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Enterprise Metrology Solutions: Failure Analysis & EM

Covalent’s Analytical Services & Technical Groups

Electron Microscopy
- SITEM
with EDS; EELS; Electron
Diffraction; SAED

FIB-SEM & HR-SEM
with EDS; EBSD; 3D Tomography

Lamella Preparation
incl. specialized lift-outs

Failure Analysis

DPA / Mechanical X-section
Dye & Pry Test
EBIC / OBIC failure analysis

Hot Spot Detection
NIR /IR Imaging
Emission Microscopy

Root-Cause Failure Analysis
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Materials, Chemicals, and Surfaces

Microscopy & Profilometry

¢ Chromatic Aberration
Digital Optical Microscopy

Laser Scanning Confocal
Microscopy

White Light Interferometry
Scanning Acoustic Microscopy

Mechanical Testing

« AFM & Advanced AFM Modes
(EFM, KPFM, MFM, PFM, PiFM)

* Nano-indent / Nano-scratch
* Rheometry / Viscosity

- DMA/TMA
(bend/stretch/compression)

* Tensile testing

Analytical Chemistry

* Mass Spectroscopy:
ICP-MS and LA-ICP-MS; GCMS

ICP-OES / GDOES

Raman

NMR (solid / liquid + 1,2,3 nuclei)
XPS, UPS, ISS

SIMS, TOF-SIMS
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Misc. Material Properties

Thermal Analysis: DSC, TGA
Surface Zeta Potential
Porometry / Pycnometry

Gas Adsorption / Chemisorption

Foam Density / Skeletal Density
/ Tap Density

Particle Analysis: DLS / ELS /
size distribution / zeta potential
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X-ray Characterization

X-Ray Diffraction (XRD)
X-Ray Reflectometry (XRR)

Micro-computed X-ray
Tomography (Micro-CT)

« 2D /2.5D / 3D X-ray Inspection &

X-ray Radiography

+ ED-XRF / WD-XRF
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Optical Characterization

Fourier Transformed Infrared
Spectroscopy (FTIR and ATR-
FTIR)

Spectral Ellipsometry &
Advanced Optical Modeling

» UV-Vis-NIR Spectroscopy
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Introducing today’s speaker METROLOGY

Dr. Naohiko Kawasaki

Manager of Electron Microscopic Analysis Team, Toray Research Center, Inc.

e Over 20 years of experience in various nano-scale characterization technique
e Specializes in:
 STEM-EELS (Scanning Transmission Electron Microscopy — Electron Energy Loss
Spectroscopy)
* Cathodoluminescence
* In-situ TEM (Transmission Electron Microscopy)

* Held research positions at
e University of Tokyo

e Université Paris-Sud

* Holds a Doctor of Science degree from Kyoto University



Agenda

1. Electronic packaging — recent trend and physical analyses

2. Direct observation of the annealing effect for under bump
metal using in-situ TEM observation

3. Direct observation of the annealing effect at Cu/Cu hybrid
bonding interface

4. Investigation of poor adhesion/electric reliability root cause at
the Cu/PI interface
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Electronic packaging

Electrical connection to IC-chip

Wire bonding

Package
substrate
Solder ball
\\ //
\\\ bump /
Flip chip bonding /
\.
underfill Package
substrate
Copyright © 2025 Toray Research Center, Inc. 8

Many number of bonding
with a scale of um order

Bump size : 30 ~ 100 um
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Plastic deformation at wire bonding joint - SEM-EBSD

X-ray microscope
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Encapsulant

Wire bonding

: 100 pm
Fig.1. Top-view XRM images of the semiconductor package Fig.2. The cross-sectional optical microscope image

SEM-EBSD
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Alloy phase assignment at solder joint - SEM-EBSD/EDX

20um EBSD pattern

Image quality map
Accurate phase assignment using simultaneous EBSD-EDX Crystal phase of h-Cu65Sn5 (RD)
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- 'r.

Different crystal
orientation/grain size
between SiC and Cu side
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Stress evaluation on to Si chip — Raman spectroscopy

Copyright © 2025 Toray Research Center, Inc.

Gate(poly-Si) J 20 pm
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Before metal depo.

o e —
Emitter metal l 200

w
o
o
» Compressive

Si sub.

IGBT chip

<
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Tensile

Molding resin

Packaged sample

Packaging process - large compressive stress in the chip.

Detection limit : 1 MPa
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Cause analysis of poor adhesion problem — SIMS/FT-IR
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Recent trend in front-end process

7 nm FinFet

100 nm e 50 nm
Nano-sheet (GAA-FET)

It is difficult to achieve drastic
miniaturization in MOSFET scaling.

l

Miniaturization in back-end process.

Source: IBM

7 ) V { 7 4
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Recent trend in electronic packaging

Flip chip bonding bump 2D-packaging

underfill chip

~ o~
~
~
~ o~
-~

The importance of

heterogeneous/homogeneous interface evaluation
with high spatial resolution

chip micro bump < 10 um image sensor
m e
c.hip | Bump-less=
chip hybrid bonding B
m ””l”;':m"'”””” drivi‘%g circuit
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Agenda

1. Electronic packaging - recent trend and physical analyses

2. Direct observation of the annealing effect for under bump
metal using in-situ TEM observation

3. Direct observation of the annealing effect at Cu/Cu hybrid
bonding interface

4. Investigation of poor adhesion/electric reliability root cause at
the Cu/PI interface

Copyright © 2025 Toray Research Center, Inc. 15 ITO R AYI To ray Research Cente r, Inc.



The annealing effect for under bump metal

chip

bump

Sample : Au/Pd-P/Ni 300C 400°C
UBM (under bump metal) '

uBM {

Il electrode
chip

annealing

l

Improvement of
adhesion strength
electric property

Understanding of the mechanism the improvement using in-situ TEM measurement

) V £ 7 4
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In-situ heating/biasing TEM observation

TEM specimen holder Electron beam
lamella specimen for

TEM observation

; /,/

Vv

v

MEMS chip
(For heating/biasing)

(Hi)

(Lo)

(Lo) (Hi)

lamella specimen setting for in-situ Biasing TEM

. Ve ’
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Direct observation of thermal behavior (Movie)

Time-Temperature profile e lievie (@E00 i 400
b b Playback speed: 60x

450 ; Cross-sectional TEM image
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Temperature (°C)

Thermal behavior of Under Bump Metal
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Metal diffusion before/after annealing - STEM-EDX maps

Before annealing
Au |

secondary excitation

v

Pd diffusion along
Au grain boundary
secondary excitation

v

——————— 100 nm IMG1 ————— 100 nm NiK C———— 100 nm PdL = 100 nm AuL
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Metal diffusion before/after annealing - STEM-EDX maps

EDX line profile (atom%)

4 Before heating|

[Ni] Diffusionto Pd J [Pd] Diffusionto Au

Metal diffusion evaluation with a spatial resolution of nm level

|

Copyright © 2025 Toray Research Center, Inc.
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Electric resistivity change - in-situ biasing/heating measurement

Before annealing

Electric resistivity variation during heating After annealing

ko @ ©

crystallization

400

Ni 380
360 350°C
340

200 nm 320

300
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280
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| 260
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Pd-P 240
220

| 0 100 200 300 400 500 600 700 800

200
(Lo)

Time [s]

Electric resistivity change could be successfully detected during heating in TEM.

. V. 7
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Summary - the annealing effect for under bump metal

300°C 360°C

The mechanism of
adhesion strength
electric resistivity improvement

- Crystallization of Pd layer

- Metal diffusion

Optimized annealing temperature ~ 350 °C

Copyright © 2025 Toray Research Center, Inc. 23 ‘“TORAY” Toray Research Center, Inc.



Agenda

1. Electronic packaging - recent trend and physical analyses

2. Direct observation of the annealing effect for under bump
metal using in-situ TEM observation

3. Direct observation of the annealing effect at Cu/Cu hybrid
bonding interface

4. Investigation of poor adhesion/electric reliability root cause at
the Cu/PI interface

Copyright © 2025 Toray Research Center, Inc. 24 ITO R AYI To ray Rese arc h Ce nfe I I nc.



Mechanism of hybrid bonding for 3D-packaging

3D-packaging

chip

chip

|EEE ELECTRON DEVICE LETTERS, VOL. 42. NO. 12, DECEMBER 2021
INOUE et al: AREA-SELECTIVE ELECTROLESS DEPOSITION OF Cu FOR HYBRID BONDING

Different mechanism from heterojunction
Cu/Cu, dielectrics/dielectrics

) V { 7 4
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In-situ heating test observation of Cu/Cu hybrid bonding

Movie (r. t.—400°C (0—110 min.) )
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In-situ heating test observation of Cu/Cu hybrid bonding

Before anneal

After anneal (400 °C)

Copyright © 2025 Toray Research Center, Inc.
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ACOM-TEM investigation - grain size/orientation

(Automated crystal orientation mapping)

diffraction pattern at each pixel

Grain Size Distribution Chart

0.1eT
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' e " #a , 3"‘ 0.00
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" ) s RD Grain Size (Diameter) [nm]
Crystal orientation Map (ND) T
40 nm L
— ND ™
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ACOM-TEM before/after heating treatment

BF-STEM Image

§ 8 FIWEE BIEE @ jEIE
i 4 i | S | Lk ]

Si, Cu, W (Cubic)

001 101

RD

™

800 nm ND

Some grain-boundaries
disappeared by annealing.

Average grain size

Before heating After heating
340 nm 440 nm

600 nm Grain Map (excluded twin boundaries)

In-situ heating ACOM-TEM for the understanding ~
of hybrid bonding mechanism. R. Fujimoto. EPTC 2023
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Agenda

1. Electronic packaging - recent trend and physical analyses

2. Direct observation of the annealing effect for under bump
metal using in-situ TEM observation

3. Direct observation of the annealing effect at Cu/Cu hybrid
bonding interface

4. Investigation of poor adhesion/electric reliability root
cause at the Cu/PI interface

Copyright © 2025 Toray Research Center, Inc. 30 ITO R AYI To ray Re seqarc h Ce nte K I nc.



Cu redistribution layer in organic interposer

2D-packaging

chip chip

Interposer
Re-distribution layer

Pros. of organic interposer over Si interposer

Lower cost, lower transmission loss (lower dk), higher flexibility

Cons. of organic interposer over Si interposer

Fine-pitch interconnect limitation
Lower insulation reliability, lower adhesion with Cu

— Root cause analysis of these issues by detailed physical analyses

. 7 7
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Elemental distribution at Cu/polyimide— XSTEM-EDX -

v
;

v

S

PI |Cu| [[iCuf|!}
PI
Si substrate Cu
ADF-STEM
HAADF-STEM Image ‘
h Cu
High amount of nitrogen at Cu/PI interface .

32 “TORAY’ Toray Research Center, Inc.
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STEM-EELS: Electron Energy-loss Spectroscopy

Incident electron
(9]
Excited

° electron
(9}

:
Inelastic s:cattered electron

F.----.E Conduction Band
Ee -

L shell valence-excitation

K shell Core-excitation

Copyright © 2025 Toray Research Center, Inc.
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)

..

Core-excitation region

Core-Loss
of atom A

Core-Loss
of atom B

:
x500 WM

_—

v

0

core-loss EELS

Elemental composition

Bonding structure

low-loss EELS

Optical property

Dielectric property

with nm spatial resolution
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composition
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Energy Loss [eV]
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Bonding structure at polyimide/Cu interface — STEM-EELS

ADF-STEM image

Cu

]_l'l|||||||||||||||||||||||||||||||||

energy loss (eV)

Copyright © 2025 Toray Research Center, Inc.

x10°

C-K

N-K

800

700

600

x10°

500

400

300 (TiL

400 425 450 475 500 525 550
energy loss (eV)

34

150

100

50

50 nm
I
pure Cu
B side
| — area 2
Cu-L —— area 3
area 4
Cu20
hesp Ve sans
|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|
920 940 960 980 1000

“TORAY’

H.Seki IMPACT2024

Toray Research Center, Inc.



2.0

15

1.0

0.5

0.0

Bonding structure at polyimide/Cu interface — STEM-EELS
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energy loss (eV)
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energy loss (eV)

Bonding structure change at Cu/PI interface (C=N, C=N)

525

550

Cu diffusion from Cu20— decomposition of polyimide
Double or triple bond between Cand N

— Cause of the poor adhesion failure at Cu/PI
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The absorption of the IR laser and
thermal expansion of the sample

PI

lL Cu

t=400nm &
cantilever

U
P

prism

‘IR

Spatial resolution ~ 100 nm

Copyright © 2025 Toray Research Center, Inc.

—

AFM-IR

the cantilever
oscillation

Fourier-transforming of the
cantilever oscillation amplitude

— IR absorption spectra
of the sample
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Chemical structure of polyimide around the interface with Cu

AFM image AFM-IR spectra ~ “° Aromatic Coc N o
- -
P 10 um 5 § ) E i R o
1 MM : . -
g e
o N A N A x=0pm
M X=0.25 um
S x=0.75 um
T T T T HL T T
o 1800 1700 1603vaven:::,2”cm;1400 1300 1200 B X=1 IJ.m
: x=1.25 um
x=1.5 um
v x=1.75 um
C x=2um
polyamic acid C=0
polyimide polyamic acid .
j 'G 0 v N \\‘jwm
_<f_\>_0_/f \}_Nﬁm N — _<f_‘>-n_/f >_NHE o o O o Polyamicatid diffusion length : 1.7 um
s— — \Y o v — \_ U: 00 T T T 1
0 0 Hoc” X COH
T u I e
Cu*

Cu diffusion from Cu20 — imide ring open — The generation of polyamic acid

— Cause of electric failure
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New AFM-IR instrument - coming soon -

- Dimension IconIR (Bruker) Nano-particle
p— AFM image | Line profile (AA’)
/

25

30 nm Nano particle
&

S
c
~
)
=
.0
(]
I

0 100 200 300 400 500 )
Horizontal / nM e —

-25

T . higher spatial resolution
higher detection sensitivity

i AFM-IR
than current version spectra

%
y v(C=0) v(C-0-C)
- s LJ{\MAWHQ Nano-particle
I T N
. 1800 1600 1400 1200 1000 800
AFM-IR Contact/Tapping mode Wavanumbor /o Bulk (PMMA)

mode Resonance-enhanced mode
Surface sensitive mode
Resonance-enhanced force volume mode

Spatial resolution <30 nm
Detection depth 30 nm
XY scan area 90 pm x 90 pm
Specimen size 150 mm diameter

7 7
Copyright © 2025 Toray Research Center, Inc. 38 TORAY" Toray Research Center, Inc.



Summary

Evaluation of heterogeneous/homogeneous interface with high spatial resolution
for recent electronic packaging

in-situ TEM 300C _ SRS

L)

The mechanism of adhesion strength /electric resistivity
improvement by annealing

A gL
crystallization

Under bump metal

The mechanism of Cu/Cu hybrid bonding
Hybrid bonding

STEM-EELS/AFM-IR
i The cause of poor adhesion /
low electric reliability

Redistribution layer in organic interposer

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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Quick Survey + Sign-up for Free Discovery Consultations METROLOGY
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Want to learn more about Covalent’s
High-Resolution Interface Analysis Services?

Talk with a Covalent Expert!

Schedule your Appointment now
with the link in the chat.
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