
WaferWafer--Level 3D ICs: Technology Level 3D ICs: Technology 

Platforms and Applications Platforms and Applications 

CMOS SOI

Ronald J. Gutmann 
rgutmann@ecse.rpi.edu               

Consultant and Professor Emeritus at RPI

518-272-6910 and 727-738-5323

1

BCB

Si

CMOS SOI

May 2010

45 nm

The RPI research was funded by the Interconnect Focus Center        
(IFC), sponsored by DARPA, MARCO and NYSTAR.



Outline

• Why Wafer-Level 3D  (3-7)

– Alternatives to On-Chip Interconnect Scaling Limits

– Heterogeneous Component/Subsystem Integration 

• Wafer-Level 3D Platforms  (8-23)

– Generation 1 <2005  Various Process Flows & Vias          

2

– Generation 1 <2005  Various Process Flows & Vias          

(IBM, Lincoln Labs, Infineon/Fraunhofer, Tohoku, MIT, RPI)

– Generation 2 >2005 Via First & Cu Vias (Intel, Tezzaron, RPI)

• Issues and Perspectives  (24-32)

• Application Examples -- RPI Research  (33-36)

• Conclusions  (37)



Interconnect Crisis: 
Is 3D Integration the Solution? 
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Courtesy : Sematech ITRS=International Technology Roadmap for Semiconductors

Red Brick Wall



Benchmarking Methodology

Scaled Cu/Low k

Unscaled Cu/low k

3D Interconnects

LC Interconnects

Optical Interconnects1X Sized Inverter 4X Sized Inverter
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Assumptions: 

� Interconnect System is optimized only to minimize the latency

� All additional circuit components count towards power overhead

� HSPICE is used to perform circuit level simulations for all interconnect 
technologies. Berkeley PTM Models are used for the front end (45nm) 

�This benchmarking analysis calculates the benchmark metrics based on a 
unidirectional simple serial propagation of a pulse in an interconnect system. 
Neither any intelligent signaling strategies or system level optimization are 
considered nor any multiplexing is assumed (TDM,WDM etc.)

Scott List, IMEC

(M. Bamal, et al., IITC 2006.)



E-D product vs. Gbps/um for 1mm
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3-D with 5 strata clearly gives the highest bandwidth density for the 
lowest energy delay product.

No other technology options give significant advantages over 
conventional scaled or unscaled Cu/Low k.
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(M. Bamal, et al., IITC2006.)



Wafer-Level 3D Integration

Wafers
Sequentially
align, bond,

thin and
interconnect

Memory

ADCs,sensors 

and control logic

3-D Chip 
Stack

For a 3D SoC with N active 

IC layers:

- Increase in global clock 
frequency:  N3/2

Ref. J.D. Meindl et al., p. 525, IEDM 

2001

- Reduction in 
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Processor/Logic
ADCs, sensors 

and control logic

• Shorten on-chip long wires (high performance)
• Small/short inter-chip via size (high density, low coupling )
• Function-specific processing (alleviating material/processing constraints)
• Lower high-volume interconnect cost (wafer-level processing)

- Reduction in 
interconnect power: 
~ 1/N1/2

Ref. J.W. Joyner and J.D. Meindl, p. 148, 

IITC 2002



Wafer-Level Integration Alternatives

Front-End Based  (not covered in presentation)

– silicon-on-insulator

– recrystallized or large-grain poly

– compound semiconductors for electro-optics/photonics

Back-End Based (focus of presentation)
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Back-End Based (focus of presentation)

– metal (copper) versus dielectric bonding

– via-first versus via-last process flows

– use or non-use of handling wafers  



Wafer-Level 3D Platform Alternatives

(BEOL-Based)

– IBM high speed processors

– Infineon/ Fraunhofer technology platform

– Intel high speed processors

– Lincoln Laboratory/ R3 Logic imagers

– MIT technology platform
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– MIT technology platform

– Rensselaer technology platform

– Tezzaron memory stacks

– Tohoku University/ ZyCube memory stack/ imagers

– Ziptronix technology platform

• All provide micron-sized, through-die interconnects
(i.e., through-Si vias, through-strata vias or TSVs)



Bonding Approaches for WaferBonding Approaches for Wafer--Level 3D ICsLevel 3D ICs

SiO2

Cu

SiO2
Inter-Level Dielectric

AdhesiveAdhesive
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• Common Issues

– BEOL IC Process Compatibility

– Planarization and Interface Activation

– Wafer Thinning and Leveling without Edge Chipping

– Wafer-to-Wafer Alignment Technology

– Inter-Wafer Interconnection Methodology

Adhesive BondingDirect Metal BondingDirect Oxide Bonding



IBM’s First 3D Approach
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Schematic diagrams of layer transfer process for 3D IC fabrication:
(a) Circuit attached to glass handle wafer and substrate removed
(b) Top circuit aligned and bonded to second circuit
(c) Handle wafer and adhesives removed, and vertical 

interconnects formed between device layers
NOTE: back-to-front bonding; Ox-Ox bonding with only local   

interconnects; wafer alignment with conventional equipment,
K.W. Guarini, et al., “Electrical Integrity of State-of-the-Art 0.13mm SOI CMOS Devices and 
Circuits Transferred for Three-Dimensional (3D) IC Fabrication,” IEDM, pp. 943-945, 2002.



Lincoln Laboratory’s First 3D Approach

Three-Dimensional Integrated Circuits for Low-Power, 

High Bandwidth Systems-on-a-Chip
MIT Lincoln Laboratory, Lexington, MA and 3D-IC, Inc., Somerville, MA

J. Burns, L. McIlrath, C. Keast, C. Lewis, A. Loomis, K. Warner, P. Wyatt, “Three-Dimensional Integrated 

Circuits for Low-Power, High-Bandwidth Systems on a Chip”, IEEE International Solid-State Circuits 

Conference, ISSCC 2001, pp. 268-270, Feb. 2001.
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Infineon’s/Fraunhofer’s 3D PlatformInfineon’s/Fraunhofer’s 3D Platform
Vertical System Integration (VSIVertical System Integration (VSIÒÒÒÒÒÒÒÒ))

• Back-to Face

• Glue: Polyimide

• Via: W CVD
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• Via: W CVD

• Via-Chain

• EEPROM

P. Ramm, D. Bonfert, H.Gieser, J. Haufe, F. Iberl, A. Klumpp, A. Kux, R. Wieland, 2001 IEEE 

International Interconnect Technology Conference (IITC), pp. 160-162, June 2001.



Tohoku University’s First 3D Platform                                                                  

Three-Dimensional Shared Memory Fabricated Using Wafer Stacking Technology
K.W. Lee, T. Nakamura, T. One, Y. Yamada, T. Mizukusa, H. Hasimoto, K.T. Park, H. Kurino and M. Koyanagi, 

International Electron Devices Meeting (IEDM), pp. 165-168, Dec. 2000

13



MIT’s 3MIT’s 3--D Integration Process Flow: D Integration Process Flow: 
CuCu--Cu Bonding with Handling WaferCu Bonding with Handling Wafer

• MIT 3D Integration
-- Back-to-face stacking 

using handle wafer  
release and copper  
bonding

Advantages:

1. Low aspect ratio vertical    

vias
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• Vertical vias are formed on both 

wafers and bonded

2. Handle wafer release

• Minimum damage to the stack : 

The 3-D stack does not see the 

SOI thinning step. This also 

explains the choice of back-to-

face stacking

3. Copper Wafer Bonding

(Fan et al., 2001 ECS meeting)



Evolution of Morphologies During BondingEvolution of Morphologies During Bonding

Before bonding 30 min bonding
30 min bonding + 
30 min N2 anneal

• (111) orientation • (220) orientation• Clear interface

Bonding temperature: 400 oC
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• Grain structure

• Grain size saturates after 30 min of 
annealing

• Stable grain structures and bonded 
layers are observed after further 
annealing

-- Post-bonding anneal is suggested to 
improve the bonding quality.

(Chen and Reif, Applied Physics Letters, 81, 2002)



RPI’s First WaferRPI’s First Wafer--Level 3D Platform  Level 3D Platform  
Adhesive Wafer Bonding. Cu Damascene InterAdhesive Wafer Bonding. Cu Damascene Inter--Wafer Interconnect and ViaWafer Interconnect and Via--Last Process FlowLast Process Flow

Key Accomplishments:Key Accomplishments:

• Precise alignment of 200 mm wafers: 1 µm 
across wafer achieved; key concerns: within-
wafer variations and bonding-induced changes

• Thin adhesive bonding at T £ 400 oC: Robust 
process with 2.6 µm thick BCB; 0.7 µm BCB 
bonding demonstrated; key concerns: impact 
of bonding on wafer alignment and spatial 
variations in BCB thickness after bonding

Substrate

Substrate

Dielectric

Dielectric

Substrate

Substrate

Dielectric

Dielectric

3rd

2nd

Plug ViaBridge ViaWafer 
Level
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• Precision thinning and leveling of top wafer:
Robust 3-step thinning established for SOI 
wafers; key concern: thinning uniformity for 
bulk wafers

• Inter-wafer connection by high-aspect-ratio 
vias: Via-chains demonstrated and process 
issues delineated (RPI and UAlbany collab);   
key concerns: high contact resistance

Substrate

Multi-level on-chip interconnects

Substrate

Multi-level on-chip interconnects

2nd

1st
Device surfaceDevice surface

• BEOL and packaging compatible baseline process steps demonstrated
• Platform for hyper-integration with high performance, functionality and density
• Thermal heat sink and electrical isolation with extra copper vias (design rules needed)



Double bonding/thinning + BCB ashing
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ThermalThermal--MechanicalMechanical--Electrical  Properties Electrical  Properties 
with Wafer Bonding/Thinning Processeswith Wafer Bonding/Thinning Processes
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• No degradation of electrical characteristics on 
Freescale’s CMOS SOI Cu/low-k wafer after 
double bonding/thinning and comparable 
sawing results to 2D IC wafer

• Similar EM test results on SEMATECH’s 
Cu/low-k wafers after double bonding/thinning

• No degradation in bond strength after 
conventional die packaging reliability tests 
(autoclave test and thermal-shock LLTS)

0.26 0.27 0.28 0.29 0.3 0.31

.01
Vt ( 0.01 Volts per division)Processed Wafer

Si Wafer -II

 

BCB

Si

FIB image of bonded Freescale’s 
130nm CMOS SOI Cu/low-k wafer
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R.J. Gutmann, J.-Q. Lu, S. Pozder, Y. Kwon, A. Jindal, M. Celik, J.J. McMahon, K. Yu and T.S. Cale, AMC 2003.

S. Pozder, J.-Q. Lu, Y. Kwon, S. Zollner, J. Yu, J.J. McMahon, T.S. Cale, K. Yu, and R.J. Gutmann, IITC 2004.



Intel’s Cu-Cu 3D Platform 
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P. R. Morrow, et. al, IEEE EDL, Vol. 27, No. 5, p. 335, MAY 2006.



Cross Section of Cu-Stacked Wafer 
Pair with Integrated TSV  (Intel)

19P. R. Morrow, et. al, IEEE EDL, Vol. 27, No. 5, p. 335, MAY 2006.

5 µm



Tezzaron’s 3D Platform with 
vertical “Super-Contact”

20R.S. Patti, Proceedings of the IEEE, Vol. 94, No. 6, June 2006.            in pilot manufacturing (memory stacks)


