
Fraunhofer
ENAS

MIMOMEMS 091011 1

MIMOMEMS Conference FE Analysen für Folienauslenkung October 11, 2009

Micro Materials Center Berlin/Chemnitz
Head: Prof. B. Michel

J.-P. Sommer

Thermo-Mechanical Reliability of Micro and Sub-Micro-Applications

J.-Peter Sommer, Bernd Michel

Micro Materials Center Berlin/Chemnitz

Fraunhofer Institution for Electronic Nano Systems (ENAS)

� Introduction: The Micro Materials Center Berlin/Chemnitz

� Reliability and design process

� Numerical simulation: Examples

� microDAC and related techniques

� X-ray computer tomography

� Summary: Feasible contributions to upcoming projects
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Chemnitz

Fraunhofer 
Reliability and Microintegration  IZM

Fraunhofer 
Electronic Nano Systems ENAS

Berlin

� Opening: June 2009
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ENAS:  Smart Systems Integration Applying Micro and Nano Technologies

� Integration of different functionalities

� Signal processing

� Sensors

� Actuators

� Photonics

� Power

� Coolers 

� High degree of miniaturisation and flexibility

� Reasonable costs

� In one unit (e.g. package)

� Target:
Bridging the gap between nano electronics and application
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Trends in MEMS Technology

� Cheaper, smaller, extended functionality

Need for an increased reliability

� No malfunction, no failure during lifetime

� Role of the Micro Materials Center Berlin & Chemnitz

� Thermal and thermo-mechanical analyses

� Reliability assessments

� Physics of failure

Aspects: electrical thermal mechanical chemical .....
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What is Essential for Reliability and Damage?

Geometry

Elastic properties

PIastic properties, creep

Changes of microstructure

Electrical and thermal migration

Intermetallic phases Interfacial effects, delamination

Brittle fracture, 
fatigue crack growth Moisture, oxidation

CTE mismatch

Reliability
of electronic systems and MEMS:

What is damage?

Thermal management

Filler-particles in blends

Test, storage

Manufacture

Loading during operation

Material Component System
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Mechanical-Thermal Reliability, Bild: Reliab681.gif

Thermography

• High Resolution Thermography

• Lock-in Thermography

Thermo-Mechanical Testing

• Universal Material Testing Machine
• Thermal Cycling (Shock and Field)

• Micro Hardness Measurement

• Humidity Chamber

• Dynamic Mechanical Analysis (DMA)

• Thermo-Mechanical Analysis (TMA)

• Nano-Indentation

X-Ray Analysis and Diagnostics

• X-Ray Tomography (nanotom)

• Angle or Energy Dispersive Method

• Microfocus X-Ray Analysis

Micro- and Nano-Raman

• Stresses in thin layers and structures

Metallographic Preparation

• Cross Sectioning

• Digital Imaging

• Ion Etching

Thermal Management

• Reliability and Cost-Optimized Design

• Advanced Cooling Concepts

Deformation Measurement in 
Macro, Micro, and Nano Scale

• uniDAC - Universal Tool

• microDAC - Adapted to Micro Scale

• nanoDAC - Adapted to Nano Scale

• fibDAC - Residual Stress Measurement

Vibration and Modal Analysis

• Laser Vibrometry

• in Combination with Numerical Simulation

Nanoscale Surface Analytics

• FIB cross section preparation

• Advanced Scanning Force Microscopy 
incl. SThM, LFM, FMM, SPM

• Atomic Force Acoustic Microscopy (AFAM)

Numerical Simulations, FE Systems 
for Thermo-Mechanical Applications

• MSC-PATRAN

(Software Tools for Pre- and Postprocessing)
• ABAQUS, ANSYS (Commercial FE Systems)

• ASTOR (Special FEM Tool Including Coupling 
to Measurement Techniques)

• ICEPAK (Fluidic)

Microscopic Methods

• LSM - Laser Scanning Microscopy

• SEM - Scanning Electron Microscopy
incl. EDX and EBSD

• FIB - Focused Ion Beam Microscopy

• AFM - Atomic Force Microscopy

• SAM - Scanning Acoustic Microscopy

Fraunhofer
ENAS

MIMOMEMS 091011 7

MIMOMEMS Conference FE Analysen für Folienauslenkung October 11, 2009

Micro Materials Center Berlin/Chemnitz
Head: Prof. B. Michel

J.-P. Sommer

Direct Co-Operations with Industrial Enterprises (Selection)

� Electronic / MEMS for automotive suppliers

� BMW AG Munich

� Continental-Automotive AG Nuremberg

� Robert Bosch GmbH Stuttgart

� Siemens AG Munich

� Infineon AG Munich/Regensburg

� Valeo GmbH Bietigheim-Bissingen

� AB Elektronik GmbH Werne

� Sensitec GmbH Lahnau

� Schlumberger (F)

� Sensor Dynamics Oberpremstetten (A)

� Siemens VDO Toulouse (F)

� Other applications

� Robert Bosch GmbH Stuttgart

� Siemens AG Munich

� Qimonda Dresden

� AMD Dresden

� EPCOS Munich

� Freescale (former Motorola) Munich

� Intelligent Medical Implants GmbH Bonn

� Microelectronic Packaging Dresden GmbH

� Intel (USA)

� Philips Eindhoven (NL)

� NXP (Philips Semiconductors) Hamburg
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International Co-Operations within the Framework of EU Projects (Selection)

� Blue Whale Thermo-mechanical design support for a Bluetooth package (Shellcase)
� Philips (NL), DEK (UK), Shellcase (IL), TU Delft (NL)

� Hiding Dies Active dies embedded into an organic board
� Philips (NL), Nokia (FIN), AT&S (A), Datacon (A), IMEC (B)

� MEVIPRO Thermo-mechanical optimisation / virtual prototyping methodology
� Philips (NL), TNO (NL), Leuven MeasurementsSystems Intl. (B), TU Delft (NL),

Kitron Development AB (S), Thales Microelectronics (F), TU Wroclaw (PL)

� nanoInterface More efficient engineering for reliable electronic components 
in micro- and nano-scale

� Philips (NL), NXP (NL), Accelrys Inc. (USA), Centre National de la Recherche Scientifique (F), 
TU Delft (NL), Georgia Institute of Technology (USA), Honeywell (USA), ETU St. Petersburg (RUS)

� nanoPack Nano packaging technology for interconnect and heat dissipation
� Thales (F), Budapest University of Technology (H), Chalmers University of Technology (S), ... 
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Reliability Riscs at Embedded Dies

Chip cracking

Interface delamination

Via cracking

Dielectric debonding

Thermal via detachment Board warpage
(in case of single-sided boards)

T > Tmax
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Thermal FE-Analysis: Heat Dissipation in a Radar-Based Adaptive Distance Control Unit

Chips-in-Leadframe.png

Heat source DRO Heat source VCO

Optimised thermal resistance

� at DRO: ∆T/P < 13 K/W ����

� at VCO: ∆T/P = 17 K/W ����

vco5-0-T-300my.png

Can heat source treated as uniformly distributed?

� If not, > 40 % enlarged thermal resistance may occur!
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Vias at an RF Chip of the Radar Module

(KRAFAS Project Demonstrator)

via4a-materials5.png
via4a-grey1, -2.png

Chip

Mold compound

take a leaf out

Cu vias and lines

RCC resin
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via4a-materials1, 2, 3, 4.png

Steps of the Manufacturing Process

Laminate Laser drilling

Fill the vias + reinforce galvanically Final structuring
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via5a1-mises, stt-step9, .png

Stress and Plastic Strain after Manufacturing Process and First TC at -40 °C

� Plastic strain� v.Mises stresses
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via5b1-mises, stt.png

Cooling Down from 180 °C (Stress-Free) to -40 °C

� Plastic strain� v.Mises stresses

Incorrect stresses and strains due to wrong initial conditions!
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via5a1-s33-step8...11.png

Peel Stress at a Cu-Via during Thermal Cycling

σ33 [MPa] at via-pad-interface:

TC 1: Tmax = 120 °C 303 MPa
Tmin =  -40 °C -274 MPa

TC 2: Tmax = 120 °C 298 MPa
Tmin =  -40 °C -276 MPa

120 °C

120 °C

-40 °C

-40 °C

maximum stress amplitude

maximum stress
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via4a, 4c-RCC-stt, 4c-peeq-step5.png

Plastic Deformation in the Cu-Structures at a Via

after galvanic reinforcement: 0.44 %
after final structuring: 0.44 %

very low after pressing: 0.2 %

after first TC at -40 °C: 0.56 %,
subsequent TC: almost unchanged

after laser drilling: 0.43 %

via5a1-peeq-#.png

after via deposition: 0.44 %
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3D BEoL Stack FEA – Simulation of the Cracking/Delamination Behavior

Submodel

Finite element 
characteristic size 
in BEoL-stack
< nm

Finite element 
characteristic size 
in BEoL-stack
< nm

Crack driving force along the crack front

Transistor side

Bump side

<10 
µm

Substructure

J. Auersperg

Fraunhofer
ENAS

MIMOMEMS 091011 18

MIMOMEMS Conference FE Analysen für Folienauslenkung October 11, 2009

Micro Materials Center Berlin/Chemnitz
Head: Prof. B. Michel

J.-P. Sommer

Nf(a), εpl, εcr, ∆W in
Nf(a), εpl, εcr, ∆W in

Nf
Nf

RSMRSM

fatigue

Parameterized FE-model

Solder Fatigue, Bulk Fracture, Interface Fracture – RSM/DoE

VCCT-Elements,
CZM-Elements
(J/C*-Integral)

Constitutive 
behavior of all 
materials

Loading/B.C.

Design parameter

Constitutive 
behavior of all 
materials

Loading/B.C.

Design parameter

Fracture MechanicsFracture Mechanics

GΨ(t,s)  < GΨc ?
GΨ(t,s)  < GΨc ?

G(Ψ)max
G(Ψ)max

delamination

FEM-SimulationFEM-Simulation

Jmax, ε, σ, KImax
Jmax, ε, σ, KImax

Jmax < Jc ?

σmax < σc ?

Kimax < Kc ?

Jmax < Jc ?

σmax < σc ?

Kimax < Kc ?

cracking

Fatigue EvaluationFatigue Evaluation

Model Parameters � DoE Software � Resp. Surf.Model Parameters � DoE Software � Resp. Surf.

Classical Strength 
Hypotheses

Classical Strength 
Hypotheses

J. Auersperg
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before loading after loading

Measurement data

� In-plane displacement fields
ux and uy

� Derived strain fields
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Digital Image Correlation:

Deformation Analysis by means of Correlation:  microDAC Principle

D. Vogel, J. Keller, A. Gollhardt

� Tracking of local object pattern
� Independence of imaging method
� Images from microscopy: optical, REM, LSM, SAM, AFM, ...
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D:\Vortrag\DTIP 2009\Corr-2-2007.ppt.1

Intersection through a Cu Via - Heating from RT to 140 °C
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Scaling: 100x

40°C – 80°C

40°C – 120°C

Damage Recognition by Means of microDAC

Galvanically reinforced Cu

Electroless deposited Cu

Cu of RCC

Fraunhofer
ENAS

MIMOMEMS 091011 22

MIMOMEMS Conference FE Analysen für Folienauslenkung October 11, 2009

Micro Materials Center Berlin/Chemnitz
Head: Prof. B. Michel

J.-P. Sommer

� Stress release by trench milling in FIB:

� Tensile stresses before trench milling

� Trench opening displacement field:

fibDAC:   Intrinsic Stress Determination in Thin Layers

D. Vogel

� ¼ FE model for trench milling:

� Fitting computed to measured displacements:
σmax ≈ 2030 MPa  ± 3 MPa (fitting error)

100 nm
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Nano-Focus Computer-Tomography System with 160 kV High Power X-Ray Tube 

(Phoenix-Xray Comp.)

Functional principle:

W. Faust
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MEMS detail made in scream technology.jpg

Examples:  Computer Tomography (nanotom, Phoenix Comp.)

3d autarkic micro system MEMS detail

3D Übersicht.jpg

W. Faust

� Currently under development: MicroDAC combined with computer tomography
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Summary

� Reliability aspects

� Are relevant for any new electronic systems or MEMS

� Cannot stand alone

� Are always connected with real parts

� Micro Materials Center is well-prepared for upcoming European co-operations:

� Experience for more than 15 years

� Modern equipment for investigations in micro and nano range

� We would be pleased to contribute to new developments and projects!


