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Limits from three-fold astigmatism |42]*

|42 (pm) ¥ at 2.A v at 1A A (A)
2.25 0.737n 5.81n 2.85
1.0 0.337n 2.58n 2.18
0.5 0. 167 1.29x 1.73
0.2 0.065m 0.52n 1.27
0.1 0.033x 0.267 1.01
0.05 0.016m 0.13n 0.80
0.03 0.010m 0.087 0.68

“Contribution to lens phase change x(u) from three-fold
astigmatism |42| at spacings of 2 and 1 A, and the spacing x4
at which phase change from three-fold astigmatism reaches = /4
at 3 keV. Uncorrected wvalue of |42 for the WNWCEM
CM3IMFEG,/UT is 2.25 pm. Measurements of corrected values
of |42 gave means of 0,05 and 0.03 pm.
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Fig. 8. (a) Experimental OAM image of CVD diamond before correction of three-fold astigmatism. (b) Diffractogram shows specimen
orientation is [110], with strong 111 and 113 spots, weak 220 and 331 spots, and very weak 004's (arrowed). (¢) Averaging (pl in
Crisp™) shows white spots separated by approximately |a|gamosa/ 4, but with extra spots producing triangular white clusters. (d) Images
simulated from diamond [1 1 0] match best at |42] = 2.25 um.
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Fig. 10. {a) Experimental 0AM image of CVD diamond in [110] orientation after correction of three-fold astigmatism to below

0.05pm. (b) Diffractogram shows a strong 00 4 presence (arrowed) producing “dumbbell” images with 0.89 A spacing (marked) in the
experimental and (c) averaged images.

M .A. 01 Keefe et al ., U Itram iCI’OSCOpy 89 Fig. 9. OAM “clock™ tilt series of diffractograms from a thin

amorphous carbon specimen. (a) Strong three-fold astigmatism

measured at |A:| = 246 um before correction shows distinct

(2 OO 1) 2 1 5_24 1 three-fold character (arrowed). (b) Corrected series measured at
0.05 pm shows all ellipses pointing to the tilt origin.
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Aberration BOEV 120kV 200kV RILINAY
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Focus € (nm) 0.40 0.31 L. 0.25 0.4
Two-fold astigmatism A4, (nm) 0.40 0.31 1.0 0.23 0.4
Three-fold astigmatism A5 (nm} 11.50 92 60.0 1.5 13
Second-order coma B, (nm) 380 3.1 20.0 2.5 5.0
Third-order spherical aberr. C5 (pum) 0.30 0.24 j2 0.2 0.5
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Fig. 6. CTFs (lower) and diffractograms (1-D top and 2-D center) computed for (a) standard CM300FEG spread of focus of 35.5A
[30] and (b) OAM value of 20A. Information kmits of 1.05 and 0.80 A are marked. Computed for zero beam convergence at Scherzer
defocus. (“Ghosts™ in the circular 2-D diffractograms are aliasing from sub-sampling of the fine rings.)
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S.Horiuchi:<<
Fundamentals
of HRTEM>>,
North-Holland,

199%%0dB2295

560A

S ST GE. e R

Fig. 8.23. Through-focus images of a Ge amorphous film and the corresponding optical diffraction

patterns. The calculated intensities are also shown. The images are taken at & = 1000 A (underfocus)

(a), 560 A (b), 340 A (c), 140 A (d), 0A (Gaussian focus) (¢) and —240A (overfocus) (f), respectively.
u, =0.69A 1 E=800kV, C,=22mm and A =100A.
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Fig. 1. Typical temporal coherence-damping envelopes Ep( () and contrast transfer functions (CTF) for a conventional microscope,
for a Cs corrected microscope, and for a Cs corrected and monochromated microscope. A large defocus of —500 nm has been used for
the conventional CTF in order to boost the CTF at 8 nm™'. The Cs corrected CTFs have been calculated for a defocus of only —3 nm.
The CTFs without monochromation have half convergence angles of 0.2 mrad. The CTF with monochromation has a half convergence
angle 2 mrad. The Cs corrected CTFs hardly depend on the half convergence angle.

BO®&Higdy,S. Kujawa,P.M. Mul,J. Rintyfalé@,P.C. Tiemeijer:Ultramicroscopy 162
(2005) 209-214
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Fig. 2. Two Young fringe images of an amorphous tungsten film, showing the improvement of information limit obtained by the
mmmclumtmmr_ (a) monochromator off (AE=0.55eV) and Cs corrector on (Cs= —3 pm), (b) monochromator on (AE <(0.15eV) and
Cs corrector on (Cs=—3 um). The dots in the right image are lattice reflections from small gold particles in the tungsten film used for
calibration. The light blue circle shows the 0.10nm frequency. The dark blue circle shows the 0.14nm frequency. The Young fringes
show that, without monochromator, the information limit 1s a little worse than 0.1 nm. With monochromator, the information limit 1s

well below 0.1 nm. The images were taken with 0.3nA beam current on the CCD, 1s exposure time, and 0.2 mrad half convergence
angle (a) or 2 mrad half convergence angle (b).

B. EB%Q%JZ% Kujawa,P.M. Mul,J. ngnglga],g C. Tiemeijer:Ultramicroscopy 102 ,
(2005) 209-214
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Fig. 8.24. (a) Granular structure of an amorphous C film. (b) Optical diffraction pattern, whose
rings are slightly ellipsoidal, showing the existence of residual astigmatism.

Hddoriyyehi:<<Fundamentals of HRTAM>»&vNorth-Holland, 1994, p.224.
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O.L.Krivanek: Chapter 12
<<HRTEM>>, Editors;
P.R.Buseck, J.M.Cowley,
L. Eyring. Oxford Univ.
Press, 1988, pp 546.

Beam Tilt (mrad)

FIGURE 12.8 Diffractograms showing the effect of the tilt of the incident beam on the contrast
transfer. Intentional beam tilt is proportional to the distance of the diffractogram from the
center of the tableau. Micrographs were taken on the Siemens 102 at 125kV.
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Figure 2 : Ray path through the hexapole Cs-corrector
ﬂﬂnsiﬁ?rzf of I.‘Wﬂ}}TPEIﬂPﬂIES ff.::mﬂgu!'ﬂr é::oxes}, which are
separated by a telecentric round lens couple. It can be seen that
the outer ray-path (green) is tilted away from the optical axis in
order to compensate for the spherical aberration ﬂ?ofﬁfr objective
lens. Figure courtesy of Dr. 5. Uhlemnann, CEOS GmbH.
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NHiEE T TEM,1998%

Wave aberration coefficients of the corrected microscope, meas-
ured at a tilt of |7 = 26 mrad

Measured wave aberrations for the uncorrected microscope Coefficient Measured value Standard deviation
after the alignment
C, — 5370 nm 10 nm
Coeflicient Measured value Standard deviation A, 14 nm/146" 10 nm
A, 250 nm,; — 207 6l nm
C — 590 nm 10 nm B, 55 nm, — 1047 60 nm
|44 0 10 nm C, + 90 pm 3 um
A, 0.14 pm/120° 0.15 um As 5.5 pm/ — 597 2 um
B, 0.10 pm/80° 0.15 um 83 1.6 pm/ 108" 2 um
Cy 1290 pm 15 um Ay 86 wm,154° 60 um
B, 30 pm,/ — 1417 30 um
D, 19 wm/ — 107 200 um
Cs + 6 mm 4 mm
S.Uhlemann & M.Haider: - t mm/130 2 mm

Ultramicroscopy 72 (1998) 119.
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Table 1 Aberation coefficients measured shortly before recording
the Ronchigram shown in Fig. 3d.

Abemration coefficient Measured value inm})

L T
*1: 207
F-w]‘;'
Fu& 11x ”"‘
G 18 :"”"‘
[ F"H-’ﬂ 3 H L e,
1 . Cow_ 28X
.....................-........-......................-..ﬂ 3 1.; l]ﬂ}...................-........-...................
) C ? J :-c: 10°
e
N.Dellby, O.L.Krivanek, PYEST
P.D.Nelllst, P.E.Batson, i:_; 1 . el | e il e i FLMLEFICL - . Rl ] S S L _4 _-I .K ]1}1.................-........-...................
and R.Lupini: J. of EM, h___ﬁf:ﬁ::::ﬁﬁ:ﬁ:::::::iffff::h3 X0
50(3) (2001) 177. A T L
Cow o 30XWE
Coga o eBxle
G 39 % 107
2008/12/5 Co e B O
1.4 % 106
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List af the upper limits with respect to the @/4 cnterion of all axial aberrations considering only one particular aberration cocfficient

1B ESR,

Aberration kY 120kY HOkY ETLINRY

i prm 5 pm 1) pr S prmo S pm
Foos O (nm) .40 2l 1.6 025 4
Two-fold astigmatism 4, {nm) {4 il 1.4 025 4
Three-fold astigmatizm 4. (nm) 11,54 9.2 LR 1.3 13
Second-order coma B- (nm) 180 11 2.0 25 50
Third-order spherical aberr. O3 (um) .30 .24 1.2 .2 .5
Four-fold astigmatism 4. (um) .30 .24 12 .2 .5
Third-order star aberr. 55 (um) o7 (L (LR .03 {1
Five-fold astgmatism 4y (um) 8.2 .4 164 5.0 13
Fourth-order coma B, (1) 165 1.3 3.2 1.0 26
Fourth-order three-lobe aberr. 12y (um) 1.65 1.2 2 1.0 26
Fifth-order spher. aberr. Cs (mom) LI 13 T.bH 1z 4
S-fold astgmatism As {mm) 1y 13 T.hH 1z 4
Fifth-order rosctte aberr. Be {mm ) 003 0.2 1.28 iz {0006
Fifth-order star aberr. S {mm) 003 0.2 1.2% iz (L0
Seven-fold asticmatism A g {mm) 4.58 .62 1584 28 11.7
Sixth-order coma B {mm) b3 .52 51.2 4 1.7
Sixth-order throe-lobe aberr. I3 (mm) 65 .52 51.2 4 1.7
Sixth-order pentacle aberr. Fg {mm) 63 .52 51.2 4 1.7
Seventh-order spher. aberr. C'; {mm) Lk £2.0 15594 622 1
Chromatic aberr. £,y {um) 10, 13, 1. 10, 1.
The summation of the total phase shift when all aberrations are contributing to the upper limit 15 not included.
M. Haider, H. Muller, S. Uhlemann, J. Zach, U. Loebau, R.

68

I2—98g/§8ﬁen:UItramicroscopy 108 T(Eé’bOB) 167-178



2R

G SR AL IR &
IIURRIESE, 1FXx0zZ

RS

EEI*'I'I'[

o) %\\m o
il
‘I'I'[
LLLI

b
HeF

RSN D =

s ve

\

EEESEI\/IEH A '
ETEM P Uit AR SL 5 =
W& T (Hiederibis,
2008-10-15)

Y %L T 3= RE 8 [
N
=
<
O

2008/12/5 A-C TEM

69



HRERIERZERE
I 50

222222222






P mdnd

P.D. Nellist et al.,

Science 305,
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Imaginary

w(k)="t,(k) exp(x)

(b) :

#(R)=¥ (k) exp(-x)

Imaginary
(©) :
» (k)
I(k) = w(k)+¥'(-k)
wi-k)
e 21
,,,,,,,,,,, o vik) ----- Real
s
1(k) o2
w(k)
I(k) = oV(k)H 2sinx Helk)

Fig 2 Argand diagrams showing the action of sm y(k) under WPO condwions (a) Formation of the kth image amplitude

component ¥(k) The specimen potential component (k) gves mse to an exit-surface diffracted beam Wg(k) at a phase

difference of — o /2 from V(k) Passage through the objective lens rotates the phase of ¥ (k) through an angle of x(k) to form

¥(k) (b) Formation of the second amphtude component contributing to the & th image intensity component {c) Summation of the

two amplitude components 1o produce the intensity component fy(k), which lies along the negative extension of the onginal F(k)
and has an amphtude (length) proportional to 2 sm y(k)

M.O’Keefe: UltraM, 47(1992) 282
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Fig. 2. The unit cell of orthorhombic ¥ Ba:Cus0y_s with oxygen deficiency & close to zero. Oxygen atoms are ordered occupyving the
4 sites along the [0 10] axis. Projections of the orthorhombic unit cell along the [100]. [0 10] and [001] direction are shown to the
right. Room temperature unit cell dimensions are indicated.
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Fig. |. Expermmental high-resolution image of a 90° [100] tilt grain boundary in YBa:CusOy_s. The image is taken along the [100]
zone axis. Arrows mark a step-free part of the grain boundary. A projection of a unit cell of YBa;CusO4_; in [100] direction is
indicated m the boxed region (sec also the structure projections in Fig. 2). A corresponding simulated image 1s shown as inset in the
lower right part of the high-resolution image. The geometric structure of a repeat cell of the grain boundary structure is given to the
right. Polygons point out the square pyramidal oxygen coordmation of the plane copper Cu.

L. Houben, A. Thust, K. Urban: Ultramicroscopy 106 (2006) 200-214
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The insets at the lower right display simulated exit-plane wawve data. The circle highlights a Cul site of deviating contrast in the gram
boundary plane.
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Fig. 8. Phase peak posiions measured by a two-dimensional
Craussian fit for a single repeat cell of the penodic grain
boundary. Peak positions for Ba, Cul, Cu2+02 and ¥-
columns are indicated. Sohd lmes pont out the bendmg of
lattice planes across the grain boundary. The aspect ratio 1s
blown up m order to uncover the bending of lattice planes.
Elementary unit cells are mdicated as the gray shaded
rectangles. Dotted hnes represent the prolongation of lattice
planes from one domamn intoe the other. The symbol size 1n x-
direction matches the 2r radms of =6 pm for the statistical
error 1n the distance between two individual peaks.
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Fig. 1 Probe intensity profiles in free space as a function of
defocus for microscopes of three generations: (a) uncorrected
100 kV microscope, (b) 300 kV microscope with, third-order
corrector and (¢) a hypothetical 200 kV instrument with C3/Cs

srector (see detailed probe parameters in text). Note different
scaiws vertically and laterally. Intensity maxima are normalized to
zero defocus.
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Fig. 2 Vertical electron probe profiles in free space for different
values of gun energy spread: (a) for ORNL's 300 kV instrument with
its existing gun or hypothetical Shottky gun, (b) for a 200 kV C,/Cs-
corrected microscope; 0.6 eV corresponds to a Shottky-type gun,
0.3 ¢V 1o a cold field emission gun (CFEG), and 0.1 eV 1o a
monochromated gun. Intensity maxima are normalized to zero

defocus.
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Fig. 3 (a) The model doped Si crystal with four Bi atoms at different
depths (Bi, black; Si, gray); (b) simulated HAADF image intensity
scans for an aberration-free probe with 35 mrad semiangle, detector
angle from 70 to 300 mrad. Defocus varies from 0 (top) to 38.4, 76.8,
115.2 and 153.6 A, consecutively.
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