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SDTECHNOLOGY -WHY?

eHeterogeneous integration

—build an integrated system with dedicated logic,
SRAM, DRAM, FLASH, RF technologies

—add new sensors, batteries, etc.

3D resolves the interconnect
bottleneck

—the on-chip interconnect length and related
repeater cost

ePushing the limits of Moore’s law

—increase functionality with number of additional
layers

imec

*More modular & scalable design

—add new components, replace existing ones with
better performing

Sleek form factor

—1mm~3 > 50mm~~2 silicon!!!
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SDTECHNOLOGY -SYSTEM BENEFITS

Mobile systems
Cost, Power, Form factor ,
Performance

BANDW'DTH Innovations REUSE

3D DRAM
3D MEMS & CIS

Consumer
Cost, Power, Performance,
Form factor,

Compute systems (servers)

Performance, Power efficiency,
heat dissipation, Reliability

Innovations

Inn ion :
ovations 3D DRAM for graphics

3D memory systems
3D solid state drives
3D cooling solutions

Healthcare
Form-factor, power, reliability

MODULARITY FORMFACTOR

Innovations
eCubes
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BANDWIDTHVERSUS APPLICATION
REQUIREMENTS

8Gb | | 8-32Gb |

100

HD1080 60fs

DRAM Bandwidth (Gb/s)

Application

10 Throughput (Gb/s)
2.5
'k
Energy/bit (pJ)
l L | |
2008 2010 2012 2014

[Source: STE. ISSCC2010]
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NEED FOR 3D INTEGRATION

8192

1-2 layers
DRAM

FCBGA
substrate

12.8GB/s
4096
Z | |
v X N S :
"2 N\ Mobile wide I0 on logic
e c 2048 N
=5 \ ~1k TSV
Qo v
55 | N \
E‘gj £ 1024 —— - —
S = E f N
5| 3 /S
T C 512 { A Logic
q:‘; %ﬁh \\ - die
] A ya
= “
o 256 7 N7
L1}]
5ECw = LPDDR2 .
£ox \
83 128 LP DDR1 \
zPa \
Q = =
O
o 9 N
=av N
9 64 v
8 32 128 512 2048
IO count
Low parallelism High parallelism
High design complexity Low design complexity
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COST/POWER/PERFORMANCE TRADE-OFFS
FOR DIFFERENT 3D INTEGRATION SCHEMES?

ks

IMEC AVC-HZ264

' Existing “Lo ic ~_\ Memoi 2
m m | |design E=e=e==ee To oo
- - L 3D

| ; existing DDR2
AHB Bus (NoC | | integration (i.e. dedicated
- | options DRAM IO circuits)
B -32bit (connected
: with RDL)
| L L L L L ') LJPCB |
Option A

3D-ready DDR2-

% 32bit (i.e., standard
CMOS 10 drivers)

L L S L N R

Option B

System: IMEC AVC-H264 3D integration options
in TSMC 90nm CMOS » 2D DRAM USing standard |/O circuits
» 3D-ready using optimized drivers
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ANSWERING QUESTIONS

3D netin
RV

12
| Pwires (mWV)
10 1 @ Pgates (mW)
6 A
4 4
0 r | : | —
PCB Existing DRAM 3D New DRAM 3D
Integrated Integrated
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Power of 3D nets
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RC extraction of 3D Nets

B Cmax (pF)
B Rmax{100xmOhm

PCB Existing DRAM 3D  New DRAM 3D
Integrated Integrated

Delay of 3D nets

3 [@Dmax (ns=——
+ B

o

.

B -

. : r—

PCB

Existing DRAM 3D  New DRAM 3D
Integrated Integrated
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TODAY'’S 3D TECHNOLOGIES

Source: Samsung

T T T A TR T ORI T A TR A T

* Limitations * Limitations

- Peripheral bonds only - Often serial via processing

- Limited rerouting capabilities limited to low number of
in laminate substrate interconnects

- Long wire bonds (high — Limited scalability

inductance, high crosstalk, low
speed interconnect)

- For applications with low- = For applications with
danIjgy interconnects and intermediate-densityc(
with specific I/0 pad intermediate-bandwidth
routing interconnects

mecC ©IMEC 2010 WORKSHOP ON TECHNOLOGY-ARCHITECTURE INTERACTION - ISCA2010 - M. BADAROGLU & P. MARCHAL 10



s -
2 0
. . . . =
e 3D-SIP: Traditional packaging & interconnection ® ]
technologies 0 a
- Wire-bonded die stack g (]
— Stacking of packages: preferably SIP packages g a
— 3D interconnects realized at 15t packaging interconnect level !t:jl_ {'<D
e 3D-WLP: Wafer-level packaging ;!
WLP: technology used for flip chip bumping, redistribution g
and CSP technology c
- 3D interconnects realized at wafer level '«g_
- 3D interconnects processed post IC passivation 1
— 3D interconnects realized at 0O-level packaging interconnect ':i f._n.
NS5
< ~+
al 3D SIC and 3D-IC: IC-foundry technology ~ o
(9]
=)
=
=
M
0
-~

imec

3D INTERCONNECT FLAVORS

3D interconnects realized at wafer level
— 3D interconnects processed post Front End and prior to Back End local interconnects

- S%interconnects at intermediate and global interconnect levels (3D-SIC) or local (3D-
IC
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BENCHMARKING OF DIFFERENT 3D
OPTIONS

3D-SIP 3D-WLP 3DKIC

UTCS /(lA-1 VIA-2 \

3D Interconnect Package Embedded /60nf0rmal Cu-Filled Cu-nail

Technology interposer Thin die CuTSV TSV TSV
Interconnect ‘package-to- | ‘around’ di¢f| Through Si | Through Si | Through
density package’ Si

Peripheral 2-3/mm 10 - 50 /m 6-20/mm | 25-50/mm | 2100 /mm
Area-array 4 - 11 /mm? 100 - 44 - 400 625 - >
2.5k/mm? /mm? 2.5k/mm? 10k/mm?
3D-TSV pitch - - 50-150 pm | 2040 pm <10 pm

3D-Interconnect | 300-500 pm | 20-100 pm

pitch \ _ ] _

3D-TSV diameter }ﬂklm} pm | 15-25pm | 1-5pm

Die thickness 50 pm 10-20pm | S0-NOpm | 25-50pm | 10-20/im

This presentation
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FOCUS ON 3D SICTECHNOLOGY

TSV diameter (um)

0.1 1 10 20 30 50 100
| | |
[ 11 |
Tohoku W-TSV [,
[ TEDO6 -
g 20 IBM W-TSV
3 IITCO8
o 'E IMEC “Cu-nail’
% ©10 In development \“O
@ < 8 Samsung
— O ISSCCO09
g 3 IMEC “Cu-nail’ g
o £ IEDMO08 T—p
0 =S > | o A
< § 4 MIT Lincoln
> c L’_’_rrr‘
e 3 ~ Toshiba
= - Tezzaron \& ISSCC09 -
< VLSI04 » —r—
o 2 — IMEC "
CEA LETI IEDMO08 L
e IEDMO08 ——"\
‘ ‘ ‘ ‘ ‘ ‘ CEA LETI _
1 IEDMO08
3D SIC 3D SIC 3D WLP
Intermediate Global Bond-pad
Foundry Foundry Post-Foundry
Wafer 2 wafer Wafer 2 Wafer; Wafer 2 Wafer;
Die 2 wafer Die 2 wafer
Local Global I0-pads
Interconnects interconnects
: - - Top tier
Risk Emerging Available =
Bottom tier .
Cu-Cu bonding
TSV resistance ~20 [40lmQ
TSV capacitance 37 [74]fF(depletion)
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THRU SILICONVIA (TSV) CROSS SECTION

anding pad
Substrate TSV top

P-SUBSTRATE
T s ¢Glue layer

NG b DT T TR ING 3 NI A AT TANG Jhe N %1% I R
,.1‘»# S IR AT e R S I T R e
R A S R AR S S T R A

7
Ve B IMD

Bottom die
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3D-SIC PROCESSING: TSV, THINNING,AND
COLLECTIVE DIETOWAFER BONDING

/ Cu-Cubond  thin Si (20 ym)

thin Si (20 um)
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TSV characterization data and DC/AC behavior
Chip package interactions
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TSV CHARACTERISTICS -DC +AC

Landing pad

Substrate TSV top

L

M1 T IMD
| NS % Z ._ 5 : J

] PMD

ﬂu R @ .
P fing C Top die
'||" &/ || P-SUBSTRATE
leak

TSV insulator ~7 2 Glue layer ‘

A

Yield

et :
M2 B IMD l

imec

|
Bottom die
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TSV RESISTANCE - LOW RESISTIVE

3D INTERCONNECTS POSSIBLE
CDF of TSV Resistance

100 ¢

=
H‘
i

Rrsv (ohm)

o
=

Average
Rycy=20mQ

-
F | . source Van der Plas ISSCC2010

AP I S T I 0 0 T 0 O O
01 1 1 510 2030 50 7080 9095 99 99.999.9¢

% of 200 samples measured
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TSV CAPACITANCE - IN LINEWITH

EXPECTED BEHAVIOR C

dep

1E-13
Accumulation
90 fF Top
8E-14 ‘_\~\\ Die
~ 6E-14 -
O : Bottom
Top . C Die
Die Depletion 0X
E1U4+—
"/ 35 fF
2E'14 I I I I I
. Bottom g 6 4 2 0 2 4
|Pre Vbias [V]

Cox
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3D RING OSCILLATORS: 2D VS 3D

vdd Gnd vdd
RO Div.
|
ENBL Ring Oscillator Frequency Divider ouT
(N stages) (by 256)

D Design Details:

VddRO

ENBL: ..-}.-}. _____ ___out # Inverter 41 21
/1 fogule " Stages (N)

----- WL, 6um/0.13um | 2um/0.13um

,_l W, /L, 2um/0.13um | 1um/0.13um
Risy 20 mQ
Crev 37 fF
Purpose:

3D RO cascaded (RO_Cascaded)

e 3D RO functionality check
e Verification of measured Ry

3D RO_Cascaded
- and Cqgy
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POWER-DELAY IN RING OSCILLATORS

2D/3D RO Power-Delay Characteristics

0.06
'6‘ RO_T 21 (Spectre)
% 0.05 ® RO_T 21 (Measured) —
E . RO_T 41 (Spectre)
; O . 04 \ RO_T 41 (Measured) —
E \ RO_Cascaded_21 (Spectre)
— 0 . 03 ® RO_Cascaded 21 (Measured) —
B ] \- \ RO_Cascaded_41 (Spectre)
% O . 02 { . - RO_Cascaded_41 (Measured) —
NS
O 0.01 T N —
0 M’ﬁ  —
0 100 200 300

RO Delay [ps/stage]
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TSV LEAKAGE CURRENT TO SUBSTRATE

1.00E-09
1.00E-10 _
» TSV leakage is
1.00E-11 well below 1pA
< 1.00E-12
>
(%
~ 100E-13 W
1.00E-14 -
1.00E-15 . , , . |
-6 -4 -2 0 2 4 6

Visv [V]
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TSV RELIABILITY: STACKED-WAFER
THERMAL CYCLING

Thermal cycling of Full wafer with
electrical measurements

landing
wafer

What:

» Thermal cycling is applied with
cycle-time 30min, T =-55°C and
T,=125°C (two chamber oven)

» Electrical measurement at
t=0cycles, 10c, 150c, 450c,

1000c _

» Test structures detecting I:;ncrl]iicsl Dielectric
delamination, leakage and _ N
connectivity of TSV ¢-\:________9J Cu bont

Results: no reliability problems

detected Full-thickness

landing wafer
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A 3D NOC - DEMONSTRATING CIRCUIT-LEVEL
FEASIBILITY OF 3SDTSVTECHNOLOGY

. o | _— .
METIV(I)(;RY g £ 3x3
@ = NoC ROUTER
zZs TOP
P.I%DPS TRAFFIC A N ! !
GENERATOR slElel HelER <5
TOP il il aa
PADS JTAG : v |2 ° Sum’ |
BOTTOM ~  Top SR
CPY Seandk . TSV LINK Top a3
- 3TSVper top =izd 2TSVper=‘E 8 s
hivio pad S 8617~ logic wire £ 8 ivE" . .
£igin for JTAG 7SV g“ wire >‘ &
e BoTTOM bottom SR o:-tha RS RS |
except TCK Scan in > inks
Scan out . .
PAD ITAG i cn TSV LINK BOTTOM an
SELECT BOTTOM N
TRAFFIC sz s218 an 10s
GEN BOTTOM LM a5 (LT - . Area
EIEAN oo | ~11%
3 e
PADS 9 16-bit
BOTTOM MEMORY || S¢& 3x3 TSVs
BOTTOM || £ NoC ROUTER Area

Two tiers using 100 TSVs 5um diameter and 13um pitch

*I. Loi et al., “A Low-overhead Fault Tolerance Scheme for TSV-based 3D Network on Chip Links”, ICCAD 08, pp. 598-602
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SILICON - OUTPUT OF LOGIC ANALYZER

1. 3D Links 2. Program- 3, Operation 4. Test out 4a. 3D data 4b. data
Configuration ming Mode packet from packet
(select which Network bottom on top tier
TSV 2 use) \\ \\ to to tier /
F — 4/
8 L [\ e eiesssssssasaassssssss i\ . 4c. 3D data
U : from top to

bottom

tdoe
'( [T} lxlpl_ S

vy tek_| B

O : llllllllllllllllllllllll

3 E ttrSt: R . 3 T RE— .----. . 4d 2d data

8 3 fms _ELe 1LEEIL o] : H ‘ packet on

S i tdi_B 0 = 0 = 0 0 0 H L LR ] _'"'- bottom tier
tdo_B H =0

:tdoexp B -------------------

Functional at in 130nm/2M
Measurement limited by inline test equipment
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3D - ELECTRO-THERMO-MECHANICAL SYSTEM

Yield & reliability of micro-bumps & low-k
materials in stacked wafers

Thermal — hot spots

Global Mechanical stress

TSV impact neighboring devices

mecC ©IMEC 2010 WORKSHOP ON TECHNOLOGY-ARCHITECTURE INTERACTION - ISCA2010 - M. BADAROGLU & P. MARCHAL



Each TSV is identified by its integer 06| e8| 65| 39| 66| 69
coordinates x and y TSV(x,y) (9| @9 |65 |9 |65 | ©3)

»

>

TSV BONDINGYIELD -TEST STRUCTURE

TSV | TSV | TSV | TSV | TSV | TSV

TSV | TSV | TSV | TSV | TSV | TSV

TSV | TSV | TSV | TSV | TSV | TSV
(1,4) | (2,4) | (3,4) | (4,4) | (54) | (6,4)

Example: 6x6 TSV matrix TSV | TSV | TSV | TSV | TSV | Tsv
. (1,3)1(2,3) | (3,3) | (4,3) [ (53) | (6,3)
6x6 values of resistance R, .. (X,Y)

TSV | TSV | TSV | TSV | TSV | TSV
(1,2)1(2,2) | (3,2) | (4,2) | (5,2) | (6,2)

TSV | TSV | TSV | TSV | TSV | TSV
(1L,1)](21) [ (3,1) | (41) | (51) | (6,1)

Rieas (X,Y) IS measured on
eaCh Stacked dle Matrix on Die#1 Matrix on Die#2 Matrix on Die#3
—  If Rpyeas<150Q, the TSV is good > .
—  If Rpeas>150Q, the TSV is bad >
- Example: 3 stacked dies .
» The yield of each TSV(x,y)
in N samples of stacked
dies is =
Y(XIY) = Ngood_TSV(x,y)/N

-  Example: Matrix yield of 3 stacked dies

/

Matrix yield

mecC ©IMEC 2010 WORKSHOP ON TECHNOLOGY-ARCHITECTURE INTERACTION - ISCA2010 - M. BADAROGLU & P. MARCHAL 33



TSV BONDINGYIELD - FEASIBLE

Yield TSV pitch=15um
0.53| 0.53| 0.71] 0.53

e @ pitch 15um vyield
of TSV at edges is
poor, center is
excellent

Yield TSV pitch=20um

e @ pitch 20um yield
of TSV at edges is
limited, center is
excellent
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THERMAL BEHAVIOR OF 3D CHIP-STACK

Heaters are included on 3D
top die in 3D chip-stack,
with temperature
sensors

Temp.
Heater Sensor

> two sizes of heaters: Bottom tier
50x50um & 100x100um

; Temp.
|dentical heaters are 2D Heater Sensor |

included in 2D die with
temperature sensors Bottom tier

mecC ©IMEC 2010 WORKSHOP ON TECHNOLOGY-ARCHITECTURE INTERACTION - ISCA2010 - M. BADAROGLU & P. MARCHAL 35
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Temperature increase (°C)

3DVS 2D THERMAL HOT SPOTS

e 3D 100x100 - EXP
— 3D 100x100 - model
o 2D 100x100 - EXP
— 2D 100x100 - model
e 3D 50x50 -EXP
— 3D 50x50 - model
o 2D 50x50 -EXP
— 2D 50x50 - model

10 "
g | |Power density
12W/mm?

8
7
6
5
4
3
2
1 -
0 1

-200 -150 -100 -50 O 50 100 150 200

©IMEC 2010

Distance from hot spot centre (um)

WORKSHOP ON TECHNOLOGY-ARCHITECTURE INTERACTION - ISCA2010 - M. BADAROGLU & P. MARCHAL
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MUST ACCOUNT FORTHERMAL
HOTSPOTS DURING DESIGN

M Thermal gradients on thinned top die of a 3D stack
Performance N 3
high power

otspot
33
w
O
~ N

densities, big
heat sources, big
thermal issues

-
o

Maximum temperature rise at h
above IC temperature [°C]

Mobile
consumer i,
small heat “
sources, low et souce dmension ) 870 Power densiy (Wihnr)

power densities,
minor thermal
ISssues
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GLOBAL MECHANICAL STRESSINA
3D STACK

You don’t want this to
happen when stacking a
thin die on top of a thick
bottom die

How to avoid it?

How to design for this?

amsl |m|lr933|““ E

lm*"‘“ﬁ”” -
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LOCAL STRESS -TSV PROXIMITY ON 130nm
LONG-CHANNEL CMOS DEVICE - 10 mV

NMOSFET

W/L=1pm/1lum M

A no TSV

0.29

-1.64 -1.28

N
®

VT_SAT [V] &

0.25-

0.050.1 0203 05 0.70.8 0.90.95 0.9

Normal Quantile Plot
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AUGMENTING THE DESIGN FLOW

PathFind
 Stack definition

* FoM Optimization Dry-run stack before Tape-
* Cost Optimization

» Manufacturability out using Smart Sample

. Smart Sample Generation [
Virtual prototype m

Chip Design Stack.& .Pac!(age
 Each tier Optimization

Design Rule & model
GDS per tier + package design Creation(TCAD/FEM)

Sign-off Verification

* Typical (Timing, power, SI/PI, ...)
* Thermal
* Mechanical

lmec ©IMEC 2010 WORKSHOP ON TECHNOLOGY-ARCHITECTURE INTERACTION - ISCA2010 - M. BADAROGLU & P. MARCHAL 49!



SMART SAMPLE DESIGN -AN EXAMPLE,
DRAM ONTOP OF LOGIC DIE

pbump
connections

Pathfinding defined
Stack configuration

Multilayer thin film build-up: #layers,
line width & spacing, via density ?

Diellzc;ter:; Metal layers
[DI3] «—f —Mp
—[Mt2] Optional
o2 o
- *Mc2
pet o1
‘ S
Si-TSV <+ Integrated
Db — passives!?
~—"Mbp
/ . ;
TSV type Active!
Conformal/filled ?
L Diameter,Aspect ratio?

Backside RDL

Flip-chip pillar or solder bl’.lmp
or CSP !

h

imec

©IMEC 2010
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Heaters &
diodes

Global
Stress
sensors

Designed ‘smart sample’
(>mechanical sample)

4



COST OF 3D ON 200mm/300mm WAFERS

ASSUMING 100% YIELD

3D Process cost
(% Normalized)

3D stacks
per wafer

120%
100%
80%
60%
40%
20%
0%

Stack

Normalized
Cost per

imec

00% 96%
20 14 0)
11 16 18 3% 12
12
11
27 24 11 i
21 11
44
39
42 42 TSV 13
34 3 Cu
Cu Bump
Bump RDL
300mm 300mm 200mm 200mm 200mm
3D SIC 3D SIC 3D SIC 3D WLP 3D WLP
Cu-Cu Cu/Sn Cu-Cu Via50 Vial00
(Cu bump) (No RDL) (Cu bump) (No RDL) (with RDL)
840 840 348 348 348
100.0% - 93 5%
37.9%
49-6% 47.8%

0 0 O B
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YIELD MODEL MUST BE INCLUDEDTO
THE OPTION SELECTED

Y. (e.g. 95%)

e
I
iliial il

(e_g_|_|80%) (e_%._SU%) (e_ghao%)

Y. =Y" .Y (e.g. 46%
KGD Test with fault coverage F (e.g. 90%) | PW2W o Ts (&9 0)

Y g Y

Y. (e.g. 95%)

Ysu—nzw =(1-(1- Ym )-(1-F))" - st_1
(e.g 85%)
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DERIVING DESIGN RULES AND MODELS -
TSV & DEVICE PROXIMITY

TSV interactions: von Mises stress pattern

=—=Parallel TSV array
=e—Ferpendicular TSV array

Keep Out Zone, um

1 3 5 7 9 infinite
Number of TSVs in the Array

Stresses
cancel out

Calibrated TCAD simulations with Test silicon
Derived Design rules
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PACKAGE-CHIP CO-DESIGN: PATHFINDING

3D - 32-bit 400Mhz LP-DDR

What is the optimal architecture?

TSV placement?

RDL required?

Performance (delay, latency)?
Power?

Thermal management?

Mechanical behavior?

Cost? (Test+Thinning+Stacking+Yield)

~1000 TSV
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SOLUTION: PATHFINDING FLOW & TOOLS

Memory Timing Analysis
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TSV PITCH - AREA IMPAC

TSV Pitch 100um

3D
TSV —
=

CPUO1 ¢
MEM1
® ® i L H
() ° Logic die
e °
CPU15 [« MEM4
3
ME1 [ 3 e DRAM ctrl
ME2 |¢
DCT [« DF;;M 7 = 7 TSV Pitch 30um
i 3D
[o] “«—> . HEEEEEEEN TSV
etal properties

<~ 253 um?

Memory die

256 bit data b

|76 um?
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THERMO-MECHANICAL-AWARE LAYOUT

Physical Design Prototyping @
Atrenta - 1Team-Implement L4

e e —
XML VHDL, Floorplan Constraints
’ Verilog (.def) (.sdc)

Feedback loop
Stack ——  Compact Thermal Model

Config. for
thermal driven
ay D u
Thermal maps Thermal maps
Physical Design Prototyping @ N
Atrenta - 1Team-Implement Ld
TSV 88 KOZ size causes different
o | e || e ]| S 3/ floorplans
| = X
TSV - & =
Fee:)t:“k BB - Impact on timing
Compact Mechanical ::5:: . Example:
Model floorplan i 3um KOZ > 10% timing loss
- compared to no KOZ
50 - W 2 E =
N OOOOO | B
B l X ole ele"
i QOO0 g
o l ' l.l X o
l l I.l.l L ] P

Clustered TSV Array R~
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imec

CONCLUSIONS

3D Integration is becoming reality

> Products in volume for 3D WLP

> Demo circuits available for 3D SIC

> Experimental data for enabling 3D SIC Platforms

PathFinding to uncover the ample system opportunities of 3D
Technology

> Definition of stack design thru co-optimization of design/technology
> Cost/performance/power evaluation

Must re-visit design flow to incorporate new design rules and

models for thermo-mechanical modeling
> Calibration of simulation & models required
> Standardization of technology data
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