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The Era of Big Data and Recognition ELECTRONICS >

Where we are headed

* Machine learning/Al - Improve and replace
« Early major disruptor - Autonomous driving

Hardware Challenges

* Moore’s law has halted
« NVM technologies - 10,000x slower than computing
« Memory and computational circuits on different chips

Possible solutions
« Component improvement stagnated - creative systems

* Model the human brain = neuromorphic computing
* Replace silicon with more advantageous semiconductors
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Neuromorphic Computing FLECTRONCS

« von Neumann Computing
— Computations according to set instructions
— A controller steers data between the CPU and the memory
— Sequential, clock-based, high precision

» Artificial biological systems
— Neuro-biological architectures 3§
— Mimic brain function with large scale circuits 74
— Solving problems with synaptic networks A\

 New ways of computing possible e
— Parallelism over speed
— Event driven computation instead of clock-cycles Network diagram of a human brain
— Self-learning from prior experience
— Lower precision, certain error rates acceptable




Neural Networks

« Synaptic networks of artificial neurons

Modeled as inputs, outputs, and intermittent hidden layers
Neurons have both memory and switching capabilities
Switches have different thresholds

Summation of inputs are weighed differently

Errors can be propagated backwards

Iterations of adjusting the network accomplishes learning

Data categorization
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Deep Neural Networks ELECTRONICS o
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« Deep learning
— Subset of machine learning
— Departure from pre-defined, task-specific algorithms
— Supervised, semi-supervised, and unsupervised learning
— Working with large sets of data
— Efficient way to solve multivariable problems

Patterns of Local (Sl sans
Contrast £ 1

Output Layer

« Hardware implications
— Iterative re-programming of memory
— Performance limited by read/write of NVM

— Separate compute and memory circuitry infer large Deep neural network for face recognition
inefficiencies

S N A7
LK .
4 V Hidden Layer 2

Hidden Layer 1
Input Layer
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SYNAPSE and IBM TrueNorth FLECTRONICS * S

TrueNorth 1BM, DARPA SYNAPSE

« SYNAPSE
— DARPA funded program

— Final aim is to replicate the neuron network in the human
brain (100B neurons), using only 1 kW

Chip specs
1 million neurons
256 million synapses

Power density

20

— Simulation of a brain like system currently takes 1.5M mW/cm?
CPUs and 8 MW to run at 0.1% of the speed of the brain f 1 )
Project features: ) ) Am'-;ti:s;_cul;;;r;]}é;‘qﬁgu;%;:;'?gi()n:
S e,
sensors, cloud computing, and so on. Nc“f;t-lfnnﬁgumti.om ' 1_096 Chips;
* Tr U e N O rt h Analog or Digital: Digital s__\ﬂnalljsle%n neurons; 1 trition

Manufacturing process: 28 nm - - % -
Final configuration: 10 billion

— IBM funded research chip neurons; 100 trillion synapses
— Fully digital, 1M neurons, 65 mW total (6,5 kW for 100B)
— TrueNorth has 4096 computational cores

— Separate compute circuitry and memory (SRAM)
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Memory Hierarchy ELicTrONics S

L3 Cache
(eDRAM)

129UU0JJ31U|

L2 Cache

L2 Cache
Core N=
] Peripheral cgntroller
W Registers [R]  |— """

B L1 Instruction Cache (SRAM) [L11]

I L1 Data Cache (SRAM) [L1D] Main Secondar .
y Tertiary
h
B oot
R (DRAM)  (Flash,-Di (Disk, RAID)

Speed 10’s -100’s ns > 100’s ms
CPU cycles >100 >10°
Size (bytes) G T P

H.-S. P. Wong, S. Salahuddin, Nature Nanotech (2015)
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Limitations in NAND Flash ELECTRONICS o™
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« The upside
— 3D integrated with 128 layers in the near future
_ : Bi
— Minimal feature size down to 5 nm _
pos-lnin ey =
structure :g
. irectiono ~
« The downside Gt o ‘

current flow

79/

IIIIIILL

Storage
layer
(Nitrided
layer)

7

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

70000

N
> \\:
D
Ve 5T \
Charging Discharging Electrical
Voltage Voltage pole Memongoell

* Trappedelectrons

Capacitor Woltage

Schematic structure of planar NAND Flash

aT

()

L
Time, (t}

RC delay https://www.storagenewsletter.com



Power

—1-2V

— 10’s nA-10’s yA
Speed

— 10 ns read/write
Endurance

— > 19 cycles

— 112 cycles at device level
Scaling

— 1T1R ~ 6F?

— F<5nm
3D ReRAM

— 128 layers

— 64 Tb per chip

3D ReRAM — A Promising Candidate
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Top Electrode
000

oxide %O

Metal pillar
electrode

Metal plane
a electrode (WL)

. Memory cell
oxygen 1o

filament

Vertical ——
MOSFET

Bottom Electrode

Stanford is a leading institution in the field of ReRAM
under the supervision of Prof. H.-S. Philip Wong



3D ReRAM — A Promising Candidate

« Power

—1-2V

— 10’s nA-10’s yA
« Speed

— 10 ns read/write
« Endurance

— > 19 cycles

— 112 cycles at device level
« Scaling

— 1T1R ~ 6F?

— F<5nm
« 3D ReRAM

— 128 layers

— 64 Tb per chip
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<
[0)
(eDRAM) 3 €«
L2 Cache <
L L 1

Peripheral cgntroller
.Registers [R]

B L1 Instruction Cache (SRAM) [L11]

JO2UU0dJ3]U|

I L1 Data Cache (SRAM) [L1D] : .

B L2 Cache (SRAM) [L2] Main Secondary Tertiary

I L3 Cache (eDRAM) [L3] e Memory Storage Storage
(DRAM)  (Flash, Disk)  (Disk, RAID)

Speed 0.1's ns 1-10’s ns 10’s -100’'sns  0.1-10°sms > 100’s ms

CPU cycles 1 10 - 100 >100 10°6- 108 >10°

Size (bytes) 100 K M G T P

H.-S. P. Wong, S. Salahuddin, Nature Nanotech (2015)
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3D ReRAM = A Promising Candidate FLECTRONCS
* Power
—1-2V
— 10’'s nA—-10’s pA
 Speed

— 10 ns read/write

Parametersl VM¢ Routel
* Endurance

— > 19 cycles gs l l l |
— 1'2 cycles at device level  _ R Tty e
» Scaling £E =& bz Neuron < Bl Ot
— 1T1R ~ 6F? o |
— F<5nm !
« 3D ReRAM RS
— 128 layers T, ™

— 64 Tb per chip

Scheduler (16 x 256) [ .7 =

.....<.,__,..,,.,_.,.
e LT S P L S T
(XY

-
=

SRAM ~ 120-140 F? _
1 layer ReRAM 20x smaller TrueNorth chip layout
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« 0XRRAM (RRAM)
— Anode filament
— Oxygen vacancies form conductive path
— Mobile oxygen ions responsible for switching
— Simplest fabrication, currently most studied
— 3D compatible
- CBRAM
— Similar structure to RRAM
— Cathode filament (conductive bridging)
— Metal ions form a conductive path
— 3D compatible
« PCRAM
— Phase change memory where a flash heating switch dielectric
film between amorphous and crystalline state
— Retention questionable
« STT-MRAM
— Spin-transfer-torque magnetic RAM
— Changing orientation of spin changes the conductivity
— Potentially very fast and energy efficient

Filament




RRAM Mechanics

Top Electrode

0*=0+2e

| i
0 +2e= Vo + 0% H

Forming:
Soft-breakdown V =+Vie

Ne
cgg\cr

Top Electrode

Bottom Electrode

® 000 0*=0+2e

V=0

Set:
Soft-breakdown

Top Electrode Top Electrode

P

Metal Oxide

Freshsample: IRS

Bottom Electrode

Bottom Electrode

O +2e =0%

{3|0+2e=Vo-+0* vo-+07=0+2e

() Cathode
®

Bottom Electrode
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LRS: Switching
Filamentary Conduction
Layer

=

V = +V, .. (unipolar) or -V, (bipolar)

Top Electrode

Reset:

Without interfacial barrier:

0?* diffusion (unipolar) (d)
With interfacial barrier:

0% Drift (bipolar)

! l . oxygen ion
(O oxygen vacancy
HRS:
Bulk Leakage Conduction

1. Initial state 2. Formin

—

© oxygen atom




RRAM Mechanics
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(b)
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= 10 I Set I
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107 orming ¢ -
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0 1 2 3 4 105005 115 2 25
Voltage [V] Voltage [V]
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(b)

Switching
Layer

ﬁ

¥

3. Reset

(d) 1. Initial state
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Formation
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3D RRAM - Architectural Concepts FLecRoncs 3>

HRRAM Word Line
* Most simplistic
* Superior performance due to low RC  yemory

interconnects Cell
* Least cost efficient

Word Line

Pillar electrode

Memory
Cell

Bit Line Select Line

Memory
Cell

Bit Line———>
Word Line

VRRAM type | VRRAM type
* Interconnect resistance * Interconnect capacitance limited
limited performance b tine 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



HRRAM — Already Commercialized

HRRAM

Most simplistic

Superior performance due to low RC

interconnects
Least cost efficient

Intel 3D Xpoint

3x faster than NAND flash

5x more expensive

Switching mechanism unknown
Limited stacking potential due to
diode selector
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3D XPoint™ Technology:
An Innovative, High-Density Design

Cross Point Structure
Perpendicular wires connect submicroscopic
columns. An individual memory cell can be
addressed by selecting its top and bottom wire.

Non-Volatile

3D XPoint™ Technology is
non-volatile—which means your data
doesn’t go away when your power goes
away—making it a great choice for storage.

High Endurance

Unlike other storage memory technologies, 3D XPoint™
Technology is not significantly impacted by the number
of write cycles it can endure, making it more durable.

Transforming the Memory Hierarchy
For the first time, there is a fast, inexpensive and non-volatile memory
technology that can serve as system memory and storage

3D XPoint™ Technology Processor

Stackable

These thin layers of memory can be
stacked to further boost density.

Selector

Whereas DRAM requires a transistor
at each memory cell—making it big
and expensive—the amount of
voltage sent to each 3D XPoint™
Technology selector enables its
memory cell to be written to or read
without requiring a transistor.

Memory Cell

Each memory cell can store a single
bit of data.

~8x to 10x Greater Density than DRAM'
3D XPoint™ Technology’s simple, stackable, transistor-less design packs more
memory into less space, which is critical to reducing cost

DRAM 3D XPoint™ Technology
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Vertical RRAM - Lithography Free Egg;zgmch

(a) Bit Line

Upper
SG

Control
Gate

Lower
SG

(b)

Memory array

2F
<>

Bit Line

(l;fL) I Upper SG
(row select line)

Tanaka et al — VLSI symposium 2007

Litho-free formation of a stair-case structure
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« To predict the potential benefits of introducing new types of
memory, projected and demonstrated performance metrics
have been put into models

« Benchmarks of a contemporary Intel Xeon Phi system VS a
system with CNT-cores with STT-MRAM + 3D RRAM show
large advantages

« Major part of the improved performance comes from the new
memory technology (conventional CPU is idle 97% of the time)

* 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
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CNFET logic
“ Sublithographic pitch
[ .

‘ X
G 3
j U a// A 400 nm
K g
IInstructlon fetc

Emerging memory technologies

Top electrod Top electrode C
| Magnetic tunnel Metal oxide U P oy
| junction (MT. Bottom electrode
Bottom electrod gate
Top electrode 2
\( Select(f)
| 5 lines
S Bottom electrodes

silicon J
P Layer 1

Monolithic 3D integration

Layer 2 In
(n)
J_ayer 1
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' = ZH

)
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Logic
" (CNFETs)

Memory

o (RRAV)

- Memory

(RRAM)
Logic

(Silicon FETs)
High-density
nanoscale ILVs

omplementary mmollthlc 3D

l'
Gam~19

lg i 2 g

Vo V)
PageRank: 850x EDP Benefit .
Energy consumption Baseline N3XT
[ Core active 10.8%  1.74%
. F’ Bl coreidle  463%  0.03%
. Caches 8.8% 0.46%
N3XT 37 ducti
! X energy redueton ~ I Memory 341%  0.24%
0% 100%
(a)
Execution time
Baseline  N3XT
Baseline W Acive 3% 357%
Idle 97% 0.8%
N3XT 23x speedup O ! ’
0% 100%
(b)
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* One interesting aspect of 3D RRAM is the

possability to do computations directly in the raiing
memory, having hyper-dimensional vectors (3D images

vectors)

 NOR and NAND operations can be accomplished
with specific pulse trains

* Not determined if in-memory computations will be a
viable way forward

-
o
&

I =(J= 0 NOR 0
Layer 4 (L4) o = mm L sl
Layer 3 (L3) f - - 107

Layer 2 (L2) =

Layer 1 (L1) 10°

== 1 NAND 0

0 NAND 0
=Cj= 0 NAND 1
== 1 NAND 1

-
o
&

Readout Current

-
o
4

(Sgic'Bvaitfation cyde
H. Li et al — VLSI 2016 ogic Evaluation Cycle
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Research - From Idea to Realization FLecRoncs 3>

Optimizing the carbon nanotube
transistors

~18 lithography steps + countless
of fabrication procedures

ASML automatic alignment and
automatic wafer processing
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Research - From Idea to Realization ELECTRONICS ™
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Pillar connecting each

CNFET to 4 RRAM
layers

1
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« Scaling the dielectric desirable

(b) Planar Peak-to-peak
distance: ~40nm

« Surface roughness is a limitation

« Vertical pillar have smoother surface

Pt

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

RMS 3D VRRAM

17 nm

mEE (b)7 roughness:

1 (b) V ' T 51 VRRAM is less
' | forming-(bB SAA ~2.08 nm  yylnerable to

2 5F «f P i Pt surface
ST “fox s 0 nm roughness
S 4t o - - 500 nm
o 5 ~ Forming-free:
> 3t « vforming<2'5v ol
{e)] e
= 21 Finite intercept: Schottky |
E , [| varrier of PuHfO, interface |
LE (experimental: ~2.48eV)

0 2 4 6 8 10
Oxide Thickness (nm)

Zhao et al — IEDM 2014
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TiN RRAM Layer 1 and 2 — Form and Reset e 73>
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Current (A)
o)
|

Current (A)

L e 10- ""i""i""i""\"“
-5 -4 -3 -2 -1 0 0 1 2

Voltage (V) Voltage (V)
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Initial 2D RRAM Tests

Current (A)

Ag/HfO2/W

T
2

0
Voltage (V)

Ag/HfO2/Ti/W

-3 -2 -1 0 1 2
Voltage (V)
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ITO/SIO2/ITO
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How to Proceed ELECTRONICS ™ 3™

1. 2D RRAM characterization
1. Voltage envelope
2. Performance metrics

2. 3D RRAM on VMOSFET
1. Voltage envelope

2. Performance metrics

PR A

FEEErEEEEEEE TR RS R R

3. 3DRRAMonvVTFET SEERCE RS T

1. If MOSFET evaluation goes well

4, 3D RRAM arrays
1. Common plane or cross-bar
2. Bottom-up or top-down

5. 3D RRAM with nFET only muxers circuitry -
~100 FETs for a 4x4x4 64 bit cell
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* Buzzwords + buzzwords
« Conventional computers ill-fitted for deep-learning applications

« 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 machine
learning and Al

« Enormous space for innovation and new startups
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