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Uzka souvislost MV a mikrostruktury, role EM
Specifika SEM a TEM pii studiu mikrostruktury.

Lidské vidéni a optickée ptistroje pro jeho zdokonaleni.

Zasadni omezeni rozliSovaci schopnosti: vinova délka svétla.

Resent:
vetsi rozsah vlnovych délek, nahrada svétla jinou sondou.



Table Electron Properties as a Function of Accelerating Voltage

Accelerating Nonrelativistic Relativistic Mass Velocity
voltage (V) wavelength (nm) wavelength (nm) (% my) (2 10% mis)
[LHH (00386 0.00370 1.196 1644
120 0.00352 000335 1.235 1.75%9
200 0.00273 000251 1.391 2.086
300 0.00223 000197 1.587 2.330
400 (.00193 (L,00164 1.783 2484
1000 0.00122 CLO00ET 2957 2823
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1949: Heidenreich ztencuje kovové folie

50. léta: pozorovani Carovych a plosnych defektti krystalové miizky, rozvoj mikroanalytickych
metod, vysokovoltazni a in situ mikroskopie, fadkovacich modu, rozliseni ~ 0.4 nm

1956: atomové roviny (lattice fringes) v pthalokyaninech (Menter)
1957: Cowley, Moodie: zéklady teorie a simulace HREM obrazu

zlepseni teplotni stability, mechanické stability, kvality vakua, elektronické stability, designu
¢ocek (CS korektory, energiové filtry), nové typy katod
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1931:
16x
2 Cocky

1933:
12000x

Rozliseni lepsi nez
svételny mikroskop

Figure 1.1. The electron microscope built by Ruska and Knoll in
Berlin in the early 1930s.

Elektronové mikroskopy

Figure 1.9. Different TEMs: {A) a JEOL 1.25-MV ligh veliage mictoscope, wsed [or high-foalstion imaging: (B} s Hilachi specialiced ulimhigh
vacuam TEM for high-resolition surface imaging; (C) & Philips 200-kV analyrical microscope with an Xemy spectrometer sttached 10 the stage (the
linudid-MN, dewar conlds the detocton); and {3 a VG dedicased 100-kY ultrahigh vacuam scanning iranemdssion microscope. Comparison with Raika's

Imerumel (Figuee 1.1) which is 3000 years older i instructive



Ukazka SEM:;
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Research Grade SEMs

1l

Specifications JSM5510 New!
JSN-56060

Resolution 3.5nm 3.5nm
el Y 0.5 to 30kY

Voltage

Magnification 13 to 300,000 %5 to 300,000

JSM5360 New!
JSM6460

3.00m 3.0nm
0.5 to 30KV 0.3 to 30KV

x5 to 300,000 %5 to 300,000

- _ o _ #=80mm, H=125mm,
Stage *=20mm, Y=10mm #=20mm, Y=10mm Y=aTmm Y=100mm
Low Vacuum SEMs
_lf _lf .'f
Specifications JSM-5510LV New! New! New!
JSM-6060LY JSM6360LY JSM-6460LV
HV Resolution 3.5nm 3.5nm 3.0nm 3.0nm
LV Resolution 4.5nm 4.0nm 4.0nm 4.0nm
Accelerating -\ o, 0.5 t0 30KV 0.5 0 30KV 0.3 to 30KV
Voltage
R n x18 to
Magnification 300,000 x5 1o 300,000 x5 to 300,000 ¥5 to 300,000
H=20rmm, . _ *=80mrn, . _
Stage Y=10mmim #=20mm, ¥=10mm Y=ammim *=128mm, ¥=100mm

Anadyticel Field Emission SEMs

Specifications JSME6335F

Gun Type cold cathode
q 1.8nm
Resolution 5.Onm (1K)
Accelerating 05 to 30 kY
Voltage
Magnification %10 to 500,000
Type | Stage #=E0rmrm, Y=70mm

Type Il Stage T

JSM-6500F
in-lens-thermal
1.8nm
5.0nm (1kY)
0.5 to 30kY

%10 to ¥500,000
#=70mm, Y=50mm
#=110mm, ¥=80mm



Configuration™ UHR HT HR I

Resolution
Lattice image 0.1nm 0.1nm 0.1nm
Pointimage 0.19nm 0.25nm 0.23nm —
Parametry TEM . Accelerating voltage
Range B0-200k
Variable steps 50°% min.
Stability 2 ppmidmin

Magnification (steps)
MAG mode 20001500 000 (30) x1,500-1,200,000 (30) %2 ,000-1,500 000 (30) —

Low MAG mode #50-6,000 (20 #50-6,000 (20) #50-6,000 {20
SA MAG mode #3000-800 000 (21) B5,000-600,000 (21) 3 000-800 000 (21)
Camera length (steps)
SA DIFF {15) 80-2,000mm (15) 100-2 500mm (15) 80-2 000rmm
HD DIFF {14) 4-80rmm (14) 4-80mm (14) 4-80rmm (14)
HR DIFF ** 333mm 333mm 333mm
Objective lens
Polepiece Ekt-20012 Er4-20040 Ehd-20021
Focal length 1.9mrm 2.7mm 2.3mm
Spherical ahena?ion 05mm 1 4mm 1.0mm —
coefficient
Chromatic aberration
coefficient 1. 1mm 1.8mm 1.4mm —
Minimum focal step 1.0nm 1.8nm 1.8nm
Exciting current ;
stability 1 ppmirnin.
Specimen chamber
Specimen stage Microactive goniometer stage
Number of specimens
1 1 1
per load

Specimen tilt angle ® - o
X axis) +30 +45 +35 —

Specimen movements

X direction 2.0mm 2.0mm 2.0mm
Y direction 2.0mm 2.0mm 2.0mm
Z direction 0.8mm {#H.4mm) 0.8mrm (=0 4rmm) 0. 4mm {#.2mm)

Vlastnosti elektronovych zdrojl - porovnani

TABLE 5.1. Characteristics of the Three Principal Sources
Operating at 100 kV

Units Tungsten LaB, Field Emission
Work function, @ eV 4.5 2.4 4.5
Richardson’s constant A/m2K? 6 x 108 4 ¥ 10°
Operating temperature K 2700 1700 300 o
Current density A/m* 5 X 107 10" 100
Crossover size Lm 50 10 =(.01]
Brightness Alm?sr 10" 5:%:1010 10" 0
Energy spread eV 3 1.5 0.3 —
Emission current stability %fhr <l <l 5
Vacuum Pa 102 10+ 108

Lifetime hr 100 500 = 1000




Elektromagneticka cocka:
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Schéma chodu elektronového svazku v TEM
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Vady Cocek v EM: sféricka vada a efekt difrakce na cloné

Object Poin | P

Détfraction Patiern

{a) {b)

Figure 2.21, Schematic dingrams showing bow (a) sphenical aberration and (b) aperture diffraction in a leas case & point
ehpect sl I to blur indo an enlarged spot at the Ganssian image plane. The disk of mmimum confision o, and cne-hall the Airy

ik ofy are used in caleulations of probe size. (Adapied from Hall, 1966, and Oatley, 1971)

d, =C.a’ d, =0.611/a
C,=1+2mm Abbe, Airy

Vady ¢ocek v EM: vliv na rozliSovaci schopnost EM

d=.,d>2+d’ = \/(0.61/1/a)2 +(Csa3)2
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Figure 2.22. Sphenical abermation disk of, and sperture diffraction disk oy plotied aguinst aper-
tare angle o, For the smallest electron probe and the best image resaluiion, the aperture angle is

laken pa o



Z historie korekci vad Cocek v
EM: Al

Aberration Correction
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Hloubka pole (D) a hloubka ostrosti (D"):

Ptiklad TEM:

Pro 0=2nm, a~6mrad je
D~700nm>tloust’ka vzorku.
Na stinitku pak

D' =D M?,

pro M=53000 je D"~2km!
(pro 6~0.1nm je D"~100m)

Hloubka pole (D) a hloubka ostrosti (D"):

povrch vzorku sklonény 70°

SEM HV: 15 kV WD: 8.01 mm LYRAZ TESCA
View field: 21.7 ym Det: SE
SEM MAG: 13.3 kx  Date(m/dly). O7/27/11




Priprava vzorku pro TEM

 tenke folie (ztenCeni, dulek, finalni Gprava
elektrolyticky nebo iontovym ztenCovanim)

* repliky povrchu

 extrakéni repliky

 prasky aj. na uhlikové blance (+Cu miiZzka)

 FIB v SEM

Stejn¢ jako u konven¢ni SEM zakladni poZadavek:
vodivost vzorku (+C, Au)

replika povrchu
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Flgure 10.15. (A} Replication of & surface by the twnesiep method
wpray aetone on the surface 1o be replicabed before pressing & plastic
{usually cellulose acetatc) onlo ibe sarface which sofiens i comtact with
the acetome; the plastic is removed frons (ke susfsce when it has hasdessd
aned a C, Cr, or Pt film is evaporaied onio ihe replicsted plastic surface;
the pilastic is thes dissolved with scetone ssd the evaporated film retaing
the original topography. (B) Alernatively. the disect carbon replica of a
melal sugface may be Moabed off o dustilled water afier serasching the
carbom snd etching to free che fitm. which may subsequently be shadowed
ehliquely o enhance he topagrapy

extrakcni replika
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Figure 10.16. Extraction replication: particles embedded in a matrix
are revealed by etching the matrix. which leaves the particles standing
proud of the surface; a thin amorphous carbon film is evaporated over the
particles, then the rest of the matrix 15 etched away leaving the particles
adhering to the carbon film.



Moderni dopln¢k SEM: technika ptipravy folii pro TEM z mist
vybranych na zaklad¢ pozorovani v SEM (FIB — focused ion beam)

Electron Beam

SE Detector (Everhart-Thombey)

CCD Camera
GIS [Gas Injection System = Roctracted|

EBSD Datector (inserted)

Stub Hoicler (on §™-5tage)

Tilt axis

{not vislblo: EDX datector, STEM detectar, Gmalprcbe)

Ptesny vybér oblasti vzorku pro TEM (cca 50 nm!)




Priprava lamelky pro TEM pomoci FIB:

lamela.mp4

Pt ochranna vrstva 12 x 2 um, tloustka Pt 1+2 um

FIB: 30 kV, proudy 16 nA = 4 nA = 900 pA - 300 pA (diskuse artefaktil)
Dolestovani s ndklonem * 2° nebo £ 1°

Finalni rozméry lamely cca 10 um X 8 um % 100 nm

Novinka v pristrojovém vybaveni FIB: plasmovy zdroj iontu

-
LTESCAN  FERA3 |
A Bl e e S
The World's first fully integrated A e e e P i :
Plasma Source FIB with SEM

e o i

- - =
- - o

o - . 3 T e——
e A 00
TSV eross section was milled 45 minutes, using Xe beam at 30 kV,
2 uA. Its dimensions are 400 microns long, 100 microns wide and
50 microns deep. Deep fine polishing of 4 vias took 30 minutes.
Using ion beam would need approximately 40 hours for rough
milling and another at least 10 hours fine polishing.




Pojem elektronové difrakce

vychazi z vinového pojeti elektronu. Letici elektron je ovlivnén
potencialovym polem atomu, zméni smér (popf. i rychlost pii

nepruzne srazce).

Rozptyl elektronu na elementarni bunce:

Krystal = elementarni bunka periodicky opakovana v prostoru
a obsazena atomy (3 délky, 3 thly, 3N soufadnic atomil)

exp(27ik oF) y

o (r)=
K I E'\ Z fi(g)exp[ZﬂiOZ’—IZ)f}

\\* N

strukturni faktor

K maximalni interferenci dochazi tehdy, je-1i fazovy rozdil

—

Zﬂ(IZ'—k)Fi =27zn



Vektor v krystalove mfizce s translacni periodicitou je

—

F=na+nb+nc, kde & b, € jsou zakladni mfizkové
vektory (baze krystalové miizky).

Podminka interference

je splnéna prave tehdy, kdyz

—

k' —k = g , kde g je vektor tzv. reciproké mrizky.

—
—

Pomoci vektorové baze v redlném prostoru d, b ,C

definujeme vektorovou bazi v reciprokém prostoru vztahy

—
— — —

.+« bxcC
a =

-, Cxad .. axb Lo~ L
, b = ,C = , kdeV =a «bxC
V V V
Vlastnosti:

— %

eplati ded = beb™ =GeC" = 1, ostatni Oe = 0

» transformace je reciproka

* specialni pripady bazi s vySsi symetrii iz daisi strana)

» je snadné ukazat, Ze skute¢né pro kazdy vektor reciproké miizky

g =ma +m,b +m,C

plati goF =(n@+nb+nc)(ma +mb +mgc’)eZ



V triklinické (monoklinické) soustave je reciproka
miizka opét triklinickd (monoklinicka).

Ortorombicka, tetragonalni a kubicka miizka:

a® |l BE |l B e

a¥*=1/a h¥=1/5h e*=1/[¢
g¥=G¥=p*=g [ 2

Hexagonalni (a trigonalni):

c®lle a® and B* € (ab )

a*=b*=2 [la3)  o*=1/c

a¥=fA%¥=g/2 p¥=g 3

Braggiiv vztah

Incident
plane wave

Scattered

plane '-V

Figure 3.8. The Bragg description of diffraction in terms of the re-
flection of a plane wave (wavelength &) incident at an angle 8 to atomic
planes of spacing 4. The path difference between reflected waves is
AB + BC.

2d,,,sin@ =nAi



Z popisu krystalu (mfizkoveé parametry a rozmisténi atomt v
elementarni bunice) jednoznacné vyplyva rozlozeni a intenzita
,,bodl‘“ v reciprokém prostoru.
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Ewaldova konstrukce

Bodovy difraktogram z monokrystalu je rovinny fez
reciprokou miiZkou (Laueova difrakce).




Na jemnozrnném polykrystalickém vzorku vznika
kruhovy difraktogram (Debyeova difrakce).

("]

Na amorfnim vzorku vznika kruhové symetricky difraktogram
se spojitym rozdélenim intenzity v radidlnim sméru:

Figure 18.13. A computer plot of the difftscied-inienaigy disinibstion  Fges 012 5
firom an smorphous structure, sbowing diffuse rings of intensity. The di 3
rect-beam imeenity i off wcale

Fig. 3. Electron diffraction pattern taken from the cross section of the 2
mm thick Cug, Zry cast strip. Same result across the whole spacimen.

Prubéh radialni distribuce (zejména poloha prvniho maxima
difraktované intenzity) poskytuje informaci o primérném poctu
nejblizSich sousedi a jejich vzdalenosti.



Fig. 3. Plan view transmission electron micrographs (bright field) and
corresponding electron diffraction patterns obtained from Tiz;Alg thin
films (a) as-deposited. (b) annealed at 300 °C, and (c) annealed at
T00 “C, in vacuum for | h.

Kikuchiovy linie v difrak¢nich obrazcich
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Figure 18.2. (A) Schematic representation of all electron scatiering bo

calized at a single point in the specimen. In {B) some of the scattered elec-
trons ang diffrocted because they travel at the Bragg angles @, o cerain
kil ||1|1.nr1. The diffracted electmone form Kossel cones centered at " on
the diffracting planes. The lines closest to the incident beam direction ane
dark {deficient) and the lines furthest away from the beam are bright (ex-
ceas), In (C) the cones intercept the Ewald sphere, creating parnbolas
which approximate to straight Kikuchi lines in the diffraction pattems -

colne “b is small.
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Kinematicka teorie kontrastu v TEM

zavadi tzv. extinkéni hloubku (délku) a ukazuje, Ze intenzita

je periodickou funkci tloust’ky krystalu.

, sin’ (7ts,)
Intenzita I, cc ————
(S45g)
2N < = t...tloustka
o4 9 o~ s s,--lokalni orientace krystalu
S A.C T

Obrazy ve svétlém a
tmavém poli jsou v kin.
piiblizeni komplementarni,

Amplitudové — fazovy
diagram

tj. Igr=Iror—IpE-

V neporuSeném krystalu jsou ndzornou demonstraci zavéru

kinematické aproximace tzv. tlouS€kové extinkéni kontury

(tloust’kové prouzky), ¢asto pozorované na okrajich tenké folie.

Dale lze na lokdlné ohnuté tenké folii pozorovat tzv. ohybové

extink¢éni kontury.




Tloust’kové extink¢éni kontury

R i P

A Tt nniny
| oo i
T ——— -|
' g e
Batiom
Chirecs IKiffrmcasd
e tam

G Dk (Hinpge = 1= &5
B imzge e =
4T ,‘;/,,7 Mark fringe
CIE -
Eulgd ™
Figure 23.2. (A} Al the Bragy comdaion (s = (], (5 imessites of the
direct wsd diffracicd beasss sacillele s & complememary way. (B} For o

wieidge specimen, the separaiion of the fanges m ke image () i deder
mimod by Ihe angde of the wanlgn snd the extiaction disasee, §

Ohybové extink¢éni kontury

sin’ (7ts,)

[ o >
(846,

Pti t=konst. Ize oCekavat
periodicke zmény intenzity

s orientaci. Periodicita je 1/t.
Hlavni kontura spojuje mista
kde s,=0. Dalsi kontury ukazuji
vedlej$i maxima intenzity.



Kontrast na krystalu s poruchami — obecna uvaha

Porucha krystalu: r—or+ ﬁn =r
do, ix R =
=—exp[271(g+S) - (F+R)]=—exp[271(J-R+52)]
dz 959 g
iz | = =
O, = —Jexp(27zi§ -R)exp(2zisz)dz; 27§-R=«
g o0

d... zména faze difraktované viny zpiisobena poruchou

(Pro vypocet intenzity je podstatné 1 to, v jaké hloubce krystalu
porucha lezi.)

Kontrast na vrstevné chybé

Fcc miiZka je tvorena vrstvenim tésné usporadanych rovin
{111} ve sledu ABCABC... Vynechanim (pfidanim) roviny
vytvoifime tzv. intrinsic (extrinsic) vrstevnou chybu

popsanou vektorem posunuti R = i%[l 11] v casti krystalu.

. [ t
D, = Ié:i {" exp(—2zisz)dz + I exp(—27igeR) exp(—27zisz)dz}

g
g|o t,

1 o o o o t
| . = sin? (7rts + —) +sin’? = — 2 sin —sin(7ts + —) cos 2775(— —t
D [ ( 2) > > ( 2) (2 1)}

(£,9)°



Pruhy jsou symetricke podle stiedu folie, v kinematickém
piibliZzeni je symetricka 1 intenzita. Opét [g=I1or—Ipp

Kontrast na Sroubové dislokaci

Posunuti R v bod¢ P[x,z]:

et
i ¥ =1
. : ey oy

R :Larctg 27 %
2 X
(b ... Burgersuv vektor dislokace) Sl st
) t i k
iz .- Z—12, .
O, =—|exp(l §-b arctg )exp(2isz)dz

Se X

—

Pro {eb =0 kontrast vymizi.




Pro @ b =0 Kkontrast vymiz:

1M 1H

L 4
- s ol T

! ==
fa) un)
Figuwe 704,  Network of dislocations with nearly pure serew character, in 8, lying approxi-
mafely ina (111) plane.  fn (a), faken in 032, the diviocations A, 8, C are all cisible; in (),
taker in 311, the image of dislocations A vaniihes, which is consistent with a serewe dizlocation
with Burgers vector 4]0T1).  Using other reflections disfocations B and C were also found to be

nearly sereees with Burgers vectors 4[T01) and 4[710]

Kontrast na hranové dislokaci

Slozit€jsi vztah pro R, schematicky \I | | \l\ll L]
| K

R=b-A(®)+bxi-B(r,D) |
o = 27[geb- A(D)+ g+bx 1 - B(r, D)] ‘_1{,’,,4'& i..l , \ Sz,

’ o z - _'I"'-, |
Podminky vymizeni kontrastu: = Vs
|m b 'HTJITT
geb =0 vymizeni hlavniho kontrastu = resse v oo
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Ptiklad analyzy charakteru dislokaci

Figure 7.21.  Edge dislscation dipoles in @ single eryital of copper : Burgers vector {10777 afip plone (111}, Fre (@) taken in 203 the dipale i pinble; in
(b taken in 171, g b=0and g. b Aw i sficetly mral’Fﬁr the image do disepgear

Kontrast na precipitatech

Sféricka ¢astice >> radialni posunuti R=e&r; /r*, r >,

a=279:R =27egr) (1, +2° )_3/2

' A T
1 : '
P4 o Al =47 r2/( 2s)
U d220 9 /<
B AR (S
J e :
H -
; ] il' £l
pEY b
o 4}
TURETT W L
|




200 nm

200 nm




PiF MU Brno, podzim 2019, Mechanické vlastnosti (F7130) MV/EM-57

Figuem 8,10, Hay dsagrars shirmng bow the chisne lesdapeius s —ih-ﬂn—umwﬁrmmu the diresy
P, ) 0 el et et [F g o with & apesifi 200 aeatiresd s, s ()8 CTH imagn whes it incidost beam 1 iisod = tha
e acutiered hewm rermat o e, Thee sres sefecned Iy the ALY ETTET, &6 SO O B VI SO, s ahem b ra i ray disgree

PfF MU Brno, podzim 2019, Mechanické vlastnosti (F7130) MV/EM-58




Vyhoda (C)DF:

obecné nizsi intenzita, ale lepsi kontrast obrazu

Moznost pozorovani napt. rozStépeni dislokaci, dislokacnich
interakci, konfigurace hustych dislokacnich spleti.

bl

@ This plane
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Bragg lwice
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reaches
Possible Bragg
column

Figure 26.9. WHB imapes of defocts shvw high inlensdéty closs b the
Figure 26.8. A comparison of dishocarion inssges in g Cu alloy formed defedt bhecause oy ihire an the diffeacting planes benl back bin the
uwiing 14 ) W amwd (B} stroog s (5 2> 0) conditions Hiragg coeditios. This illustration i for an edpe deslocution



Fig. 2.5 Niy(ALHf), (010) plane, beam direction [151],
g =202, g(3.8g), deformation temperature 683K.
Rozstépeni dislokaci: 5.2 nm




VysokorozliSovaci elektronova mikroskopie (HREM).

Velikost objektivové clony:

(C)TEM

HRTEM

difrakc¢ni kontrast interference mnoha el. svazka
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\

HRTEM image (Fourier filtered) of a MgSi precipitate formed during 8 days of RT ageing in an Al matrix; it

consists of 3-4 monolayers of MgSi.

Pole hranovych "misfitovych” dislokaci na rozhrani fazi:

B prrmay g
ST T TET]

HRTEM image (Fourier filtered) of a non twand interface: pLT]{}dlLd”}' arranged misfit
dislocations (indicated by arrows) occur with a periodicity of about 9 atomic spacings: BD = [110].
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