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U Paths to Monolithic 3D
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The Interconnect Problem

1,000
Z 100 _.Imm "2x pitch" wire
g 10 w/o repeaters
< 1 _.Imm "2x pitch" wire
© 0.1 with repeaters
.
oc —~(Gate dela

0.0 ’

J50180130 90 65 4532 22 15 10 courc me
Technology node (nm)

U Transistors improve with scaling, interconnects do not
U Evenwith repeaters, 1Imm wire delay ~50x gate delay at 22nm node
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The repeater solution con

2 SO0000 -
2000000 - Source: IBM POWER
1500000 - Processors
Repeater R.Purjetal., SRC
count Tronooo Interconnect Forum,
SOO000 2006
0.

TieT O ooy
130nm 90nm 65nm 45nm

U Repeater count increases exponentially with scaling

U At 45nm, repeaters >50% of total leakage power of chip [IBM]

U Future chip power, area could be dominated by interconnect repeaters
[IBM] [PSaxenaet al. (Intel), IEEE J. for CAD of Circuits and Systems, 200

-
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We have a serious interconnect problem

What 0s t he sol ut

FRIDAY, FEBRU«ARV 12; '960 Irvine Auditorium—9:00 A.M.-12:00 Noon

$ESSION Vil: Microelectronic Considerations

7.2: Speed, Power and Component Density in Muliielement High-Speed Logic Systems

J, M. EanLY

Bell Telephone Laboratories, Inc.
Murray Hil¥, N. J.

Arrange components in the form of a 3D Auls@ort wires
James Early, ISSCC 1960

B
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3D with TSV Technology

Processed Toj
Wafer

OJ

‘ Align and bond

Processed m m m
Bottom Wafer -|"T' -r'FF -rT -

DL L xT

U TSV size typically >1unmmited by alignment accuracy and silicon thickness

MOHO'Ith@) MonolithIC &DInc. Patents Pending 6



Industry Roadmap for 3D with TSV Technology

Intermediate Level, W2W 3D-stacking 2009-2012 | 2013-2015

Minimum TSV diameter 1-2 um 0.8-1.5um

Minimum TSV pitch 2-4 pm 1.6-3.0 pm
Minimum TSVdepth 6-10 pm 6-10 um TRS
Maximum TSV aspect ratio 5:1-10:1 10:1—-20:1 2010
Bonding overlay accuracy 1.0-1.5um | 0.5-1.0 um

Minimum contact pitch 2-3 pm 2-3 pm

Number of tiers 2-3 8-16 (DRAM)

U TSV size ~ lurmn-chip wire size ~ 20 50x diameter ratio, 2500x area ratio!!!
Cannot move many wires to the 3rd dimension
u TSV: Good for stacking DRA Mchipwiresomughr o C

HH
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Can we get Monolithic 3D?

Requires suwd0nm vertical and horizontal connections

Focus of t hi s tal k

gEREEE,
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The Monolithic 3D Challenge

I
U A process on top of copper interconnect should not éceed 40

U How to bring meerystallized silicon on top at less ti*an 400
U How to fabricate advarcaukistordbelow 40C

U Misalignment of ypr@cessed wafer to wafer bonding stap is ~1
U How to achieve 100nm or better connection pitch
U How tdabricate #nin enough layer for ageviasof ~50nm

Monolithqiial;’ MonolithIC &DInc. Patents Pending 9
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Outline

U Paths to Monolithic 3D

. b
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Getting sukbOnm vertical connections

L SSSSSHHHHHH
I | o O o S
look through and ali

U Build transistors with-81 films above copper/low k

A Avoids alignment issues of bonding-faiericated wafers

U Need <40850C for transistor fabricatidy no damage to copper/low k

MOHOllthqalb MonolithIC &DInc. Patents Pending 11
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Layer Transfer TCTetbnhnol og
A Defectfree cSifilms formed @ <4WD

Hydrogen implant  Flip top layer and Cleave using 400

Oxide of top layer bond to bottom layer ~ anneal or sideways
mechanical force. CMP.

Vil

Top layer Oxid : p Si
Oxide Oxide

Oxide Oxide Oxide

Bottom layer

Similar process (bigtbulk) used for manufacturing all SOI
wafers today

Monolith{ﬁil%l!;)



Sub400C Transistors

Transistor part

Process

Temperature

Crystallingi for 3D lays¢

Bonding, laygansfer | Sub400C

Gate oxide ALD high Sub400C

Metal gate ALD Sub400C

Junctions Implant, RTA for >400C
activation

Junction Activation: Key barrier to getting-406C transistors

next f ew

sl i des,

wi | | show 2 s

For other techniques to getdBipatible transistors, check out www.monolithi

c3d

Monolith@jii
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One path to solving the dopant activation problem:
Recessed Channel Transistors with Activation before Layer Trar

Idea 1 Do high temp. stepsd

; Layer transfer
Activate) before layer transfer y

VRN 0+ Si
O)@Ie pSi
P p
T n+ - S H
N+ p-Siwafer p- Si wafer ﬁ l
Idea 2Use lowtemp. processes like ~ Idea 3Silicon layer very thin
etch and deposition to define (novel)(<100nm), so transparent, can align
recessed channel transistors perfectly to features on bottom wafer
Note:

n+ All steps after Next
p ‘ B*‘ P

Layer attached to
Previous Layer are
il i iR @ <400C

-
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Recessed channel transistors used in manufacturing today
A easier adoption

RCAT recessed channel transistor:
AUsed ilDRAM production
@90nm, 60nm, 50nm nodes

ALonger channel lengthow leakage,
at same footprint

\-groove recessed channel transistor:
Used in th€FT industryoday

J. Kim, et al. Samsung, VLSI 2003
ITRS
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Monolithic 3D with State of the Art Transistors
i

U Uses a novel combination of four ideas
GateLast Process andCuwtrooper
Low Temperature Fapd.ayer Transfer
Repeating Layouts

Innovative Alignment

P

ARapngs ;
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A GatdlLast Process for Cleave and Layer Transfer

L
NMOS PMOS

Stepl 6td): On donor
wafer, fabricate standard
dummy gates with oxide,
polySi

Step2 6td): StdGateLast /0 !mplant LD

U Selfaligned S/D implants NMOS /

U Selfalighed®iGeS/D g

U Hightemp anneal

U Salicideontact etch stop
or faceted S/D

U Deposit and polish ILD

PMOS

<«— CMP to top of
dummy gates

Monolithqiilal;’ MonolithIC &DInc. Patents Pending 17
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A Gatdl.ast Process for Cleave and Layer Transfer
I

NMOsS PMOS

Step 3.
Implant H for cleaving

H+ Implant Cleave Line
b

Step 4.

U Bond to temporary carrier wi Carrier
(adhesive or oxibeoxide)

U Cleave along cut line

U CMP to STI

«— CMPtoSTI

MOHOllthQiﬂlb MonolithIC &DInc. Patents Pending 18
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A Gatd_ast Process for Cleave and Layer Transfer

Step 5. ’ “ Carrier J

U Lowtemp oxide depositio
U Bond to bottom layer
U Remove carrier

«— Oxideoxide bond

—T - T

Foundation
Step6 6td): On transferred layer: H
U Etch dummy gates

U Deposit gate dielectric and electrode e 1—' -

U CMP
U Etch tietotierviasthru STI
i Fabricate BEOL interconnect

Remove (etch) dummy
gates, replace with HKMG

Monolithqiial;’ MonolithIC EDInc. Patents Pendin 19
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Novel Alignment Scheme using Repeating Layouts

Bottom
layer
layout

U Even if misalignment occurs during bdneipgating layouts allow correct conne

U Above representation simplistic (high area penalty).

P T
.., AREEEgEN, _ . _
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A More Sophisticated Alignment Scheme

Through
layer
connection

SRR, D | E—

P
Pr ,
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Outline

U IntSimv2.0 A 2D/3BC Simulator
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INtSim A CAD Tool Simulattor 2D oBDICs

[D. CSekarJ. DMeind] et al.,

ICCAD 2007]

Inputs
+ Gate count
* Die area
* Frequency
* Rent’s parameters

* Number of strata

(1if 2D, >=2 for 3D)

IntSim v2.0

Contains models for

Stochastic Chip power
signal PRTIE
interconnect Power distribution
prediction for Clocks
2D and 3D-ICs
Heat removal

Via blockage Energy-optimized

Logic gates repeater insertion

Outputs
* Chip power

* Metal level
count

* Wire pitches of
different metal
levels

Iterative top-level algorithm used to
handle dependencies between models

Opensource tool,
available for use at
www.monolithic3d.con

IntSimv1.0: Built at Georgia Tech in Prof. Javhesi ngdoupdls/ Deepakekar now @ onolithIG3BD)

IntSimv2.0: ExtendelhtSimv1.0 to monolithic 3D using 3D wire length distribution models in the litere

JAEEE,
Monolith 3Dk
‘-Ii D

MonolithI@DO Inc. Patents Pending
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IntSinv2.0 Uses a novel algorithm to combine many models

i

Monolith!jiiiili;)'

Global interconnect levels

Shared among all strata
ModelA [D. CSekarJ. DMeind] et al., IITC 2006]

Local and serlobal interconnect levels

Each stratum has its own

ModelsA [ PhD dissertations of Rahmar{MIT), R.
VenkatesanD.Sekay J. Davis, Rsarvariall Georgia Tech
students in Prof. Jifde 1 ngdoup{] s

Loqic gates

Critical path model developed by K. Bowman (Georgia Tech)

MonolithIC &DInc. Patents Pending 24



Stochastic Signal Wire Length Distribution Model

Number of wires of I ength | = Function( Numt

-
o

C ‘—IZ strata, 196M gates ‘
\ ' Number of wires of length
- : between | arddi=id{l) dI

0 2 4

10 10 10
Wire length (in gate pitches)

—
o

o

—
o

—

o
N
o

S

Interconnect
density function (idf)

—
DI

U Models from J. Davis, RahmanJ.Meind] R.Reif et al.
[A.RahmanPhD Thesis, MIT 2001] [J. Davis, PhD Thesis, Georgia Tech, 1999]

U 2D modelA fits experimental data reasonably well [J. Davis, PhD Thesis, GT, 199¢
3D modef, same methodology

HHD
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Compare 2D and 30 versions of the same logic core with IntSin

22nm node 2DIC 3DIC Comments
600MHz logic core 2 Device Layer

Eff. Metdlevels

Averag&Vire Length 6uUM 3.1um
Av. Gate Size 6 WI/L 3 WI/L Since leswire cap. to drive
Die Size (active silicon a 50mrh 24mm 3DICA Shorter wires smaller gate

A lower die ardq wires even shorter
3DICfootprint = 12mtn

Power Logic = 0.21V Logic 9.1W Duetosmaller Gate Size
Reps= 0.17W Reps. = 0.04W Dueto $horter wires
Wires = 0.87\ Wires = 0.44W Due to shortetres
Clock = 0.33\ Clock = 0.19W Due to less wire cap. to drive
Total = 1.6W Total = 0.8W
3D with 2 device layehs 2x power reduction, ~2x active silicon area reduction vs. 2D

In) MonolithIC &DInc. Patents Pending 26



Scaling with 3D or conventional 0.7x scaling?

Same logicorescaled @22nm @ 15nm 2 Device Layers @ 22
Frequency 600MHz 600MHz 600MHz

Eff. Metdlevels 10 12 10

Footprint 50mri 25mri 12mm

Total Silicon Areak.a0 Di e s i 50mé) 25mm 24mm
Averag#Vire Length 6uUm 4.2um 3.1lum

Av. Gate Size 6 WI/L 4 W/L 3 WI/L

Power 1.6W 0.7W 0.8W

U 3D can give you similar benefitsaAass a generation of scaling for a logic core!
U  Without the need for costly lithography upgrades!!!
U Letds understand this bettereée

D) MonolithIBDO Inc. Patents Pending



Theory: 2D Scaling vs. 3D Scaling

|
- Monolithic 30 Scaling
m (2 device layers)
V,qScales slower

Chip Footprint 2X reduction 2x4x reduction
Long wire length a./Footprint 0.7xreduction 0.7x2xreduction
Long wire capacitance 0.7x reduction 0.7x2xreduction
Long wire resistance >0.7xncrease 0.7x2xreduction
Gate Capacitance 0.7x reduction Same
Driver (Gate) Resistance Same Increases Same
(Vdddsay

Overall benefits seen with
i 2D scaling score$ate capacitance IntSim have basis in theory

U 3D scaling scoredVire resistance, driver resistance, wire capacitance

B MonolithIC &DInc. Patents Pending 28



Outline

U Conclusions

B
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Conclusions

U Monolithic 3D Technology possible and practical:
- Recessed Channel Transistor
- SOA gatéast HKMG transistor

u IntSimv2.0, a CAD tool to simulate 2D anrt{C3D

- Useful for architecture exploration, technology predictions and
teaching

- Open source tool, anyone can contribute!

U 3D scaling

A Benefits similar to a generation of feature size scaling (2D), but
without costhflithoupgrades or expensive R&D

b
Monolithqiilali’ MonolithIC &DInc. Patents Pending 30
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Backup slides
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Technical Literature:
[J. Davis, J. Meind|, K. Saraswat, R. Reilf, et al., Proc. IEEE, 2(

Simulation study:
Frequency = 450MHz, 180nm node
ASIdlike chip

Total Silicon Area (sq. cm)
PO

0 1 2 3 4 5

Device Levels

Tremendous benefits when vertical connectivity ~ horizontal connectivity.
3x reduction in total silicon area + 12x reduction in footprint

vs. a 2D implementation, even @ 180nm node

o
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Technical Literature:
[L. Zhou, R. Shi, et al, Proc. ICCD 2007]

CNES - NG - B

"Implementing a 2-Gbs 1024-bit ¥%-rate Low-Density Parity-Check Code Decoder in Three-
Dimensional Integrated Circuits"

Lili Zhou, Cherry Wakayama, Robin Panda, Nuttorn Jangkrajarng, Bo Hu, and C.-J. Richard Shi
University of Washington

International Conference on Computer Design, ICCD, Oct. 2007

Comparison between 3D and 2D designs

2D design 3D design
- 18.238*%15.92 (6.4%6.227)*3
Final layout view of 3D LDPC Ates Grmtmm) =290.35 = 119.56
structure. Total wire length 182.42 22.39+22.57+22.46
- i (m) i =67.42
voc, - Max WL before
3 0% - buffer insertion 13.82 8.68
i - g (mm)
§ : : = Max WL after
g 72 - B buffer insertion 4 4
‘g = - O (mm)
20 =~ Buffer used 32900 24636
- ves Clock skew (ns) 2.33 1
o3 o5 ‘sNREM (@B)  * ° Power dissipation 646.2 260.2
Post-layout power of the LDPC (mw)

decoder (2D vs 3D).

Performance Factor (Area * Timing * Power) = 14

Did layout of 2D and-B0s, and showed more than 10x benefit
h

MonolithQE II’ MonolithIC &DInc. Patents Pending 33
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Technical Literature:
Synopsys @ RTI 3D Workshop, Dec. 2010

“3D” IC Integration Looks Great...
Technology Node nt" 2D = Technology Node (n-2)" 3D

* Much easier D and A&M/S integration
« Smaller footprint, higher bandwidth

« Shorter global interconnect
— 3 tier ®» -33%, 4 tier » -50%

- Better timing and lower power

L

Silicon area = L2, Footprint = L2 Silicon area = L2, Footprint = L/4
Corner to corner distance = 2L Corner to corner distance =L + ¢

CONFIDENTIAL 15
© Synopsys 2010

Monolith@!;, MonolithIC &DInc. Patents Pending
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3DICs: The Heat Removal Question

U SublW smartphones, cellphones and tablets the wave of the future

U Heat removal not a key issueAhesn 3D stack. Also, shorter yimest power reduced.

Computing Growth Drivers Over Time, 1960 —- 2020E
1,000,000 Mobile

internet
100,000

. Desktop
10,000 Internet
- Car Electronics
1000
Q 108+ GFPS, ABS, AV
. Units??7? :

100 :
1B+ Units / Home

Minicomputer
Users Entertainment

10 Q

Mainframe § Wireless Home
1 10MM+ Units Appliances

=
.
L
=
L
e
b
=
8
£
a

1MM+ Units

T

1960 1980 1990 2000 2010 2020

Note. PC nstefied base reached 100MM in 1993, celiphone / lnternet users reached 18 m 2002 /7 2005 respectvely,
Morgan Stan ley Sowrce" ITU, Mark Lipacss, Morgan Stanley Research 2s

P Ty
ANNEEEEL
-,
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Escalating Cost afithoto Dominate Fab and Device Cost

Cost of Leading Edge Lithography Tools

uUS Dollar
Exponentially @ ArfF - Immersion
$1m M - ArE Drv
- DU - KrF
@ G- & I-Line
=3 Broadb and
510 3" = Proximity
- Contact
$1 M Source: Infineon
Year
S0.1 M
$0.01 M 1970

Monolithqali, MonolithIC &DInc. Patents Pending
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) The Dilemma of the Semiconductor Industry

= Chip-makers need to keep pace with technology and focus
on design

= _..while chip manufacturing and technology R&D continue to
grow Iin cost and complexity

Process R&D Cost Fab Start-up Cost
USD Millions Comparison
USD Millions

45-32nm  22-12nm J

45-32nm  22-12nm /

Courtesy: GlobalFoundries

Januar 2010



Other parts of the industsg( flash memory)
A actively explorinG CALEUPas alternative t8s CALEDOWN

Bit-cost of flash memory if currenttrends Tos hi bads mond@GICEt h
continue [Source: Toshiba, VLSI 2007]

Litho tool cost up
number of process steps up

M

-40%0 /Year

Bit Cost

Time

U Flash memory moving to quad patterning at the 1x nni\nodstly.
Future litho roadmapd EUV) risky.
U Smallerfeature size flash memory c#{lsdegrade severely.

Toshiba, Samsung, SanDisk, Midrby, n iflasifdbnsemory roadmaps

A monolithic 3D top option beyond 1x nm node
B
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