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CPI and Design for CPI Reliability
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• Any failure modes due to the mutual interaction 
between chip and package
• Chip failures due to thermal mechanical stress from package

• Corner cracking

• Die edge cracking

• Die bump cracking

• UBM cracking

• Under bump/bond pad ELK cracking

• Die backside cracking

• Package failures due to thermal mechanical stress from chip

• Underfill cracking

• Substrate failures

• Bump cracking near substrate

• Stress induced transistor performance shift

• Overall package induced global stress

• Bump/u-bump and TSV transmitted local stress

What is Chip to Package Interaction (CPI)? 
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• Chip to Package Interaction 
(CPI) Happened
• First introduction of low k at 

0.13um (130 nm)

• Cu wire bonding

• Introduction of ELK

• Pb free bumping

• Cu pillar bumping

• Round vs Oblong bumps

• Thin core or coreless substrate

• > 28Gb/s signal bumps

• Full reticle size die

• Adv packages ??

A Bit History About CPI

• Industry Activities
• IRPS (Int Reliability Physics Symposium)

• CPI Technical Committee

• IEEE EPS (Electronics Packaging Society) 
Reliability Tech Committee

• ECTC Applied Reliability Committee

• IEEE REPP (Rel on Electronics and Photonics 
Packaging)

• IITC (Intl Interconnect Tech Conf)

• IEEE Heterogenous Integration Reliability 
Roadmap

• IEEE IRDS (Intl Roadmap for Devices and 
System)  
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CPI Strength vs. CPI Stress

• CPI failure occurs when stress exceeds strength

• Both stress and strength are not fixed, they are in statistical distribution

Intrinsic CPI Strength

CPI Stress

CPI Failure Region And Failure Probability

Extrinsic CPI 
Strength

Stress or Strength 
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Why is ELK Cracking Becoming More Prevalent?

• Low k and ELK/ULK introduction

• Fragile and poor adhesion

• High speed pins

• Constraints of metal filling 

• Pb free or Cu pillar interconnect

• Higher modulus

• Transmit more stress to Si

• Large die size 
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Under bump ELK cracking  

Typical CPI Induced Failures

White bumps

ELK crack

Corner delam.

ELK crack
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Die corner ELK cracking  
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CPI Landscape

• (Thermo-) Mechanical stress 
during assembly processes

• Thermo-mechanical stress 
within the field application 
under environmental 
conditions 

• Isotropic hardening effect of 
solder material

• CPI stress increases with thermal 
cycles

• Many variables difficult to 
control for a Silicon foundry

Crack Initiation

Intrinsic
Fracture 
Toughness

Source: IBM

Underbump stress

Circuit layout
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Major Factors on Under Bump CPI Robustness and Reliability

• Materials 
• Substrate core CTE
• Low k/ELK die
• Pb free solder and Cu pillar bumps
• Substrate pre solder material

• Design
• Polyimide and opening size
• UBM shape and orientation
• Metal density and density gradient
• Bump density
• Die size

• Fab and Assembly Process
• Fab process variations and defects in 

BEOL
• Wafer dicing parameters
• Flip Chip attachment profile

Under bump/bond pad LK/ELK 
cracking was an issue  since the 
introduction of low k at 0.13um 
and still a challenging problem for 
5nm!
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Under Bump CPI Failure Mechanism
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Source: Tom Shaw, IBM



Under Bump CPI Strength Test

• To replicate the stress conditions and failure modes during flip chip 
assembly
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Global and Local Thermal Mech Stresses
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Stress-Aware Modeling and Floor Planning

• Rationale for development
• CPI mechanical stress 

effects on MOSFET 
characteristics

• Stress generated by 
warpage of thin dies

• TSV and solder bump-
induced stresses  

• Solutions Flows
• Hot-spot checking

• Supports different types of 
devices (e.g. digital, analog, 
AMS, etc.)

• Characterized by 
sensitivities to stress-
induced mobility variations

• Early Floor planning analysis
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Analysis and Design Flow

• Detailed analysis of stress impact on the device/circuit characteristics is 
performed for each hot-spot bin detected in coarse screening

• Analysis
• Detailed analysis results: calculated mobility variation MULU0, as well as the stress 

components induced by TSV, CPI, and the total stress

• Has an option to analyze the layout-induced stress effect on the device performance: 
Id variations caused by different layout stress sources like STI, Si(1-x),Gex, CESL, etc.

• Debug
• Designer can determine which stress source can be responsible the out-of spec Id 

variations in the failed devices. 

• Move a cell containing the failed device from its original position to mitigate CPI/TSV 
stresses

• Cell design modification can reduce the effect of the layout-induced stress
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CPI Design Rule Establishment

• Design a Stress Sensitive Test Vehicle  
• Cover product needs- Different bumping schemes / via and metal densities

• All daisy chained to detect possible failure modes

• Modeling
• Optimize the TV design/assembly materials/process parameters

• Understand CPI coverage

• Understand CPI tech envelope

• Stress Tests
• Quick TC test w/o underfill & JESD 47 standard qual tests

• Pass/Fail – Monitoring of daisy chain resistances; 

• CSAM and X-section, etc.

• Design Rule Deliverables
• Si node/die size/package type & size/bump material

• Metal/via/bump density and structure

• UBM structure and orientation

• Substrate rigidity/CTE
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CPI Test Structures

• Detect different failure modes under different stress 
conditions

• Reliability Structures in 2.5D and 3D applications are 
extended by interposer / TSV reliablity chains
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Traditional Modeling Methodology

• Study on CPI Failure by Modelling

• Limitations
• No combined assembly process + end 

user manufacture + field application 
conditions

• No stress evolution and irreversible 
plastic accumulation effects

• Not on real ASIC design

• Not on interconnect level

• CPI failure is pad structure dependent

Source; Amkor 
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Multilevel Simulation Model Details

Crack at interfaces of 
Oxide/Low k/ELK
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Source: Richard Rao, Marvell 



More Comprehensive Simulation Methodology

• Multilevel modeling at 
different process steps

• Irreversible plastic 
deformation accumulation

• Cracking assessment with 
energy release rate

• Import the actual ASIC 
GDS layout file

Multi Scale

Multi Processes
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Effect of Metal Density and Bump Density on ELK Stress
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CPI Stress vs Metal Density and IMC Thickness

Marvell and UT Austin 

ERR Ratio = ERR/Critical ERR

Critical ERR is dependent on the layer interface
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Effect of Cu Pillar and Solder Height on ELK Stress

Shorter Cu pillar and smaller ratio of Cu pillar to solder height result in 
lower low-k stress
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Effect of Die Thickness and Substrate Core on ELK Stress
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CPI Sensitivity Verification Deliverables

• Bump and Metal Design Rules
• Each Si node

• Die size and thickness

• Min bump pitch/size

• Bump global and local density

• Bump orientation (oblong Cu bump)

• UBM structure and dimension

• UBM/Substrate SRO ratio

• Passivation opening

• Top metal density/gap structure and metal density gradient

• Local and global metal and via density

• With or Without PI

• Package type requirements BGA, WLCSP or WLP, etc.

• Substrate core thickness and CTE

• Metal Density and Density Gradient

• CPI risks are mainly on the Si, bump, substrate and package designs
• Difficult to fix by assembly process only
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CPI Test Vehicle Execution

• Test Vehicle Design
• Major failure modes and appropriate structures to detect failures
• Major variables to consider
• CPI corner definition
• CPI coverage 

• Phase I
• Design big DOE matrix to include all major variables
• Use CPI simulations to narrow down the corners
• QTC and mini qual to find out the best corners

• Phase II
• Verification of best corners
• Extract design rules

• Phase III
• Final qual
• Reliability failure probability analysis
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CPI Stress Factors

• Fab Process Induced Residual Stresses

• Assembly Induced Stresses

• Static Thermal Loading
• Heating by power consumption in high performance devices

• Cyclic Thermal Loading
• Environmental temperature cycling

• Heating by local power switch on/off

• Humidity Loading
• In general packages are not hermetic, soaking by moisture has to be considered, Silicon chip has to be 

hermetically sealed

• Sequence of Several Load Steps
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Gaps between CPI Test Vehicle and Real IC Circuits

• Test structures don’t represent the actual circuits
• Uniform metal density

• Metal topology 

• Can’t cover the process variations
• Earlier failure probability

• Cover the environmental stress conditions
• Localized self heating temp induced CPI failures
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ERR vs Metal Topology
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Metal Density Gradient Effect on ELK Stress

ERR Ratio increases from 1.2 to 1.9 at analog to channel transition
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Product CPI Qualifications

• Product Qual after the CPI Technology Qual

• Assembly Qualifications 
• Die shear/Die pull

• CSAM

• Quick TC Test /Hammer Test
• TC test w/o underfilled part

• 30 ~50 cycles of -45C/60C

• To reveal potential CPI failures

• JESD47 Stress Tests on Component Level
• Precon/Temp Cycling/UHAST/HTSL

• Powered TC test for high power devices

• Power cycling for devices w/ frequent power on/off
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CPI Induced Failure Rate Projection
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• Construct the stress distribution plot 

• Construct the intrinsic and extrinsic strength plot

Extrinsic

Intrinsic

Intrinsic
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CPI Challenges on Advanced HI Packages 
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• Big FCBGA 

• High speed pins even on small die

• 2.5D with Si Interposer
• Multiple assembly process induces accumulated stress

• ILD cracking in interposer, molded vs non molded 

• 2.5D with RDL Interposer
• Multiple assembly process induces accumulated CPI stress

• Silicon Photonics
• Die attach process – Moisture expansion induced stress; stress affect the optical 

refractive index. 

• C4 bump and TSV induced stress concentration



Summary

• CPI is becoming a critical reliability issue due to adoption of advanced Si 
node and new packaging materials

• Many factors affect CPI failures, stresses and under bump metal structures 
are the key factors

• From IC product prospective, the conventional FEA approach is not 
adequate to address this reliability issue because it can’t simulate the real 
under bump structure

• TSV/u-bump integration added additional CPI failures
• TSV induced need to be well analyzed and managed to minimize the e-CPI 

effect
• Need bring circuit designers, foundry and OSAT together to co-design the 

CPI reliability
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Si Photonics Products Reliability Challenges
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• SiP (Silicon Photonics) products are new to market – need to understand 
and scope out scalability, manufacturability, and long-term reliability 

• Hybrid SiP lasers reliability demonstration and monolithic integration for 
better integrateability and performance 

• Challenges arise due to high level of integration to meet product, 
process, and customer use condition requirements



What is Silicon Photonics?
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Heterogeneously integrated lasers (Hybrid Laser)
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Delivering Optics At Silicon Scale
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Merging Photonics and Electronics
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Heterogeneous Integration of Silicon Photonics Package
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Co-Packaged Optics

Source: Meta
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Thermal Simulation of 3D Silicon Photonics Package
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SiPho CoWoS Potential Reliability Failure Modes

• 1. SiPho interposer cracking  
• Laser trench corner stress concentration FIB 

cut

• 2. UF1 Underfill cracking and delamination  

• 3. LD to SiPho Coupling degradation

• LD attachment degradation  

• 4. Fiber array to SiPho Coupling Degradation 

• 5. TSV  and TSV/DSV interface  cracking  

• 6. TSV/RDL to C4 bump interconnect open  

• 7. uBump cracking  

• 8. Local Stress effect on optical device 
performance
• Less sensitive for large devices  

• 9. PI Passivation(15um) for C4 bumping –
pop corn 

• 10. UF2 Underfill cracking and delamination 

• 11. Warpage Induced Failures

• 12.Residual stress within Sipho die

• 13. PLC delamination

• 14. MPD/Heater performance degradation
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Silicon Photonics Package Qualification

• Laser diode HTOL
• Long term accelerated life test 

• Through Silicon Via (TSV) qual
• Electromigration
• Thermal mechanical reliability

• SiPho chip derisking and qual
• ESD test
• HTOL Life test

• Laser Diode on SiPho derisking and qual
• Laser diode integrated on SiPho die
• HTOL test on LD Integrated on Sipho

• SiPho mounted on organic substrate qual
• Thermal mech integrity

• Fiber assembly alignment qual
• Thermal and mechanical integrity qual of fiber alignment to SiPho

• Integrated module qual
• Thermal mechanical and mechanical
• Electrical and optical
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Muti-Level Reliability Qualification Paradigm
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Relevant Reliability standards
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Multi-level SiPho Module Qualification Tests



Component Reliability Requirements 
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Laser Reliability
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Photo Detector Reliability
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SiP Reliability Opportunities
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Summary

• CPI is becoming a critical reliability issue due to adoption of advanced Si 
node and new packaging materials

• Many factors affect CPI failures, stresses and under bump metal structures 
are the key factors

• From IC product prospective, the conventional FEA approach is not 
adequate to address this reliability issue because it can’t simulate the real 
under bump structure

• TSV/u-bump integration added additional CPI failures
• TSV induced need to be well analyzed and managed to minimize the e-CPI 

effect
• Need bring circuit designers, foundry and OSAT together to co-design the 

CPI reliability


