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1. Image contrast in TEM
(a) Mass-thickness contrast (Absorption contrast)
(b) Diffraction contrast
(c) Phase contrast

2. Abbe interpretation of imaging
3. Defocus and Aberrations 3 transfer function

4. Weak phase object approximation (WPOA) and contrast transfer
function (CTF)

5. Interpretation of image contrast and determination of structure
6. Image simulation

8. Reference
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I. Mass-thickness contrast

Incident beam

NN

B
flot o e e

Higher mass
thickness

Lower mass
thickness

Objective lens

Objective aperture

Image plane

Intensity profile

WANG, Electron Microscopy, Dept. AC, Fritz Haber Institute of the MPG, Berlin, Germany

FHI



MAX-PLANCK-GESELLSCHAFT

I1. Diffraction contrast
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MAX-PLANCK-GESELLSCHAFT

II1. Phase contrast
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Fourier Transform (FT), Inverse FT m

(IFT) and Convolution FHI
FT and IFT oy
Fu) =7 {f(x)} = Of (x) exp(2pixu)dx

f(x) =T F W) = oF(u)exp( 2pixut)di
Functionofspace N Distribution of spatial frequency.
Function of time. Distribution of frequency

IFT

Convolution

+¥
f(x)* g(x) = of (X)g(x- X)dX
- ¥
Important Property

F )" g(x)} =F {f(x))>F {g(x)} = F(u)>G(u)
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Lens

Abbe Interpretation of imaging FHI

> ‘:=
)

>j %i“ ’”gu
el B fm// ” ///

plane Imagd plane

Exifc Wave

o
>t

Yy -
A

<
1=

u | %

WANG, Electron Microscopy, Dept. AC, Fritz Haber Institute of the MPG, Berlin, Germany



AC

Abbe Interpretation of imaging FHI

MAX-PLANCK-GESELLSCHAFT

Fresnel diffraction
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§ Fresnel Diffraction =
y

y (X,Y) y ,(x,»)

il X)P+(p- V) +2°)"
|

iexp(- 2piz/l )

. ay (X, V) expi- fﬂ[u- X)? +(y- Y)*1idXdY

= Ay ,(x,)* expi- %[xz + 377

Y ,(x,») =|Ld?y (X, Y)exp(- YdXdY
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Propagation of electron wave in crystal
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Multislice Method
" Transmission through each slice
" Fresnel diffraction between slices

Y .(x,¥): Electron wave function at the exit plane of crystal
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Electron wave function in image plane @
(ideal lens system

. Trasmission i(x? + 2
According to Abbe theory P c@ L(x,y) = eXp[p ( Y )]

/l

Y vack focat (X5 V) Y i (6 2)* Py (6, VIL(X, )} p (%, )

Y image (X5 V) TAY exie (6 2)* Py (6, VIIL(X, ¥)5 7 Py (X, 9)

Fresnel propagation factor over
distance of U, f, and V, seperately

! y back _ focal (u9 V) = A CXp(lf 1(x9 y))@/a;{l/jexit}

() = %(x,y)

back _ focal
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Defocus and aberrations =
I. Defocus
Df u . v _
Exit wave Object )
plane  plane Propagation factor

Pox.y)
y object ()C, y) :y exit ()C, y)*

Y st 09) = FY T exp PO

F fexp( P =explipl DY +07)) =explipl D) = explic)
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Defocus and aberrations

MAX-PLANCK-GESELLSCHAFT

IT Spherical aberration

ar, y
; Ar
Gaussi an
image
L1
_ 3 , : . .
D’”o = quo C, : Spherical aberration coefficient

Phase shift in back focal plane due _ l 3, 9 2 l N
to spherical aberration C, = 2pCs| (u”+v7)" = 2pCs| H

Factor exp(iC,)
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Defocus and aberrations

MAX-PLANCK-GESELLSCHAFT

IIT Chromatic aberration

Faster electrons are brought to a focus v A
¢ & A

"o

beyond the Gaussian image plane. q

i

AV

Gaussian
L1 image

" Fluctuations of the acceleration voltage I
" Fluctuation of lens current — _ISpread of focal length

D: Standard deviation of Gaussian
distribution due to the chromatic aberration

1
Envelope in back focal plane €Xp(- C;) C, = Ep ‘| *D’*H?
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Defocus and aberrations =

MAX-PLANCK-GESELLSCHAFT

IV Beam divergence

Paralell incident beam (ideal condition)
Divergence angle a~ 0.5 mrad (real condition)

Envelope in back focal plane

exp(- C,)

exp(-C,)
a=0.5 mrad Df=-410A

0.8 exp(-C3)

c,=p‘a’H’(C|*H* +Df)’

o.lz ' or4 ' o.ls ' ors ' 1?0 ' u(A'l)
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Transfer function =

MAX-PLANCK-GESELLSCHAFT

W(H) =exp(iC,)exp(- C,,) Complex transfer function

cC,=c,+c, :%pCSI "H* +pl DH"

C,=C,+cC, :%pzl ‘D°H’ +p’a’H*(C | *H* +Df)’

Electron wave function and intensity in the image plane

= T T o W (H)}

y image

*
I _y image >y image
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h DF = 2|ODZ(|L- Ii) = 2pb: (\2me(U +j (r)) - \2meU)
| = c v
© 2me(U +j (1)) -
5 2P e L) = P i Dz =) (D
2U0 U
Transmission function q(r) =exp{-isj (r)Dz- m(r)Dz}
For small Dz, n{r)® 0 q(r) » exp{-is] (r)Dz} Phase object

Sj (r)Dz:%j (rDz<<1 WPOA

q(r) » exp{-iS) (r)Dz} »1-isj] (r)Dz =1-isj (x,y)
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Image intensity for WPOA FH

y image = @%--1 {@%-Iy exit]W(H)} _ y exit =1- ZSJ (X, y)
X with
1 :y image >y image W(H) = eXp(iC[)eXp(_ C[I)

=7 HF - is] (x,y)]¥ (H)}
=7 H{d(H) ¥V (H) - isF(H) ¥V (H)}
=1-iSj (x,y)*c# '{[cosc, +isincC,Jexp(- C,)}

:[1_ is) (r)* 1{(00301+iSinC[)eXp('C[1)}]

T
1+isj (r)*c# '{(cosc, - isinc,)exp(- C,)}]
l» 1+2sj (r)*cZ '{sinc,exp(-C,)}| ([Sj (r)]is negligible)

sin C, exp(- C ;) Contrast transfer function (CTF)

y image
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Contrast transfer function (CTF) @
and Scherzer focus i

sinC,exp(-C,)= sin(%pCSI ‘u* +pl Dfuu* ) exp(- Cy)

1.0 4

Parameters: Scherzer focus
U =200kV ° L dc,
- .— L =2pC | °u’ +2 =0
C, =05mm P PG
_ oy
Dpre =384 o +—pCS| ut +p[¥| u® =- —P
D, =1004 | 2 I

1.0 1 — 1/2
0.8—: DfSch - (g CSI )
32 /\ /\ /\A A Point resolution

004 . ; A e Lf -

Zj: o 0\/ OI.G\/ \/v.gvvv " %pcsl 3Z/l4 +p[¥Sch| uz ut0 =0

o] Df =-7504 m) u, =1.51C. "4 ¥4 r  =0.66C "4 2

-1.0-
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Interpretation of image FHI

MAX-PLANCK-GESELLSCHAFT

Df =Df,,,,sinCc, »-1(0<u<u,)
I(r)»1- 2S] (r)  Structure image

! Only for thin crystal (WPOA) and the focus value close to Scherzer focus,
the contrast of HREM image can be interprated as crystal structure up to

point resolution.
In general, the black or white dots in HREM image DO NOT correspond

to atoms or atom groups.

Si [110] image by JEM-2010 FEG electron microscope with different defocus values
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Structure determination FHI

MAX-PLANCK-GESELLSCHAFT
" Go back from image(s) to structure

Through-focus images ———> - s Structure

Deconvolution method ————> _

Thin crystal and defocus
value can be obtained

Image simulation and matching

Initial model = <@ Experimental image
Q Image sunulatlon ]
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Image simulation

MAX-PLANCK-GESELLSCHAFT

Crystal model

Crystal thickness Electronic optic parameters

How to calculate exit wave? 31 3% Multislice method

‘_
W N =

n+1
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Multislice method @

FHI

MAX-PLANCK-GESELLSCHAFT

y ,(r): Electron wave function after nth slice

Theny ., (r) =[y ,(r)* p(r)lg,.,(r)

Electron wave function after N slices can be written as:

y (1) =qN(r)][v---[qz(r)[ql(r)[qo(r)*po(r)]* p(@) 1" ps(x) F-- 1% p,y (r)

3 2 1 1 2 3. N
When Dz being the crystal period along incident direction

y v(r) = Q(r)][v'"[(J(r) Lq(r)[q(r)* p(0) [* p(r) I* p(r) J*--- 1* p(r)

3 2 1 1 2 3 N
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-100

-300

-500

-700

W
Defocus(A)

Si [110] simulated images

23.04 46.08 69.12 92.16 115.20 138.24

1 reptgtgty
R s

S s A &

T
=
I.l.l'l.l I‘I"‘

WANG, Electron Microscopy, Dept. AC, Fritz Haber Institute of the MPG, Berlin, Germany

AC

FHI



Reference FHI

MAX-PLANCK-GESELLSCHAFT

Transmission Electron Microscopy
David B. Williams and C. Barry Carter (1996) New York.

Transmission Electron Microscopy
Ludwig Reimer (1997) Berlin.

Electron Microscopy of Thin Crystals
P. B. Hirsch, A. Howie, R. B. Nicholson, D. W. Pashley (1965) London.

Diffraction physics
J. M. Cowley (1995) Amsterdam.

Experimental High-Resolution Electron Microscopy
John C. H. Spence (1980) New York.

WANG, Electron Microscopy, Dept. AC, Fritz Haber Institute of the MPG, Berlin, Germany



