Chapter 6

Fourier Optics and High Resolution TEM

(Chapter 28)
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) 6.1 Periodicity and Frequency
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Long A, Larger period, Low frequency
slow fluctuation in signal

A
Amplitude

ANV NYA

Wavelength

|-— A —|

\/ \/ Time Short A, smaller period, High frequency

rapid fluctuation in signal

A=v X T
=v/f

T=1/f



(ﬂ\ 6.2.1 Fresnel and Fraunhofer Diffraction of Single
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Fresnel Diffraction

(near field) wave front of

spherical wave

Fraunhofer Diffraction
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Fourier Transform of 1 H
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Fourier Transform of Top-Hat Function

( ) Fraunhofer Diffraction
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...... F(H)=F(f(x))

Incident : 8 )
plane : f =sin(mwH)/xH
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) 6.2.2 Fresnel and Fraunhofer Diffraction of Multi-grating
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Fresnel Diffraction
interference of 5 spherical waves

1/a

Fraunhofer Diffraction

Fourier Transform of 5
flat hat functions
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6.3 Interaction of Electron Wave with Crystal
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= IS composed of many-kourier components
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SRMET—ERRT N EEE W,(x,y)= Y F(H)exp(-2H*r)

H=-g
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_ ) Fourier Synthesis
— NTHU
f(x)=F(0) + SF(H,)exp(-2nnx/a)
=2nn/a
f(x)=F(0)+ .exp(.
Amplitude Phase

So, the f(x) can be regarded as a summation of a series of “WAVE”



Electron ChaNNeling eess—————————

Exit VWave

wave propagates inside
crystal

~ electrons are trapped
along the atomic
columns

depends on z




6.3 Wave Propagates inside Crystal
Channeling Theory
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electron wave
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We(x,y)=2F(g)exp(2T1Tgr)

J( ) be Microscopy I'heory

Ph)’SiCS \ M i I / lens does two Fourier transforms

Focal plane

each Fourier component is  |F(g,)|? |F(g.) [F(g)* [F(g)* IF(g2)’
called diffracted wave  |ens aberrations modify the Fourier Components

__AAAAAAAAAAAAA ace Dlane
I=|A(r)|? , Phase lost



‘ j) 6.4 Fourier Synthesis

= NTHU

An function f(x) can be expressed in terms of sum of a series of Fourier
coefficients F(H) multiply by the sine (or cosine, or exponential) functions

Periodicity Frequency
(real space, Crystal) (reciprocal space,Fourier Space,

ﬂm Diffraction space)
f(x)=F@O0)+ Y F(H, )exp(-2mnnx/a)

F(H) "

F(H-1) F(H+1)

X F(H)=f0)+3 f(x,)exp(2nnx/a) , high
- low frequency
Fourier Transform frequency



Periodicity

(real space, Crystal)

Fourier Synthesis

Bright Field Image :

S, > F(H):

(x) 1 ||_ [1[1[1] Inverse Fourier Transform -

_ .

l | £ (x) = F(0)exp(-0.x) .
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S | f)=F©) :

e

) HRTEM Image F(H)-

10100 nn f(x)=F(0) .

+F(H)exp(-H x)+ F(H_ )exp(-H_x) =

| +F(H,exp(-=H,x)+ F(H_,)exp(-H_,x)

Frequency
(reciprocal space,Fourier Space,
Diffraction space)

Low
Frequ

High

Frequi



) 6 ] 5 Abbe Theory of Microscopy
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| | .

A perfect microscope does two
Fourier transformations.

For an observer at the
focal plane, the beam

One at back focal plane comes from infinite. So
° E he observes a
(Fourier, reciprocal space) ' Fraunhofer Diffraction

PAeM F(H)=F(f(x))

. f(-x/M)= F-1(F(f(x)))
One at image plane

Inverted and Real Image
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%. ) ldeal Transfer function
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I'(u)

The performance of
an ideal lens




electron wave
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The performance of
an ideal lens

T lens aberrations modify the
( \ Fourier Components
transfer function u
for an ideal lens )

I=|A(r)|? , Phase lost



) 6.6 Lens Aberrations

—A.Defocus (correctable)

-- The wave propagates a finite distance from

the position of exact focus (Change phase of
Fourier waves)

B.Spherical aberration (correctable)

--lens has different focus power to beam from

different angles o (Change phase of Fourier
waves)

C. Chromatical aberration (correctable)

-- lens has different focus power to beam with
different wavelength (energy)(Change modulus
of Fourier waves)

D. Spatial Coherency (partially correctable)

-- lens has different focus power to beam with
different wavelength (energy)(Change modulus

NTHU



(i ) v Defocus and Fresnel Diffraction

‘ lﬂMC,NrtR

NTHU

g(x,y)= f_/'(.\".y' W (x—x',y—y")dx'dy

= f(x,)*¢(x,1)

wl(xay) Wz(xa)’)
. —2niz /A . 2 2
w36 = EEEE () explo S Gr- X0 + (v =) TjdXdY

=Aw,<x,y>®exp{—%[x2+y2]}
P, (x, ) =y,(x,y)®P.(x,y)

Convolution relates information between Real Space--> Real Space.

When a signal propagates to a finite distance z, the information will be modified
by convolution with a propagator Pz(x,y)



Example of Fresnel Diffraction

NTHU

p,(X,y)=exp(-2mih(x2+y?)/22)



6.6.1 Fresnel Propagation in de-focus plane

TEM CENTER
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f(x)

Fraunhofer Diffraction F(H)=F(f(x

f(-x/M)= F-(F(f(x)))

f(x,y) ®p,dx,y)



Aberration From Focus

(ERRLIE: MAIEIEEMX)

F(P,)exp(-imhAfH2)

Focal plane

M R
W, =[W _@exp(-im(x2+y2)/\Af)] Wy W, [ W @exp(in(x2+y2)/AAf)]
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Si [110], 400keV
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(T B. Spherical Aberration
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1. lens has stronger focus
power in the edge

2. electron beam enters from
larger angle is refracted more.

.. C=0(KAI%R5E5=EKMH)
Co=0(R A fm BBk )

/RN E
dmin=MCsB3

Y, ®pcs

Disk of

. . _ minimum confusion
‘CS . coefficient of sphical

aberration

~1mm ~ 3mm
much larger than
the wavelength of
electron

SHFEARE= 2M Cp?

____________________________________
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Uif ® Pc. = %_I[S(Wf) * PCS]

‘H CXH +HS)
P, =exp(2mi CS);H ) = exp(2mi— ( x4 )

The spherical aberration introduces an extra “phase
factor in reciprocal space expression. The signal of

higher frequency is modified much more. (Change the
position of wave peak)

Total Phase Shift from Lens Aberration

3774
¥ = WANH’ + mi CS);H

defocus spherical aberration

NTHU
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\_‘{“ CONTRAST TRANSFER FUNCTION

— V = 200.0 k\Cs = 0.9 mm Def = -580.00 el = 50.00 A Div = 0.55 mrad
1.00 '

L

/
2)v26f2H4)

2
o 1
eXp(_—A w’q”)exp(-

=T
7

0.0 .
sin(7AAfH” + i e

I(H,,H )

0.0 . 0.2 0.3 0.4
. o 'l
Scattering Vector [A |
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W =F(W¥ )exp(iy)P(H)

. ) Transfer Function of Aberrated Lens
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Diffraction Plane
- O

-2¢g -2

w;q)i*=[

P, =y, ®I exp(ix)P(H)
(phase lost)

06
250K\
0.8 -
4.04
CTF curves of Scherzer focus
/
nnﬂgﬂ Image Plane



(L..) C. Chromatic Aberration

— NTHU
I-‘('/H’ = C(' E B
instability of the A E,
lens current ‘ﬂw. C =1mm~3mm
N/~
Si !A_ E-AE " Dpisc of least
— confusion
; E
----------- = image plane  glass lens

electro-magnetic lens
Lower energy electron is easier to be focused
Higher energy electron is more difficult to be focused
5i oV o

+ instability of

df | %4 [ lens current
focal spread instability of

applied voltage
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of = CAC ) +4C))"
Since the energy of electrons is different in the image plane, they do not coherently

interfere each other. i.e. As a result, they do not cause a shift shift as the “spherical

aberration” and “de-focus” effect, instead they damping down the amplitude of the
Image wave.

The signal of high frequency damps
l/jf ) Do = %—1[3(7/}][) o Pcc] / E-AE more than the lower frequency part.
N E

P. =exp(- % TS P H ) — AN



D. Spatial Coherency

‘-

NTHU

Since the electrons do not coherently interfere each other. i.e. As a result, they do not
cause a phase shift as the “spherical aberration” and “de-focus” effect, instead they
damping down the amplitude of the image wave.

2
(04

P. = exp(—Tnzqz),where g = (TAANH + aC XH?)



(lens contrast transfer function)
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T(H)=exp(inAAfH?) exp(i(t/2)C A H?) exp(-meA2h2H?%/2) exp(-m?(a/N)?q/In(2))

spherical chromatic spatial
exp(iyx(H)) defocus . aberration aberration coherenc
phase shift . P ¥|
\ / \_amplitude change /P ()
| 00N Contrast Transfer Function ., .~/ ., (T1T))
CAPEAEL))
‘ COMTRAST TREANSFER FUNCTION m;/ SR Defocus [Al
L0 V= 3000kV Cr=06mm Def=-200004 Del 220004 Dir=050m 20 ﬂ 500
P(H) 7 N —
' Cs [mm]
£
) 1 j 0.600
exp(ix(H))PH;
00 Div [mrad]
\ 05 ﬂ 0.500
Del [A]
10, ﬂ =0.00 |
-LUDI:I.I:I | 0.1 | EITE | I:ITE 0.4 | 0.3 0.6 0.7 0.2 Mg |
Scattering Vector [A7] 10, = 300
s
E Draw Envelope Function ) Label Horizontal axis in A-1
" Draw Grid | Label Horizontal axis in A
| Draw Zone Axis G-Vectors __ Label G-Vectors




Optimum Focus and Minimum Contrast Focus

TgM CENTER
AP_'

Optimum Focus: The
focus value to make
largest plateau in CTF

Scherzer focus
value= -1.22(C\)12

Minimum Contrast Focus:

(Gaussian focus)
The focus value to make
largest plateau=0 in CTF

Gaussian focus
value= -0.3(C\)"2

CONTRAST TRANSFER FUNCTION
Ve 4000k¥¢sw 1.0 rum Defw -480.00 Del » 8000 A Div w 055 nwad

100

00

A A l A | A 1 i 1 L A 1

-1.00 . h
0.0 0.1 02 0.3 04 05 0.6 07
-t
Scattermg Vector [A']

__| Draw Envelope Function
g Draw Crid
__ Draw Zone Axis G-Vectors

@ Label Horizontal axis in A-1

CONTRAST TRANSFER FUNCTION
V= 4000 X¢s5= 1.0 mum Def = -100.00 Del = 80.00 A Div = 055 rurad

1.00

0 f——

VAR

1 i 1 i 1 i 1 i 1

-1.00 -
0.0 0.1 02 03 04 05 06 07
- -1
Scattenng Vector [A ]

Step Defocus [A]
20. ﬂ -480
Cs [mm]
- . P -
A j 1.000
S5th ord Cs [mm)]
- . P - —
A j 0.0
Div [mrad]
.05 ﬂ 0.550
Del [A)
10, ﬂ 80.00
Voltage [kV]
10. ﬂ 400

 Replot )

__| Draw Envelope Function
fg‘ Draw Grid
__ Draw Zone Axis G-Vectors

® Label Horizontal axis in A-1

Step Defocus [A)
: . PR
20. :I -10d
Cs [mm)
’
A j 1.000
Sth ord Cs [mm)]
. . PH - :
.| j 0.0
Div [mrad]
.05 ﬂ 0.550
Del [A]
10. il 80.00
Voltage [kV]
10. il 400
Replot
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Weak Phase Obiject
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Assuming the Y, :1 oo
object is a weak :‘ :‘ :‘ § : : : :
phase object : Only the phase change involved
Y, =exp(igp(x,y)) Amplitude does not change
=1+ip(x,y)
< i
Jp,) =6+ iS[@(x,)] BEP. J(,)* T(H)
AH* ? 1
T(H,,H ) =exp(mAAfH?)exp(mi ¢, ; )exp(—%nzqz)eXp(—Eﬂzlzéf "H*)
defocus spherical spatial chromatic
aberration coherency aberration

STS@,) s T(H) =y, ® 1(r)



v ‘;7
- ,
{
b_ - V4 )\‘I 5
w gM CENTER

In diffraction Plane
S,) * T(H) ={0 + i3[@(x,y) ] }{exp(ix(H))}P(H)
= {6 + i3[@(x,))}{cos(x(H)) + isin(x(H))} P(H)
= {6+ 0+ i3[@(x,y)]lcos(x(H)) - S[@(x,y)Isin(x(H))} P(H)

NTHU

In Image Plane

= S[S@W,) s T(H)] = {1 - 90(;‘; ’_]\;) ® S(sin(y(H)) + icpg\; ’;\;) ® J(cos(x(H))} ® P(H)

I=wajf*

{1 cp(i )@ J(sin(x(H))Y ® P*(H) + {[ch(ﬁ ) ON(Cos(x ()Y @ P the

second order terms
~1- 290(%,%) ® S(sin(x(H)) ® P2(H)This is so called phase contrast
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E ) Two Resolutions: How to Improve Resolution
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0.2

0.4

0.6

0.8

1.0

Scherzer Resolution
Point-point resolution

@GCS““?\.‘?

04

200KV

7

C'TF curves of Scherzer focus—

CTF1

i

U

1250KV

NTHU

C. | A l(high voltage TEM
° Cs corrected TEM)

)

Information limit

ﬂ 200KV FEG /

\ A ll(:\'l)

Y

SIRE BT

f:' Jriy=,

—-1.22(C )12

CClO‘l

Coherency I
(FEG Gun
Monochromator
Cc corrector

Cs corrector)



lectron wave _ _ : :
| Objective lens acts as a signal filter

TEM CENTER . .
Electrons interact with atoms NTHU

Efpecimen (Object) Pick up structure information

0.6
200KV FEG

i

0.4

0.2 -

0.4-

0.6 -

' 1250KV
0.8 -

1.0-
Diffraction plane CTF curves of Scherzer focus

r

! ' Recorded image (Observer)



( Using Ultra-High Voltage TEM

1 ’ TﬂMC NTER

* ]. Electron Wave Length
» Decreasing the electron wavelength

» Develop ultra higher accelerating voltage
up to IMeV ~0.1 nm

e 7. Coherence of electron wave

» Using a field emission gun (FEG), the
temporal incoherence can be reduce,
information limit extend to 0.1nm

Osaka University, Japan



‘ J [.ens Aberration Correction

Spherical aberration C,, Chromatical aberration C. Astigmatism etc.

CENTE

o NTHU

» Simplest, a better lens design yielding lower spherical aberration
at intermediate voltages

~(0.17 nm 1s reached at 300kV

» Develop Cs corrector 1n intermediate voltages

~0.1 nm
» Develop Monochromator in intermediate voltage

Spherical aberration Cs

Optical.axis....bit S T

Object lens Cs corrector



Hardware Correctors

e Probe forming corrector

e Objective Lens Corrector



TEM CENTER
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OBJECTIVE TRANSFER CORRECTOR CORRECTOR
LENS LENS LENSES 1 & 2 LENSES3 & 4
OBJECT |

PLANE HEXAPOLE 1
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HREM - initial JEOL 2200FS

FEG

200kV HT

X-Y piezo stage
URP polepiece

CEOS TEM corrector
Omega filter
2k x 2k camera

purpose-built room




delocalisation

(a) (b)

twin boundary in gold
111 zone

0.144nm fringes
(200kV)

zero Cs



Determination of Atomic Structure

Electrons 1P
R ESSAE TR Specimen
'\'/‘\/'\/\/
SIS / Dynamical Scattering
/[ [
7

Lens Aberration

ol

- O @
2g e g = refine
structural
model

P
<

/

AT Image Plane

(Guessing a structural

—>model

}

MultiSlice Simulation
(Exit Wave)

}

Calculation of through
focal images

!

Quantitative comparisc
with experimental
Images

No



Example: NiSiz {115}/{111} Twin Boundary
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Example: Si{115}/ NiSi2 {111} Twin Boundary
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TbSi2/ Si Interface

Example
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@ Displacement Map

| M(., NII:R

NTHU
Analysis of Variations in Structure from High Resolution Electron

Microscope Images by Combining Real Epacﬂ and Fourier Space
Information

Martin J. Hytch
Microsc. Microanal. Microstruct, 8 (1997) 41 -57

Quantitative measurement of displacement and strain fields
from HREM micrographs

Ultramicroscopy 74 (1998) 131-146

M.J. Hytch®*, E. Snoeck®, R. Kilaas®



Background on Geometric Phase

Fourier
Transform

27ig T

I(F) = Y A@)e

By Dr. Roar Kilaas



Amplitude
A(go)

| Phase
2.715;’0-?
- _ 2mig T
I(r) = A(g,)e




Digital Moire Images

2mg T 2mg T

I
)

M

M ’ M ’

Higher and higher magnification M 1is equivalent to shifting the reciprocal lattice vector
closer and closer to the center of the Fourier transform. The phase image used for the
displacement calculation is equivalent to M -> o | where subtracting off the term 2stg,°r

has the same effect as shifting the origin of the FT to the position of the reciprocal
frequency g,



* Non perfect crystal - Small deviations from perfect lattice spacings

— R =20\ . T N 2 ., - A_, —\\ =
I(r) = A(r)ezmg(r) "= A(F)e (g +Ag(r))T

* Displacement Field description

b(r) T = ENLINRPYNS N
5 - uo+5(r)go -
I
1~ r 1. ofr)r r r r
—80 T ——8 ( )l‘ = goT_go'Au(r)



 Amplitude and Phase
r V SV RN V ) 1 . A C
I(l’) =A(r)€2mg(r)r =A(r)e m(g0+ g(r))r

V ; r .r r . [ r V r
_ A(r)ean(go r+g,Au(r)) _ A(Y) exp(iP (1))
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Displacement Field Calculation

* Requires 2 phase images from 2 different reflections

 Implicit definition of a reference lattice

Pgl (_I:) =2m _g I- u (_I:) — 2n(g1X‘uX(_I:) + g1y°uy(_1:))

PgZ(_I:) = 2n§2 u (_I:) = zn(g2x-ux(_1:) + g2y-uy(_f))

* Solution for the displacements with respect to the reference lattice

() = el DEn = D8
2 8,85y — 814824

)

— 1 P (_I:)‘ X — P (f)' X
U,y(I') _ ( g2 gl gl g2
2 Eix-82y T 81y-82x
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Displacement map




Alternative Strain Map

Template matching- cross correlation

Template object
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The value of cct give an indication of similarity of two 1mages



1. Scanning the template
across the object image

Pattern Recognition
for structure
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Atom Resolution Compositional Map



S1/GeS1 quantum well
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