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Global Activities in 3D Integration Technology
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3D TSV Application Segmentation

3D TSV Applications
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Fraunhofer

2nd |IEEE International 3D System Integration Conference (3DIC 2010)
— Invited Speakers and Chairmen
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Performance: “Narrow” vs “Wide” I/O interface

3DICs
commercialization

—~>Logic + memory

. +Interposer

000 TSI 00n | —~>Mobile processors,
NI Cogic_ Nil1MM FPGA, high performance

->Stacked DRAM
modules

->Server, HPC,
computing applications

Time
2009 2012 2015

 High demand is expected for “Wide I/O interface” applications, linked to
the integration of Logic + Memories + interposer in the same package

e © 2010+ 17
3DIC 2010 Munich Copyrights © Yole Développement SARL. All rights reserved.
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Application Development

2008

2010 2012

iy | wly pc| ==y Stacking of

CMOS Image Sensor
50 um TSV / 50-100 pm Si

Memory on Logic
CoC no TSV / 50 -100 pm Si

Peter Ramm, Fraunhofer EMFT Munich

ROIC, DSP

2014
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DRAM

35 um TSV / 50 pm Si
Vias last

FLASH DRAM & FLASH

<5umTSV/ <20 pum Si
Vias middle

Memory on Logic
5umTSV/10-20 pm Si
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3D Integration

Definition:
Fabrication of
stacked and vertically interconnected device layers

Motivations:

Form Factor
* Reduced volume and weight
» Reduced footprint

Performance
 Improved integration density
* Reduced interconnect length
* Improved transmission speed
* Reduced power consumption

“More than Moore” Applications
* Integration of heterogeneous technologies

il i

Source: Infineon, Fraunhofer, SINTEF
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3D Integration — Definitions (ITRS)

3D TSV Technology
- 3D-IC

3D Integrated Circuit: stacking of

transistor layers
(3D connections at density
level of local interconnects)

- 3D-SIC
3D Stacked Integrated Circuit
(very high TSV densities)

Source: Honda

Source: EMFT

:
1

Al

W-filled
TSV

Table INTC4 Intermediate Interconnect Level 3D-SIC Roadmap

Intermediate Level, W2W 3D-stacking 2009-2012 2012-2015
Minimum TSV diameter 1-2 pm 0.8-1.5um
Minimum TSV pitch 2-4 pm 1.6-3.0 pm
Minimum TSV depth 6-10 pm 0-10 [
Maximum TSV aspect ratio 5:1-10:1 10:1-20:1
Bonding overlay accuracy 1.0-1.5 um 0.5-1.0 pm
Minimum contact pitch 2-3 um 2-3 um
Number of tiers 2-3 8-16 (DRAM)

-1 3D-SOC

3D System-On-Chip: stacking of devices
or large IC blocks (global level)

- Fabrication of Heterogeneous Systems

Peter Ramm, Fraunhofer EMFT Munich
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3D Technologies for Heterogeneous Systems

\

3D-SOC
77777777 stacked dies

= with TSVs
= 3D-WLP
v
Vv
- without TSVs
©
= 3D-SIP
e stacked packages
e
v
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European 3D Technology Platform (e-CUBES)

il ICV-SLID

Form Factor mro———

Peter Ramm, Fraunhofer EMFT Munich

Technology e-CUBES Partner

3D-SOC

Through Silicon Via (TSV) Fraunhofer EMFT

Technology (ICV-SLID) (formerly 1ZM-M)

Hollow Via & Gold Stud Bump SINTEF

Bonding (HoViGo)

3D-WLP

Thin Chip Integration (TCI/UTCS) Imec and Fraunhofer
IZM & EMFT

Via Belt Technology ;

Chip-in-Polymer and plnsert) CEA-Leti

3D-SIP

High Performance Package-in-Package

Technology (HIPPIP) SB-PELS

Wirefree Die-on-Die Technology (WDoD)| 3D-PLUS

Submicron Wire Anisotropic

Conductive Film Assembly Tyndall

(SW-ACF)

Futue Fab International, Issue 34 (July 2010)

“The European 3D Technology Platform (e-CUBES)”

P. Ramm, A. Klumpp, J. Weber, M. Taklo, N. Lietaer, W. De Raedt, T.
Fritzsch, T. Hilt, P. Couderc, C. Val, A. Mathewson, K. M. Razeeb, F. Stam
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Chip-to Wafer Stacking by ICV-SLID Technology

Peter Ramm, Fraunhofer EMFT Munich
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ICV-SLID — a robust 3D TSV Technology, but ...

Source: Fraunhofer EMFT

ASIC (7-level metallization)
Process control module (PCM)

Daisy
chains
in PCM
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3D Integration — Impact on System

IR Drop Crosstalk
Signal integrity

Clock distribution Signal delays

Electro-thermal
interactions

Variability in and
device parameters Reliability

-hermo-mechanical

stress Modified material properties

Performance Electromigration

Strain-induced

erformance

Damage of devices
Cracks / Delamination

Ref.: A. Wilde, P. Schneider, P. Ramm, DTC 2010
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Failure Mechanisms 3D Integration
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TSV Stress Testing and Modeling

ECTC 2010

Masazumi Amagai. Yutaka Suzuki
Modeling Group. TMG Japan. Texas Instruments

Correlation

-100 = = =

200 = "{

-300
TSV density (%) 4 FE-Model
m BExperiment

compressive stresses in Si for
different via population densities

Sensor stress (MPa)

-400

stress-sensor via

the paper addresses:
- stress and strain measurement in Cu TSVs
- damage due to annealing, picture of delamination

- does not interprete the findings

IMAPS Int. Conf. Device Packaging,
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before annealing

400 °C annealing
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Stress in Silicon due to TSV-Array

Example: Silicon substrate with Cu-TSV

550 -

diameter;gy, =10 ym
distance variation a, = 2.5 .. 25 um >0
depth gy =50 ym 490
400
Cell size g 350
Xs = 5* d, um 5 w0
Ysi = 3" d, pm ? 250
200
annealing temperature 150
=200 OC 100> .
-50

A
3

&

A 4

-

Peter Ramm, Fraunhofer EMFT Munich
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T[°C] a,

Stress increases exponentially with reduced
distance between TSVs

Deposition / annealing temperature adds linear

component to stress values
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Simulation: Critical Locations

. Top: - N Low T proc & Cu
~_ AlISicu = % promising
, : £,
»» with SI02/W & no periodic plasticity
L] E 1,
0
STD LowT TckSi Cu
200+
TSV centre: g 150 High stress due to
W or Cu = 100 Cu filler (CTE!)
with SiO2 -
wn
04
STD LowT TckSi Cu
150+
‘© |
Bottom: % 100- Cu promising
Cu @ |
with W/CuSn =
O’

STD LowT TckSi Cu
Ref.: P. Ramm, J. Wolf, B. Wunderle in ,Handbook of 3D Integration“, Wiley 2008
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Issues for Production Launch of 3D TSV Technology

» Die degradation due to TSV technology

 Stress fields (homogeneous, inhomogeneous)

« Copper contamination due to direct silicon access ?
» TSV: electrical behavior

* Engineering reliability

 Electromigration ?
» Interconnect pad: electrical contact reliability

- Chip warpage (stress introduced by device fabrication)
due to e.g. passivation layer, BCB, polyimide or oxide/nitride (tensile stress)

 Lateral stress due to assembly / bonding process
metal system melting or solidification temperatures

» Thermal management

T: mean temperature
AT: temperature swing
grad T: local temperature distribution (hot

> Testability 3°Stlbsystems
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Permanent Bond Technologies for 3D Integration

Direct Oxide Bonding Direct Metal Bonding

Via First and Via Last
Low temperature/pressure

Cu—Cu, Au-Au, ...
Intermetallic
Compounds (IMC)

IMAPS Int. Conf. Device Packaging,

Peter Ramm, Fraunhofer EMFT Munich Scottsdale, March 10, 2011
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Adhesive Bonding

Medium temperature/pressure

Defect tolerant
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Mechanical Stress Issues due to Bonding Process

Lateral length variation due to temperature increase

< thinned Si device chip } :

thick Si device wafer

IC multilevel
metallization (MLM):
Metal/ILD compound
(e.g. 56% dielectrics
and 44% metal)

* “Freezing” of different dimensions takes place at the moment of
interconnect solidification.

« Depending on the technology, this temperature can be far above
room temperature or operating temperature of the devices:

- SLID: Isothermal solidification at temperature set point; variation between
melting point and up to 300 °C (Sn, mpt. 230 °C)

- M-bumps: Melting point of eutectic material composition e.g. 220 °C for AgSn

- Cu-Cu: Bonding temperature 200 (?) ... 400 °C

Materials of interest and their thermal expansion coefficient a [ppm / K]
Aluminium, 25; Copper, 17; Gold, 14; Silver, 20; Silicon, 2.6; SiO2, 0.75

IMAPS Int. Conf. Device Packaging,
Scottsdale, March 10, 2011

\

~ Fraunhofer

EMFT

Peter Ramm, Fraunhofer EMFT Munich

002090

€20z Arenuer g0 uo 3senb Aq ypd-| L eyi-odp | L0Z/25¥0922/ 1 L0200/0dA/ L L 0Z/Ppd-ajoie/seouaiajuod-sdew/wod ssaidus|je: ueipuswy/:dyy wolj papeojumoq



IMAPS 2011 Device Packaging Conference

“Failure Archive” (without process optimization)

a) b) C)

Typical impact of high stress due to bonding process:
a) Delamination of dielectrics (redistribution layer)
b) Delamination of complete SLID-pad
c) Local cracking of silicon substrate

, IMAPS Int. Conf. Device Packaging, =
Peter Ramm, Fraunhofer EMFT Munich Scottsdale, March 10, 2011 = Fraunhozﬁl;

002091

-sdew/woo sseidus|je ueipiawy/:dpy woly papeojumod

913JU0D:

er g0 uo 3senb Aq ypd-| L eyi-odpl L 0Z/2570922/1 L0200/2da/L L 0Z/4Pd-ajo1e/saou

€20z Atenu



IMAPS 2011 Device Packaging Conference

“Failure Archive” (2)

Impact of high stress:

b) Delamination of
complete SLID-
pad

c) Local cracking of
silicon substrate

d) Partially
“explosive”
removal of top
chip silicon

IMAPS Int. Conf. Device Packaging,

/
Scottsdale, March 10, 2011 Z Fraunhofer

EMFT

Peter Ramm, Fraunhofer EMFT Munich

002092

€20z Arenuer €0 uo 1sanb Aq ypd-| Ley-odp L0Z/2G70922/1 L0200/0da/ | L 0Z/4pd-ajoiie/saouaiajuod-sdewl/woo ssaidusl|e uelpusw//:dny woly papeojumoq



IMAPS 2011 Device Packaging Conference

3D MEMS / IC Integration — a Challenge!

Cap-Chip (Wafer)

T b

MEMS/NEMS Device
possibly with TSV

Advanced pofreing s cking2)

H IZHZI __ Metallisation System 2

IC Device 2 (Technology 2) with TSV
| Advanced bonding system (Stackingl)

H H H Metallisation System 1

IC Device 1 (Technology 1)

Issues for producibility and reliability:
 Fragile mechanical structures in MEMS/NEMS devices
 Stress induced by TSVs and bonding processes
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3D MEMS / IC Integration — a Challenge!

Cap-Chip (Wafer)

T b

MEMS/NEMS Device

possibly with TSV
Adivanced pofteiing s cking2)
— — Metallisation System 2
L] [ L] L] ]

IC Device 2 (Technology 2) with TSV
| Advanced bonding system (Stackingl)

H H H Metallisation System 1

IC Device 1 (Technology 1)

Robustness and reliability of 3D fabrication processes are the basic
requirements for future 3D products

* Physical failure analysis is essential for implementation of 3D TSV
 Large areas of interest — very challenging for FIB analysis

, IMAPS Int. Conf. Device Packaging, =
Peter Ramm, Fraunhofer EMFT Munich Scottsdale, March 10, 2011 = Fraunho:‘“il;
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Substrate thickness (pum)

IMAPS 2011 Device Packaging Conference

SINTEF

TSVs for IC vs. MEMS

NEC Schott

) i )l
3 IC

Fraunhofer EMFT

50

MEMS

Source M. Taklo / SINTEF

30

1%t layer
2nd jlayer

T e W o~ —

3' layer TEZZ&TOI’]

v

Pitch (um) 30 50 ... 100

IMAPS Int. Conf. Device Packaging,
Scottsdale, March 10, 2011
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3D Device Analysis Challenges

* For “Chip Access” large volume material removal is needed
within reasonable time and at precise locations...

» The zone of interest has a Field of View of ~ 100 x 100 um, and
has to be inspected with nm resolution....

We need to think big while keeping eye for details!

More Moore: More than Moore: m
Typical volumes: 10 x 10 x 10 um? Typical volumes: 100 x 100 x 100 um?
Standard FIB mill rate <5 um? /s Standard FIB mill rate <5 um3 /s
Total Mill time ~ 3 - 10 minutes Total Mill time ~ 50 hrs!
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What problems is Plasma-FIB designed to solve:

Pick your tool for large
volume removal

LMISI: _o [NA] Plasma-FIB: ~ 1 [uA]

A system that provides unique and fast ion milling capabilities for rapid
cross sectioning of features from 50 to 1000 microns.

, IMAPS Int. Conf. Device Packaging, =
Peter Ramm, Fraunhofer EMFT Munich Scottsdale, March 10, 2011 = Fraunho:‘;_:l;
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Comparison of FIB Sources

 Liquid Metal lon Source

LMIS

« “Point” source with low angular intensity

» Angular intensity = 0.02 mA/sr

* Virtual source = 50 nm

* Brightness =1x10° Am-2sr-1V-
 Optical Challenge: Above ~10 nA, spherical aberrations
limit performance, limited total current

ICP

* Inductively Coupled Plasma lon Source

* Broad source with high angular intensity
» Angular intensity = 50 mA/sr
* Virtual source = 15 ym
* Brightness ~1x10% Am-2sr1V-

f‘l H |

i

~ Fraunhofer

EMFT

i

i
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Comparison of FIB Sources (2)

Spotsize D50 (nm)

10000

LMIS-Ga vs. ICP-Xe v
: P
i s v
1000 + o
100 +
- v
10 I —— LMIS Ga
o —@ICP Xe
I v
0,001 0,010 0.1 1 10 100 1000 10000 v
Beam current (nA)

Peter Ramm, Fraunhofer EMFT Munich
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Scottsdale, March 10, 2011
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High volume milling / high beam
current

Ga-FIB loses size advantage to
plasma source as beam current
goes above 20-60 nA

Xe has high sputter yield, high
brightness, and low energy
spread

No Ga contamination

Stability, long lifetime
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A New Plasma-FIB Source Module

IMAPS 2011 Device Packaging Conference

Patented

technology
developed at
FEI

(ICP)

Inductively Coupled Plasma

Conlainer Wal RF Coil

Peter Ramm, Fraunhofer EMFT Munich

IMAPS Int. Conf. Device Packaging,
Scottsdale, March 10, 2011
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Integrated in a Newly Designed FIB Platform

1dus||eruelpuaL//:diy woly pepeojumoq

-sdew|/wo9o"ssa.

FI Assess enter at
Fraunhofer EMFT Munich

Developed in European ENIAC project JEMSIP-3D

2009: concept-design phase 2010: working plasmaFIB system
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First Plasma-FIB Results

FIB milling time: ~ 10 min for 200000 um?

v

PlasmaFIB Silicon volume sputter rates

100000

@ P
S, 10000

©

2 1000

o

S

c 100

o ® 180 s plasmaFIB mill

g 10 e 180 s LMIS FIB mill —
©° ——Power (180 s plasmaFIB mill)
> 1 ®

0,01 0,1 1 10 100 1000 10000

y = 50,052x%%5 lon beam current (nA)

FIB imaging resolution: ~ 60 nm at 50 pA

_——

~ Fraunhofer
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Layout of B

CMOS
stress
sensor

devices in
3D TSV-

integrated Hxlk

Topchip
including
TSV

daisychain =@

for yield
analysis

Peter Ramm, Fraunhofer EMFT Munich
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Reliability Test Chip and
Application of the novel FIB Analysis Technique

@ IMC bond analysis
/

\

IMAPS Int. Conf. Device Packaging,

/
Scottsdale, March 10, 2011 Z Fraunhofer

EMFT

Peter Ramm, Fraunhofer EMFT Munich

002104

udus)jeuelpuaw//:dyy woly papeojumoq

-sdew|/wo9o"ssa.

919JU0D

€20z Arenuer g0 uo jsenb Aq ypd-| L eui-odp | L0Z/2570922/1 20200/0dA/L L 0Z/4pd-8jonie/seou



IMAPS 2011 Device Packaging Conference

Failure Analysis of ICV-SLID Technology

IMAPS Int. Conf. Device Packaging,

Peter Ramm, Fraunhofer EMFT Munich Scottsdale, March 10, 2011
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Asymmetric formation of
intermetallic compound

Alignment and mechanical contact

above melting point

SLID intermetallic formation
intermediate phase

SLID final state

IMAPS Int. Conf. Device Packaging,
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New European Integrated Project

e-BRAINS
Best Reliable Ambient Intelligent Nanosensor Systems

supported by the European Commission
under support-no. ICT-257488

» Main objective of e-BRAINS: further research of selected e-CUBES
technologies and implementation of new application specific technologies
for heterogeneous integration of complex advanced microsystems

Sophisticated new nanosensor systems
3D integrated antennae and RF MEMS
High Robustness and Reliability

Fragile mechanical structures in MEMS/NEMS - _
Stress induced by TSV and bonding system = M —— _P
. Efficient system design support N |-
Architectural design of heterogeneous systems vt
Tool set to predict functionality (incl. test devices) %o
A
IMAPS Int. Conf. Device Packaging, —

~ Fraunhofer
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The e-BRAINS project will advantageously implement results from
e-CUBES, especially the European 3D technology platform

e-CUBES

B 3D-SOC (with TSVs)

O | Through Si Via (TSV)
Technology (ICV-SLID)

O Hollow Via & Gold Stud Bump
Bonding (HoViGo)

B 3D-WLP (without TSVs)

O | Thin Chip Integration (TCI /
UTCS)

O Via Belt Technology (pInsert)
B 3D-SiP (Stacking of packages)
O HiPPiP

O | Wirefree Die on Die
Technoloay (WDoD)

O | Submicron Wire Anisotropic
Condustive Film (SW-ACF)

Peter Ramm, Fraunhofer EMFT Munich

IMAPS Int. Conf. Device Packaging,
Scottsdale, March 10, 2011
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*_e-BRAINS

T4 44444

e-BRAINS g
Lo

From technology to system level

Highly reliable and robust processes
for high-performance nanosensor
systems

3D heterogeneous system integration

B Low-temperature TSV-SLID (IMC)

B Low-temperature TSV-SWACF
B Low-cost TCI (without TSVS)

B Low-formfactor WDoD
(Stacking of packages)

B Layer transfer bonding
(Quantum wells integration)

B High-performance interposer
(extreme fine TSV)

\
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High Density Interposer

Ultra Fine Pitch Silicon Etch

Center for Microsystem Integration Munich
=
for High Performance 3D Systems SIEMENS Z Fraunhofer

EMFT

Via Fill by Liquid Conductor

Photo Assisted Electrochemical Etch Liquid Pore Fill

= Fine pitch via array etch in Silicon = Fill of any buried pipeline system

= Via diameter ~1...  30um = Pressing liquid metal into pores (batch)
= Via pitch ~1.2... 50um = Fills across corners, overhangs,...

= Via depth -> full wafer (!) = Use of metal fillings (Alloys / Sn, Cu,..)

= Extreme exact and uniform .
» Qutstanding fine pitch technology .

IMAPS Int. Conf. Device Packaging,

Peter Ramm, Fraunhofer EMFT Munich Scottsdale, March 10, 2011
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No seed layer for processing
Simple, low cost, high reliability
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Conclusions

Motivations for 3D integration are improvement of
Form factor, integration density, performance and
» enabling of new heterogeneous systems.

Choice of 3D technology depends on cost-effectiveness,
performance requirements and availability of devices.

TSV technology is considered today one of the most promising,
high-performant and small-formfactor 3D technologies.

Robustness and reliability of 3D fabrication processes are the
basic requirements !

Methods for corresponding assessments must be available

Physical failure analysis is essential for implementation of 3D
TSV products into fabrication.

Plasma FIB is found an efficient tool for failure analysis and
process development support.
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