Tramsniissiof| Edecinovidicrasgopy
¢ NJ )/aY)\ay} Sf S
9f STUNFY20t YA

4
Ul
N.

AlicaRosov
Institute of Electrical Engineering SAS
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[1] P.B. Hirsch et al, Electron microscopy of thin crystals

[2] D.B. Williams and C.B. Carter Transmission electron microscop
[3] J.W. Edington, Practical electron microscopy in material science
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The first electrormicroscopewvasconstructed by
Germanphysicist ErnsgRuskain 1933

He has obtained aNobel Prize in 1986 for his work
In electron optics including the microscope
construction

[ByJ Brew, uploaded on the Englispeaking Wikipedia by
en:User:Ha&#039;nCoat- originally posted to Flickr as Electron
MicroscopeDeutschesMluseum, CC BSA 3.0,

https:// commons.wikimedia.org/w/index.php?curid=5309032] 2



Why electrons?

AFirst motivationg higher resolution power Rayleigh criterion for light
The smallest resolved distande microscopy
ANaked eyes 0.1¢0.2 mm 3 |
A Optical microscopy uses the visible light with d m b ~ =<
wavelengthlx 380- 750 nm
A1x 200 nmfor the green light | - wavelength
m- refractive index
AElectrons (E is energy of electrons) b -semiangle of collection of
) the magnifying lens
| X el for 100 kVl =4 pm 0.004 nm
ALx 2pm

A196(4 1 MV, 3 M\, HVEM ) ] ) )
Al 26 SOSNE St SOUNBYIFIYSGAO fSya | NB f 2¢
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[PennycoociMRS Bull. 31 (2006) 36]

A grain boundary of
aberration Gcorrection

Aberrationcorrected TEM - the correction is done using an
advanced set of magnetic lenses to achieve subatomic
resolution One of the advantagedeyondthe resolutionis the
ability to operate at lower accelerationvoltageswith a limited
Impacton the resolution



Why electrong, they scatter to relatively high anglés electron diffraction

(A) (B)
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——— - Electron
>Z< N W Diffraction
— e [ e — ED, SAD, SAED
. Tt B e s
e lmm al
— T Bright Field
\ (BF) TEM image
[2] — e T RuQ thin films on Si

substrate

Diffraction TEM image .




Why electrons Electrons are idming radiatior”, AnalyticalTEM(ATEM)

MgOwith [1-10] oriented parallel to the electron beam  MgO in MgB, Energydispersive spectrometry (EDS)



Limitations of TEM

ADestructive method

AVery local observation

A2Dprojection of 3D (in exception of
stereography)

Grain boundary in Al reinforced by naifd, O,




Limitationsof TEM

AElectronbeamdamage

ADefects, irsitu annealing, phase
transformations,amorphization

ocoolingg cryoTEM GTEM

o Lower doses and more
sensitive detectors (CCD
camera)

FIGURE 1.8. Bcam damage (bright bubble-like regions) in quartz
after bombardment with 125 keV clectrons. With increasing time {rom

(A) to (B) the damaged regions increase in size.
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Electron gun

F
re | Instrument
Electron gunng source of electron
| beam
Condensor aperture . | Condensorg system of
U= electromagnetic lenses +
N L o condensor aperture shaping
T el ek and/or scanning of incident
O | 7 == Tz electron beam
= \.2‘;”:.::. ko - . .
Intermediate aperture [:, :\J %_Km L g —-:_ ObJeCtlve IenS T aperture the ]
o — .. —4b--  most important for image creation

and resolution

System of lenses + selected area
aperture ¢ for outcoming signal
treating

i Image recording system
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Instrumentg electron gun

Filament

/" heating
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Optic axis
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Electric field near a sharp
spherical electrode tip
under voltage V

W FEG tip

Instrumentg electron gun

A Anodel provides the
extraction voltage to pull

— —— electrons out of the tip
Vi Yo

. A Anode2 accelerates the
First e | S——
aried — - electrons to 100 kV or more

second_ [ |
anode ;

Cold FE@ W needle tipg it worksat ambient
temperature but only inthe ultra-highvacuum < 10° Pa
and with necessity to clean regularly the tip surface

SchottkyFEC; surface treated by Zr{3r heatedg it
works in the high vacuum < 2@a without cleaning

breaks
11



Instrumentg electron gun
A Thermoeemission gun

W wire tip ¢ the simplest, low vacuum, low intensitgrge probe diameter, higher electron
energy spread, used sonventional TEM

LaB ¢ a bithigher intensity, more attentive utilization,

AFEQ&; high vacuumhigh intensity, monochromatic el. beam, nm probe #iz&TEM, corrected TEM
Cold FE very stable but morattentive utilization, contamination problem

FEG the most frequent, heating helps to remove contamination and decreases
the tunelling barrier

TABLE 5.1 Characteristics of the Principal Electron Sources

Units Tungsten LaBg Schottky FEG Cold FEG
Work function, ® eV 4.5 2.4 3.0 4.5
Richardson’s constant A/m?K? 6 x 10° 4 x 10°
Operating temperature K 2700 1700 1700 300
Current density (at 100 kV) A/m? 5 10° 10° 10°
Crossover size nm > 10° 10* 15 3
Brightness (at 100 kV) A/mZsr 10*7 5x 10"’ 5x 10'2 10"
Energy spread (at 100 kV) eV 3 15 0.7 0.3
Emission current stability %/hr <1 <1 <1 5
Vacuum Pa 10~ 10~* 10-° 10~°

Lifetime hr 100 1000 >5000 125000




Electron gun [ |
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Instrumentc electromagneti¢enses

~ Objective aperture
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aperture ¥4
o
§ \\

o

Objective lens

Diffraction lens

Intermediate lens

Projector lenses

luorescent screen

Image recording system

| ——

AElectromagnetic lensesmoving
electron in magnetic field

ALorertz force
F=-e (vxB)
F=evBsin |,
For 0c

FevB=——-

The gclotronradius 1| —




Instrumentc apertures

_ _ Specimen
Apertures = holes Iin diaphragms W o
Ato limit the collection angle of lerts collection 7
angle

ATo extract a part of electron beam to

X l[imit el. beam intensity cono_lenser apert_ure A A dil;gﬁ;ggm

x exclude some beams from image creatmn < >

different TEM techniques objective aperture
X select an area of interesg selection aperture ™~ Excluded
electrons
..................................................... e o Image plane
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Resolution limiting abberations

Astigmatism
iB
[}
¥ \__._1"2
A

A
\/

b - maximum collection angle of lens
Df ¢ maximum defocus

Chromatic abberation

"

Specimen

I

Energy-loss
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Correction of spherical aberration

y
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A

< FWHM
~08A

FWHM
~2A

Quadrupoles and
Corrector Octupoles
Sample
SOes To Detector

—

Condenser Objective — Xz
4 Plane

Lenses Lens @ ceseen YZ
Plane

Beam

(Quadrupoles control
trajectories. Correction
given by Octupoles)

cross-section:

[Pennycook 2003]

(Normalized to same
total current)
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TEM techniques

Amplitude
contrast

Phase
contrast

-

-

In-situ technigues A

-heating, deformation
electrical current for
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SPECTROSCOPY
_Energ_y Electron
dispersive |
X-ray energy loss
spectroscopy
spectroscopy CELS
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Energy
filtered
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EFTEM

X-ray
“mapping



Reciprocal lattice
a*. b=a*. c=b*. c=b*. a=c*. a=c*. b=0
a*.a=1;b*. b=1;c. c=1
On = ha* +kb* +Ic* reciprocal lattice vector of plandkl)

Orientation- perpendicular to lgkl) plane

Absolute value- Q —
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Electron diffraction

K ¢ wave vector |
1 radius =
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K incident
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Electron diffraction

|

ki| = [kp| ===

- = [K|
A

Radius = |

Jusploul

- Ewald : : :
/ \A__ sphere as<is small Ewald sphere has big radijus
' ' reciprocal lattice cut

Laue zones

FIGURE 12.7. DP taken across a near-twin boundary in MgAl,O,
spinel. The rings of bright spots show where the Ewald sphere intercept}

S
the reciprocal lattice of the crystals on either side of the twin boundary.
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SALX; diffraction spots
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Fe 2.9at.% Mo alloy
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TEM techniques

BEERE  seecroscor

Amplitude Phase Energy
contrast contrast dispersive Electron
energy loss
X-ray
spectroscopy
spectroscopy e
EDS

e In-situ techniques A Energy
-heating, deformation X-ray filtered
electrical current for > mapping TEM
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The most frequently used, use parallel electron bearut of reciprocal
lattice revealing also its fine structuceall examples used here

Small dimension electron beam usethe diffraction spots are larger, but
possibility to analyze small grains, domaimsSTEM

Special technigue, needs possibility to use
highly convergent electron beam provided
by all modern TEM microscopes but not by
older ones (not in our instituta) rich in
Information concerning the lattice lattice

LI N} YSUSNBRZ a@YYSUuNE




SALX, Crystallinity

Monocrystalline polycrystalline amorphous

L&y 6756.3MNG; (LSMO) . . .
thin filmsgrown on ixture of Brich phases in
B, TLO,,(BTQ/CeQ/YSZ MgB, wire core

bufferedSi



e SALx texture

R\ ~ P

Deformed Al wireg texture in grain
orientation and in their shape, too 2°

Ag/Nimultilayers with different levels of texture



SALX, Crystallinity

Monocrystalline

"u)’d f‘. (a)

“I""‘ Qb,

010 AR

® 100 " 2

L3, 65§ 3MNO,; (LSMO) thin filmgrown on
Bi, T;0,,(BTQ/CeQ/YSZ buffere®i



W0 %% e or Fine structure of SAD
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SALX, Superlattices 8 o S i

FIGURE 16.8. (A) GaAs/Al,Ga,. As structure in which order 1s created
by alternating four layers of GaAs and four of (Al,Ga,_,)As. (B) DP
showing three superlattice spots between the fundamental reflections in ,
the 020 direction. S TR

[2] FIGURE 16.9. (A) Artificial superlattice of Si and Mo layers ~5 nm
thick. (B) Expanded DP around 000 showing many superlatti& spots



YBa2Cu3zO7.y

Fine structure of SAD




SAD; Double diffraction

02Qe0,
| X X [ X X | [ X
) N X ) 2.llg\|203
20Q¢0;
[ X X | X X ] [ N )

The blue spots were created by L

Epitaxial Cegxhin film grown on AO,
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Phase analysis from SAD

04-07ay [uality: *

CAS Mumber:  7423-90-5
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TEM techniques

SPECTROSCOPY
Amplitude Energy
contrast contrast dispersive Electron
energy loss
X-ray
spectroscopy
spectroscopy e
EDS

e In-situ techniques A Energy
-heating, deformation X-ray filtered
electrical current for > mapping TEM
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Amplitude
contrast

Phase
contrast

TEM imaging image contrasts

Contrast = difference in intensity between two adjacent areas
Electron beam changes its amplitude and phase

A Massthickness contrast incoherent Rutheford scattering
strongly depends on atomic numberZhe principal contrast for
amorphous materials, but present everywhere

A Diffraction contrastc coherent electron scatteringin crystalline
materialsg electrons are scattered by Bragg diffraction

Every diffracted and transmitted wave pasdifferentway and has its own
phase - if they ineract after sorting from specimen, 2D interferrence patte
IS created on image plane

Too many factors contrinute to the phase slgifthickness, orientation,
scattering factor, focus, astigmatisgrbe carefull when interpreting them!!!



Amplitude contrastg Mass- thickness contrast

L

m 8 bod N [ (¢ 5] o ...".' '—‘-'.."v I o Y gt oy -
i @ M TR 3 i ) O ORI ok N R S g ot s e
24 ) “'t 0’,...' ,’5 Aot LR, e e P IR 4 4 o i <
i BN s REANCR rpd o R S R

YR {
el EvH

BF image of stained twphase polymer exhibiting mass
contrast due to the segregation of the heavy metal atoms
to the unsaturated bonds in the darker phag2)

35



Amplitude c¢ Diffraction contrast

(A) (B)
T />/ e —— Specimen — /X\
Objective lens
Remove aperture
—— Objective
[ — T — oporiure
Objective (blp)
i aperture
Fixed \ Follow (bfp)
the spot
SAD aperture SAD aperture
- Follow the T —
Intermediate ‘image’ arrow ———————» Remov
¢ image 1 apert
Intermediate
. Changie): e 5
strength ok
Inte liat
/ mn £
Projector
Fixed g, lens
strength
/ Scrccn\
DP Final im

Diffraction TEM image

RuQ thin films on Si
substrate

Objective aperture

Selected Area Electron
Diffraction
ED, SAD, SAED

SAD aperture

El

right Field TEM imag®ark FebdTE Mdmiage



Diffraction contrast Dark Field TE

RuQ/TiO,/RUQ/SI
Local epitaxial growth in polyrcystalline layers



Diffraction contrast
G V|zuaI|zat|on of extremely thin layers intercalated into MgB

002 Mgo\éooz Mng
4 ; » 1-001 MQBE




Diffraction contrast characterization of defects

Invisibility criterion
g.b=0
b - Burgers vector of dislocation

Two beam
condition

39

Dislocations in Si single crystal [1]



Diffraction contrast characterization of defects

Stacking fault in Cu + 7% Al allby

40



Phase
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Phasecontrasfa 2 ANB FTNA Y 3ISa&

ADislocation visualization
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CeO,/Al,Oq
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Phase contrasfa | w9 a &

A

(001) lattice fringes d=1.17 nm
(100) a (010) oriented YBa,Cu;0-_4 thin film
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Phase contrastHREM
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Figure 4. An HREM image of the CeO,-Al>O3 interface.
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L S — (112) Af¢

<«— bright tunnels

simulated

(t=20 nm)

simulated

-20 -30 -40 -50 -60 -70 -80 -90 -100 -110
Focus [nm|]

Spherical aberration: 0.6 mm Wave length: 0.00224 nm
Chromatic aberration: 1.1 mm Scherzer focus: -37 nm
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a CTEM

Nearly parallel

) Condenser
e beam aperture
The ability to tune the 2P

spherical aberration
also provides both
optimum phase
contrast imaging at
small negativeralues

20

of the spherical < —

aberration andpure
amplitude-contrast

imagingat zerovalue
a mode which is not l ;

accessible in an V
uncorrected Screen

instrument

STEM

Collector
aperture

Specimen

Objective aperture

Objective lens

Aberration corrector

" Annular dark-field

detector

corrected small probe with
higher currentchigher

signal for all detectors (EDS,
EELS, imaging)

less noise for BF

Field-emission
source and scan

coils
Focused scanned

e beam
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Scanning TEMSTEM

Incident
convergent
beam

Specimen
B, 5105550 mrads 8| >50 mrads off axis
~ Bl/
03 <10 mrads
9.
HAADF 03 HAADF
detector  ADF ADF detector
detector RBF detector
detector

Incident Probe

EELS \\_ \\_

——

Z-contrast
Image

Spectrometer - \\

——

Z Contrast Imaging
and Analysis at
Atomic Resolution

Bright-Field
mage
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Z-contrast

(A) Highresolutionphase
contrast image oépitaxial
Geon Si with an
amorphous Si®surface.
The bright array oflots
commonto the crystalline
region represents atomic
rows and theGe andSi
regions are
Indistinguishable.

(B) ThehighresolutionZ-
contrast STEMmage shows
the atom rows but with

strongcontrastat the SgGe SR }o0) SO0

Interfaceand low intensity
In the lowZ oxide.
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STEM DF contrast

> 45mrads HAADF > 75mrads




TEM techniques

SPECTROSCOPY

Amplitude Phase Energy
. : Electron
contrast contrast dispersive
energy loss

X-ray
spectroscopy
EDSr XEDS

spectroscopy
EELS

e In-situ techniques A Energy
-heating, deformation X-ray filtered
electrical current for > mapping TEM
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Energy dispersive spectrometnySTEM XEDS

As in SEM mapping, linescans,
jdzl YOAGI GAOBSXZ
but from a thin foil¢ higher lateral
resolution

+ STEM + aberration corrected TEI
C up to single atom resolution

INAINGAN/sapphire, IEE =



Electron energy loss spectroscapyELS

A Based on a spectroscopy of inelastically scattered electrons
A Detectsall elements Il (EDS does not detect lightest elements up to Li )

A Spatial resolution up to single atoms
A Energy resolution 1keV (EBS00keV)

A However, experimentally much more ~hallannina

A All inelastic interactions

Projector lens

CIOSSOVEE San White ™
(poly 'Li}i.l:;l):nu“c)/ Glass \ Dispersed
= prism \\ spectrum
Entrance -—
aperture
Magnetically _ .
isolated Dispersion
drift-tube plaAne

Magnetic
prism

- __7_.7:*;

1010
Counts
108

100

10

102

I I

«—7¢1r0-1088

Plasmon

low energy loss

W ¢ —NiM,,

> b
> %

|

High energy loss

0 200

Energy loss (eV)

400 600 800
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Energy filtering

(A) BFimage of
precipitates in a
stainlesssteel foil. The
other images were
obtained from specific
energyloss electrons
by energy filtering and
correspond to
distribution of Fe B),
Cr C) Cifrom filterin
eectrons near the
absoption edges of
the spectrum and
guantitative Cr map

(D)

2]

(A)

(©)

(D)
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TEM specimen preparation

A Good quality TEM specimen = major limitation in TEM
analysis !!!

A Thin TEM specimen: thin = electron transpat W gissish

A Powderson carbon coated metalic grids
A Replicas
A Chemical jet etching

A Electrolytical etching and jet etching

A Grinding, polishing and final ion milling
A Ultramicrotomy iy
A CleaVing 100 Hexagonal %0 rarm 0,452 trum
A FIB

50/100 100/100
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(A)

Sample

_ Al elone \m

Evaporate

C.Cror Pt Self-supporting
replica

(B)

s

Direction of 2
motion of specimen

Replica

Water

(A)
Bulk sample Etch surface

_ - I
Extraction replica

Coat surface

Remove bulk

(B)
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Chemical jethinning

y -

1Etchanl

Viewing . i

mirror j Plastic tube

Specimen

§ ’ “\
s / Wz
— .
= «—Meniscus
e

orifice

Glass tube

_Z

56



Electrolytic thinning

Power supply

= Anode
Cathode )|

Variable
resistance

@
Cathode

Electrolyte

Beaker
—

Window
specimen
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Conventional TEM specimen preparation
¢ thin films on substrates

plane-view cross-section

B Thin film
B substrate B glue
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Dimpling

Cylindrictool with
polishing powder
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Ultramicrotomy

(B)

Specimen
direction

Sample Block | of motion Sample

Cutting face
— Knife edge

R Specimens in trough

Knife
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