5 10 50
Atomic number Z

Yamashita et al., Scientific Reports 8:12325 (2018)

JARA ER-C




Examples of quantitative STEM

First Example

JARA ER-C



3D position of a single Ce dopant atom in an AIN crystal
R. Ishikawa et al. NanoLetters 14, 1903 (2014)

JARA ER-C



3D position of a single Ce dopant atom in an w-AIN crystal
R. Ishikawa et al. NanoLetters 14, 1903 (2014)

took 40 frames to reduce noise

frames 1-19 frames 21-40 atomic model

Step 1:

establish probe shape by image simulation

ER-C



Step 2: Determine thickness



Position averaged convergent beam electron diffraction (PA-CBED)

J. LeBeau et al., Ultramicroscopy 110, 118 (2010)

JARA ER-C



STEM electron beam
(moved by scan coil
controller)

FEG
Monochromator

Accelerator

Sample
(probe focused upon surface)

High angle annular dark
field (HAADF) detector

(single summed value output)
Probe corrector

OL pre-field

OL post-field

Intermediate
- & Projector lens

Image of STEM probe
(full CBED image
recorded with the
Gatan K2-1S Camera)

HAADF

C. Ophus e al., M&M 2014

JARA 4 D STEM




Position averaged convergent beam electron diffraction (PA-CBED)

J. LeBeau et al., Ultramicroscopy 110, 118 (2010)

a = 9.5 mrad, 300 keV

FEG
Monochromator

Accelerator

Probe corrector

OL pre-field

OL post-field

Intermediate
& Projector lens

HAADF
experiment simulation experiment simulation
PA-CBED patterns:
. . . - BF/ADF
experimental /simulated yield 218 BM CAMERA

specimen thickness to < 10%



Atom counting

J. LeBeau et al.,
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Measurement of intensities on absolute scale
& matching by image simulations
yields number of atoms per column




Atom counting by absolute intensity measurements
R. Ishikawa et al. NanolLetters 14, 1903 (2014)

Aw s K
103 A 162 A
w0 w-AIN crystal
(30 3C D & ¢
286 A 361 A B(1T00) R 18
R

20 P¥
TOH00 e SO Oy AC 14 to 16 atoms
678Ac « « « o . S7bfe o o o o o thickness
--------- atTeTaTa"e Wrﬁ
nnnnnnnn e & @ - .‘. o o
......... « s s s s e e

establish sample thickness by atom counting
on basis of absolute intensity measurements

R. Ishikawa et al., Microsc- Microanal. 20, 99 (2014)



3D position of a single Ce dopant atom in an w-AIN crystal
R. Ishikawa et al. NanoLetters 14, 1903 (2014)
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BiFeO; on yttria-stabilized zirconia
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Liu & Ikuhara, APL Materials 3, 116104 (2015)



Examples of quantitative STEM

Second Example

JARA ER-C



interface

Picometer precision measurement of strain at InAs/GaSb

6 (2017)

92,
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Picometer precision measurement of strain at InAs/GaSb interface
H. Kim, J.-M. Zuo, Micron 92, 6 (2017)

GaSb InAs GaSb InAs GafSb GaSb InAs GaSb InAs GaSb

] o

i OO

. . . . a — dgasp
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Annular Bright Field (ABF)

JARA ER-C



STEM: Atomic resolution imaging easily accessible

Pay attention to
Quantitative details of ADF/HAADF imaging in STEM

JARA ER-C



SiC [01 1] at 300 keV (N. Lugg, Thesis Univ. Melbourne 2011)

o =8.5 mrad a=12.5 mrad a=16.5 mrad o =20.2 mrad

C C

* Probe intensity stays
localized on atom column

e Depth oscillations

* Dependenton a




SrTiO3 [001] (N. Lugg, Thesis Univ. Melbourne 2011)

Sr
O O O O O
Q @) Q (@) Q
@, @ O O @ O =17 mrad

Probe intensity stays
localized on atom column

rovissiine - S0 N
s TR

200 kV
o S+ SOCE W

ty
o
(6]

Depth oscillations

Integrated intensi

Dependent on a

—— S~
s

100 300 200 2850 3001 0 - 850 10 150 200 250 000

Intensity on atom column

decreases with depth Depth (A)

Dependent on e-energy Redistribution of e-intensity:

Dependent on Z * the atom columns are origin of inelastic scattering
* intensity is scattered in between the columns

JARA ER-C




CeO, [001] (J. Barthel) Thick samples ?

a=20 mrad
1 A probe
300 keV

on Ce>8 column between Ce column ["m] on 08 column

Thick samples ?
* Yes
* However:

information mainly
from 10 nm surface area

10 20 30 40
thickness [nm]

ER-C



Si [001]

(C. Dwyer, J. Etheridge, Ultramicroscopy 96, 343 (2003)

(10 mrad)
O O O 20A pobe 1.4 A pobe 07A pobe o
100 100 100 2.0 A probe
e o 5 o
2 atom column
© #® O © <
[0]
@) @) .
£ larger beam
O O O max=5.40 max=4.03 max=0.17 S
/ less convergence
» less transverse
probe position momentum
. . . thickness (A)
1.4 A probe
max=4.45 max=2.86 max=0.41 2
2 atom column
[0}
€
e)
[0]
N
» » » E
€
o
c
max=3.30 max=2.49 max=0.36
: ) (30 mrad)
' " : 0.7 A probe ‘
.é\ -
w
5
max=2.10 max=1.97 max=0.19 E m bea m
500 A 500 A 500 A g high convergence
g atom column high transverse
< e 1st NNs 2nd NNs momentum
» » -
max=2.22 max=1.53 max=0.09




Si [001] (C. Dwyer, J. Etheridge, Ultramicroscopy 96, 343 (2003) .,

probe positions

(HA)ADF (50 — 150 mrad)

ADF intensity

[=]
-
&,

ADF intensity

ADF intensity

200 400
thickness (A)

200 400
thickness (A)

0.7 A probe

200 400
thickness (A)
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STEM: Atomic resolution imaging er;l'snl;/. a(.:é:e;s,lbl.e
Quantitative aspects of ADF/HAADF imaging in STEM

Signal to noise; 729 Integrated (HA)ADF signal
depends on probe conv. angle a

Depth oscillations on atom columns
(not on ADF total signal) Depends on thickness

Dependent on probe conv. angle a Sample tilt

Intensity on atom column Beam: Lens aberrations
decreases with depth

Detector ,,illumination
Dependent on e-energy

Measurement of imaging parameters
JARA Image calculations compulsary ER-C
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