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Mout me: Characterization answering mostly

materials science questions

* | started doing TEM in 1991 in grad school
— Solid state chemistry in epitaxial oxide thin film reaction couples

* Post doc at LANL
— Analysis of oxides, intermetallics, and other things...with TEM

o Staff at Sandia

— | look at almost all classes of materials with TEM/STEM
— Technique development in hyperspectral imaging and data analysis

— Most interesting project: Analysis of Anthrax attack materials as part
of the FBI's Amerithrax investigation (2001-2008)
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AP What is TEM?

« High-energy (100 kV-300kV) electrons pass through a sample.
— Relativistic light particles with wavelengths of 0.037A-0.0197A
— Interesting fact: There's only one electron passing through the sample at a
time. Wave? Particle? Yes both!
* The sample must be thin since electrons interact strongly with

matter. Electrons are easy to steer and we can do imaging and
diffraction in the same tool.

 For FA, FIB allows us to make site-specific sample with little
effort. Other FA techniques are typically used to identify defects
and mark locations prior to FIB.
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What information does TEM give us?

* Metrology: e.g., gate oxide thickness
» Defects: e.g., dislocations, mask issues, etc.

* Chemistry

—In STEM mode, scanning TEM analogous to SEM but in
transmission

— The fast electrons can eject core and bonding electrons from
the atoms in the sample. Relaxation results in:
« Characteristic X-rays (EDXS)
* Energy-loss electrons resulting from X-ray and Auger transitions
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Sample Preparation

FIB Column

—— Load sar_ﬁelel

Most FIBs use Ga LMIS but Xe
plasma FIBs are now here

Goal: Sample 50 nm -100 nm
thick, suitable for TEM analysis
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; i High-throughput FIB sample preparation via automation

Fortunately this is not the type of stuff Sandia does

Courtesy Thermo Fisher Scientific National
Laboratories
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Basics of TEM/STEM

Incident

: Secondary
tiiEh- RS Taci electrons (SE)
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electrons (BSE) Characteristic
X-rays
Auger Visible
electrons \ / Light
“Absorbed” Electron-hole
electrons — pairs
/ N T Bremsstrahlung
Specimen X-rays
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scattered Direct scattered Sandia
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TEM/STEM basics: Parts of the micros ope

")
|‘V_t

* High-voltage generator I
Electron Source (typically FEG) ﬁifg :
Accelerator -
Condenser Lenses

Spherical aberration corrector*| = &=& / e
Objective Lens (Immersion) %c: |\Om .
Sample goniometer

Projector Lenses TEM specimen grids are 3 mm in diameter

Sandia

 Detectors (electrons/photons) *optional Kaboraiores
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Basics of TEM/STEM

Our sample sits inside the objective lens which has an upper and lower part

TEM mode, imaging/diffraction, ~planar illumination
\ Object plane e———
Sample sits here.

e I
Lower objectlve‘@ \ /< ) D

f

Diffraction|pattern—— Back

d: focal
m plane

Image plane

P

Sample sits here. —=dm—>

STEM mode, diffracted electrons imaged on detectors

B
Upper objective lens
Ci=

Like an SEM, for
each beam position
we record a signal

Plane of least

/ confusion

Disk diameter

“——— Gaussian

image plane

Disk diameter San_dia
= 2C,p3 National
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-~ 'For most microelectronic FA work,

Incident Probe

STEM is used
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Spectrometer CCDEELS
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Parts courtesy Nigel Browning
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Metrology
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Critical dimensions can me measured,
like an oxide layer thickness by using
the Si lattice (bottom) observed along
the [110] direction. NIST considers the
spacings of the Si lattice as standard
dimensions no matter how it's doped.

FFT of the lower Si
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4‘ STEM-EDXS/EELS analytical signals

EL3 //’ .
4 Incoming

Continuum states / electron

/
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X-ray Detectors

. . . . . . y 3 Available online at www.sciencedirect.com ===NUCLEAR
3 -
Lithium-drifted Si reigned from 1968 until the early 2000’s! =S cienceDirect INSTAUMENTS
® . ciencevirec I PHYSICS
e e e et e e e e e o e A = RESEARCH
1— 1 Nueclear Instruments and Methods in Physics Rescarch A 568 (2006) 336-342 %
www.elsevier.com) locate mma
: Ligquid Nitrogen Oscilloscope] |
1 / Deweor :
! . . : Optimized readout methods of silicon drift detectors for high-resolution
FET Li . A= v enec ~ "
: Pre Amp | ;.":";' e E:;::: Recorder | ! X-ray spectroscopy
41 e : A. Niculae®™, P. Lechner*”, H. Soltau™”, G. Lutz*", L. Striider®™®, C. Fiorini®, A. Longoni®
1 Spl.“:d 1 AP NSensor GmbH, Romersralie 28, 30803 Munich, Germany
L Printer | “MPI Halbleiterlabor, Otto-Hahn-Ring 6. 81739 Munich, Germany
1

© Max- Plan - Institwe fir Physik, 80805 Munich, Germany
I Max-Planck-Institut fir extraterresirische Physik, 85748 Garching, Germany
“Politecnico di Miano, Dipartimento di Eletironica ¢ Informazione, Via Golgi 40, 20133 Milano, Italy

Avgilable online 7 July 2006

The silicon drift detector...1984 anode

5 . .
integrated FET G—— ] | | field strips

SEMICONDUCTOR DRIFT CHAMBER ~ AN APPLICATION OF A NOVEL CHARGE TRANSPORT
SCHEME

Emilio GATTI ¥ and Pavel REHAK
Brookhaven National Laboratory, Upton, New York 11973, USA

The purpose of this paper is to describe a novel charge transport scheme in semiconductors, in which the field responsible for the
charge transport is independent of the depletion field. The application of the novel charge transport scheme leads to the following new
semiconductor detectors:

1) Semiconductor drift chamber;

2) Ultralow capacitance — large area semiconductor X-ray spectrometers and photodiodes;

3) Fully depleted thick CCD.

Special attention is paid to the concept of the semiconductor drift chamber as a position sensing detector for high energy charged
particles. Position resolution limiting factors are considered and the values of the resolutions are given.

Sandia

Finally perfected in 2006!  Aboratories



EELS Spectrometers

ceatron beam IO S€CtOr magnet

wiviwd globalsino. com/ENM/

TEM/STEM probe forming system

Specimen

TEM/STEM imaging lens system

Homogenous magnetic field
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Dispersion plane
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Specimen
—  Objective and
Intermediate lenses
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{2-type energy filter

Energy

selecting slit
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spectrum
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AP EDXS versus EELS

 EDXS covers most of the periodic table (B and above but
B, C, N, O, F K-X rays are strongly absorbed in even thin
samples). The signals for harder X-rays are readily
quantified.

 EELS wins for light elements. The edge energy and
ELNES, energy-loss near-edge structure, are sensitive to
local chemical environment. The low-loss spectrum can
be used (with care) to measure band gaps.
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STEM-EDS sampling: Points & Maps

i

| Titanium map
N IR
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Counts

40

Counts

P.G. Kotula, et al. Microsc. Microanal. 12 [6] 538-544.
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AEM Spectral Imaging

Focused é’ ‘zg " Data Analysis
Electron 3 2
Probe OWU\“&“"%
kV Imaging (Spectral Microanalysis
EDXS

Thin foil _,,

specimen

Energy loss

Counts

basically STEM-EDS

spatial coordinate
x >
Vs

AEM is analytical electron microscopy,

Diffraction

SSO[ A31ouy

n channels

spectra with
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Spectral image
data cube

Counts

Counts
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' P.G. Kotula, et al. Microsc. Microanal. 12 [6] 538-544.

Conventional Data Analysis

Data Cube

X Spatial ROI
E \ ~— 25
2 315
= > 10
v
N S|
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X-ray Energy [keV]

Spectral ROI 4.40 keV-4.65 keV

Titanium map
} B = T
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ounts Sandia_

< Add range of channel-images together Laboratories

X-ray Energy [keV]




K i T AN o ot 3 L
- Ny - -
T T T
_ 1 L L

10 20 30 40 50
Counts

600 700

10 12 14

Counts

T
1
0 50 100 150 200 250 300 350 400

5 6 7

Counts

Counts

Sandia
P.G. Kotula, et al. Microsc. Microanal. 12 [6] 538-544. National

Laboratories



Example of Conventional Analysis

Spectrum with most ‘Al

1A

O S1 | 1 Binary mask of thresholded Al map

All

0 0.50 1.00 1.50 2.00 2.50 3.00

keV
Sum spectrum from mask

Sandia
P.G. Kotula, et al. Microsc. Microanal. 12 [6] 538-544. @ National

Laboratories



ultivariate statistical analysis of the same data

e o T

= R

VYL

A few seconds of computation

P.G. Kotula, et al. Microsc.
Microanal. 12 [6] 538-544.

The Al was found at the interface
between two of the dielectric layers,
providing a current leakage path.

Sandia
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}’(aw spectrum from a CMOS spectre}‘l image

Laboratories

o Ni-L Osiris SuperX, 1.5nA
200,000 pixels
S5l 1.245 msec/pixel
>99% sparse
{2 144 sec for MSA
S 4 Si-K
o |
O |
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[ | | 2000M LAADF Si
B
zZ 1~ h \ﬂ H [ h h . L OSirisstGoodoStart-outspatialzlxoompcan5,mat L 5
]l H\ | | - o — o Nen-companent exponenti it |
| =) :
05| I & 9non-noise factors
oL T |1 Y| I L%) ]
v 1 "Nerav Er %y .. NOise baseline Sand
ray nergy[ ] 3 @ Natiolr?al

Data courtesy Dmitri Klenov, FEI on sample provide by SNL " Sorted Eigenvalue Index’



" Results of MSA on this noisy spectral image

O N Ti Ni-As-Pt Cu
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Note Pt is added to

stabilize the NiSi,
while As comes
from the underlying
doping of the Si

Normalized Counts

5-L, ~0.5%

N
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Ni-Si-Pt-As
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"Mo glgid fluorescence X-
A different variation of MSA used here
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Microelectronics process problem: Crystallizing Si-N

FIB-Pt

HAADF STEM
image of the ' :
nucleation site ' L5, oxide
' Region of Sl
100 x 400 nm

High-Z ‘particles

Crystalline Si;N,
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%‘ Microelectronics process problem: crystallizing Si-N

Component Images and Spectra from MSA
o [ |
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}ﬁfferent Flavors of Corrected STEMs

JEOL NEOARM at UNM FEI Titan at Sandia NION STEM National
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Spherical Aberration Correction

S h e rze r, S T h eO ru m Round electromagnetic lenses suffer

from spherical and chromatic aberration
O. Scherzer, Z. Phys. 101 (1936) 593

I"'Ha_'f'_-f’l Gun
Aberrations g \mnm
. . im ——--. Probe Forming
« Spherical * Chromatic Lenses
i N At high voltages, like 200KV,
_____ ; '.'__-___ SPEH:[-.II[-E.II

AE/E is small so chromatic
aberration isn’t limiting.
;- Image Forming At 40 kVV-60kV that’'s not true

Lenses . .
any more which is why
AL monochromation helps here,
Fo =G0 o = C, ?,ﬁ s also chromatic aberration

correctors

e a0 @ Sandia

Courtesy Nestor Zaluzec, ANL
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Spherical aberration correction:
Break round symmetry

http://www.ornl.gov/~grg/BES_sym/talks/Pennycook.ppt#386,9,2002: NION builds successful STEM aberration corrector

Objective

Point source

lens

Over-focus
‘_

Ve

v

Aperture

Before correction:
1.3 A probe

Minimum
prohe
diameter

e

A

¢ ¢ Quadrupoles
i 0';/ and Octupoles

Source p

Condenser ObjECtIVE

Lensee./q / Lens

Beam cross-section

After correction:
0.5 A probe

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

m_
UT-BATTELLE

NION uses quadrupoles
and octupoles. CEOS
uses hexapoles and
makes correctors for
Thermo and Jeol.
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Monochromation

* The Wien filter is uses orthogonal electric and magnetic
fields, so that particles with the correct speed will be
unaffected while other particles will be deflected

z=-400

z=290
= T T R
" 22um/eV N

rsed > Achromatic

¥ < w® 2nd. focus £R

L B e B i B
| =——Monochromator OFF (560meV)
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The monochromator design
used in the UNM NEOARM

1st.
E-staticlens N E-static lens Sandia
nergy selection slit A -
atentrance at exit National

M. Mukai et al. / Ultramicroscopy 140 (2014) 37-43 Laboratories



Resources

 Williams and Carter/ Carter and Williams

David B. Williams = C, Barry Carter

Transmission Electron Advanced techniques and practical

Microscopy S ] ~ instructions.
Tt Sy S e Transmission Electron e.g., Chapter 16: X-ray and EELS

Microscopy Imaging, written by me...

Foreword by Sit John Meurig Thomas

Second Edition

.'ﬁ." &) -
<] Springer

Sandia
All the background and basics you’ll need. National

Laboratories



Conclusions

§ TEM/STEM are powerful and versatile
tools for materials characterization
including failure analysis covering
microns to sub-A

Automation and data analytics are the
present and future

Sandia has had MSA-based data
analytics for over 20 years that are still
used commercially and in research

* Future UNM side to my research
» Paul.Kotula@sandia.gov Nationa
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