VysokorozlisSovaci 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

Velikost objektivové clony:

difrak¢ni kontrast

HRIEM

interference mnoha el. svazku
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o r q1.: v ST . 2 POl T
Predpokladejme , Ze Schrodingerova rovnice [A+4” | w(r) 2%2 V() w(r)

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

8* 0° 8* 0 g 2m._..
Ve vztahu pro modulaci { o t— bt 2k, —+ 2k, —+21A T—J(r)}mp@ })=0
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Zde prvni Gast — +—— +2ik, —\ +2ik, — popisuje Sifeni elektronové viny,
oX (1 C. oy

ve zbylém ¢lenu se kumuluje vliv potencidlu ve vzorku. Toto rozdéleni je

podstatou tzv. ,,multislice* metody:
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V priblizeni k=k,, k,=k,=0 a pro V=0 je feSenim v kazdém bodu (X,y,z) spodni

roviny soucet (interference) bodovych zdroju

o(x, y,z)= chp(;—k (x2 + y: )j
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Z horni roviny, tj. (p(x.y,z):ﬁ [ [ e(x.¥.00exp [;_/;((.x—xf +(y—Y)3)} dXdY

neboli

o(x, ¥,z)=0(X,Y ,0)*
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, kde {} je Fresneliiv propagator.




/4 w7 S W A W 14 = i ( " .
Druha cast rovnice (opét s k,=K) ma reseni |¢(7) =, exp [E [ Ve, :)d:} = ¢, exp(iy)
0

popisujici vliv krystalového potencidlu na fazovy posuv dopadajici viny.

tenky vzorek

V piibliZeni tenkého fazového objektu je [V (x v, 2)dz =y (x, y)

, i\ iV
a dale exp(— . pj LA [
A%

V pribliZzeni vzorku jako multivrstvy je tedy celkové feSeni popisujici vinovou

funkci vystupujici z n-té vrstvy

exp(ik'e)
y(x,p),

[y, (X.Y),  exp(icV, (X.,Y),)]*

n—1

&

*cxl{i()(2 +Y?)
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¢ je tloustka jedné vrstvy (¢im mensi, tim ptresnéjsi je vypocet), horni odhad pro
piijatelnou aproximaci je € < k d? = 0.25 nm.



Zatim mame vinovou funkci na vystupu ze vzorku, co dal?
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Idealni mikroskop je analogovy pocitac realizujici 2 Fourierovy transformace.



Nas zobrazovaci systém S ptifadi objektu E(T) jeho obraz
[(7')=S(E(7)) - Je-li systém linedrni, tj. E(7)=Y c,e, (F),
Bl I(7 ) =S(EF) =) eS(e, )]

Oznacime-li obraz bodové¢ho zdroje §(7) jako h(7) ,

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

Funkce /(7) se nazyva impulsova odezva.




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

1(§)=E(G)-h(q)

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

T(g,Az)=exp(ix(q,Az))=cos y(q,Az)+isin y(qg,Az)
realna Cast ... prenos amplitudy

Imaginarni ¢ast ... prenos fazového kontrastu (C TF, contrast
transfer function, prenosova funkce kontrastu)

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



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

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

ap erturni funkce koherentni ¢len 1 nekoherentni ¢len

exp{z—n.[c\, %+M6—;J} exp{—;c; (Af)ze4 \
L
w-cl] 2]

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

u
) AR
T(u)
0 u

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.
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Figure 28.5. A‘Series of siny curves calculated for different valuesich Figure 28.6. A series of sin  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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Citlivost obalky tlumeni na zmény Az pro dva typy katod:
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Figure 28.10. Variations in the envelope function, Es(u), for different
objective lens defocus: (A) LaB, source, (B) FEG.



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

Realné vzorky ale obecné odpovidaji ,tlustym fazovym
objektim®, kde ani interakce vzorku s dopadajicim svazkem, ani
dalsi prenos signalu nejsou linearni. Pak je bezpodminecné nutné
pro Interpretaci experimentalné¢ ziskaného obrazu pouzit
pocitaCovou simulaci obrazu.

Incident
beam

Cl‘)lltlur:;:te %\\}J](i// prq]]escltion
Existujici programy vétsinou pouzivaji
metodu multislice, v nékterych pripadech — cme St

(pro modelovani neporusenych krystalt a
CBED obrazci) se pouzivaji Blochovy — cu g
viny. ’

rojected onto the first pro-
culate the amplitudes and
g with this plane and then
space to the next projec-




Zmeény rozlozeni amplitudy na spodni stran¢ vzorku — vliv tloustky
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Zmeény rozlozeni amplitudy na spodni stran¢ vzorku — vliv tloustky
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Zmény rozloZeni intenzity v obraze — vliv zaostieni objektivu
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Seriozni HREM se tedy neobejde bez spolehlivého software
pro simulaci obrazu a bez znalosti fady parametrti zobrazeni.
Ptikladem je komplexni software JEMS.

( )

Simulace obrazu v HREM
- priklad:

GaAs, [110], a= 0.565 nm,
Ga>As, struktura diamantu
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Crystal name: . Gads - Gallium Arseside - Crystal system: Cubic.

@ [4vw] indices of the zone ams: 1,10

@ [T Tited case: give (h k1) indices of the center of the Laue circle: W
@ MMinimum number of beams for the Bloch waves caloulation [up te 512]: W

@ MMazimum Laue zone to nclude in the calculation: |0
@ ¥ Addalegend to the map, ¥ Add randem noize to simulate dithering,

@ Microscope characteristics:

« & Felect values for acceleration woltage [200 (W), Cs 1.1 (mm),
the spread of focus [10 (nrm), and the beam setni-convergence 9.5 (mrad).

* or select walues for a microscope in the following list:
" Hitachs HF 2000 FEG {200 kV, Cs=1.15 mum, df=5.1 nm, 50=0.25 mrad)

" Philips EN 430 (300 £V, Cs=115 mm, =112 nm, sc=1 mrad)
 JEOQL 4000 EX (400 kV, Cs=1.06 mm, 4f=3 nm, sc=0.72 mrad)

@ Imaging parameters:

* Defocus (+ for underfocus): starting from |20 | o, with (10 steps of |© 1t

fum, with |3 thickness step(s).
* ohjective apetture diameter (nm'ljl: 20 (keep empty for o aperture).

DISPLAY

* Thickness: ranging from |1 nim to |35
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*Q to */7 ->» thickness from
O to 9% > defocus from

5.00 [nm]
6.0 [nm]

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



Crystal name: . Gads - Gallium Arsenide - Crystal system: Cubic.

@ [uv,w]indices of the zone ais: IT

@ [ Tilted casze: give (hk D) indices of the center of the Laue circle: W
@ Ifinmum number of beams for the Bloch waves calculation [up to 512]; ’F

@ Ilamimum Laue zone to include in the caloulation: |0
@ v Addalegend to the map, M Add randem noise to simulate dithering,

@ Microscope characteristics:

= & Zelect walues for acceleration woltage 300 (V), Cs |9-8  (mm),

the spread of focus |5 (o), and the beam setni-convergence (0.5 (mrad),
* ot select values for a microscope in the following list:

" Hitackn HF 2000 FEG (200 kY, Cs=1.15 mm, df=5.1 nm, se=0.25 mrad)

" Philips ERL 430 (300 V., Cs=1.15 tm, dF=11.2 am, sc=1 mrad)

' JEOL 4000 EX (400 k', Cs=1 06 mm, d=9 nm, sc=0.72 mrad)

@ Imaging parameters:

* Defocus (+ for underfocus): starting from |29 nm, with |20 steps of |© .

* Thickness: ranging from |1 fit to |3 & i, with |3 thickness step(s). -
* objective aperture diameter (nm'l): 30 (keep empty for no aperture). o0 ol
DISPLAY *fQ to */7 > thickness from L.00 [nm] by step of 5.00 [mm]

O/* to 9% > defocus from 50.0 [nm] by step of 6.0 [nm]
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Crystal name: . Gads - Gallinm Arsenide - Crystal system: Chubic. --w--ﬂu-
@ [uv,w] indices of the zone axs: |1: 1,0 - o 3 n " . . X
. I- TﬂtEd Case: give l:h,k,l) indices Ofthe cEnter Ofthe Laue erl:le: D’ D; : -m--“--
&0 =1 52 3 s L =
. e E &
--- : ) ---

@ hfinimum mumber of beams for the Bloch waves calculation [up to 512]: I‘10

@ IMamimum Laue zone to mchude m the calculation: IU
@ ¥ Addalegend to the map, M Add random noize to simulate dithering.

@ Microscope characteristics:

« % Select 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 kV, Ce=1.15 mm, df=11 2 nm, sc=1 mrad)}
 JEOL 4000 EX (400 kW, Ce=1 06 mm, df=% nm, sc=0.72 mrad)

@ Immaging parameters:
+ Defocus (+ for underfocus): starting from |29 nm, with |10 steps oflﬁ frn. - --
) Thic}anSS: rarlging &Om Il e |3 : - “ch 8 thiCk-nESS Step(s}. --------
* ohjective aperture diameter (nm'lj: |3D (keep empty for ne aperture).

DISPLAY | */Q to */7 > thickness from L.00 [nm] by step of 5.00 [mm]
0% to 9/% > defocus from 50.0 [nm] by step of 6.0 [nm]




Aplikace HREM:

» zviditelnéni atomove struktury krystalickych materialt

» zviditelnéni a studium detailu struktury mrizkovych defektu
(dislokaci, hranic zrn, vrstevnych chyb, dvojcat, ...)

e studium precipitacnich procesu vCetn€ pocateCnich stadii,
nanokrystalicke Castice

e studium fazovych rozhrani, orienta¢nich vztahii matrice a
koherentnich precipitati

» studium tenkych vrstev krystalickych 1 amorfnich (kvalita
rozhrani)

 dedukce mechanismu deformace a transformacnich procesti



Philips CM12 STEM, rozliseni 3.4 A

precipitat Cr,,Cy (fcc, a~10A)
ve slitiné Ni-Al-Cr




Philips CM12 STEM, rozliSeni 3.4 A, CryCq
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Dalsi priklady snimku z mikroskop

L2

01000000100.10 S5 4
VAN NG LT e
00000000100000014.% s

oE kw
D b b e e e e b 3 3
DDttt Lo e s
VN AR ARV AARNNA GRS NS Y
VRN ANN WA A s s e s

_ TRV Assvssssass s s e
PN YAV As A s vaqsassqa et
&NV//ooooooOlOOOOooooolooﬂu

* # e ik B L LN S A s
B s assaaaasn st et ean
§ ,%00000400000000d

‘0//00001000000000000i‘_
_f;ﬁiﬁﬁ‘\\11000I000010000000 %
S e, ettt e e R L T 7

- o Vi 5 R » r

SRR AaNLa T 'J
LAY NAAAanuant i
bt &
b £ & ¥
2. OOOOJQ“.‘,Q._Q

s o -

W adly

L

AR
44




wERSs,

L siswg,
L) i

2
Mv

ana®

Zina W

&

rozliseni 1.4 A

9

JEOL 2010 FEG STEM

B— transformace v Ti-V-C
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JEOL 2010 FEG STEM, rozliseni 1.4 A

[110]




Velmi tenky precipitat (3-4 atomove 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.
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winned interface; periodically arranged misfit

dislocations (indicated by arrows) occur with a periodicity of about 9 atomic spacings: BD = [110]
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Mikrodvojcata na rozhrani martensitickych zrn ve slitiné Ni-Al:

= ‘b b aaa., Snm

B

-

(a) low magnification and (b) HRTEM of a cross type martensite-martensite interface in NigsAl:s 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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W
Fokusovany svazek priméru <2A a §iroky detektor (HAADF)
— atomové rozliSeni v modu STEM

Ptiklad parametri:
Convergent Beam 7 Mzo!\‘ FEG’ ZOOk\/’ CS=O5mm,
W_} N HAADF:
PODD | vnitini uhel 60-125 mrad,
< A vngjsi uhel 160-220 mrad

Pak v signalu pievlada termalni

difiizni rozptyl fizeny atomovym
Cislem (metoda se take oznacuje
jako high resolution incoherent

Annular ;@ 1Y
ST S ’

Detector | 7
Intensity mapping
at the detector

~1.4A

Atomic-resolution scanning image Z—CO ntrast i mag i n g) 0

Fig. 1. Schematic drawiqg of atomic-resolution annular dark-field (ADF) imaging in a scanning transmis- Interpretace Obrazu j e j ednoduééi
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), v
which is described by an absorptive form factor, fua (M, s). TDS distributions (an integrand in Eq. nez V HREM.
(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.




Spickové HRTEM pfistroje (C.-korigované, s E-filtry)
zvladnou zobrazeni sloupcu lehkych intersticidlnich atomu,
detekci individualnich tézkych atomli a umoznuji vysoké
rozliSeni také v analytickém smyslu.
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e e e e




Spickové HRTEM pfistroje (C.-korigované, s E-filtry)
zvladnou zobrazeni sloupct lehkych intersticialnich atomi,
detekci individualnich tézkych atomi a umozinuji vysoké
rozliSeni také v analytickém smyslu.

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



Spickové HRTEM pfistroje (C.-korigované, s E-filtry)
zvladnou zobrazeni sloupct lehkych intersticialnich atomi,
detekci individualnich tézkych atom a umozinuji vysoké
rozliSeni také v analytickém smysl|u.

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

O-K (filtered)

@SrOTieo



HREM: Shrnuti a poznamky

HREM je pokrocilda experimentalni metoda, 1 dnes relativné
Vysoce narocna na pristrojové vybaveni.

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

HREM nachazi pouziti pii1 studiu modernich materiala
(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 analytickem (EDS).



