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Scanning Transmission Electron Microscopy

200 kV Incident 1 atom wide (0.2 nm) beam is scanned

Electron Beam across the sample to form a 2-D image ——ADF Signal e Er M, Edge
(AE=1eV) ‘

Elastic Scattering 6 0.5 1 17.
~"Z contrast" Distance (nm)

Annular Dark Field (ADF) detector

Electron Energy ////

"@f
Loss Spectrometer <L //////é
_

N

Increasing
energy loss

Single atom  P. Voyles, D. Muller, J. Grazul, P. Citrin, H. Gossmann, Nature 416 826 (2002)
Sensitivity: U. Kaiser, D. Muller, J. Grazul, M. Kawasaki, Nature Materials, 1 102 (2002) 2



Reciprocity (or STEM vs. CTEM)

CTEM ; STEM
Gun Detectors
lllumination E‘ Collector
arlgle angle
' T
Speciinen Specimen
Objective Obijective
Apelrture Aperture
Viewing :
Screen | Gun

Reciprocity (for zero-loss images):
A hollow-cone image in CTEM <) an annular-dark field image in STEM.

However: In STEM, energy losses in the sample do not contribute to

_ chromatic aberrations (Strong advantage for STEM in thick specimens) 3
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Reciprocity

Reciprocity: Electron intensities and ray paths in the
microscope remain the same if (i) the direction of rays is
reversed, and (ii) the source and detector are interchanged.

Proof follows from time-reversal symmetry of the electron trajectories and elastic
scattering (to all orders).

Reciprocity does not hold for inelastic scattering:
Sample is after probe forming optics in STEM - energy losses in sample do not cause
chromatic blurring in the image

Sample is before the imaging optics in TEM — energy losses in the sample do cause

chromatic blurring in the image. Imaging thick samples in TEM can be improved by
energy filtering (so on the zero-loss image is recorded). This is not needed for STEM.

From L. Reimer, Transmission Electron Microscopy 4



oQource petecior
IHlumination - Detector
aperture aperture

Objective
aperture

|

=
E — Aperture =
diGPhrUgﬂ"_l }gunning =
/ deflection”

| Source

Image recorded
In parallel

From L. Reimer, Transmission Electron Microscopy

TEM

STEM

Condensor
aperture

Collector
aperture

Controls coherence

Objective
aperture

(after sample)

Condensor
aperture

(before
sample)

Controls resolution

Image recorded serially by
scanning the source




Geometric Optics — A Simple Lens

David Muller 2006
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Fourier Transforms

All plane waves at angle o
pass through the same point
In the focal plane.

94

ﬁ If the component of the wavevector
in the focal plane is kK ,then
a function in the back focal plane, F(k)
is the Fourier transform of a function
in the image plane f(x)

Forward Transform: (image- > diffraction)
— o0 - WA
F(k):f{f(x)}:j f (%) e'%7%d 2%
—00
Inverse Transform: (diffraction ->image)

f(R) =F HF (k)= [ F(K)e > ds

David Muller 2006 Note: in optics, we define k=1/d, while in physics k=2 /d



An ideal lens would have an aperture A(k)=1 for all k. However, there is a maximum
angle that can be accepted by the lens, «,..,, and so there is a cut-off spatial

frequency K,..= Ky O

ax’

Focal Plane Image Plane

76

5 - % I.l-'-' ",
FT ﬁ""""’-‘ﬂ\w

= "’*‘uw A
5 7 W". ‘\'{If[ 7 </
| By isssey

7
AN XA ..
Z "\d/"W Vi

A(K) = ;
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The Aperture Function in the Image Plane

2J. (27K __T)
A r) = 1 max 2
(== 2wk 1 \A(r)\
37 I I I A
N )| |
2 NI l
z x
< A <4 |
A’\/Xfff\ o J
3 2 1 01 2 3 3 2 4 0 1 2 3
X X

First zero at 27Kk I = 0.61

2
The image of single point becomes blurred to ‘ A(I’)‘ (why?)
David Muller 2006
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f(x) —  h(x) |——9(x)

D
D
=
object Blurring function image

Image = object convolved (symbol &) with the blurring function, h(x)

g(x)= j"‘; f(x') h(x=x")dx' = f (X) ® h(x)

Point spread function

In Fourier Space, convolution becomes multiplication (and visa-versa)

David Muller 2006 G(k) =F (k) H (k) “Contrast Transfer Function 11



Contrast Transfer Function

The contrast transfer function (CTF) is the Fourier Transform
of the point spread function (PSF)

The CTF describes the response of the system to an input plane wave.
By convention the CTF is normalized to the response at zero frequency (i.e. DC level)

- k
H(k):%

A low-pass filter A high-pass filter

~

A (k) H (k)

kK k
(multiplication by k in Fourier Space
->differentiation in real space)

»
»

(division by k in Fourier Space
->jntegration in real space)

smoothing Edge-enhancing

David Muller 2006 12
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High-pass filter

Fourier Transform A high-pass filter

13
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Fourier Transform

A low-pass filter

3.,
-

-‘Fir{-al image

smoothing

14



The Aperture Function in the Image Plane
The image of single point becomes blurred to ‘ A(I’)‘ (why?)

2J,27r k. . T)
A r) = max 2
O A0
3 | \ \ \ | A
% /\ s +
~ 2 . N i
X X
z | i 3
1. =4 |
0 N\/ ‘ XTJDV\ ) ‘ JL ‘
3 2 1 0 ‘ 3 2 1 0 1 2 3
X X
First zero at 27k ., = 0.61, with K. ., = (2744)0,, .

.e. ‘r = 0.61/(27K,,.,)~ 0.61 A/ G, ..

David Muller 2006 15



Is this the best we can do?

e —
E} 1-0 E - {]-U
@ e=03
O ge=0.6
w 0.8 :
D
@ e=08
© 0.6
5 = (.9
w 0.4 e=0.
©
_5 0.2 _
. | |
E 0.0 = i ' '
L 0 05 1 15 2 25 3
Airy Disk Radii
1oy Disk Radi Adding a central beam-stop
§_,: 08 ‘ to the aperture increases the
N tails on the probe but only
L+~ 06 .
E% slighty narrows the central
Ba 04 peak.
g 02
(]
*%0 0z 04 06 08 10 From Wyant and Creath 16
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Coherent vs. Incoherent Imaging

(Kirkland, Chapter 3.3)

> ob
Lateral Coherence of the Electron Beam A N 0.164
for an angular spread f,.., (Born&Wolf): Xeoh = a
ﬁmax
A
Image resolution @ ~ —— p
amax

Combining these 2 formula we get:

Coherent imaging: ,Bmax << O.lGOlmaX

Wave Interference inside AX_,, allows us to measure phase changes

as wavefunctions add: ‘l// 2 TY b‘z = ‘Wa‘z + ‘l// b‘z +l//al//;+ l//bl//:

Incoherent imaging: Py >> 0.10,., (usually  frax > 3ma )
2 2
No interference, phase shifts are not detected. Intensities add ‘Wa‘ + ‘Wb‘

David Muller 2006 17



Coherent Imaging

(Kirkland 3.1)

. . 1
incident electrons i .

specimen : =

W object (X) Lens has a PSF A(x)
Wimage (X) = Wobject (X) ® A(X)

objective lens

objective aperture

(back focal plane) = Wimage (k )

l//image (k) = WObject (k) | A(k)

XYy

image planc

g(x)= ‘l)”limage (X)(Z

We measure the intensity, not the wavefunction

g(X) = Wobject (X) ® A(X)‘Z

Convolve wavefunctions, measure intensities

David Muller 2006
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Incoherent Imaglng (Kirkland 3.4)

Lost phase information, only work with intensities

. 2
incident electrons ﬂ - W (x) Lens has a PSF ‘A(X)‘
specimen & .
W object (X)

b . 2 2 2
objective lens T ( _
(k) ‘l//image XX o Wobject (X)‘ ®‘A(X)‘
bjectiv srture .
(back focal plang) —— = ¥image l

Wimage (k) = [l//object (k) ® W;bject (k)] [A(k) ® A* (k)]

\ J
Y

g(X) = ‘W.image (X)(Z CTF

We measure the intensity, not the wavefunction

g (X) = Wobject (X)‘Z ® ‘ A(X)‘z

David Muller 2006 Convolve intensities, measure intensities 19




=N Coherent vs Incoherent Imaging

Coherent Incoherent
Point Spread 2
Function A( X) ‘ A( X)‘
Contrast Transfer | 11ase Object Im A(k) . 2
Function T Ak @ AT(K)
Amplitude Object Re A(k)

W object (X)‘Z ®‘A(X)‘2

We measure g(x)= W opject (X) @ A(X)‘2 g(x)=

David Muller 2006 20
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Convolutions

(from Linear Imaging Notes, Braun)

6 1) % 96

[

X

The moving average is obtained by placing the window g(z) = (1/a)rect(z/a)
at a point z = z’, then computing the average within the window. The process is
repeated as the window is moved to each new value of z’. The result of the moving
average operation is a smoother and more spread out function. If the window
function is allowed to take any form, then the moving average will generalise to a
convolution.

The graphical algorithm for performing convolution is as follows:

1.

2

n

take g(z') and flip to get g(—z");

. shift to right by = to get g(z — z’);

multiply by f(z);
integrate the product;

repeat above steps for every point z.

Example: h(z) = rect(z)=*rect(z). The result of convolving a rectangle function
with itself is a triangle function:

1, rect(z) 1, rect(z) 1, A(z)
27 NN
* NN = A
A " NN E .
~-1o01! ~101L -1 0 1

21



Resolution Limits Imposed by the Diffraction Limit

(Less diffraction with a large aperture — must be balanced against C,)

Lens
/ ld.
Gaussian
image plane
The image of a point transferred through a lens with a circular aperture of
. . o . 0.614 0.614
semiangle a,is an Airy disk of diameter d, = — ~
NSIN o, a,

(0.61 for incoherent imaging e.g. ADF-STEM, 1.22 for coherent or phase contrast,. E.g TEM)

_ (for electrons, n~1, and the angles are small) 99
David Muller 2006



Electron Wavelength vs. Accelerating Voltage

0.05 14—

0.04

0.03

o

o

N
T

A (Angstroms)

0.01 -

— Relativistic
--------- Non-relativistic

David Muller 2006

200

400

600 800

Electron Kinetic Energy (keV)

1000

Accelerating v/c A (A )
Voltage
1V | 0.0019784 | 12.264
100 V | 0.0062560 | 1.2263
1 keV | 0.062469 0.38763
10 keV | 0.019194 0.12204
100 keV | 0.54822 0.037013
200 keV | 0.69531 0.025078
300 keV | 0.77653 0.019687
1 MeV | 0.81352 0.0087189

23



Resolution Limits Imposed by Spherical Aberration, C,

Lens
Plane of
- C,>0 Least Confusion

s —

\/

\ T~
Gaussian
iImage plane

For C.>0, rays far from the axis are bent too strongly and come to a crossover
before the gaussian image plane.

1

For a lens with aperture angle o, the minimum bluris d . = —C3053

Typical TEM numbers: C;=1 mm, =10 mrad — =0.5nm

David Muller 2006
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Balancmg Spherical Aberration against the Diffraction Limit

(Less diffraction with a large aperture — must be balanced against C,)

For a rough estimate of the optimum aperture size, convolve blurring terms
-If the point spreads were gaussian, we could add in quadrature:

2 2
d2 ~d;+dZ= [O'GMJ +(%C3a§’j

xy

100 —rrr

Optimal aperture
And minimum
Spot size

N d,;, =0.66C;" 2"

Probe Size (Angstroms)
H
o

David Muller 2006



Balancmg Spherical Aberration against the Diffraction Limit

(Less diffraction with a large aperture — must be balanced against C,)

A more accurate wave-optical treatment, allowing less than A/4 of phase shift
across the lens gives

Minimum Spot size: dmin — 0.43C§/413/4

1/4
. 44
Optimal aperture: Aot =| <
C3

=1.53A and «

At 200 kV, 1=0.0257 A, d ot =

min

=10 mrad

=12 A and «

At 1kV, 2=0.38 A, d ot =

min

= 20 mrad

We will now derive the wave-opftical case

David Muller 2006 26



Spherical Aberration (C,) as a Phase Shift

Lens
As = path difference due to wave aberration

/TN

Gaussian
iImage plane

Wavefronts (lines of equal phase)

| | 27
Phase shift from lens aberrations: ;((05) = TAS(OJ)

(remember wave exp[ i(27/2) x] has a 2z phase change every /)

1. 4
For spherical aberration AS (0[ ) = Z C30£ but there are other terms as well

David Muller 2006 21



An Arbitrary Distortion to the Wavefront can be expanded in a power series

(Either Zernike Polynomials or Seidel aberration coefficients)

y(p,0')==2,-2,+24 piston
+oNZy = 2Z6) +(Z; = 2Z,)
Zernike Polynomials (Z,-2Z, _
x cos| & — tan tilt
Z, —2Z
+p*2Zy — 6Zg + JZ3 + Z2%) focus
2 2 2 2 1 -1 Zs - :
+2p° /25 + Z5cos®| ' ——tan™ ' | 5= astigmatism
2 Z,
VA
+3p/Z% + Z3 CDS[B' — tan~! (z—?)] coma
6
+6p*Z,. spherical
TAEBLE IV
ABERRATIONS CORRESPONDING TCO THE FIRST NINE ZERNIKE
TERMS
Zo piston
Z, x-tilt
Z, y-tilt
Z, focu
Z, astigmatism @ 0° & focus
Zs astigmatism @ 45° & focus
Zg coma & x-tilt
s coma & y-tilt
Zy spherical & focus

J.C. Wyant, K. Creath, APPLIED OPTICS AND OPTICAL ENGINEERING, VOL. XI 28



An Arbitrary Distortion to the Wavefront can be expanded in a power series

EM community notation is similar:
O.L. Krivanek et al. [ Ultramicroscopy 78 (1999) [-1]

.-""{ﬂi LTl R A Ll S I VR I I o

+ Cy ity + Cy 10,007 + 07)/3

+Co (05 +07)/3 4 Cy 5,0,(0;—38)/3

+ Cy (305 — 07)/3 + C5(0; + 67)%/4

+C5 (0 —h/4 + Oy 5, 0,0,(0; +07)2

+ Ca g (0F — 60707 + 07)/4

+ Ca 030, — 6,07)). (A1)
where ¢/, = t/ cos(g) and ¢/, = # sin{g).

Seidel Aberration Coefficients (Seidel 1856)

P E Batson | Ultramicroscopy %6 (2003 ) 239-249

Coellicient Mame Measurad {nm)
Cy Defocus 1034
Ciag Astigimatism 11.3
Cian Astigmatism 293
Coia Coma 218
Can Coma 348
Crag 21.7
Caap 537
Cy Spherical 2062
Csag 23.0
Csan 4799
Chaa 1233
Caapn 506
Casa

Cash

(kKo )mtV

Or more generally  yik.¢) =Koy

M

(n+1)

D

m-n o, meesm-1

# | Crpraa COS (e ) + Cap sIiFGE )]

Cs0and C;, are also important

David Muller 2006
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An Arbitrary Distortion to the Wavefront can be expanded in a power series

Here are some terms plotted out

n=1 FIRST-ORDER PROPERTIES n=2 LLULL SR b 2 e AL L) i3
e
4 5
bl
=
N 1 ASTIGMATISM AND DEFOCUS 2
TILT z
>
) 4
4 =
'-II- }
§ < :
=
; =
=
>
)
™
COMA AND TILT §
;_;
F
2
==
FOCUS

THIRD-ORDER SPHERICAL AND DEFOCUS

David Muller 2006 30



Phase Shift in a Lens

(Kirkland, Chapter 2.4)

Electron wavefunction in focal plane of the lens

pla)=e"

Where the phase shift from the lens is

277 ( 1 1
— 20 ZC.at == Afa?
¥(a) /1(4[306 > aj

Keeping only spherical aberration and defocus

B oirk) ‘E‘<kmax
A(k) =+

0, ‘IZ‘ >K .

.

David Muller 2006
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Otlm/zmg defocus and aperture size for ADF

Sy Goal is to get the smallest phase shift over the largest range of angles
4

1/4C30c4 *

W
a
\

N
a

\

\

a

\
x
Py
£
\

Phase Shift (rad)
o

3
o>

-
.
.
! \ ! ! TR I L s | L !

N
3

o
N
AN
(@))
(00)
S

12
o (mrad)
Step 1: Pick largest tolerable phase shift: in EM A1/4=7/2, in light optics A/10

Step 2: Use defocus to oppose the spherical aberration shift within the widest /2 band

Step 3: Pl rt t d of the /2 band
top 3. Place aperture at upper end of the an 32



Otlm/zmg defocus and aperture size for ADF

Y Goal is to get the smallest phase shift over the largest range of angles

Step 1. We assume a phase shift <A/4=/2 is small enough to be ignored

Step 2: Use defocus to oppose the spherical aberration shift within the widest 7/2 band

Optimal defocus:  Af | = (CS ,1)%

1/4
: 47
Optimal aperture: &, = | ——
C3
Step 3: Place aperture at upper end of the /2 band & treat as diffraction limited
0.614
Minimum Spot size: d . =
aopt

d. -04ac

(The full derivation of this is given in appendix A of Weyland&Muller

David Muller 2006 33



Otlm/zmg defocus and aperture size for TEM

(derivation is different, given in Kirkland 3.1)

Look for a uniform phase shift of £7/2 across lens

Optimal defocus: Afopt — (0.5()5,1)%

1/4
: 64
Optimal aperture: &gy = | ——
C,

1.224
a

Minimum Spot size: d . =

opt

. i

(The full derivation of this is given in appendix A of Weyland&Muller
David Muller 2006



Phase Shift in a Lens with an Aberration Corrector

Electron wavefunction in focal plane of the lens

pla)=e"

Where the phase shift from the lens is
2 1 1
a)="—| —=Afa*+=C,a" + .
x(@) /1( 5 R )

N\

5t order spherical aberration

David Muller 2006 O.L. Krivanek et al. Ultramicroscopy 96 (2003) 229 35



Optimizing Aperture size with a C, Corrector

Phase Shift (rad)

o (mrad)
Step 1: Pick largest tolerable phase shift: in EM A1/4=7/2, in light optics A/10

Step 2: Use defocus and C, (now negative) to balance C; within the widest /2 band

Step 3. Place aperture at upper end of the /2 band
David Muller 2006
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Optimizing defocus and aperture size

Goal is to get the smallest phase shift over the largest range of angles

Step 1. We assume a phase shift <A/4=/2 is small enough to be ignored

Step 2: Use C, to oppose the C; shift within the widest 772 band

Optimal C;:  C3, = —(32,C52

;

ptimal aperture: oy =47 C.

1/6
j :l.47£

1/6
-
=

Step 3: Place aperture at upper end of the /2 band & treat as diffraction limited
0.614

Minimum Spot size: d_. =

aopt

d._-0Dd42ctee

David Muller 2006
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Contrast Transfer Functions of a lens with Aberrations

Generated with ctemt £

re”‘(k), k| <k

max

Aperture function A(K) = R
of a real lens 0, K| >k

max

Coherent Imaging CTF: Im[A(k)] — Sin[ y 4 (k )]

E= 200keV, Cs= 1.2mm, df= 600A, Beta= Omrad, ddf= OA

1
0.8 coherent p m m

0.2+ /\ {\ A

|

0 0.1 0.2 0.3 0.4 0.5 0.6
Spatial Frequency (in 1/A) 38

MTF
o

partially
coherent

David Muller 2006



Contrast Transfer Functions of a lens with Aberrations

Generated with stemt £

-

|
e, K <k
Aperture function A(K) = R
of a real lens 0, ‘k‘ > Ko

\

Incoherent Imaging CTF." A(k) 2y A* (k)‘2

Cs=1.2mm, df= 400A, E= 200keV, OA= 10mrad, d0O=0A
1.2 T T T T T T T

1

CTF for different defocii
0.8-
Theorem:

Aberrations will never
Increase the MTF

For incoherent imaging

0.6

MTF

0.4r

0.2+

0

900A

-0.2
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

David Muller 2006 k ininv. Angstroms 39



Phase vs. ADF Contrast

(JEOL 2010F, C.=1mm)

Contrast Transfer Function

_1_.. LT .-'.".-"l--.h.--:.|....|....|....|...._
O 01 02 03 04 05 06 0.7 0.8

k (Inverse Angstroms)
TEM: Bandpass filter:low frequencies removed = artificial sharpening
ADF : Lowpass filter: 3 x less contrast at 0.3 nm than HRTEM

David Muller 2006



Phase vs. ADF Contrast

-

L ADF .GTF.

o |

o

David Muller 2006 a-C support films look like this



Phase vs. ADF Contrast

JEOL 2010F, C.=1mm, Scherzer aperture and focus)

0-4 [ T T T T T T T T T T T T T T T T T T T T ‘ T T T T ]

i {\ ——STEM |

0.3 N A D -CTEM |
w02 - , .
2 i F H .
0.1 - \/\ i

ADF : 40% narrower FWHM, smaller probe tails

BaxiAMehg000



Effect of defocus and aperture size on an ADF-STEM image

é
CTF &
PSF  :

David Muller 2006

2000

1500

1000 |

500

=501

1000

2000

15010

1000

02

(200 kV, C;=1.2 mm)

9.6 mrad
04 .5

k [Angstroms "I

501

“1000

=10

5

9.6 mrad

0
radius [Angstroms)

5

0.8

10

0.8

10.6

.4

0.2

0.2

L ]

0.3

025

0.7

0.5

0.1

0.0

Defocus [Angstroms)

Defocus (Angstromsa)

2000

=

-300

000

2000

1200

1000

s00

-300

-1000

0.2

13 mrad

0.4 0.8
k [Angstroms ')

radius (Angstranms)

0.8
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What happens with a too-large aperture?

ADF of [110] Si at 13 mr, C3=1mm

W
¥ B
-

A
f

.=
RN
i l_"

AN FNE RN
y N N

LR RN AR

¥
':I.#I,ﬂilit-u-+:-|~_

-
e
B
-
=
-
e
=

™
i 3

Strong {311} fringes

Strong {111} fringes
2 clicks overfocus

Best 111 and 311 fringes occur at different focus settings

David Muller 2006 If the aperture is too large



Aperture Size is Critical
(200 kV C5=1mm)

1 b \ \ |
0.8 """"" 13 mrad
4 —10mrad |
06 ;
|_|_|_ I ]
O 04~ ™ (220} :
i Si ]
0.2 j ......................... i
O I I I I T | A

0 024, 04 06 0.8

S K (UA)
30% increase in aperture size :}~50% decrease in contrast for Si {111} fringes

David Muller 2006 45



Aperture Size is Critical
(200 kV C5=1mm)

S
5 7

\ rSW: 0.25 nm
° ——I10mrad | -

ol
L B

Beam Current Enclosed (pA)

ol
T ‘ T T T T

r =01nm |7 13 mrad
| 64%
O ! L [ L [ L L L L R
0 0.2 0.4 0.6 0.8 1
Radius (nm)

All the extra probe current falls into the tails of the probe — reduces SNR

David Muller 2006 46



Finding the Aperture with the smallest probe tails
(Kirkland, Fig 3.11)

2‘5.“

n

Normailized Detocus

05 |15

05 B 15 2 25
Normailized Objective Aperture

7.11: The normalized rms radius 7,pms{Cs As)"” 4 of the STEM probe as a func-

“~he normalized objective aperture kpmaz(CsA®)*/4 and the normalized defocus
-1/2

47
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Depth of Field, Depth of Focus

D
; d 0.611
D, = = >
L

lano,, o
Figure 11. Depth of field. Object points O1 and O2 objects are separated by

the resolution limit d of the lens. Rays from these points cross

the axis at A and B equally. Hence, points between A and B will
look equally sharp, and AB is the depth of field Do of the lens for
a semi-angular aperture o.

For d=0.2 nm, =10 mrad, D,= 20 nm For d=2 nm, a=1 mrad, D,= 2000 nm!

David Muller 2006 For d= 0.05 nm, o= 50 mrad, D,=1 nm! 48



Depth of Field in ADF-STEM: 3D Microscopy?
(300 kV, 25 mrad)

—'—25mrad\

--------- 10 mrad H

N
T ‘ T T T
|

D=6 nm: 6, =25 mr

Peak Intensity

R EL LTI
ses=" Y
-----
-
-® LI
-----
. .
L e
----
- -
----
.....
e
e
eue
LEY

L1
— ®
-__-'
hmeo®

O ] L1 L1 L1 T T
-300 -200 -100 0 100 200 300

Depth (A)
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Depth of Field in ADF-STEM: 3D Microscopy?
Today: D~ 6-8 nm SuperSTEM: ~1 nm

g 100
c
2
E
o
%
)
i
= 10 ¢ 1 D=1nm: 6, > 50mr
8 i
a
1 | | | |

Probe Forming Semi-Angle (mrad)

David Muller 2006
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Does Channeling Destroy the 3D Resolution?
Multislice Simulation of [110] Si @ 200 kV, 560 mrad)

0.035 |
0.03 |
0.025 |
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NO! (at least in plane — relative intensities between different depths are still out)
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Summary

1/4
Contrast Transfer Functions: oy

Coherent: a.., =

opt dmin — 077 C§/4/13/4
CB

Lower resolution, higher contrast
Easy to get contrast reversals with defocus
Aperture size only affects cutoffin CTF

/4

1
4
Incoherent: aopt =| —
C3

Higher resolution, lower contrast
Harder to get contrast reversals with defocus
Aperture size is critical — affects CTF at all frequencies

d,_. =0.43CY*
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