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Limitations in NAND Flash FLECTRONICS

« The upside :
. Bit Cost Scalable NAND Flash
— None volatile ;
— 3D integrated with 128 layers BCS o t
— Minimal feature size (F) down to 5 nm i

current flow

Storage

layer
(Nitrided
layer)

« The downside
— Read in ns but write in ms
— Further scaling of the dielectric leads to electron leakage

0/0/2/220/2/2/0)7

700000 ’

7777 T
97 A //////////’,{

Ve 5T NS

% Charging Discharging Electrical i

§ Voltage Voltage pole Memonyoe

b= * Trappedelectrons

3 Schematic structure of planar NAND Flash
5T

0 -
Time, (t}

RC delay https://www.storagenewsletter.com
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1 1 1
Unipolar Switching 10? PUPt (Unipolar)
 Joule heating <
« lon movement due to diffusion = 10°
« Vacancies dissolved into oxide A
* Occur at the center of the dielectric (hottest) E 10
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(b)
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Large reset current required (most cases)

orming

" TiNi (Bipolar)

Furming-

Bipolar Switching SRR TS

Bi-polar-bias requirement Voltage [V]
lon movement drift due applied field

Vacancies absorbed into metal

Occur at the oxide/metal interface

Reset programming

Set state Reset state

4

ghlill;
1050051152 25

Voltage [V]

(O Oxygen vacancy (V2*,)
(¢) Metallic defects [vearg]

O+8n* —p S +1o,

OF —p V2 + % 0,+2¢

@ Oxygen ion (0%)
© Sn ion [Sn*]
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RRAM (0xRRAM)
— Anode filament, oxygen vacancies form conductive path
— High endurance, 12 cycles at device level
— 3D compatible Filament

CBRAM
— Cathode filament, bridging with metal ion movement
— Similar structure to RRAM
— Endurance questionable (finite number of switches)

PCRAM
— Phase change memory, a flash heating switches
dielectric film between amorphous and crystalline state
— Endurance questionable (finite number of switches)

Samsung AIT News (2011)

STT-MRAM
— Spin-transfer-torque magnetic RAM
— Changing orientation of spin changes the conductivity
— Advanced material stack, 3D compatibility unlikely



RRAM (0XxRRAM)

— Anode filament, oxygen vacancies form conductive path

— High endurance, 112 cycles at device level
— 3D compatible

CBRAM
— Cathode filament, bridging with metal ion movement
— Similar structure to RRAM
— Endurance questionable (finite number of switches)

PCRAM
— Phase change memory, a flash heating switches
dielectric film between amorphous and crystalline state
— Endurance questionable (finite number of switches)

STT-MRAM
— Spin-transfer-torque magnetic RAM
— Changing orientation of spin changes the conductivity
— Advanced material stack, 3D compatibility unlikely
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J Park et al — AIP 2016
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RRAM Oxide and TE Properties

4 vacuum _
® TIN
3 CBM
3 Hf E — ‘
- f v-vZ-
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Yuzheng Guo et al - APL 2014
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10m

 RRAM switching is ideally independent of

device area as only one filament forms < imb
-« Area dependence is instead partly coupled to 3 B
self-capacitance, and a reduction in parasitic g wl T % e
. m — —
current discharge Tl
1y 25% : ,
- However, the probability to form a filament increase 10’ 10° 10° 10°

Device Area [nm?]

with area &0

s O
mEm O E®

« To reduce increased forming voltage and spread in
the distribution, surface roughness and material
guality at the interfaces are of crucial importance

Size increase

Forming voltage (V)

Accumulative prob
>
S

0w
'®  ® o ®

1 10? 104 10°

Y. Y. Chen — ME 2013 Area (nm?) 1.0 15 20 l2.5 \;.0
Ann Chen — Globalfoundires 2013 Forming voltage (V)
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Cell Area (um?) Cell Area (um?)

H.S. Philip Wong — IEEE Proceedings 2012
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HRRAM Word Line
* Most simplistic
* Superior performance due to low RC  yemory

interconnects Cell
* Least cost efficient

Word Line

Pillar electrode

Memory
Cell

L
Bit Line SelectLine

Memory
Cell Bit Line————>

Word Line

\
VRRAM type | VRRAM type
* Interconnect resistance * Interconnect capacitance limited
limited performance e performance

Select Line

* More energy efficient than N
VRAM type |

* Litho-free stacking
* Bit performance improves with # layers
 Most scalable/cost efficient

S. Yu et al - ISCAS 2014
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HRRAM

3D XPoint™ Technology:

* Most simplistic
An Innovative, High-Density Design

» Superior performance due to low RC
interconnects

Frgss Pom‘t S.trllj‘ctvm"tl: . . Stackable . .
* Least cost efficient
Intel 3D Xpoint . Selector

e 3xfaster than NAND flash

* 5x more expensive

e Switching mechanism unknown

* Limited stacking potential due to rerkoadrey Q bgebiscl b
diode selector b '

~8x to 10x Greater Density than DRAM'
30 XPoI0r Technobogy's Mok stackalie. wanuaior kg pack ¢

al 10 retducing o1

3D XPoint™ Technology Processor DRAM 3D XPoint™ Technology




Karl-Magnus Persson | Nanoelectronics 22

P

Vertical RRAM - Lithography Free E%EE@‘;N‘CSQA/

(a) Bit Line

Upper
SG

Control
Gate

Lower
SG

(b)

Memory array

2F
>

Bit Line

g il pe

ruﬁI i W B B Upper SG
(row select line)

Tanaka et al — VLSI symposium 2007

Litho-free formation of a stair-case structure

-8 By |
- éw

‘@RIE




RRAM - Oxide Thickness Scal

« Scaling the dielectric necessary to reduce minimum
feature size

« Surface roughness affect the spread of the performance
distribution

« Etched out vertical pillar have a smoother surface than
deposited metal

Ll L Ll v Y L ’
' ¢, %
F ¥ forming B -~
”
[ "tox s 2 :
o 1orming-free:-
€ Vi <25V 1

4 Finite intercept: Schottky |
[| barrier of PUHIO, intorface |

Snm -(e’ipodnrn‘ul‘: -2-6?0\{) .
0 2 4 6 8 10
Oxide Thickness (nm)

Zhao et al — IEDM 2014
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Metal pillar
electrode

Memory cell
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Peak-to-peak
distance: ~40nm
[ PR

(b) Planar

Peak .
Height:
~15nm_ 2nm
WO, | Pt |}

Large surface roughness compared to
Lo, multiple sites for filament growth

3D VRRAM

VRRAM is less
vulnerablie to
Pt surface
roughness

Metal plane
2 electrode (WL)




« Large arrays require MOSFET selectors to reduce
leakage

« Vertical geometry allows for more aggressive thickness
scaling as it reduces roughness

« Simulations show metal plane thickness will limit array
size due to resistance of the vias, sub 6-nm metal is
highly resistive

« Graphene and other 2D materials way become a viable
way forward for large scaled arrays

Joon Sohn — IEDM 2014

Considerations on Scaled 3D Arrays
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1000
training
images

* Dense, fast, and energy efficient memory opens
for computations directly in the memory

« Permutations are made along the vertical pillars

 NOR and NAND operations can be accomplished
with propagation of specific pulse trains

o n

10° : —-_'—‘—'I

* In memory computations implementations could
be task specific, drastically reduces integration
area

=00 NORO
=Om 1 NOR1 |
w0 NOR1
=y 1 NOR 0

(A)

B

-
o

Y
o
&

Readout Cdurrent
o
i

107

H. Lietal — VLS| 2016 Logic lq:valuation Cyc?e (11)
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10,000 bits/vector, any type of object can be

represented

Orthogonality factor between vectors determine

object resemblance

Doing in-memory reduces energy consumption
slightly, but lowers chip area drastically (660x for a

2k-vector)

Error resilience of HD computing mean that a wide
range of RRAM technologies can be used

Tricks such as generating random vectors with a
high percentage ‘0’-s may be a way to reduce the

power

. Lietal—IEDM 2016

Research Trend Il —
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Implications for Neuromorphic Computing f

N  Memory (256 x 410)

N,

- ew " ™~ 3. ? - 2aF : L3 Cae e : . =T &
.r.-‘d‘;;J" K STttt o TR A SIS

el IR e a-'-("g.?ﬂ " e T T e, Vi

“,\ﬁ o grammet et S D et .~ I [ cﬁ: e

Global
Timer

IBM TrueNorth - 1 unit chip layout (2014)
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Implications for Neuromorphic Computing f

IBM TrueNorth
 SYNAPSE - DARPA funded initiative to simulate
the brain

N.. Memory (256 x 410)

 Dedicated neuromorphic hardware Parameters| Vycg Route| {0

* 4096 computational units (1 unit pictured) CLavis | Yatotsd: l l l

« Memory (SRAM) occupies about 40% of the chip ‘ E § T Neuron L e
area = —

RRAM

« 3D RRAM with 128 layers
* 64 Tb per chip

1 unit chip layout (2014)

SRAM ~ 120-140 F? = 1T1R RRAM 20x smaller!!
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Stanford Research: CNTs with 3D RRAM ELECTRONICS ~ ™
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Pillar connecting each

CNFET to 4 RRAM
layers

1
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1T4R 64-bit Monolithic Memory Cell FLECTRONICS 3
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4@ICNT MOSFETs and 4¥8Yers
of RRAM

~18 lithography steps + transfer

and etch procedures

5 wafers in Lund
« 7nm-back-gate




2D Via-hole RRAM — Accepted at DRC
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RRAM Oxide and TE Properties
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Heat of Formation energy of ;
R : > ) aa Band gap in s ; :
Z Stable : formation of OXYgen vacancy’ 5 Defect level (eV)
Compound L. Structure 2 perfect
condition compond eV) =
cystral (eV) -
(cV) g =0 g=4+2 S42/0) (V) (4274 D (eV)  £(41/0) (eV)
hypo. NP bixbyite ~16.15 7.14 0.18 6.09 148 380 3.6
AlLOs N N
normal corundum —16.35 7.08 1.32 6.90 2.88 3.07 2.69
IO normal bixbvite —7.81 1.53 0,29 1.05 0.62 0.56 0.67
nxls
HP corundum -7.67 1.63 0.23 1.00 0.7 0.68 0.72
) normal rutile —6.04 349 241 1.26 0.0 b
SnO3
HP fluonte -5.05 -0.45 ~0.41 0.29 ~0.05 0.01

Yuzheng Guo et al - APL 2014
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(®) Switching Mechanism of GA:ITO/HIO,/ TIN
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ITO-NWFET-RRAM Memory Technology TR0
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Future of Computing FLecrronics ~ 3 Y

e Buzzwords + buzzwords

« Contemporary memory technologies are not on par with the
development in CPU speed

« 3D stacking circuits and ReRAM could potentially improve
efficiency for data intense computing by 1000x

« Rapidly growing research area due to the promise of
neuromorphic computing

» Enormous space for innovation and new startups, specialized
hardware to complement the software needed
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