VysokorozliSovaci elektronova mikroskopie (HREM).

* [dealni zobrazeni.
» RozliSovaci schopnost elektronového mikroskopu.
 Pfenosova funkce mikroskopu.

e Matematicka formulace realného zobrazeni.

 Tenky/tlusty fazovy objekt, simulace obrazu v HREM.

* Priklady aplikaci.



Uvod:

(C)TEM

\elikost objektivoveé clony:

difrakéni kontrast

HRIEM

interference mnoha el. svazku
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Predpokladejme , ze Schrodingerova rovnice [A+4" | w( )—@V ) y(7)

ma feSeni ve tvaru modulované rovinné viny: V(7)) =exp(ik.r)o(r) |

2 ~2 2 »‘\ ~
‘a ) 0 0 0 2m

— 4 2ik, — + 2ik, — + 2ik, — — =V (7 )}.(p(?)o
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Zde prvni &ast —— +—— +2ik, —+2ik, — popisuje Sifeni elektronové viny,
OxX (1 O X oy

ve zbylém Clenu se kumuluje vliv potencialu ve vzorku. Toto rozd¢€leni je

podstatou tzv. ,.multislice* metody:




incident electron wave

T

phase object ———— =phase shift

QO QO = _ ; Vacuuil e DToOpagaiion
OO%% OO - phase object Vacuum -phase shift propagation
OO0 - phase object = =phiase shift STVl
00 = phase 0bJeCt mmmmm—taiiiil] =phase shift S A L
ST vacuum Y. __propagation
O0O0O00O = phase object e =phase shift rODeBOTEN
00O OO - phase object ———————  =phase shift T
O0OOQ0O00 - phase object W -phase shift —E2k n‘”(;éoxo ——
O0O000OO0O - phaseobject ac =phase shift BIopage

V priblizeni k=k,, k,=k,=0 a pro V=0 je feSenim v kazdém bodu (X,y,z) spodni

roviny soucet (interference) bodovych zdroji  ¢(x,y,z) :%CX})(;—]\; (o + 5 )j

Tz

V4

2 horni roviny, . ox..2)= [ [ o(x.v.0)exp| 2 (v + (r-1)7) | axay

neboli |e(x, y.2)=0(X .Y ,0)*»{ 4k exp Bi * + )}} , kde {} je Fresnelav propagétor.
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Druha cast rovnice (opét s k,=k) méa feseni |¢(") =0, exp {Ej V(x., :)d:} =@, exp(iy)
0

popisujici vliv krystalového potencialu na fazovy posuv dopadajici viny.

tenky vzorek

V piiblizeni tenkého fazového objektu je [V (x v, 2)dz—=0e sy (x,y)

, \Yj iV
a dale exp(—hp] Vol g P

1% hv
V piibliZzeni vzorku jako multivrstvy je tedy celkove feSeni popisujici vinovou
funkci vystupujici z n-té vrstvy

exp(ik'e
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¢ je tloustka jedné vrstvy (¢im mensi, tim pfesnéjsi je vypocet), horni odhad pro
pfijatelnou aproximaci je € < k d? ~ 0.25 nm.



Zatim mame vinovou funkci na vystupu ze vzorku, co dal?

YYYYY

object plane A
specimen
Fourier
— transform
objective
lens — > i
focal diffraction
plane /- [ pattern
contrast
aperture
inverse
Fourier
transform
_ Y
image plane image

|dedlni mikroskop je analogovy pocitac realizujici 2 Fourierovy transformace.

direct
space

Y
reciprocal
space

Y

direct
space



Nas zobrazovaci systém S prifadi objektu E(T) jeho obraz
[(7)=S(E(r)). Je-li system linearni, tj. £(7)= Z c.e (F)I
plati /(7')=S(E(F))= ), c;S(e; (7))

Oznacime-li obraz bodového zdroje §(7) jako #h(7) ,

je systém urcen vztahem| /(7' ) = J'E('}*i (¥ =7 )=E(#)* h(7)|.

Funkce /i(7) se nazyva impulsova odezva.




Aplikujeme-li FT, zméni se konvoluce v prosté nadsobeni:

1(§)=E(G)-h(q)

h (q)= J h(7¥)exp(igr)dr =T(q) Je prenosova funkce objektivu,
ktera zavisi také na fokusaci objektivu Az (defocus):

T(q,Az)=exp(iy(qg,Az))=cos x(qg,Az)+isin y(g,Az)
realna ¢ast ... pfenos amplitudy

imagindrni ¢ast ... prenos fazového kontrastu (CTF, contrast
transfer function, prenosova funkce kontrastu)

Pozn.: prostorova frekvence ( se Casto vyjadiuje pomoci 6 = A[q|



|dealni mikroskop: (7' )=F"' {y(g)=F" {F{y ()}

Realny mikroskop: w(7')=F"{D(g) T(q,Az)-Fiy(F)}}

ap erturni funkce koherentni ¢len | nekoherentni ¢len

exp{%[C\, %+Az%j} exp{—;t; (AF8* &
T J

0=1lg J——
. w-e[[20] (2] (22

nestability V, I, E jako efek-—
tivni rozptyl ohniskové delky
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Jak vypada prubéh CTF a o ¢em vypovida:

u
D o
T(u)
0 v

Figure 28.7. (A) siny(u) versus u without damping of the higher spa-
tial frequencies. (B) T(u) versus u modified by the damping envelope
(dashed line); Af =-100 nm, C, = 2.2 mm.

koherentni ¢len sin y

optimalni Scherzeruv

defokus

Az =-12 .JC A

+ vliv tlumeni, celkova
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Figure 28.5. A‘Series of siny.curves calculated for different valuesich Figure 28.6. A series of sin y curves calculated for different values of
C“ Remember 2 sin y = T(u). A,



../../../JEMS2014/jems.bat
../../../Program Files/ctfExplorer/ctfexplorer.exe
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Figure 28.10. Variations in the envelope function, Es(u), for different
objective lens defocus: (A) LaB, source, (B) FEG.

Citlivost obalky tlumeni na zmény Az pro dva typy katod:

LaBg

FEG



V pripadé tenkého fazového objektu je intenzita v obraze snadno
interpretovatelna (mista silnéjSiho potencialu se zobrazi S vyssi

Intenzitou).

Realn¢ vzorky ale obecné¢ odpovidaji

SJtlustym  fazovym

objektim*, kde ani interakce vzorku s dopadajicim svazkem, ani
dalsi prenos signalu nejsou linearni. Pak je bezpodminec¢né nutné
pro Interpretaci experimentalné ziskaného obrazu pouzit

pocitacovou simulaci obrazu.

Existujici programy vétSinou pouzivaji
metodu multislice, v nékterych pripadech
(pro modelovani neporusenych krystali a
CBED obrazcti) se pouzivaji Blochovy
viny.

Incident
beam |
Calculate s ‘*‘[.
beams N~ projecti
“YIN\ plane
| Diffracted
Propagate beams
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beams //ﬁ projection
AN plane
Propagate
Calculate N\~ 3rd.
beams 5\ projection
Propagate N plane
Figure 29.1. The potential
jection plane; this is the phas;
phases for all the

propagate all the
tion plane, and repeat the process.



Zmeény rozlozeni amplitudy na spodni stran¢ vzorku — vliv tloustky
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Zmeény rozlozeni amplitudy na spodni stran¢ vzorku — vliv tloustky

4 -
R S B g 1 g

; o L EE Y . ’

".'."m’v;qn‘iﬁf’*" ‘f"' oy e

- ‘ v

.“9.000c"ﬁ"f‘"‘f"ﬁ!""::‘f

S anwnsnsd fewwe v VLY YL S .

A i b g s gh i b 5

ot S A A L R A A A e A

‘.’tni-i‘it.b-.-"'.""'.’""-"‘rl w ¥

b '.,.b,.-..ﬁtoovdtcc"‘!*_ A R

' . f":n e e T i ",‘..o'c'::« "':c e

L g5 TR AR g b g g, w
s shspes s Seds ey v

h A A A E G R R e K N i R Tl g g el
LRAYTEs By J’: PN RS Y NN S AR i Al b o BN VrStVy




Zmeény rozloZeni intenzity v obraze — vliv zaostteni objektivu
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Seriozni HREM se tedy neobejde bez spolehlivého software
pro simulaci obrazu a bez znalosti rady parametrii zobrazeni.
Prikladem je komplexni software JEMS.

( )

Simulace obrazu v HREM
- priklad:

GaAs, [110], a= 0.565 nm,
Ga>As, struktura diamantu
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@ [ v w]indices of the zone axs: |1,1.0 50 5 52 53 54 %3 56 97

@ [ Tilted case: give (hll) indices of the center of the Laue circle: |9,0.2
@ Ilinimum number of beams for the Bloch waves calculation [up to 512]: |40

@ Mazmmum Lave zone to melude i the calculation: |0
@ ¥ Add alegend to the map, ¥ Add random noize to simulate dithering,

@ Microscope characteristics:

= & Select valies for acceleration woltage |00 kW, Cg 1.1 (tam}),
the spread of focus |10 (nm), and the beam semi-convergence |2-8 | (mrad).

* or gelect values for a micrezcope in the following list:
" Hitachys HF 2000 FEG (200 kY, Cs=1.15 mm, 4f=5.1 nm, sc=0.25 mrad)
" Philips ER 430 (300 kW, Cs=1.15 mm, df=11.2 am, sc=1 mrad)
C JEOL 4000 EX (400 LV, Cs=1.06 mm, df=% nm, sc=0.72 mrad)

@ Imaging parameters:

* Defocus (+ for underfocus): starting from |20 nm, with |10 | steps of |8 fir.
* Thickness: ranging from |1 i to |3 & nm, with |5 thickness step(s).
* objective aperture diameter (mn'l): 20 (keep empty for no aperture).

DISPLAY *fQ to */7 <> thicknessfrom  LO0O [nm] by stepof  5.00 [nm]
O* to 9% > defocus from 50.0 [nm] by step of 6.0 [nm]




Crystal name: . Gads - Gallium Arsenide - Crystal system: Crubic,

@ [y v w]indices of the zone asis: W

@ [ Tited case: give (hk,l) indices of the center of the Laue circle: W
@ Ilintmum number of beams for the Bloch wawes calculation [up to 512]: ’F

@ Maamum Lave zone to include in the caleulation: |0
@ v Addalegend to the map, ¥ Add random notse to simulate dithering,

@ Microscope characteristics:

« & Zelect values for acceleration woltage |00 (W, Cs |0.8 {mm),
the spread of focus |5 (i), and the beam semi-convergence (9.5 (mrad),

* or select values for a microscope in the following list:
" Hitacht HF 2000 FEG (200 kV, Cs=1.15 mm, =51 nm, sc=0.25 mrad)
" Philips ERL 430 (300 &V, Cs=1.15 mm, df=11 2 nm, sc=1 mrad)
C JEOL 4000 E3 (400 &V, Cs=1.06 mm, Jdf=9 nm, sc=0.72 mrad)

@ Imaging parameters:

* Defocus (+ for undetfocus): starting from |50 fun, with |10 steps of |5 fum.

* Thickness: ranging from |1 nm to |3 & nm, with |Z thickness step(s).
* objective aperture diameter (nm'lj: 30 (keep empty for no aperture).

DISPLAY

0| Wl 02

*#Q to */7 ->» thickness from
O/ to 9/* > defocus from

OB- oq

L.00 [nm] by step of
50.0 [nm] by step of

W)

5.00 [nm]
6.0 [nm]

|

¥
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Crystal name: . Gads - Galfinem Arsewnide - Crystal system: Cubic,

@ [ v.w]indices of the zone axis: |1; 1,0
@ [ Tilted case: gve (hl.l) ndices of the center of the Laue circle: IU: 0,2
@ MMinimum mumber of beamns for the Bloch waves calculation [up to 5127 I‘*D

@ haximum Laue zone to include in the caleulation: IC'
@ ¥ Addalegend to the map, M Add random neise to simulate dithering,

@ Microscope characteristics:

+ % ZSelect values for acceleration voltage |12'3 (W), Cs |2 .3 {mm),
the spread of focus |15 (), and the beam semi-convergence |1 -5 {mrad).

* or select values for a microscope in the following lst:
" Hitachi HF 2000 FEG (200 &V, Cs=1.15 mm, df=5 1 nm, se=0 25 mrad)

 Philips EM 430 (300 kW, Ca=1.15 mm, df=11.2 nm, sc=1 mrad)
 JEOL 4000 EX (400 &V, Ce=1.06 mm, df=9 nm, sc=0.72 mrad)

@ Imaging parameters:

* Defocus (+ for underfocus): starting from |5U tm, with |10 steps of|5 fitm.
* Thickness: ranging from |1 fum to |3 & nm, with IB thickness step(z).
* objective aperture diameter (nm'lj: |3D (keep empty for no aperture).

DISPLAY |

*fQ to */7 > thickness from
0/ to 9/% > defocus from

L.00 [nm] by step of
50.0 [nm] by step of

5.00 [nm]
6.0 [nm]
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Aplikace HREM:

» zviditelnéni atomové struktury krystalickych materialu

« zviditelnéni a studium detailt struktury mrizkovych defekti
(dislokaci, hranic zrn, vrstevnych chyb, dvojcat, ...)

* studium precipitanich procesu vCetné pocateCnich stadii,
nanokrystalicke Castice

e studium fazovych rozhrani, orientacnich vztahti matrice a
koherentnich precipitati

e studium tenkych vrstev krystalickych 1 amorfnich (kvalita
rozhrani)

» dedukce mechanismii deformace a transformacnich procest



Philips CM12 STEM, rozliseni 3.4 A

precipitat Cr,,Cq (fcc, a~10A)
ve slitin€ Ni-Al-Cr




Philips CM12 STEM, rozliSeni 3.4 A, Cr,,C;
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JEOL 2010 FEG STEM,
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JEOL 2010 FEG STEM, rozliseni 1.4 A




Velmi tenky precipitat (3-4 atomové vrstvy) v Al matrici:

‘

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:
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HRTEM image (Fourier filtered) of a non twinned interface; periodically arranged misfit
dislocations (indicated by arrows) occur with a periodicity of about 9 atomic spacings: BD = [110].
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Mikrodvoj€ata na rozhrani martensitickych zrn ve slitiné Ni-Al:
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(a) low magnification and (b) HRTEM of a cross type martensite-martensite interface in NigsAlzs revealing a
5 nm wide interface parallel with a former {100]g> plane. At the interface both microtwin systems penetrate one another
vielding an average reorientation at the central region.
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Fokusovany svazek priméru <2A a §iroky detektor (HAADF)
—> atomove rozliSeni v moédu STEM

Convergent Beam

1 . v
M=0, ‘, \
1y
i Ly g 5 .
P \\\~\ | TDS distributions
LA
DD DB D A
PP PP I\ M
2222222 |V
» D e X L) : :
0
. b4
Annular ,," j ’

Detector / _/mmmm \ z

Intensity mapping
at the detector

~1.4A
Atomic-resolution scanning image

Fig. 1. Schematic drawing of atomic-resolution annular dark-field (ADF) imaging in a scanning transmis-
sion electron microscope (STEM). A practical resolution of ADF-STEM by JEOL-2010F
(TEM/STEM compatible) can be ~1.4 A, as demonstrated by the dumb-bell image of a GaAs struc-
ture. Intensity of electrons scattered at high angles is dominated by thermal diffuse scattering (TDS),
which is described by an absorptive form factor, fus (M, s). TDS distributions (an integrand in Eq.
(2)) of an Al atom for several M values, calculated using the atomic form factor by Weickenmeier &
Kohl [8], are shown at the upper-right hand side.

Ptiklad parametru:

FEG, 200kV, Cs=0.5mm,
HAADF:

vnitini tthel 60-125 mrad,
vnéjsi uhel 160-220 mrad

Pak v signalu pfevlada termalni
diflizni rozptyl fizeny atomovym
Cislem (metoda se také oznacuje
jako high resolution incoherent
Z-contrast imaging).

Interpretace obrazu je jednodussi
nez v HREM.




Spi¢kové HRTEM pfistroje (Cg -korigované, s E-filtry)
zvladnou zobrazeni sloupcu lehkych intersticidlnich atomu,
detekcl individualnich tézkych atom a umozinuji vysoké
rozliSeni také v analytickém smyslu.
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Spi¢kové HRTEM pfistroje (Cg -korigované, s E-filtry)
zvladnou zobrazeni sloupcu lehkych intersticialnich atomu,
detekci individualnich tézkych atomi a umoziuji vysoké
rozliSeni také v analytickém smyslu.

The HAADF-STEM image of a Pr-doped ZnO [0001]



Spi¢kové HRTEM pfistroje (Cg -korigované, s E-filtry)
zvladnou zobrazeni sloupcu lehkych intersticialnich atomu,
detekci individualnich tézkych atomli a umoznuji vysoké
rozliSeni také Vv analytickém smys|u.

Composite image: Sr + Composite image (filtered): Sr+ 71+ 0

@SsrOTieo




HREM: Shrnuti a poznamky

HREM je pokrocila experimentalni metoda, 1 dnes relativné
vysoce naro¢na na pristrojove vybaveni.

HREM je G¢innym a zadanym doplrikem bézné pouzivanych
metod studia mikrostruktury.

HREM nachazi pouziti pti studiu modernich materialu
(optoeletronika, supravodice, nanotechnologie apod.) a
rostouci mérou se uplatiiuje pfimo ve vyvoji novych
materialu a technologii.

Objevuji se aplikace HREM doprovazené vysokym
rozliSenim 1 ve smyslu analytickém (EDS).



Energiove filtry (v TEM, STEM)
pod vzorkem - QO pod stinitkem - napi. GIF

A
Specimen ;
Objective T To projector lens crossover
object plane of spectrometer
Intermediate lens 1
& = Diff patt
) Viewing screen
Image Q-filter
\Sextupole ]i_miance apertures
lens
——— Intermediate lens 2 Alignment coils
Magnetic prism Quadrupoles CCD

detector
—> Projector lens T

AR A AR
Viewing screen St 8283 'S4 85 S6

(e
? \ . Image Sextupoles

CCD camera

(A) Ray paths through the Q filter system inserted in the imaging lens system of the LEO TEM. (B) The Gatan Imaging Filter attached
to the TEM column after the imaging lenses, in the same position as a PEELS.



Filtrovany obraz — pouziti v obrazovém 1 difrakénim modu

Optical
density

L2F

0.6f

0

4

500

1000 Scan pixel 1500

(A) Experimental CBED two-beam pattern (000 and

220) from a Si specimen, 270 nm thick. (B) The same pattern energy-fil-
tered using the Zeiss Q filter with an 8-eV window revealing the K-M
fringes useful for thickness determination. (C) Densitometer traces across
the 220 diffraction disk, unfiltered (above) and filtered (below).



EELS — spektrum a/nebo filtrovany obraz
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image at AE,
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Spektrum EELS a vvhodnoceni tloust’ky vzorku

Iensity | ' ' ' ' Dominantni piky ve spektru:
g I -7 *pik u AE=0 (zero loss peak)
1 e plasmonovy pik (zde u 15¢V)

4 Intenzita plasmonoveho piku
4 roste s tloustkou vzorku a plati

0 20 40 60 I I
Energy-Loss (eV) 0 0

Definition of the zero-loss intensity /,, the total intensity K Stf'edni Volné dréha

L;, and the low-loss (/) intensity required for thickness determination.



Spektrum EELS a vyhodnoceni obsahu prvku

Photodiode
counts
16k~ Fit region : 4 . ¢
i B s pozadi se urCuje z useku
121(: t Background-subtraction edge pf‘ed hranou prVku
‘ \ ; . v oo -
!UW fituje se nejCastéji jako

8k -
B <

|
1000

Estimated background

A(AE)".

Energy loss (eV) 1200

A Ni L, , edge before and after background subtraction.
The fit region before the unprocessed edge is extrapolated to give the esti-
mated background, which is then removed, leaving the background-
subtracted edge.

(U tlustsich vzorka se nejdiive provadi dekonvoluce s plasmonovym pikem.)



Krom¢ samotného poctu pulzi lze porovnavat I tvar spektra za
hranou, ktery vypovida o povaze vazby atomu (o jeho okoli):

EXELFS ... Extended X-ray edge Electron Loss Fine Structure
ELNES ... Electron Loss Near Edge Structure

h

I(AE)‘

ELHEES EXELFS

“«— > <«

AE
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,,FINgerprints”; porovnavani namétenych spekter EELS s vypoétenymi nebo
zmérenymi na jednodussich slou¢eninach nebo na standardech.
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FeO vs. Fe;0,
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o EELS a obrazy tvoiené elektrony z tizkych
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Elastické interakce:

U¢inny prifez elastické interakce s jadrem atomu stinénym okolnimi elektrony
je

o =9.21x10

L Z° A4rm (E+511

2
; j cm?/atom
E° a(a+1)\ E+1024

E je energie v keV, Z je atomové Cislo, a(Z,E) popisuje stinéni.
A

N o0

A je atomova hmotnost (g/mol), p je hustota.

Stfedni volna draha elektronuje A =

Statisticka pravdépodobnost drahy s mezi dvéma srazkami je P(S) = eXp(— S/ A)
Rozdéleni thlovych odchylek je dano diferencidlnim a¢innym prifezem

Z? 1 E+511 Y
E? (sin® 2 +a)° ( E +1024j

o' =99 _ 551,10
4O




Krom¢ uvedeného tzv. ,,single scattering™ modelu elastické interakce existuje
| méné presny ale rychlejsi tzv. ,,plural scattering” model, ktery statisticky
pruméruje vice elastickych interakci v jednom kroku.

Inelastické interakce:

Zahrnuji Sirokou Skalu procesu. Zapocitavaji
se v simulaci jako plynulé snizovani energie
E umérné délce urazené trajektorie (s):

9 _ ,re'N, 220 (1.166Ej
ds A AE J

J=13(2)

J ... stfedni 1onizacni potencial

Characteristic
#-ray emission

Single electron
scatteting

Continuous ¥-ray
generation

Inelastic
Phonon / _\_ Auger electron
scattering N \f emission

! !

Plasmon
scattering

Cathoduluminescence

U slitin/sloucenin se pocita s vazenym primeérem Z.



Srovnani citlivosti WDX a EDX:
WDX: rozliSeni jednotky eV (EDX ~140 eV)

250000 7

200000
Counts ]

150000 1 TiK o

100000

50000

4.5 4.9 2.3 3.7
Energy (eV)

A WDS spectrum from BaTiO,, but plotted against en-
ergy rather than wavelength. WDS easily resolves the Ba L /Ti K over-
lap, which is impossible with an EDS as shown in the overlapping spec-
trum. The improved resolution of WDS (~8 eV) is obvious.



