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Introduction to Simulation for Reliability and Testing

Simulation Across the Lifetime and Reliability Estimation Chain

Electric Simulation Thermal Simulation

Structural Simulation
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Experimental Validation / Calibration

Lifetime Prognosis
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Introduction to Simulation for Reliability and Testing
FEM-based Lifetime Estimation

Page 5

FEM-based load analysis and robustness estimation:
- Inter-/Extrapolation for geometry and materials

Plastic strain energy density range during thermal cycle
feeds damage model for low cycle fatigue failure

Plastic Dissipation Power = & : &P
1 :
W, :Vj f(a:ep)dth
v/t

Material Model: Relation between stress and strain
(inelasticity) must be well known and calibrated
Damage Model: Relation between failure and stressor
must be calibrated (fatigue, creep, etc.)
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Materials Modeling for Sintered Silver
Problem Description

= Sintered silver used as interconnection material

= Thin interconnection layer (10-50 um) is porous

= Strong influence of porosity on material behavior
= Pure experimental investigations are inefficient

= Combined experimental-numerical investigation

= Following slides are based on:

S.A. Letz, D. Zhao, M. Marz, Mesostructural impact on
the macroscopic stress state and yield locus of porous
polycrystalline silver, Materials & Design, Volume 219,
2022, 110785, ISSN 0264-1275,
https://doi.org/10.1016/j.matdes.2022.110785.
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Materials Modeling for Sintered Silver
Representative-Volume-Element Analysis

FIB tomography for different sintering states

Evaluate sinter structure properties and their trajectories
Construct triangular surface models of porosity data
Invert surface models and fill to obtain volume models
Discretization / Finite-Element Meshing in FEM software

Meshed Volume Model Volume Model Inverted Surface Model
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Materials Modeling for Sintered Silver
Representative-Volume-Element Analysis

Mechanical FEA to study influence of sintered structure on
macroscopic stress state and plastic yield locus

Size study (1-5 um edge length) to identify representative
volume element (RVE) = 3 um edge length for RVE
Define control node per face and couple normal DOFs
Parametric boundary conditions applied to control nodes

17 = LRV (B + @)
i,”? = LRV;(B — a)
a’? = LRV,

ai‘)ot — agot — agot =0

= Homogenization by measuring forces at control nodes
= Elastic — perfect plastic matrix material behavior
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Materials Modeling for Sintered Silver
Scale Transition Modeling

Pore Structure

Properties
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Macroscopic stress state as function of applied stress
state (shear and hydrostatic) and sintered structure
Formulation of new scale transition model

= Pore structure properties can be homogenized

= Continuity tensor is composed of impact functions
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Materials Modeling for Sintered Silver
141 M A. ). Carr, X. Milhet, P. Gadaud, S. A.E. Boyer, G. E. Thompson, and P. Lee. Quantitative characterization
Sca I e Tra n S It I O n I\/I O d e I I n g of porosity and determination of elastic modulus for sintered micro-silver joints. Journal of Materials

Processing Technology, 225:19-23, 2015. ISSN 09240136. doi: 10.1016/j.jmatprotec.2015.03.037.
I B.  A.A.Wereszczak, D. J. Vuono, H. Wang, M. K. Ferber, and Z. Liang. Properties of bulk sintered silver
as a function of porosity, 2012.
C.  S.Zabihzadeh, S. van Petegem, M. Holler, A. Diaz, L. |. Duarte, and H. van Swygenhoven. Deformation
behavior of nanoporous polycrystalline silver. part i: Microstructure and mechanical properties. Acta

- Continuum ISOtrOpIC I|near e|aStICIty as deflned by HHOOkeH Materialia, 131:467-474,2017. ISSN 13596454, doi: 10.1016/j.actamat.2017.04.021.
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Effective elastic modulus for sintered silver
= Good compromise between published experimental results as function of the fractional density .
—
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Materials Modeling for Sintered Silver
A Plastic Yield Locus Model

Plastic yield locus describes surface in normal stress space
Elastic deformation: ® < 0
Plastic deformation: ® =0
Formulation of a new macroscopic yield surface function
Impact of shear and hydrostatic loads considered
Impact of sintering structure considered
At f = 1, the von Mises yield function is obtained

f =075 [

. 1
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Yield surface fo sintered silver at different fractional densities f.
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Materials Modeling for Sintered Silver
A P | a St i C Yi e I d LO C u S M O d e I A. T::;I-Izgfrl,o\.ll.gc\)/;/rgsg_ri,:gfzf.z\é\g.4|:|6u{t\ct:ixntzonrze\:s(i:(ci’rger}czvth in plastic solids. Topics in Fracture and Fatigue, 56:145-178,

B.  Fritzen, S. Forest, T. Bohlke, D. Kondo, and T. Kanit. Computational homogenization of elasto-plastic porous metals.
International Journal of Plasticity, 29(2): 102-119, 2012. ISSN 07496419. doi: 10.1016/j.ijplas.2011.08.005.

C. Y.P.QiuandG.J. Weng. A theory of plasticity for porous materials and particlereinforced composites. Journal of Applied
Mechanics, 59(2):261-268, 1992. ISSN0021-8936. doi: 10.1115/1.2899515.
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= Comparison with Gurson-Tvergaard-Needleman model (GTN)
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= Comparison with the results from the RVE simulations ° { e
= Comparison with tensile experiments from the literature S 18
= Overall prediction is 43% better than a fitted GTN model ]
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Adhesion Strength of Metallic Thin Films
Problem Description

= Power cycling FEM simulation shows maximum of equivalent stress and
plastic strain (absolute and range / cycle) at the transition between chip and
solder layer (corner and edge regions)

= Failure is likely to initiate there (if no further large defects are present)

= A long-living and reliable chip assembly requires a robust joining material
and chip back-end metallization system

Equivalent Plastic Strain
Stress in MPa in mm/mm
104,21 Max 0,005334 Max
92,644 Q.0047413
81,076 0,0041486
i 69,507 0,003556
Alumina 57,930 00029633
46,37 00023707
34,803 Q001773
23,234 Q0.0011853
11 666 0,00059266
0,097749 Min 0 Min
Page 13 Oct. 12, 2023 Public

Power Cycling
FEM Simulation
Model (half)

Max

Z Fraunhofer

lisB

\



Adhesion Strength of Metallic Thin Films
Problem Description

= Problem: Increased stress by change from Si to SiC devices
= Delamination of chip back-end metallization

During manufacturing: dicing, pick-up, etc.

During testing: thermal shock tests

= Evaluation of thin film adhesion by
Scotch tape tests
Cross-cut tests
Bending tests
Bulge tests

Cross-Sectional-Nanoindentation (CSN)

= Following slides are based on:

Zhao, D., Letz, S.A,, Jank, M., & Marz, M. (2024). Hierarchical Inverse
Analysis of Adhesion Strength of Metal Thin Films on Semiconductor
Substrate Via Cross-Sectional Nanoindentation. (Unpublished, In review).
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Delamination of back-end metallization during wafer dicing. Delamination of back-end metallization during chip pick-up.

U. Waltrich, “Optimierung von Hochspannungsleistungsmodulen
far modulare Multilevel-Topologien unter Berticksichtigung von
Lebensdaueraspekten,” Doctoral Thesis, Friedrich-Alexander-
Universitat Erlangen-Nurnberg (FAU), 2019.

\

~ Fraunhofer

lisB



Adhesion Strength of Metallic Thin Films

Schematic Illlustration of CSN

Cross-Sectional-Nanoindentation @ Load-Depth Curves during CSN
_ 50 80| ' ' ' —IAI thi'n film ]
At Al thin film + Ti

<7 - Indent
Position

= Steps in Cross-Sectional-Nanoindentation (CSN)
Preparation of smooth cross-section
Nanoindentation on substrate close to thin film interface
Si-wedge separates from the substrate
Lateral motion of Si-wedge delaminates thin film
Plateau in Load-Depth curve marks delamination stage
Remaining crack geometry can be studied in Front-View

Load P [mN]
S D
o o

N
o
T

o
T

0 250 500 750 1000 1250
Indentation depth h [nm]

= Evaluation of thin film adhesion by
S-Index (crack geometry, no physical property)
Adhesion strength (analytically accesible only by strong
simplifications (geometry, linear material behavior, ...))

500 cycles (A) 100 cycles (B)

SEM Images in Front-View after CSN

\
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Adhesion Strength of Metallic Thin Films

. ) (@)
CSN Analysis by FEM Modeling ekovich t
— ' substrate
= 3D FEM simulation of CSN with Cohesive-Zone-Model (CZM) and Al thin film |

parameter optimization based on experimental results
= Substrate fracture neglected; only thin film delamination simulated

o ficati za FEM Simulation Model of CSN
= Requires knowledge of Si-wedge geometry and thin film properties simplification y
= Optimization objective: crack geometry in Front-View (b)

thifm

= Parameters: critical strain energy release rate G.; and the maximum

normal cohesive traction g,

Si wedge v
KO8 Si substrate
o4 i
B indenter wedge
e CZM interactive front
G f=——-
max I .u. (crack front)
Ay I n'
C B
I / A
. G ]3{ — ]
5, 5, & / N
/
Cohezive-Zone-Model Irreversible delamination ~ CZM interactive area
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Adhesion Strength of Metallic Thin Films
CSN Analysis by FEM Modeling

(@) g5 : : : . — (b) 25
= Simplex minimization of L>-norm error between experimental 20l vr- Al thin film] 20} = Al thin fim + Ti]|
and simulated interface crack profile E | "_ . |
= ‘-. = n
3 3
= Study of effect of Ti interim layer in Al/SiO2/Si system 51 " s 107 N
. . . 6 5+ "l - E 5tk ..- =
Al/SiO2/Si: error = 2.3 nm (10 % SEM resolution) e ._._
G, =0.508 J/m?and g, .= 71.5 MPa o | | | | | o | | | | |
. . . . 0 25 S0 75 100 125 0 25 30 75 100 125
AI/T|/S|OZ/S|: error = 0.7 nm (5 % SEM reSO|Ut|On) No. of simulations No. of simulations
G,=223 J/m?and g, .., = 80.4 MPa ©), @,
- = Al thin film - exp * Al thin film + Ti - exp
Delamination profile S — Al thin film - simI —— Al thin film + Ti - sim
10F 04+
Si0; —_ —_
g E
“ost Moaf
Delamination Profile
0.0} 0.0Ff -
0 5 10 15 2I0 25 CI) ‘II .'I2 é
X [um] x [pm]
[ ]
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Adhesion Strength of Metallic Thin Films
CSN Analysis by FEM Modeling

= Benefits of proposed simulation approach
Quantitative assessment of adhesion strength
Insights into stress state enables comparability
Considers plastic dissipation of thin film
Higher level of physical details increases accuracy

Approach G,,CAI in J/m? G,,CAZT" in J/m? G,,CAlTi/G,,CAl Remark

Analytic solution:
end-state; half-circular wedge geometry;

without plasticity

2D FE-model:

end-state; total internal energy used as

debonding energy

3D FE-model with CZM:
real wedge geometry,
delamination and backspring

A 4.35 924 212

B,C 0.23 8.24 36.8

this work 0.51 22.3 43,7

A.  J.M. Sénchez, S. EI-Mansy, B. Sun, T. Scherban, N. Fang, D. Pantuso, W. Ford, M.R. Elizalde, J.M. Martinez-Esnaola, A. Martin-Meizoso, J. Gil-Sevillano,
M. Fuentes, J. Maiz, Cross-sectional nanoindentation: a new technique for thin film interfacial adhesion characterization, Acta Materialia 47 (1999)

4405-4413. https://doi.org/10.1016/51359-6454(99)00254-2.
B.  M.R. Elizalde, J.M. Sanchez, J.M. Martinez-Esnaola, D. Pantuso, T. Scherban, B. Sun, G. Xu, Interfacial fracture induced by cross-sectional

nanoindentation in metal-ceramic thin film structures, Acta Materialia 51 (2003) 4295-4305. https://doi.org/10.1016/51359-6454(03)00256-8.

C.  S.Roy, E. Darque-Ceretti, E. Felder, H. Monchoix, Cross-sectional nanoindentation for copper adhesion characterization in blanket and patterned
interconnect structures: experiments and three-dimensional FEM modeling, Int J Fract 144 (2007) 21-33. https://doi.org/10.1007/s10704-007-9072-7.
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https://doi.org/10.1016/S1359-6454(99)00254-2
https://doi.org/10.1016/S1359-6454(03)00256-8
https://doi.org/10.1007/s10704-007-9072-7

Conclusions

There is a broad range of tasks in the reliability and test environment, which can/must be solved by FEM simulations

Inelastic material models and their calibration are essential for accurate simulation results
Sintered silver interconnects are non-continuous at the mesoscale
Porosity impact can be studied by FEM simulations with RVEs - “digital material characterization”
Results allow for formulating macroscopic behavior laws, which can be implemented in FEM code

The back-end metallization plays a crucial role in the process yield / device reliability
Cross-Sectional-Nanoindentation can be used to study the adhesion behavior of thin films
Its inverse FEM simulation along with parameter optimization enables access to physical interface properties and deeper insights
into stress state and roles of adhesion-contributing mechanisms (ductility)

Outlook: Many tasks in our field require to model mechanisms, which occur simultaneously on multiple length/time scales
Surface roughness, grain size and orientation, texture, residual stresses, ... 2 thin film adhesion
Local crack nucleation and macroscopic growth over millions of thermal cycles (nonlinear process)
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