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Modern, digitally-empowered analytical services platform delivering quality data

and expert analysis to accelerate advanced materials and device innovation.
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Enterprise Metrology Solutions: Failure Analysis & EM

Covalent’s Analytical Services & Technical Groups
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Electron Microscopy

S/TEM
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

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

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

COVALENT
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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

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

Padraic O’Reilly

Applications Scientist

* Joined MVIin 2017 as an Applications Engineer, later promoted to Applications Scientist
e Collaborates with customers to design experiments using advanced AFM techniques

e Expertise in EFM, KPFM, and MVI’s proprietary Photo-induced Force Microscopy (PiFM)
* QOver thousands of hours of hands-on PiFM experience with diverse specimens

e Extensive work in visible and IR PiFM applications, including semiconductor defect and
contaminant analysis




Agenda

* Introduction to Molecular Vista and PiFM

e General examples of PiFM Results — If you can do AFM on the sample, you can
do PiFM!

 Comparison with Other Techniques

 PiFM on Monolayers

* Summary
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Molecular Vista Inc. (MVI)

Sair
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MVI Over the Years

Founded by Dr Sung Vista One | KLARF compatible Vista 150/200
Park and Dr Kumar ” o
Wickramasinghe  VistaScope

Vista 75 Vista 300

2023 2024

Functionality

Imaging modes nc-AFM, PiFM, KPFM, cAFM, nano DMA, FvD (force vs distance) mapping, Ramanfs-SNOMik

Spectroscopy modes PiF-IR, FvD, Raman’
PiF Laser options QCL (770—1840,1995—2395 cm™), OPO/DFC (590—2050, 2250 —4400, 5000—7000 crm™).

Depth Probed 20 nm in surface mode & greater than 100 nm in bulk mode.

7 * = Not available for 150, 200 or 300 0000’
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What Is PIFM?



Commonly Used Analytical Techniques

TOF-SIMS SEM/EDS

Sl ML ML, ML ML, £l £l El. £l
Detected
Chemical
Mapping Yes Yes Yes Yes Yes Yes Yes Yes
Lateral 1 nm* 0.2 nm*
>0.5 > 10 100 Sub 5 ~ 10 8
Resolution Hm Hm nm ub > Hm MM 95mmEDS 1~20nmEDS ©
Depth
Probed > 500 nm 1um 1nm 10 nm 10 nm 1um ~ 100 nm 10 nm
* Imaging M.l. Molecular information E.l. Elemental information

Elemental information cannot identify nanoscale organic defects and ultrathin residues, which
are becoming more commonplace. Existing tools for molecular information do not have spatial
resolution to analyze sub-100 nm particles.
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FTIR — How to Make it Better

FTIR - Fourier Transform Infrared Spectroscopy

Detailed absorption spectrum

Stationary Mirror vas CH2
0.0204 stretching v,, PO,
A 2917 cm’! 1240 cm!
Split Beam b v. CH ' I .
as V3 ¢ | Vas CO-O-C stretching
4 stretchin , : -1
Delayed || § 0.015 2965 cm% v, CH, stretching 11?8 —
Coherent A AL o 1 2850 Cm-l i Vg POZ'
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Beam ':; 0010- E ' - 1 1(?92 o |
Splitter Hecé)er;?ri]ned __«I.!—llv a | I C=0 CH2 SCiSSOI’iI‘lg ! 1 l Voo N+(CH3)3
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n o. y 1§ . : i
i | '
|0 c N Nt et I
e Pl i S |
% 0.000- i 1 SIS B N
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Detector
Image credit: Wikipedia

https://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy#/media/Fi
le:FTIR_Interferometer.png

Wavenumber (cm!)

Image credit: Mudunkotuwa et al., Analyst 139, 870-881 (2014).

* Advantage — Detailed spectra for analysis and identification of molecular materials
* Disadvantage — Spatial mapping resolution limited by optical diffraction limit (~ 1 um)

10
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Breaking the Diffraction Limit — Using Photo-induced Force

Photodetector

PiF Excitation Laser

Traditional FTIR ~10s of um spatial resolution
PiFM < 5 nm spatial resolution

11
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Breaking the Diffraction Limit — Using Photo-induced Force

;fz
R P PRl

* Frequency mixing between f, and f
produces sideband at f,

f; = 1St mechanical resonance of cantilever
f, = 2"d mechanical resonance of cantilever
f., = laser modulation frequency

12 0’0’0
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Breaking the Diffraction Limit — Using Photo-induced Force

PiFM PLA 1750 cm? PiIFM ACM 1720cm?  PiFM Unknown 1070cm?®  PiFM Composite

g fl
Signal from photodetector
| e | | e | | |

500 nm 500 nm 500 nm 500 nm

; f2 Topography

13 0’0’0
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Breaking the Diffraction Limit — Using Photo-induced Force

300 —
= A PiFM Composite
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Agreement Between Nanoscale PiF-IR and Bulk FTIR Spectra

PiF-IR and FTIR of Polyimide PiF-IR and FTIR of Nylon
. 1636
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Excellent agreement on homogeneous samples.
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Complements other Nanoscale Analytical Techniques

FTIR | TOF-SIMs SEM/EDS

Species

Detected
Cheml.cal Yes Yes Yes Yes Yes Yes Yes Yes Yes
Mapping

Lateral i 0.2 nm*

. sub 5 nm > 0.5 um > 10 um 100 nm Sub 5 um ~ 10 mm 1~20nm 8 nm
Resolution 0.5mm EDS £DS
20nm &
Izlig[;’;l; bulk > 500 nm 1um 1nm 10 nm 10 nm 1um ~ 100 nm 10 nm
* Imaging M.l. Molecular information E.l. Elemental information

IR PiFM brings molecular analysis to the realm of true nanoscale, providing both IR absorption
spectra and chemical mapping with ~ 5 nm spatial resolution and monolayer sensitivity.

16 0’0’0
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General PiFM Results



Organic Contaminants (and PiFM workflow)

Topography
.

500 nm

18
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Organic Contaminants (and PiFM workflow)

Topography /
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Organic Contaminants (and PiFM workflow)

Topography /
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Organic Contaminants (and PiFM workflow)
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Organic Contaminants (and PiFM workflow)
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Organic Contaminants (and PiFM workflow)
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Organic Contaminants (and PiFM workflow)
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Inorganic Contaminant on Si
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Domain Imaging of Polymer-Polymer Blend Solar Cell

1453 cm? 1706 cm?

L

1300 1400 1500 1600 1700 1800

Wavenumber (cm "

“Nanoscale Domain Imaging of All-
Polymer Organic Solar Cells by Photo-
Induced Force Microscopy,” Kevin L. Lu
etal., ACS Nano, 12, 1473 (2018)
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FTIR Absorption (%)
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Domain Imaging of Polymer-Polymer Blend Solar Cell

= 58.0deg
1453 cm? 1706 cm1
I . 0.2% additive CN
PRATEN Donor (1-chloronaphthalene)
|
[ | .
A A W Pil-2T-PS
\ / ’ | = G
// \\:v/ \ﬂ\lw,\—/« - ) e A, 510 deg . PPDl_T
v v v 1453 cm™! ' . Acceptor IS combined
O iy 8 Acceptor
M
;X) I:CX) !S‘a) IG'A(X) 1700 1800
Wavenumber (cm )

low

“Nanoscale Domain Imaging of All-

Polymer Organic Solar Cells by Photo- PiFM images clearly identify donor (Pil-2T-PS) and acceptor
Induced Force Microscopy,” Kevin L. Gu ) - - . 1
et al. ACS Nano, 12, 1473 (2018) (PPDI-T) based on their known absorption bands: 1453 cm™ and
1706 cmL.
28 %%
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Domain Imaging of Donor Component (at 1453 cm™)
02 CN | 0.5% CN

914

PiFM signal (a.u.)

33.9

Average domain width for donor
decreases with increasing
concentration of CN.

94.1

=
&
T
c
o)
h
=
I
a

46.2

PiFM signal (a.u.)

"~ 200 nm EREE]
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Excellent Correlation with Cell Performance

T T T T T { C T T T T - 1.0
a) 1.0 b) 60 ) 60 ; o
RSoXs RSoXs Laa. &
__os gso- OIS gso- §
3. Z 22 z = 0.6 s
3 06 g 40 — Lo 5 ..g 40 - . 5

o~ -~V >

4 c 30k . = 30f 2
S 04 0.2 %CN Y | 3 8 - 0.4 %
= - 0.5% CN § 20k . ‘ g 204 . ~
0.2 e 1.0% CN| A PIFM p o PIFM Lo2 £
— 2.0% CN 101 10k ¥

0.0p = 1 1 ol 1 1 2 3 0.00 ol 1 L 1 1 0.0

’ y . "‘ > 7 ¥ "0.01 0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0
qQ(A) Vol% Chloronaphthalene Vol% Chioronaphthalene

(a) 1D resonant soft X-ray scattering (RSoXS) curves for varying [CN]. The average domain spacing is
represented by the peak in reciprocal space, where the center-to-center periodicity is given by
21/q.

(b) Averaged domain widths as calculated from PiFM and RSoXS, compared to the inverse of the device
short circuit current; the PiFM domain size tracks the inverse current very well, whereas RSoXS is
skewed for large domains.

(c) Photoactive volume calculated from the distance transform plotted vs PiFM and RSoXS domain size.
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Copper Oxide — XPS

32

REF

Sample

Sample A

XPS Summary:

A. Copper(l) oxide

B. Copper(ll) oxide

Applications Lab

%
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Copper Oxide — PiIFM Compared to XPS

FTIR

Copper(l) oxide

33 0’0’0
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Copper Oxide — PiIFM Compared to XPS

FTIR
619 cm?
I\
!'[II IILI':I
f k_:
| \ Average PiFM = 1.294 mV
y \
_.f( "' IIIII-.
Copper(l) oxide \
— il ""
1000 450 300 B50 80 750 700 650 &00 550

Results match XPS — Sample A shows much more copper(l) oxide, but PiFM will also show
nanoscale variations

34
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Wood Cell Wall — Spruce (4 um x 4 um)

35

Topography 221 nm

FTIR from
the web

Cellulose

o LignIn
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Wood Cell Wall = Spruce (4 um x 4 um)

1051 1/cm f PiFM 1504 1/cm g Iopography: 221 nm

B lignin
M cellulose

cellulose

Onm

FTIR from

Hﬂ
the web ! 'J\O \
1335 ]\

\"‘
1372 \
<Ly

1636
77_Cgllulofscijq,i,_

v o . L ] o 1

2400 2000 1600 1200 800 400 *.0

Wavenumber (cm™) _ . . . 00
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Spruce Spectra (High-Magnification)

Topography 12.0 nm

0.0 nm

72.4 nm

0.0 nm
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Spruce Spectra (High-Magnification)

X combined PiEM
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Individual Cellulose Elementary Fibrils = TEM tomography

B vertical orientation C  horizontal orientation

10n0m 0 5 10 nm

elementary fibril

3D

elementary
fibril
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Individual Cellulose Elementary Fibrils = TEM Tomography

B vertical orientation C  horizontal orientation

54nm 54nm
) \

===
f|br|l 0 5 10n0m 0 5 10 nm
bundles cellulose elementary fibril
3D|modelling_—T»-
I
cellulose
elementary
fibril

cellulose
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Ascorbic Acid Electron Microscopy — TEM

4D STEM of Recrystallized Ascorbic Acid

Scan area: 2.5 um * 2.5 um

. \ i .;.'. S 1 -
Virtual Dark-field Image Orientation Map

[100] or [101]
red and green areas

e [100] : ¢ [101]:

Upon drying, ascorbic acid recrystallized on the grid
presenting two predominant orientations. The
orientation map below highlights these main crystal
orientations, represented by green/red and white.

41

[001] : white areas
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Sample Information

Most of the grid spaces area are usable, but most of the crystals were recrystallized only along the edge of the grid spaces.
The highlighted area is a good example that contains more crystals (red box).
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4 50 um (

The optical image from
Molecular Vista Microscope
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Topography-

<
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PiF-IR: 10 x 5 um?

75.9nm
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PiF-IR: 10 x 5 um?

75.9nm

1733 1/cm

0.0 nm

A

34.8nm 2_60 um

1733

0.0 nm 120 4

1.00 —

0.80 \

0.60 —

0.40

Photo-induced Force (mV)

0.20

| | | | T
1800 1600 1400 1200 1000 800 600
Wavenumber (1/cm)
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PiF-IR: 10 x 5 um?

75.9nm

1733 1/cm

0.0 nm

A

34.8nm 2_60 um

™
(s2]
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0.0 nm S 120 -
E
g 1.00
o
L \
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M 1670cm? g 060 7
_l -
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1800 1600 1400 1200 1000 800 600
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PiF-IR: 10 x 5 um?

75.9nm

0.0 nm

34.8 nm

0.0 nm

Wi1733cm?
Bi1670cm?
1144 cm?
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PiF-IR is most sensitive to
modes that are normal to the

sample plane
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SEM-EDS — General Comments

SEM Image

SEM commonly used as primary
analytical tool for wafer defect analysis
However, it can damage defects and
contaminate them
PiFM is non-destructive — run PiFM
before SEM-EDS

e KLARF compatible

48

AFM after SEM-EDS

SEM “burn” mark

EDS “burn” mark
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EUV resist with 12 nm half-pitch

Prography. § EEECKeETa

After Exposure

Post-Exposure § :
Bake

0.00nm
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IR-PiFM — Initial Steps

LEHERE § 593 nm 566 WV 1.45mV

After Exposure

206 Vv 0.49 mV

g 5.50 nm 982 pv 157 mV
Post-Exposure . §
Bake ‘
&
pie

2 273 v 0.44 mV
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IR-PiFM — 12 nm Half-Pitch Lines

After Exposure

o
"

7~ g
"
Sar TR ) Y
a2 b ML O e s
‘ ~ ! O - . L Gl O

*
' Ay by

O
-
e

."-__..

Post-Exposure &
Bake .
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IR-PiFM — 12 nm Half-Pitch Lines

After Exposure

Post-Exposure &
Bake .
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IR-PiFM — 12 nm Half-Pitch Lines: Line Profile

After Exposure Exposure — Topography
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PEB — Topography
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Post-Exposure
Bake

100 200
Distance (nm)
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SEM — 12 nm Half-Pitch Lines

8 — 10 nm [ AUIUIE:2 e o] CBl co= 119
J&‘ | i
il . i
~= [ I
= . [[72 i hatf-piteh M | i!i' .'-,".:E |

e Artefact due to a small misalignment of the illumination
beam into the imaging optics

T T T T T
0 50 100 150 200 250 300
Distance (nm)

>4 %
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SEM — 12 nm Half-Pitch Lines

a Vertical Horizontal

e

| 12 nm half-pitch |

 PiFMimage at wavenumber A after exposure predicted this
artefact

12 |10
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!iiil!ﬂilm |
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CD-RSoXS — 12 nm Half-Pitch Lines

56
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CD-RSoXS — 12 nm Half-Pitch Lines

After Exposure Post-exposure Bake Development
o 10* 10°
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CD-RSoXS — 12 nm Half-Pitch Lines

58

After Exposure

N
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4
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10?
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10?

Post-exposure Bake
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Development
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|
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Monolayer Results for Anti-
Stiction Compatibility



Lube on HDD

Lube on disk (~1 nm thick)
1.68 nm__ 800 —
>
=2
S
._.B_ 600 —
©
Q
O |
3 400 —
£ A\ |
S N\ |
8 AVAY
&= 200 — \/
N =/
I I I I I I I I
1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumber (1/cm)
300 - Substrate \
200 — _
_
100 -
1600 1500 1400 1300 1200 1100 1000 900 800

Wavenumber (1/cm) ’ ’
L D X 4
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Lube on HDD

> 600

Photo-induced Force (i

400

200

Lube FTIR — Neat on KBR

1600 1500 1400 1300

1200 1100 1000 900

Wavenumber (1/cm)

* Substrate spectrum subtracted
* Lube thickness variation detected by PiFM
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Lube on HDD

Correlation between High Topography and PiF Signal

Topography 1230 1/cm

1.64 nm

1.20 mV

0.00 Nm ee—

o 0:0:0
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Polypeptoid Monolayer — Water Contact Angle

Spin-coated thin film of
Polypeptoid—COOH

Anneal (grafting reaction)
Rinse (remove excess polymers)
Reanneal (remove solvent)

S—
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Polypeptoid Monolayer — Water Contact Angle

Spin-coated thin film of
Polypeptoid—COOH

Anneal (grafting reaction)
Rinse (remove excess polymers)
Reanneal (remove solvent)

o
»

Spin coated thin film = anneal = rinse Spin coated thin film = no anneal 2
away excess brush = reanneal rinse away excess brush = reanneal

With grafting,

64 %
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Polypeptoid Monolayer — PiFM

Spin-coated thin film

Topography R 9-68 nm 1.15mV
0.73 mV
0.00100
go.oooso - ]
% 0.00060 + ]
% 0.00040
T 0.00020-f aFTIR (pOWd e r)

- T T T T T T T =
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumber (1/cm)
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Polypeptoid Monolayer — PiFM

Anneal (grafting reaction)
Rinse (remove excess polymers)
Reanneal (remove solvent)

[
»

Spin-coated thin film

Topography 3 00 115mV 562 pV

0.73mV 255 pV
o
o v
~ o
\— ]

0.000800 ‘ |

;’ | ; =

£ 0.00080+ ] £.000600 C=0

[T [ .

§ 0.00060- ; 3 stretching

3 | 2.000400

[= (=

T 0.00040 ¢ \ £

s \ s

[ J . 200 —
2 0.00020 F! FTIR (powder) £0.000200
T T T T T T T /I T T T T T T . T T~ g
T
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumber (1/cm) Wavenumber (1/cm)
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Polypeptoid Monolayer — PiFM

Anneal (grafting reaction)

Rinse (remove excess polymers) QR actually:
Reanneal (remove solvent)

Spin-coated thin film

[
»

Topography 9.68nm L 145 mV Topography 3.07 nm Ll 1633 1/cm EEENMY,

Zoomed in:

. i . . nm
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Polypeptoid Monolayer — Water Contact Angle and Ellipsometry

&\i‘. Switching from —COOH to —OH for melt grafting
\(\N/\[ﬁ/
) R I
Pl bK
/ 07 “oH OH
OH

68 0’0’0
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Polypeptoid Monolayer — Water Contact Angle and Ellipsometry

& : Switching from —COOH to —OH for melt grafting

LY
) G o
/ 0% on 1 OH

Water contact angle and ellipsometry of “monolayer brushes”:

Si (SiO

Polymer Water contact angle Thickness
Polypeptoid—COOH, 2971.6 g/mol 55.3+0.9° 1.15 nm
Polypeptoid—OH, 2943.5 g/mol 58.5+1.8° 1.16 nm I

69
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Polypeptoid Monolayer — PiFM
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Polypeptoid Monolayer — PiFM

1.04 mV

Si substrate with Amide C=0 stretching
polypeptoid—OH brush 1620-1670 cm Polypeptoid—OH
monolayer 100 -

0.80 —
040 —
-1.0 nm

S 54 v W e LS ra 0.13 mV
Height Sensor 100.0 nm LM/\ ﬂ

\ \ \ \ \ \
3500 3000 2500 2000 1500 1000

1.0nm

Photo-induced Force (mV)
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Polypeptoid Pattern — PiFM

72

Photo-induced Force (mV)

.

2.24 nm

244 mV

0.03 mV

0.00 nm 0.05mV
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Summary



Summary

1800 1600 1400 1200 1000 800
Wavenumber (1/cm)

74

IR PiFM is introduced.

AFM-based technique — If you can do AFM on it, you
can do PiFM!

Provides exceptional spatial resolution (<5 nm),
excellent surface sensitivity (monolayer)

Chemically map and identify organic and inorganic
compounds

KLARF compatible

Non-destructive, PiFM can (and should) be carried out
prior to other metrology

%
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Concluding Remarks
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Thank you for joining us today!

Molecular Vista is a science focused company.

For more information about our technology or products:

Email: info@molecularvista.com
Website: www.molecularvista.com
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Molecular Orientation — Poly(g-Caprolactone)/Ascorbic Acid (PCL/5AA)
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Molecular Orientation — Poly(g-Caprolactone)/Ascorbic Acid (PCL/5AA)

1025 nm PiF-IR is most sensitive to modes that are
normal to the sample plane. Assuch, PiF-IR <
spectra on different crystal orientations //
highlight different peaks compared to FTIR, /
which is an ensemble average of billions of //
PiF-IR spectra. Note that for the FTIR y;
doublets A and B, the red and blue spectra FTIR
each showcase different singlets.
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PiF-IR: 2 um?

Simplify, or remove

Topography

-Combined PiFM

84

B1733cm?
B 1670cm™
B1144cmt

Line spectra with 200 nm
pitch were taken across the
features. The No. 2, 3,9, 10
spectra on the purple
highlighted regions show a
little bit stronger peak
around 1732 cm* than the
green highlighted regions.
The green highlighted
regions (No. 13 and 1) show
stronger peak around 1671
cm™. The red highlighted
regions (No. 4, 5, 8, 11) show
the similar peaks to the
green highlighted regions
across the range, while the
red regions show obvious
increasing of IR signal
around 1143 cm™. The No.
12 spectrum on the defect
shows much stronger peaks
across the range, especially
around 1679 and 1507 cm™.
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Nacre S/TEM, TEM-EELS, APT
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Proteinaceous inclusions in nacre:

Organic-
_ inclusions

HAADF STEM image of nacre
showing organic inclusions

How does this compare with what we know?

S/ITEM imaging
revealed organic in-
clusions in previous
studies

TEM-EELS studies
report inclusions to be
rich in carbon

Atom probe tomo-
graphy study reports
carbon, nitrogen, &
hydrogen in inclusions

Eder et al. 2019, Geostand. Geoanalytical Res.; Gim et al. 2019, Nat. Commun.; Gries et al. 2009, Acta Biomat.; Otter et al. 2021, Geostand. Geoanalytical Res.
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