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Abstract

Electron radiation damage is an important topic in electron microscopy. A large
proportion of materials or biological structures are still unable to be directly imaged
by electron microscopes at high resolutions due to their radiation sensitivity, instead of
by the instrumental resolution capacity of the microscopes. In fact, as the availability
of aberration correctors was rapidly increased in the past decade, as well as the
emergence of the next generation of chromatic aberration correctors, attention has
been again focused on the control and reduction of radiation damage.

This thesis proposes a complete low-dose high resolution imaging strategy for
characterising radiation-sensitive materials using an aberration-corrected transmis-
sion electron microscope. The microscope was quantitatively calibrated for electron
dose and was operated under a strict low-dose condition to ensure maximum protec-
tion for the radiation-sensitive samples. Time series and focal series imaging were
employed to allow other data processing techniques to be applied.

During the course of pursuing higher resolutions using low-dose imaging and data
processing, several side problems have been explored. Image registration of low-dose
image series was first tested using a variable dose time series of human tooth tissue.
The impact of excessive image noise was reduced by modification of the registration
algorithm. In the case of focal series image registration, a simulation-assisted registra-
tion procedure was developed. This demonstrated the ability to register focal series

of cerium dioxide and silicon nitride at various doses, despite the contrast reversal
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problem when the series defoci moved from under focus to over focus. A quantitative
evaluation metric, the IQ factor, was implemented to assess the signal-to-noise ratio
in the power spectrum of an image and has proved to be a useful indirect criterion
for measuring the quality of registration and that of exit wave reconstruction.

Exit wave reconstruction from low-dose HRTEM was investigated using this im-
proved image registration and the resultant exit waves were quantitatively compared
using the IQ factor. The influence of noise on exit wave reconstruction was an in-
tertwined problem with the low electron dose and has also been addressed in this
work.

By combining improvements in the various aspects of low-dose imaging and data
processing, time/focal series of ZSM-5, an important type of zeolitic catalyst, was
acquired. The low-dose time series of ZSM-5 was aligned by both the traditional
rigid XCF image registration and a more sophisticated non-rigid image registration
method. The low-dose focal series of ZSM-5 was used to restore the electron wave
function at the exit plane of the sample. The restored exit wave was able to resolve
the fine structure inside the ZSM-5 framework, which was not clearly resolved in the

individual images of the focal series.

v



Contents

[Acknowledgements|

[Disclaimer]

[Abstract]

[List of Figures|

IList of Tables|

lossar

[2 Literature Review: Radiation Damage|

[2.1 Radiation damage mechanisms|. . . . . . . . ... ... ... ...

[2.1.1  Knock-on damage|. . . . . . . ... ...

ii

iii

xxii

xxiii



CONTENTS

222 Doserate . .. ... ..o 13

2.3 Measurement of radiation damage| . . . . . . . . . ... ... ... 14
231 Tossofmasd. ... ... ... ... ... . . .. ... 14
[2.3.2  Decay of electron difiraction pattern| . . . . . . ... ... .. 15
[2.3.3  Electron energy-loss spectroscopy (EELS) . . . .. ... ... 15
234 Criticaldosel. . . . .. ... oo oo 16

[2.4  Reducing radiation damage| . . . . . . . .. ... ... ... 16
[2.4.1 Accelerating voltage choice|. . . . . . . . .. ... ... ... 16
[2.4.2  Minimum Dose System (MDS)[. . . ... ... ... ... ... 17
[2.4.3 Negative staining and cryo-electron microscopy| . . . . . . .. 18

[3 Imaging Theory and Instrumentation| 21
[3.1 Electron-specimen interaction| . . . . . . . . .. ... ... ... ... 21
[3.2  Imaging Theory| . . . . .. ... ... ... ... ... ... 23
3.2.1 The wave aberration functionl . . . . ... ... ... ... .. 27
[3.2.2  Partially coherent imaging | . . .. ... ... ... ...... 37
(3.2.3 Detectoreffectsl . . . . ... ..o o000 42
3.2.4 Resolution and information limatl . . . ... ... ... .. .. 45

8.3 Fxit Wave Reconstruction| . . . . . . .. ... o000 48
3.3.1 Linear restoration filters| . . . . .. ... .. ... ... .. .. 49
£3.3.2  The parabola method (PAM)| . . . . ... ... ... ..... 54
[3.3.3  T'he multiple input maximum a posterior: method|. . . . . . . 55
B.3.4 The maximum-likelihood methoed . . . . . . ... .. ... .. 55
[3.3.5  Software for exit wave reconstructionl . . . . . . . .. ... .. 56
[3.3.6  Focal/tilt series acquisition|. . . . . . ... ... ... 58

B4 Tnstrumentationl . . . . . . . .. ..o 60
B.41  Sourcel . . . ... 60
.42 Monochromators . . . ... ... ... o0 65

vi



CONTENTS

[3.4.3  Multipole electromagnetic elements| . . . . . . .. .. ... .. 68
.44 Aberration correctors . . . . . .. ... 70
[3.4.5 Samplestages| . . . ... ... o 74
.46  Detectors] . . . .. ..o oo 75

4  Low-Dose magin 78
4.1 Instrument calibration and parameter measurement| . . . . . . . . . . 78
M.1.1  FElectron dose calibrationl . . . . . . ... ... ... ... ... 78
[4.1.2  Magnification and image sampling | . . . . . . . ... ... .. 83
[4.1.3  Sampling interval calibration|. . . . . . . ... ... ... ... 86
[4.1.4  Post-experiment dose determination|. . . . . . . . . . ... .. 89

(4.2 'TEM sample preparation|. . . . . . . . ... ... ... ... ... 89
4.3  Low-dose imaging experiments| . . . . . . . . ... .. ... ... ... 91
431 Dosecontroll . . . . . . .. .. 91
[4.3.2  Tilting the sample, . . . . . . ... .. ... 93

4.4 Low-dose imaging of hydroxyapatite[. . . . . . . . .. ... ... ... 94
[4.4.1 Time series acquisition| . . . . . . . . ... ... 95

4.5 Image Registration| . . . . . .. ... ... ... 0. 96
1.5.1 The cross-correlation function (XCF)| . . . ... ... ... .. 96
[4.5.2  Reduction of aliasing| . . . . . ... ... ... ... 97
[4.5.3  Image registration ot hydroxyapatite time series|. . . . . . . . 99

4.6 Metrics for success of times series registration| . . . . . . . ... . .. 108
[4.6.1 Noise-normalised reflection peak profile| . . . . . . . . . .. .. 108
[4.6.2 IQ factor| . . . . . . . ... 112
[4.6.3 IQ factor comparison, HAP time series| . . . . . . . .. .. .. 120

b kxit Wave Reconstructionl 122
b1 Materiald . . . . ..o 122

vil



CONTENTS

O.1.1  Cerium dioxidel . . . . . . .. ..o Lo 122
O.1.2  Silicon nitridel . . . . . Lo 122

[>.2  Low-dose focal series imaging| . . . . . . .. ... ... ... ... .. 124
[p.2.1  CeO, focal sertes| . . . . .. ... ... ... ... 125
[p.2.2  S1;N, focal series| . . . . . . ... o000 130

[>.3  Striping artetact removal . . . . ... ..o 134
[>.4  Registration of focal series| . . . . . . ... ... 137
[5.4.1 The neighbour-reference XCF' registration| . . . . . . ... .. 138
[5.4.2  Simulation-assisted XCF registration| . . . . . . . .. ... .. 140

[b.5  Exit wave reconstructionl . . . . . . ... 149
5.0.1 CeO,|. . . . . o 150
[5.5.2  Comparison of the reconstruction results| . . . . . . . ... .. 155
0.5.2.1  Wiener-filter method vs. MALI . . . ... ... ... 155

[5.5.3  Exit wave reconstruction comparison with different registration

methodd . . . . ... 160

5.0.4 SN, .o 163
[.5.4.1  An application limitation of the IQ) tactor| . . . . . . 164

.55 Conclusions . . . . . . ... 164

[6 Applications to Radiation-sensitive Materials| 167
6.1 Introduction|. . . . . . . . .. ..o 167
0.1.1 Zeolites . . . . . . . . 167
[6.1.2  Sample preparation| . . . . . . ... 171

[6.2 Low-dose time series imaging and non-rigid image registration| . . . . 172
[6.2.1 Time series imaging|. . . . . . . . . . . ... 172
[6.2.2  Multi-level XCF registration of ZSM-5 times series] . . . . . . 179

[6.3 Non-rigid registration of the ZSM-5 times series| . . . . . . . . . . .. 185
[6.3.1 Implementation| . . . . . . ... ... ... 185




CONTENTS

6.3.1.1 Multi-level vs. multi-scalel . . . . . ... ... .. .. 185
[6.3.1.2  Regularisation| . . . .. ... ... ... ... ... 186
6.3.1.3 Gradient flowl . . . . . . ... ... ... ... 189
6314 lterationl. . . . . . . .. ... ... L. 190

[6.3.2  Comparison of rigid and non-rigid registration methods using

the IQ factor| . . . . . . . . .. ... 193
6321 7Z5M-5 TEM time series| . . . . . .. ... ... ... 193
6.3.2.2  STEM time series: zeolite Y| . . . . . . . ... .. .. 196

[6.4  Focal series low-dose imaging and exit wave reconstruction of ZSM-5[ 200

[6.4.1 Focal series imaging] . . . . . . . ... ... ... .. 200

[6.4.2 Exit wave reconstructionl . . . . . . . ... ... 201
[7__Conclusions and Future Workl 204
[[.1 Conclusiond . . . . . . . . 204

[7.1.1 Low-dose HRTEM imaging under controlled dose conditions| . 204

[7.1.2 Image registration of low-dose HRTEM 1mages|. . . . . . . .. 205

(1.3 Exit wave reconstruction of low-dose focal series . . . . . . .. 205

[7.2  Suggestions for future work| . . . . . ... 0000000 206
[7.2.1 Noise reduction and direct electron detectionl. . . . . . . . .. 206

[A° Round Electronmagnetic Lenses| 208
(Bibliography| 212

X



List of Figures

R 1

Schematic diagrams showing (a) Knock-on damage: 1. atom displace-

ment, 2. electron-beam sputtering (b) Electron backscattering when

the scattering angle, 0 =2« . . . . . . . .. ... ... ... ...

P2

'I'hree modes of the minimum dose system. Red and green circles mark

the chosen sample and the region of interest respectively,| . . . . . . .

18

B

Lens aberrations cause the actual wavetront to shift away from the

1deal spherical wavetront at the difiraction plane. For an object point

P,, the 1mage at the ideal image plane, where the 1deal wavetront ot P,

converges into an image point F,, the actual aberrated image “point’

P, may be of irregular shape. (In the special example here, P, is on

the optic axis and the aberrated wavetront maintains a rotationally

symmetric shape, the aberrated image point becomes a blurred disk

with radius 0).]. . . . . . . . .o

28

B2

[llustration of phase plates generated by individual aberrations up to

sixth order in k (the units of all axes are scaled tonm)|. . . . . . ..

31

B2

(continued) Ilustration of phase plates generated by individual aber-

rations up to sixth order in k (the units of all axes are scaled to nm).|

32

[3.3

Coherent contrast transter functions with different defocus and spher-




LIST OF FIGURES

B

Zemlin tableau taken by the CEOS aberration corrector under “stan-

dard” mode (measuring aberrations up to A4 from 17 image power

spectra), and “extended” mode (measuring aberrations up to As from

21 image power spectra)l . . . .. ...

38

B5

Influence of the temporal coherence envelope tunction on the transter

function. | . . . . .

43

B6

(Reproduced from (Meyer et al., [2000)) MTF measured for a 1kx1k

(solid line) and a 2kx2k camera (short dashed line: no binning, long

dashed line: 2x2 binning). [ . . . . . .. .. ... oL

44

B.7

Rayleigh criterion for image resolution. The blue dashed line is the

composite intensity of the two orange intensity profiles] . . . . . . ..

46

[3.8

Relationships between the imaging equation and the microscope com-

ponents. W (k) is the wave aberration function, F;(k) the temporal

incoherence envelope function, £,(k) the spatial incoherence envelope

function, and F,(k) the detector envelope function | . . . . . . . . ..

48

B9

(a) C1 = 10mm, C3 = —30 wm. The simple division approach for wave

restoration and the consequent noise amplification issue. (b) Restored

signal using a Wiener filter, 1 = 10nm, C5 = —30 um (c) Restored

signal using a Wiener filter, C; = 20nm, C3 = —30 um. The restored

noise component is suppressed when contrast transter function is close

to 1 or very small. The red cursor in (b) and (c) indicates that zero-

crossing positions are different in 1mages at different detocus values,

compensating each other in the final restored transfer function atter

summation. Noise component n(k) is assumed to be 0.2 across all

frequencies. | . . . . . . . ... e

[3.10 Workflow diagram of the MAL method.|. . . . . . . ... ... ... .

x1

26



LIST OF FIGURES

BI1

Schematic illustration of the tilt-focal series acquisition. Images (0—26)

are taken in the numbered sequence. Fach set of images are recorded

with the beam tilt angle displayed at beneath them. Images, whose

xil

numbers share the same colour, are at taken at the same defocus. |. . 59

[3.12 Schematic diagram of the JEOL2200MCO optical column|. . . . . . . 61
[3.13 Types of electron source.| . . . . . . .. ... ... L. 62
[3.14 Irajectory of electrons in a single Wien filter|. . . . . . . .. ... .. 65
[3.15 Three types of monochromators.|. . . . . .. .. .. ... ... ... 67
13.16 Schematic llustration of (a) dipole, (b) quadrupole, (c) hexapole, and |
(d) octupole element and their effects on the electron beam (the round |
vellow beam i1s the incoming electron beam and the green beam is the |
outgoing beam after the optical elements)| . . . .. ... ... .. .. 69

[3.17 An electron in a multipole of a magnetic field, B, with polar coordinates |
(r, 0). 70

[3.18 Optical elements in a quadrupole-octupole aberration corrector and |
the corresponding beam shapes (adapted from Hawkes| (2015)). | . . . 71

13.19 Optical elements in a hexapole aberration corrector (adapted from |
Hawkes (2015)). . . . . . . . .. 73

13.20 Illustration of a CCD camera and a DDD cameral . . . . . .. .. .. 75
.1 Schematic illustration of the dose calibration procedures. (1) Faraday |
cup alignment; (2) Beam centring; (3) Beam current measurement; (4 |

- 5) Beam image acquisition; (6) Total pixel count of a beam image.| . 80

4.2 Dose calibration for the JEOL2200MCO at 200kV and 80kV.I . . . . 82
.3 A discrete representation of the positive sine function sinx — 7/2 + 1 |
with different sampling intervals (a) Sampling interval: 0.1; (b) Sam- |
pling interval: 0.2; (c) Sampling interval: 1; (d) Sampling interval: |
I 84



LIST OF FIGURES

iz

(a) Image of ZSM-5 with the yellow line indicating 10 repeating unit

cells. (b) Corresponding atomic model| . . . . . . .. ... ... ...

87

Corresponding power spectrum from the original image ot Fig. |4.4a

with the vellow line indicating the distance between two equivalent

reflections in pixels.|. . . . . . . ..o oo

88

A comparison of the microscope configuration for (a) high-dose imag-

ing. (b) Low-dose configuration through defocusing the beam with the

condenser lens. (c) Low-dose configuration through reducing the total

beam exposure of an image with a lower extraction voltage or a shorter

exposure time.|. . . . . . . ...

a7

Atomic model of hydroxyapatite| . . . . . ... ... ... ... ...

4.8

A two-dimensional Hanning window.| . . . . . ... .. .. ... ...

92

%9

Anti-aliasing with a Hanning window. (a) Raw image (b) Image after

applying the Hanning window. (c¢) Power spectrum of (a). (d) Power

spectrum of (b).|. . . . . ...

100

.10

(a,c,e,g) Auto-correlation functions of the first image in the HAP time

series at four different doses (253 e/Az, 44 e/Az, 23 e/AQ, and 5.6 e/Az);

(b,d,f,h) Cross-correlation functions of the first image and and the sixth

image. The red square marks the centre pixel of the ACF/XCF; the

small blue circle marks the brightest pixel atter eliminate the centre

pixel of the XCF (the large dashed blue circle is manually placed to

indicate the XCF peak when the two images are close to their best

match position).[. . . . . . ...

101

A1l

Comparison between (a) a single low-dose image of each dose series

and the mean images of a time series (b) without registration, (c)

with simple cross-correlation registration and (d) with the enhanced

registration procedure, where the abnormal central pixel 1s excluded.|

xiil

106



LIST OF FIGURES

11.12 Central part (< 5 Nyquist frequency) of the power spectrum region of

a hydroxyapatite time series image. The [09 6] reflection is marked by

the blue square.| . . . . . . . . ... oo

110

[4.13 Illustration of a Gaussian fitted reflection peak, and the relation be-

tween relative peak height h, and the absolute peak height h.s.| . . .

110

|4.14 The [09 6] reflection peak analysis with the HAP time series of 253 e/ A%

(a) Raw peak profile; (b) Gaussian fitted peak profile; (c) relative peak

height (above background); (d) noise-normalised peak height. In the

plot, the four peaks are [096]| reflections from the power spectrum of

(1) a single image; (2) the series mean image with no registration; (3)

the series mean image with XCF registration; (4) the series mean image

with enhanced XCF registration.| . . . . . ... ... ... ... ...

111

.15 The [09 6] reflection peak analysis with the HAP time series of 2.2 ¢ /A",

(a) Raw peak profile; (b) Gaussian fitted peak profile; (c) relative peak

height (above background); (d) noise-normalised peak height. In the

plot, the four peaks are [096]| reflections from the power spectrum of

(1) a single image; (2) the series mean image with no registration; (3)

the series mean image with XCF registration; (4) the series mean image

with enhanced XCF registration.| . . . . .. .. ... ... ... ...

.16 The [096] reflection relative peak height plotted against dose| . . . .

114

.17 The [096] reflection noise-normalised peak height plotted against dose.| 115

[4.18 A schematic illustration of the IQ factor. . . . . . ... .. ... ... 116
[4.19 IQ factor comparison of single image, mean image with no registration, |
mean 1mage after conventional XCF, and mean 1mage after enhanced |
XCEL. 120
[p.1 Atomic model of Cerium dioxide, [110] direction| . . . . . ... ... 123
(5.2 Atomic model of Silicon nitride, [000 1| direction.| . . . . . . . . . .. 123

Xiv



LIST OF FIGURES

(5.3 Focal series images of a cerium dioxide nanoparticle along [110] taken |
at 223e/A°| . 126
[p.4  Focal series images of a cerium dioxide nanoparticle along [1 10| taken |
at 525¢/A°| . 127
(5.5 Focal series images of a cerium dioxide nanoparticle along [1 10| taken |
at 1010e/A°| . . . 128
[0.6  Focal series images of a cerium dioxide nanoparticle along [110] taken |
at 1940e/A°| . 129
[5.7 Focal series images of a cerium dioxide nanoparticle along [110] taken |
at 3650e/A°| L 130
|5.8 Focal series image data of silicon nitride along [000 1] taken at 16 e/ A° |
and 31e/A°| . .. 132
5.9 Focal series image data of silicon nitride along [000 1] taken at 177 ¢/A” |
and 1889¢/A”| . ... 133
[>.10 A Si,N, image (a) before and (b) after striping noise reduction.| . . . 135

B.11

[llustration of the striping noise removal procedure. The raw image

that contains horizontal striping noise undergoes a line-by-line his-

togram adjustment to neutralise the erroneous detector bias and torce

every line to have the same mean value. The camera used here is

composed of four smaller CCDs, which need to be adjusted individually./136

512

Schematic illustration of the neighbour-reference XCF' registration pro-

cedure. Each image uses its previous image as the reference.| . . . . .

139

[>.13

Changes in the contrast transfer function close to zero defocus with

accelerating voltage V,.. = 200kV, focal spread f, = 2.8 nm, spherical

aberration C5 = —1.6 pm. The defocus values are (a) 2nm, (b) Onm,

(¢c) —2nm respectively. | . . . . ... L

XV



LIST OF FIGURES

514

Motif determination using the auto-correlation function. (a) and (b)

measure two independent vectors (in pixels), p; and ps, representing

the periodicity of the motaf.| . . . . . . ... ... ... ... ... ..

142

515

Motit selection and averaging in individual images of a tfocal series. The

two enlarged clips from each sub-image are the selected motit and the

averaged motit. Progressive improvement in the signal-to-noise ratio

of the averaged motifs as the number of motif increases can be seen

in both (a)(c)(e) the —6 nm image and (b)(d)(f) the 6 nm image. The

number of the motit count indicates how many motits have been used

to obtain the average motif.| . . . . . . .. ... ... ... ... ...

.16

Extended images ((a) —6 nm defocus, (b) 6 nm defocus) obtained by re-

peating the averaged motifs from the motif selection process in Fig.|5.15|

and (c,d) the corresponding simulated images. | . . . . . . ... ...

146

[.17

An example comparison between the registration results using the

simulation-assisted registration and the simple XCFE registration per-

formed on two images from focal series at 1940 ¢/ A®. Green crosses

are at the same positions in different images. (a) and (b) show that

the simulation-assisted registration can overcome the contrast rever-

sal problem, while in (c) the atom position marked by red crosses are

shifted away from their correct positions. | . . . . . . . .. ... ...

518

Comparison of registration results for CeO, by simulation-assisted reg-

istration (blue line), XCF with neighbour-reference (orange dashed

line), and XCF using Image No.14 as reference (green dashed line).

The title of each plot indicates the electron dose of a single image in

the series. . . . . . . .

XVl



LIST OF FIGURES

[5.19 Reconstructed exit waves (phase unit: radian) from cerium dioxide |

nanoparticle focal series using the Wiener filter method in F'ISR at |

various doses (the imaging dose of a single image of each series is indi- |

cated).| . . . L. 151

[5.19 (continued) Reconstructed exit waves (phase unit: radian) from cerium |

dioxide nanoparticle focal series using the Wiener filter method in |

FTSR at various doses (the imaging dose of a single image of each |

series is indicated).| . . . . ... o oo o L 152

[5.20 Reconstructed exit waves (phase unit: radian) from cerium dioxide |

nanoparticle focal series using the maximum-likelihood method in SEM- |

PER at various doses (the imaging dose of a single image of each series |

is indicated).| . . . ... 153

[5.20 (continued) Reconstructed exit waves (phase unit: radian) from cerium |

dioxide nanoparticle focal series using the maximum-likelihood method |

in SEMPER at various doses (the imaging dose of a single image of |

each series is indicated).| . . . . ... o oo o L 154

[>.21 The mask applied to the exit wave phases and the masked restored |

phases (unit: radian) of CeO, exit waves reconstructed using the linear |

Wiener filter method at various doses (the imaging dose of a single |

image of each series is indicated)| . . . . ... ..o 157

[5.22 The mask applied to the exit wave phases and the masked restored |

phases (unit: radian) of CeO,, exit waves reconstructed using the maximum- |

likelihood method at various doses (the imaging dose of a single image |

of each series is indicated).| . . . . . . ... o oL 158

xXvii



LIST OF FIGURES

5.23

[Q) tactor comparison of the exit wave phase reconstructed using F'I'5R

and SEMPER. (a) The power spectrum of the exit wave phase; (b)

Automated peak selection performed on (a), with peaks marked by

red dots being the ones used in the IQ) factor calculation. | . . . . . .

.24

Phases (unit: radian) reconstructed by three registration methods at

various doses (the imaging dose of a single image of each series is indi-

cated) . . . ..

5.95

1Q) factor comparison between restored phases with registration results

from different methods at various doses (the imaging dose of a single

image of each series is indicated).| . . . . .. ... oL

.26

Reconstructed exit waves (phase unit: radian) from silicon nitride fo-

cal series data using the maximum-likelihood method in SEMPER at

various doses (the imaging dose of a single image of each series is indi-

cated). | . . ..

I5.27

(a) Power spectrum of the restored phase (dose: 1889 e/ Az) in Fig. |5.26l

(b) is the enlarged central part of (a), marked by the white box, showing

the close separation of individual reflections. | . . . . . .. .. .. ..

166

61

Atomic models of ZSM-5 projected along the zone axes [100], [010],

and [001] as shown,| . . . ... .. ... ...

62

Atomic models of zeolite Y projected along the zone axes [110]. . . .

169
170

6.3

A low magnification (20000x ) image of a ZSM-5 crystal recorded dur-

ing the sample search stage. The white box indicates the region sub-

sequently shown in Fig. 6.4 . . . ... ... ... ... ...

173

6.4

The first image of the ZSM-5 time series dataset, taken along the [0 10|

zone axis. Box A marks regions used subsequently in Fig.[6.5]] . . . .

Xviil

174



LIST OF FIGURES

6.5

(a) 15¢ (b) 20*", (c) 40", and (d) 60*" images in the time series of the

marked region shown in Fig. [6.41A. The insets are the power spectrum

calculated from each image.| . . . . . . . ... ... ... ... ..

6.6

Reflection intensity decay curves of three groups of reflections as shown

for a time series of 60 images. Reflections in power spectra (a2, b2, c2)

are marked by circles with the same colours as the data points in the

plots (al, b1, cl).| . . . . .. ..

6.7

Reflection intensity decay curves of the reflections shown in Fig. |6.6a

for a focal series of 20 images. Reflections in power spectra (a2) are

marked by circles with the same colours as the data points in the plot

[6.8  Semi-log plot showing the decreasing 1() factor of the time series images.[180

6.9

All detected reflection peaks in the power spectra of the ZSM-5 time

series images (both red and blue dots). Because the power spectrum is

centrosymmetric, only half of the reflections (red dots) are needed for

the 1Q factor calculation.. . . . . . . ... ... ... ... ... ...

180

[6.10

Quiver map of the registration vectors for various parts of the subject

image over the course of multi-level XCF registration (Level 1 to Level

4). In order to accommodate the chronologically intuitive perception of

sample contraction, the arrows in the quiver plots point from the posi-

tions 1n the reference image towards the positions in the subject image.

'The red dashed box marks the upper left quarter that i1s abnormally

shifted relatively to the other three quarters|. . . . . . . ... .. ..

Xix

182



LIST OF FIGURES

6.11

(a) Final deformation map of the subject image, with the red box

marking the region where abrupt vector changes occur. (b) The subject

image prior to the registration, in which the red and green curves

are the particle profile before and after registration. (c¢) An observed

sharpening of the [6 0 3] reflection as the multi-level registration proceeds.[183

6.12

The original HRTEM image of ZSM-5, down sampled (binned) by var-

1ous rates. The actual non-rigid registration starts from images binned

by 4, as shown by (¢).| . . ... ... o o o

6.13

'The incremental mean 1mage defined.| . . . . . . ... ... ... ...

187
191

6.14

Mean images of (a,b) the first, (c,d) the first nine, and (e,f) all sixty

images of the HRTEM time series of ZSM-5. (a,c,e) are results from

the rigid XCF registration, (b,d,f) are results from the nonrigid regis-

tration. The ZSM-5 structure is visible in the averaged images (c) and

(d), though the contrast is reversed due to setting of defocus and spher-

1cal aberration, leaving the supposedly empty round-shaped channels

brighter than the atoms torming the framework. | . . . . . . . . . ..

194

6.15

Comparison of [(Q) tactors of the ZSM-5 TEM time series incremental

mean images after two registration procedures. Number 1, 2, and 3

correspond to the first, the ninth, and the sixtieth incremental mean

IMAZES.| . . .« v v e e e e e e e e

6.16

195

The 1st, 5th, 10th, and 14th images of the zeolite Y STEM time series.| 197

6.17

Mean images of (a,b) the first, (c,d) all fourteen images of the STEM

time series of zeolite Y. (a,c) are results from the rigid XCF registration,

(b,d) are results from the non-rigid registration. More structural details

are resolved in (d) than in the others.|. . . . . .. ... ... ... ..

198



LIST OF FIGURES

6.18

Comparison of [Q) factors for the zeolite Y STEM time series incre-

mental mean images atter two registration procedures. Number 1 and

2 correspond to the first and the fourteenth incre- mental mean images.| 199

6.19

Low-dose focal series of ZSM-5 in [100] direction, with a focal step of

4nm between adjacent images. (The —1 nm image was not included in

the exit wave reconstruction due to low image contrast.) | . . . . . . . 202
(6.20 (a) Amplitude and (b) phase of the exit wave (unit: radian) recon- |
structed from 5 images of the ZSM-5 focal series. An atomic model |
of Z5M-5 overlaps the lower lett corner of the phase, indicating the |
positions of framework and the voids.| . . . . ... ... ... ... .. 203
[A.1 Illustration of the structure ot a simple round lens, and the change ot |
magnetic field strength B(z) along the axial direction z.| . . . . . .. 209
[A.2 A round magnetic lens viewing from (a) the side and (b) the top. (b,d) |
The electron trajectories of (a) and (b).f. . . . . .. .. .. ... ... 210

Xx1



List of Tables

[2.1 Mean displacement energy £y eqn, threshold energy £y, of some com- |
| mon elements, along with their displacement cross sections, o,, and |
| maximum energy transfer F,,,, for a backscattering event (§ = 180°) |
| at £ =1MeV (Reimer and Kohl, 2008). . . . . . .. ... ... ... 8

[3.1 ~Aberration coeflicients up to sixth orderinw.| . . . . . . ... .. .. 29

[3.2  Comparison of different electron sources operating at 100kV. Repro- |
| duced from (Williams and Carter, [2009).f . . . . ... ... ... ... 64

.1 Dose calibration results, units: counts/electron|. . . . . . ... . . .. 81

4.2 Dose and average counts of different hydroxylapatite time series|. . . 96

[p.1 Imaging conditions for the CeO, focal series data. | . . . . . .. ... 125

[>.2  Dose and average count for different CeO,, focal series| . . . . . . .. 125

[>.3 Imaging conditions for the 5i,N, focal series data. | . . . . . . . ... 131

[6.4  Dose and average count for different 51,N, focal sertes.| . . . . . . .. 131

6.1 Aberration coeflicients used in the Z5M-5 time series datal . . . . . . 176

[6.2  Terms in Eq. 6.2/ and the effects on the objective function.| . . . . . . 189

[6.3 Imaging conditions for the ZSM-5 focal series data.| . . . . . . . . .. 200

xxii



Glossary

CCD charge coupled device.

Cryo-EM cryo-electron microscopy.

DAC digital-to-analogue converter.
DDD direct detection device.

DQE detective quantum efficiency.

ED electron diffraction.

EELS electron energy-loss spectroscopy.

FFT fast Fourier transform.
FT Fourier transform.

FWHM f{ull width at half maximum.

HAADF high-angle annular dark-field.
HAP hydroxyapatite.
HREM high resolution electron microscopy.

HRTEM high resolution transmission electron microscope.

xx1il



Glossary

MAL maximum-likelihood.

MDS minimum dose system.

MTF modulation transfer function.

ROI region of interest.

SNR. signal-to-noise ratio.

STEM scanning transmission electron microscope.

TEM transmission electron microscope.

WPOA weak phase object approximation.

XCF cross-correlation function.

XX1v



Chapter 1

Introduction

1.1 Motivation for research

Seeking higher spatial resolution and gaining more knowledge about the sample are

the main goals of microscopy. [Transmission electron microscope (TEM)| has been

the leading microscopic technique in the exploration of the smallest structure details
in materials since its development. Nowadays, sub-angstrom resolution has become
routine for electron microscopists for a range of materials. Nevertheless, such high
resolution structural information is not accessible in some materials that are sus-
ceptible to radiation damage caused by the high energy electron beam used in the
electron microscopes. As a result, researchers who are interested in the structures of
these soft materials have to compromise between the theoretically attainable spatial
resolution which requires intense electron beams and the delicate sample structure
which cannot survive the high electron dose. The control and reduction of electron
radiation through low-dose imaging is limited by the fundamental need for the min-
imum amount of electrons required to generate a good representation of the sample
in the images. With a very low amount of electrons used, new problems other than

radiation damage arise, from poor image contrast to various kinds of noise corrupting



the images.

The formation of high resolution transmission electron microscope (HRTEM)|im-

ages is a complex process involving electron wave interference and the final image
contrast is subject to influences from the microscope configurations, in particular the
lens aberrations. Aside from the direct imaging approach, exit wave reconstruction
is an existing technique that restores the electron wave at the exit sample plane,
where the wave is free of objective lens aberrations and more closely related to the
electron potential of the sample. Because all reconstruction methods require serial
acquisition with varied objective lens configurations, it has traditionally been consid-
ered not favourable for the characterisation of radiation-sensitive materials, despite
its potential benefits.

This thesis describes research that aims to improve the quantification and control
of the imaging dose while at the same time attempting to extend the application of

exit wave reconstruction technique to low-dose HRTEM imaging of soft materials.

1.2 Overview of thesis

Chapter This chapter reviews the origin, the mechanisms and the reduction
methods of radiation damage in electron microscopy, with an emphasis in the context
of the [TEM] Some basic concepts, such as electron dose and dose rate, in particular

their units used in electron microscopy, are discussed and clarified for later use.

Chapter The theory of HRTEM image formation and the key instrumental com-
ponents of aberration-corrected TEM are reviewed respectively. The theoretical back-
ground of electron exit wave reconstruction is also reviewed. Different reconstruction
methods are surveyed, together with the software packages that are available within

the community.



Chapter [4. The experimental procedures of low-dose HRTEM imaging are de-
scribed in detail. In order to achieve a quantitative measurement of imaging dose,
the calibration of the electron microscope has been emphasised and rigorously con-
ducted. This chapter uses the time series imaging of hydroxyapatite from real human
tooth tissue as an example, demonstrating how low-dose HRTEM imaging is carried

out under controlled conditions at very high spatial resolution. The image registration

problem has been identified as a crucial issue when the traditional |cross-correlation|

ffunction (XCF')[ based image registration fails to align the experimental image series

due to the extreme low imaging dose. A quantitative measure of image quality, 1Q
factor, is introduced with both a descriptive concept and a clear mathematical form.
This criterion for image quality measurement is adapted in the later parts of this

thesis to evaluate the characterisation results of different materials.

Chapter This part of the work investigates the application of exit wave recon-
struction to low-dose focal series data. The high noise level in low-dose images and
the registration effects on the reconstruction are investigated and quantitatively com-
pared with low-dose focal series data. New registration routines and a new denoising

method are developed to assist the application.

Chapter [6l This chapter applies the low-dose imaging techniques to the very
radiation-sensitive material, ZSM-5, an important zeolite. Low-dose time series are
recorded and registered with the improved rigid XCF registration method and a new
non-rigid registration method based on multiscale gradient flow algorithm. Low-dose
focal series data of ZSM-5 were also acquired and used to reconstruct the exit wave.
The result demonstrates, for the first time, that a near-atomic resolution exit electron
wave can be successfully restored even though the imaging dose is greatly curtailed,
as required by the extreme beam sensitivity of the sample. This shows a promising

future for applying exit wave reconstruction to investigations of many other radiation-



sensitive materials with complex structures at very high resolution.

Chapter The final chapter summarises the achievements in this research as a

whole, together with a list of potential directions for future exploration.



Chapter 2

Literature Review: Radiation

Damage

2.1 Radiation damage mechanisms

Radiation damage has long been one of the main obstacles in [high resolution electron]

imicroscopy (HREM)| limiting the achievable resolution in the characterisation of

radiation-sensitive materials (Glaeser], (1971} Egerton et al.l 2004)).

In a 200kV medium-voltage electron microscope, electrons are accelerated to a
speed of 2.65 x 108 ms™!; the energy carried by a high speed electron is more than
50000 times that of the C-C bond energy (3.60-3.69eV). Interactions between the
electron beam and the sample are highly complicated and are influenced by both the
microscope configuration and the nature of the material itself. Although materials
such as metals have proved to be radiation-resistant and can be imaged using an
intense electron beam, many other materials, including most organic samples and
some inorganic samples, e.g. zeolites (Treacy and Newsam)| |1987}; [Rice et al., [1990;
Terasaki et al., [1991), are much more prone to electron radiation damage.

When radiation damage occurs during EM imaging, there may be multiple damage
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Figure 2.1: Schematic diagrams showing (a) Knock-on damage: 1. atom displace-
ment, 2. electron-beam sputtering (b) Electron backscattering when the scattering
angle, 6§ = 2.

mechanisms in effect simultaneously. Understanding the differences between these
mechanisms and identifying their roles in the damage process are the prerequisite steps
towards effective radiation damage control. In general, there are two main categories
of damage mechanisms, namely knock-on damage and radiolysis. In addition, in some
cases, as a result of energy deposition from these two mechanisms sample heating is

also an important aspect of radiation damage.

2.1.1 Knock-on damage

Atom displacement: Elastic scattering is an electron-sample interaction process,
in which the incident electrons are scattered by the Coulomb force between them and

the nuclei of the sample atoms without any loss in total kinetic energy.

The energy transfer, F, is described by Eqgs. -2

0 1 — cosfl
B = Epnaa sin® 5 = Emax% (2.1)

i EO(EO + 2m602) -~ 2E0(E0 + 2mec2)
" By 4+ (1+me /M) Mc?

(2.2)
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where, # is the scattering angle, and c is the speed of light. The incident electron
energy is given by Ey (Eq. 2.1]), with the rest electron mass, m,, and the nucleus
mass, M, the latter varying the atomic number of the element (Reimer and Kohl,
2008; Egerton et al., [2010)). F,4, is the maximum energy transfer, which takes place
in the special case of electron backscattering (0 = 27) during an elastic collision.

For high-angle elastic scattering events (§ > 90°), the energy transfer can be
significant and lead to atom displacement, resulting in a Frenkel pair (Reimer and
Kohl, |2008), in which a sample atom that absorbs sufficient kinetic energy to overcome
the barrier of its potential well moves to a nearby interstitial position and leaving a
vacancy at the original position. The energy required for such a displacement event
is quantified by the displacement energy, Fy, determined by the bond strength, the
atomic number and the crystal orientation of the sample. According to Eq.[2.2] when
Eper = min Ey, Ey becomes the threshold energy Ey,, which is the smallest incoming
electron energy needed for atom displacement events to take place.

If the incident electron energy, Fjy, is below Ey, for all the elements in the material,
then knock-on damage does not take place. The mean displacement energy values
of some common materials and their corresponding threshold energy are listed in
Table 2.11

The concentration of displacement events ¢y is the ratio of displacements to the
number of atoms per unit volume, having the following relation;

O'djt
e

Cq —

(2.3)

in which o4 is the cross section, j is the current density and t is the irradiation
time. The cross section is a property of the material (Table [2.1]), while the beam
current density is determined by the number of incoming electrons within a unit

amount of time. For two accelerating voltages, both higher than E;;, of the material,



Element C Si Cu Mo Au

Edmean(eV) 5 (10) 13 19 33 33
Eu(keV) 27.2 (54.4) 145 400 810 1300
0a(107%cm?) 89 (43.6) 69 59 7.2 -
Eaz(eV) 366 155 68 45 22

Table 2.1: Mean displacement energy Ej eqn, threshold energy Ey;, of some common
elements, along with their displacement cross sections, o4, and maximum energy
transfer E,,,, for a backscattering event (6§ = 180°) at £ = 1 MeV (Reimer and Kohl,
2008|)

the higher voltage will have a higher probability to cause knock-on damage than the

lower one for the same exposure time.

Electron-beam sputtering: When knock-on damage happens at or close to the
surface of the specimen, atoms can be sputtered into the column vacuum instead of
moving to interstitial sites. This type of knock-on damage is known as electron-beam
sputtering (Cherns et al., [1976; 'Thomas, 1985} (Crozier et al., 1990)). Most sputtering
events occur on the back surface of the specimen, where atoms are more likely to gain
enough momentum to leave the sample.

Being a sub-type of knock-on damage, the only way to eliminate electron sput-
tering is to lower the accelerating voltage of the microscope so that the beam energy
is below the threshold energy for the investigated material. The displacement energy
is influenced not only by atomic number, but also by the position of an atom in the
specimen. For many materials, the displacement energy of surface atoms are differ-
ent from (usually smaller than) that of the atoms in the bulk. Hence, coating the
beam-exit surface with a layer of different material that has a high threshold energy

is a way to control electron-beam sputtering (Egerton et al., 2010]).



2.1.2 Radiolysis

Radiolysis is radiation damage caused by ionisation, which involves interaction be-
tween the incident electrons and the electrons in the sample. Unlike knock-on damage,
which happens during elastic collisions and has a threshold energy specific to the ma-
terial atoms, radiolytic damage arises from inelastic scattering and can occur at any
voltage in samples with covalent or ionic bonds. Because the energy transfer in this
process occurs between electrons, which share the same rest mass m,, the transferred
momentum is substantially higher than that in electron-nucleus interactions according
to classical mechanics.

Radiolysis is often the dominant mechanism in organic materials, polymers, and
ionic crystals, and is also often the hardest type of damage to avoid (Glaeser, [2007)).
The damage process can be viewed in two steps: electron excitation and bond recov-
ery. The excitation reaction, independent of accelerating voltage and sample tem-
perature, happens immediately after the sample is exposed to the electron beam,
causing breakage of chemical bonds. This produces free radicals in organic materials
or electron-hole pairs (also known as excitons) in ionic crystals. These broken chem-
ical bonds are unstable and have a tendency to cross-link and form new bonds in the
subsequent de-excitation. This arbitrary rebonding process can gradually alter the
original structure of the specimen. The degree of crystallinity decreases as the cu-
mulative electron dose increases until the sample is uniformly amorphous. When the
degree of radiolysis is high, molecule fragments can migrate away from their original
positions and settle at new sites on the sample, or even leave the specimen altogether
into the column vacuum. Electron beam damage research on various phthalocyanine
films shows that coating both sides of the specimen with a continuous layer of carbon
film can reduce radiation damage (Fryer and Holland| |1983]). This protective effect
is explained by a sandwiching mechanism which encapsulates the fragmented parts

after the bond scission process and increases the probability of recovering bond fusion



processes at the damage site (Fryer et al., |1984; [Fryer, [1984). However, coating the
sample with two extra layers of materials increases the thickness of the TEM specimen

which inevitably has a negative impact on the directly interpretable resolution.

2.1.3 Sample heating

Fast energy deposition in the specimen can accumulate heat and result in a rise in
sample temperature. This heating effect and the local temperature change are linked

by the following equation;

z | Arkz(T —1Tp)

IE, =
Sor) = 058+ 21In 2o

+ 21 R%*eo(T* — T)) (2.4)

)‘mfp

Here, I is the beam current; F,. is the average energy transfer in each inelastic
collision; z is the thickness of the heated area and A, is the mean free path for
inelastic scattering. The left side of Eq. therefore estimates the energy deposition
in the sample. For the right side of the equation, R is the incident beam radius;
¢ is the emissivity from both surfaces of the specimen; the thermal conductivity
over a distance Ry is k; o is the Stefan-Boltzmann constant and the temperature
rise AT = T — Tp (Egerton et all 2004). The thermal conductivity of the sample
is the crucial factor in sample heating. Metals are in general much better thermal
conductors (> 100 Wm~! K~1), and are harder to heat up by the electron beam than
most polymers (0.2 ~ 2W m~! K~1) and biological samples (Reimer and Kohl, 2008;
Egerton et al., [2004)).

The role that sample heating plays in radiation damage is worth attention because

it is part of the argument as to whether TEM or [scanning transmission electron|

microscope (STEM)|is better for studying radiation-sensitive materials. For STEM,

specimen heating is different from that in TEM in two ways. First, the current

density of a STEM probe is much higher than that of spread illumination in TEM.

10



Some research shows that STEM may have some advantages over TEM in terms
of reducing radiation damage related to sample heating due to the fact that the
temperature rise is not strongly affected by the current density (Egerton and Takeuchi,
1999). Secondly, the scanning mechanism in STEM means that the highly focused
probe only stops at each position for a very short time (~ 1 x 107°s), compared to
a constant exposure throughout the TEM exposure process (~ 1s). As a result, the
scanning mechanism leaves the irradiated area more time to diffuse the heat away
and recover and hence makes STEM the more favourable technique as far as sample
heating is concerned (Egerton et al., 2004).

The generally accepted rule of reducing radiation damage by controlling the spec-
imen temperature is to keep it low during experiments. It was reported in some
early literature that radiolysis in alkali halides is strongly affected by temperature
and that by cooling the specimen to liquid helium temperature, the defect mobility
in the specimen is reduced (Hobbs et al., [1973; Hobbs, (1973, 1978). More recently,
the increasing use of cryo-electron microscopy in biological EM imaging has proven

very effective in retarding radiolysis (Section [2.4.3)).

2.2 Dose and dose rate

2.2.1 Dose

Radiation damage is not an unique problem that only exists in electron microscopy.
A notable amount of research in radiation damage can be found in other fields such as
X-ray crystallography (Sliz et al., |2003), nuclear materials (Jenkins and Kirk} 2000),
particle physics (Van Lint, [1987)), etc. Historically, there are some variations between
the definitions and notations of the concept of “dose”.

In ionising radiation and radiobiology, electron dose is usually discussed in the

form of energy absorption per unit mass, given the unit Gray (Gy) in the International

11



System of Units (SI);
1Gy =1Jkg™ . (2.5)

This definition emphasises the energy deposition by the radiation source. However,
in the case of EM imaging, most electrons pass through the sample losing either none
or only a very small fraction of their kinetic energy. It is therefore hard to accurately
estimate the energy deposited but also less important to know the exact amount. In
contrast, the electron beam current is relatively easy to measure. Therefore, it is
more practical to use units involving the electric charge (or the number of electrons)
instead of energy when describing dose in EM. In some radiation damage studies of
radiation chemistry, Coulombs per unit volume, C/m3, are commonly used. This unit
can be easily converted to the number of electrons per unit volume by dividing by
the charge of a single electron, e = —1.602 x 107 C.

HREM samples have to be thin in the beam direction in order to achieve high
spatial resolution. There is often no direct and quantitative way to experimentally
measure the specimen thickness during imaging. The commonly accepted thickness
estimation usually requires HRTEM image simulation. Therefore, it is more conve-
nient to consider the electron dose in the context of two dimensions instead of three.
For the sake of consistency, the electron dose is defined as the number of electrons per
unit area, for example e/nm? or e/ A®, in this thesis. The other commonly used units
of electron dose in EM literature include Cm™2 and Ccm™2, which can be converted

to e/ A? by the following relationships;

1Cm™2 = 0.0625¢A (2.6)

1Cem™2 = 625¢A™ (2.7)

Electron dose can also be understood from an instrumental perspective. Using j

to denote the beam current density and ¢ the exposure time, the dose, D is calculated

12



as;

D=" (2.8)

This relation applies to both TEM and STEM, with the difference that, ¢ is the
acquisition time for TEM, but, instead for STEM, ¢ refers to the probe dwell time at

each individual pixel.

2.2.2 Dose rate

Regardless of damage mechanisms, once radiation damage starts to occur, the amount
of damage is expected to grow as the cumulative electron dose increases. It is often
useful to know the speed at which the dose accumulates in order to estimate how fast
radiation damage progresses. As can be seen in Eq. 2.8 moving the exposure time ¢

from the right hand side to the left gives

Dye =D/t =2 (2.9)
(&

Thus, for a unit amount of time, the electron dose is solely determined by the cur-
rent density in the electron beam. Hence, the control of the dose rate D,q. (Eq.
can be controlled by changing the value of j.

Intuitively, keeping the total dose as a constant, the change in dose rate may have
an impact on radiation damage. However, assuming such a dose-rate effect exists,
demonstrating and quantifying this variance in radiation damage faces a number
of experimental difficulties that need to be addressed. Foremost, to get the same
total dose with a dose rate several orders of magnitude lower than the original dose
rate, one needs to increase the exposure time by the same amount. For example, a
total electron dose of 1s exposure at 1 x 10° ¢/(nm?s) a is equivalent to ca.17 min at
1 x 10%¢/(nm?s). Although both of these dose rates are feasible by adjustment of

the electron beam, in practice images are rarely taken with exposure times more than

13



a few seconds, on account of practical issues, in particular sample drift and external
sources of vibration. The comparison between a short-exposure high flux image and a
long-exposure low flux image will inevitably need to address these additional variables.
Adding a stack of short-exposure low-flux images may be a workaround for the sample
drift problem, but it will require reliable low-dose image registration, which by itself
is a formidable task as will be discussed in later chapters.

Apart from occasional references in the early literature (Fryer} |[1987; Varlot et al.|
1997), the role of the dose rate in radiation damage has gathered more interest in
some recent studies (Karuppasamy et al., 2011; |Barton et al., 2011; | Jiang and Spence,
2012)). These works have provided some evidence of a proposed “dose rate effect”, but
a comprehensive agreement on what systematic comparison methodology should be

used and how other complications can be eliminated has not emerged.

2.3 Measurement of radiation damage

In order to correlate the amount of electron irradiation to the amount of damage,
it is necessary to have a quantitative measure of radiation damage. There are three
established methods for measuring the level of radiation damage: loss of mass, elec-
tron diffraction patterns, and Electron Energy Loss Spectroscopy (EELS) (Reimer and
Kohl, 2008).

2.3.1 Loss of mass

During radiation damage, molecules can leave the surface of the sample and enter
the column vacuum after the bond breaking process. Therefore beam irradiation will
cause a thinning effect or a hole-drilling effect. Assuming all damaged parts of the
sample enter the vacuum, then the loss in specimen mass should be proportional

to the radiation damage (Ramamurti et all 1975; Freeman and Leonard, [1981; Lin,
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1974)).

Problems with using mass loss as the indicator of radiation damage include, a)
the assumption that all the damaged sample leaves the specimen grid is often not
true, b) accurate mass measurement is a difficult task in the microscope, c) sample
contamination can compromise the effectiveness of the mass measurement, and d)

damage in a small local area on the sample is not measurable by this approach.

2.3.2 Decay of electron diffraction pattern

[Electron diffraction (ED)| patterns are an indication of the crystallinity in samples.

Radiation-sensitive crystals deteriorating under electron radiation leads to a loss in
crystallinity and hence a loss in the intensity of reflections in the ED patterns. By
recording the diffraction pattern with films or digital detectors, the change in ED
intensity can be used as an effective proxy to quantitatively measure the radiation

damage (Fryer] [1984)).

2.3.3 Electron energy-loss spectroscopy (EELS)

[Electron energy-loss spectroscopy (EELS)|is a technique for analysing compositional

and bonding changes in the sample (Reimer, 2013). It also provides an alterna-
tive approach to quantitatively measuring radiation damage (Egerton et al., [1987;
Egerton, [2011b)). Elements in the sample can be monitored by core-loss spectroscopy
and structural order changes can be detected by the fine structure in the low-loss re-
gion (Egerton, [2011a). It has been shown that a relationship between the resonance
energy of m-electrons and the radiation sensitivity can be determined by analysing the
low-loss spectra of polyethylene terephthalate (PET) (Isaacson, 1975; Varlot et al.,
1997). A study of changes in the aromatic structure of polystyrene under electron
beam exposure shows a dependence of critical dose on probe size rather than dose

rate, an effect attributed to fast secondary electron generation when using smaller
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electron probe (Siangchaew and Liberal, 2009).

2.3.4 Ciritical dose

The critical dose (or characteristic dose), D., is often mentioned in the literature
as a maximum dose limit for characterising a specific radiation-sensitive material.
However, the definition of this “maximum dose” appears to be somewhat arbitrary.
Some researchers define critical dose as the dose when the sample “begins” to be
destroyed (Spence, 2013), whereas others define it as the dose of “destruction” (Saxton
and Frank, |1977) or “complete destruction” (Reimer, 1984; [Egerton et al., 2004) of
the ED pattern. More ambiguous definitions such as the “tolerable dose” without
losing sample structure are also sometimes used (Egerton|, 2012; Kourkoutis et al.,
2012)). However, a clearer and more quantitative definition has been used in various
studies, which consider the critical dose D, to be the electron dose that attenuates a
chosen feature in the ED pattern (or power spectrum) to 1/e (= 37%) of its original

intensity (Pan and Crozier, |1993; |Schafer et al., |2009).

2.4 Reducing radiation damage

Reducing the influence of radiation damage can be approached from various aspects
of low-dose HRTEM imaging. Strategies include targeting the dominant damage
mechanism, improving operational techniques to maximise the efficiency of electron
use and preserving the radiation-sensitive sample with minimum side effects on image

quality.

2.4.1 Accelerating voltage choice

The accelerating voltage of the electron source has a direct impact on radiation dam-

age effect. Knock-on damage is reduced by using lower accelerating voltage as elec-
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tions with less energy have a smaller cross-section with the sample atoms and less
likelihood of causing atom displacements. Knock-on damage can even be completely
avoided if the electron energy is below the threshold energy of all atoms in the sample.
However, the voltage-damage relationship is opposite in the case of radiolysis, which
will be worsened by a lower-energy beam because the interaction time between inci-
dent electrons and the sample electrons is increased allowing more ionisation events
to occur.

Between knock-on damage and radiolysis, one tends to overshadow the other for
a specific type of sample. Therefore, choosing the accelerating voltage according to
the dominant damage mechanism of the sample can help reduce radiation damage.
Controlling the electron energy below the threshold can prevent knock-on damage in
metals. However, if radiolysis is the main mechanism, studies have shown that for
organic and biological materials radiation damage is reduced by a factor of 4 at 3 MV

compared to 100kV (Dupouy, [1976]).

2.4.2 Minimum Dose System (MDS)

An automated image acquisition routine can reduce unnecessary electron exposure

during the microscope adjustment and improve the efficiency of the use of a limited

electron dose budget. On some JEOL microscope control systems, a minimum dose|

lsystem (MDS)| (Fig. is pre-installed for low-dose imaging (Evans et al., [2008)).

The main function of the MDS is to automate the adjustments of lens values, beam
shift and image shift. Three operational modes - Search, Focus, and Photo -
are respectively configured in advance to suit the needs of each experimental step.
The Search mode operates at a low magnification with a spread beam, keeping the
intensity of the beam much lower than that actually used for imaging. This mode
is used when searching for a suitable sample area (red circle in Fig. for later

imaging. The Focus mode and the Photo mode have essentially the same settings,
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Search Focus Photo

Selected sample

Figure 2.2: Three modes of the minimum dose system. Red and green circles mark
the chosen sample and the region of interest respectively.

except that the beam position of the Focus mode is deliberately offset by a small

amount so that the electron beam does not damage the [region of interest (ROI)| (green

circle in Fig. , but is still close enough to it so that the sample has a practically
identical crystal orientation as the ROI. Delicate adjustment of sample tilt, defocus
and other microscope parameters can now be carried out in this similar area without
damaging the final imaging region. After reaching the optimal imaging conditions,
one can switch from the Focus mode to the Photo mode and record the image

immediately to ensure that the electron exposure in the ROI is kept to a minimum.

2.4.3 Negative staining and cryo-electron microscopy

Negative staining Negative staining is an established EM sample preparation
technique for biological materials, and has proved to be an effective procedure in
protecting the sensitive organic structures from electron radiation (Watson |1958)).
The fundamental idea behind negative staining is to replace the water component in
biological samples with a radiation-resistant substance which retards the process of
degradation. Heavy metal salts, such as uranyl acetate are most commonly used as

the staining substance. Alternative staining substances include neutralised phospho-
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tungstic acid and ammonium molybdate. Reviews of the detailed sample preparation
procedures can be found in [Harris and Horne| (1994)); |(Glaeser| (2007).

In addition to increasing robustness against radiation damage, the negative stain-
ing treatment also enables the sample to generate better image contrast due to the
stronger scattering effect of the heavy elements than the low atomic number elements
in unstained biological samples.

Negative stained samples are suitable for TEM imaging with resolutions up to
ca.2nm to 3nm. For resolution higher than this, the interpretation of the image
contrast becomes difficult (Glaeser, 2007)), as most biological TEM imaging uses large
defocus values and the contrast transfer function oscillation may become severe even

in the lower frequency range.

Cryo-electron microscopy (Cryo-EM) It was discovered that by plunge-freezing
the specimen and embedding it in vitreous ice, biological structures can be preserved
in a near-natural hydrated state (Meryman) 1956} Fernandez-Moran, [1960; |Dubochet
et al) [1982, 1988)). Such treatment creates a layer of cryo-protection for the TEM
samples making them more resistant to electron radiation during observation and
imaging. It was reported that the tolerable dose for radiation-sensitive samples are

increased by a factor of 5 to 7 after cryo-protection (Glaeser, [2008)). |Cryo-electron

microscopy (Cryo-EM)|imaging has been largely enabled by the advances in dedicated

hardware. Over the years, cold TEM stages with cooling systems using liquid-nitrogen
or liquid-helium have been developed and integrated into microscope systems to help
keep the sample in its frozen state (Dietrich et al., [1976; |Carlson and Evans, 2011;
Rigort et al., 2010; Duke et al., [2014).

Early work using Cryo-EM took advantage of the prolonged sample lifetime and
studied radiation damage processes in hydrated biological samples (Taylor and Glaeser,

1974) 1976, Stewart and Vigers| 1986). With the fast growth in computing power
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and the establishment of the single-particle analysis technique (Frank| [2009), ap-
plications of Cryo-EM have quickly gained popularity within the structural biology
community. Single-particle analysis exploits the fact that structures of the same bi-
ological molecules are identical and records many images containing a great number
of particles in random orientations. As a result, assuming all particles can be cor-

rectly classified and aligned, which is not an easily achievable task due to the poor

isignal-to-noise ratio (SNR)|in low-dose images, high quality projections from different

directions can be obtained by averaging hundreds of thousands of identical particles
with the same orientation. Because each projection is the average of many images, the
SNR in the original data is increased. Many structures, which could not be directly
imaged by other techniques, have been reconstructed at near-atomic resolution, from
symmetric biological samples (in particular, the structure of GroEL has been exten-
sively studied (Harris et al., [1994; Ranson et al., 2001; |[Ludtke et al) 2004; Kanno
et al., 2009)) as well as more complicated asymmetric large protein molecules (Zhang
et al., 2010; Liu et al., 2010; Liao et al. [2013). In fact, as the resolution of single-
particle cryo-EM continuous to improve, it has now become more and more accepted
as a method for de novo model building in protein structure determination, which

traditionally relied heavily on X-ray crystallography (Cheng, [2015; Bai et all 2015).
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Chapter 3

Imaging Theory and Instrumentation

3.1 Electron-specimen interaction

An uniform electron wave function v.(x,z) = 1 can be used to describe a coherent
incident electron beam moving in a direction z, parallel to the optical axis. The elastic
interaction between the incident beam and the atoms of the specimen can be viewed
as a potential well function ¢(x, z) (Cowley and Pogany, (1968) which modifies the
phase and the amplitude of the incident electron wave. The electron wave function

at the exit plane of the sample, or simply the ezit wave, 1,(x) is

tho(x) = exp(a(x) + in(x)) (3.1)

With a(x) the change in the wave amplitude, and 7(x) the phase shift. Both a(x)

and 7n(x) are conjugate symmetric, with the phase given by;

n(x) = a/gb(x,z)dz (3.2)

x is a position vector in the sample plane, z denotes the thickness which the

electron travels through the sample. The integral f ¢(x, z)dz represents the projected
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electron potential in the z direction.

o is an interaction constant given by;

2rmee
where, m, and e are the rest mass and the unit charge of the electron, h is Plank’s

constant, A is the wave length related to the accelerating voltage V', which is calculated

with relativistic correction as;

h

A=
\/QmeeV(l—l— V)

(3.4)

2mec?

If the interaction is weak, the amplitude term a(x) will be insignificant. In this
case, the electron-specimen interaction only affects the phase and the sample can then

be considered as a phase object.

Who(x) =~ exp(in(x)) (3.5)

When the sample is sufficiently thin or mainly contains light elements such that
the resulting change in the electron wave phase |n| < 1, and the exit wave function

can be further expanded as

o(x) = 14 in(x) (3.6)

A specimen that satisfies the above conditions is referred to as a weak phase object
(WPO). A different assumption of a negligible n(x) and a small a(x) in theory leads
to a weak amplitude object (WAQO). However, this is rarely the case for most TEM

samples and is therefore not considered further.

For high resolution TEM imaging, the [weak phase object approximation (WPOA )|

is convenient but is only valid for samples that are extremely thin. Imaging of thick
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samples is accompanied by multiple and inelastic scattering and electron absorption,

both of which complicate the scattering model and image interpretation.

3.2 Imaging Theory

Imaging theory is the mathematical representation that describes the process after the
electron-specimen interaction to the image plane before detection. At the detection
plane the complex electron wave is recorded as a real image intensity with a loss
of phase information. It is at the exit plane of the sample that the electron wave
1o(x) carries the maximum amount of information about the sample and contains
few microscope-induced effects.

While enabling the TEM to produce high resolution images, various parts of the
microscope also have potentially negative influences on the electron wave. Therefore
improvements in electron microscopy have focussed on reducing these effects. When
it is impossible to correct these imperfections by instrumental design or engineering,
efforts are made to accurately measure and model these microscope effects so that
they may be removed by offline data processing.

TEM imaging can be interpreted as a convolution between the exit wave and
an all-encompassing point response function t(x), with % denoting the convolution

operation. The convolution product is the electron wave 1;(x) at the image plane

Pi(X) = Yo(x) * £(x) (3.7)

In wave optics, real space and reciprocal space (also known as frequency space)

are linked by a [Fourier transform (FT)| operation. Taking the Fourier transforms of

both sides of Eq. [3.7] the convolution in real space is simplified to a multiplication as
shown in Eq. 3.8 which represents the wave function at the back focal plane of the

objective lens.
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Vi(k) = ¥o(k)T(k) (3.8)

Capital letters are used to denote functions in reciprocal space and lower-case
letters for the corresponding real space functions, with k being the spatial frequency.
U, W, and T are the Fourier transforms of the real space functions v, 1,, and t.
The function arguments, x and k, also indicate the function space.

T (k) is the Fourier transform of the point response function. It is referred to by
different names in the literature, but more often as the transfer function, or the con-
trast transfer function. The structure of transfer functions varies based on the specific
assumptions used for describing the imaging process. Here, I first start without any
approximations about the sample or the exit wave.

After the sample plane, the electron beam travels as a complex wave, initially v,
until it reaches the detector, where it is recorded as an image intensity distribution
g(x). The image intensity is by definition the probability of the electron landing
position on the recording device, which equals to the squared modulus of the image

wave function in real space (Eq. [3.9).
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Taking Fourier transform on both sides of Eq. 3.9} it becomes;

GO = Wi(—k) * ¥,
()T (—ke)] 5 (9, (KT ()
= [0 T+ 0] ()T

= [ T 0T+ (3.10)

T..k,X) =T(k)T* (k) (3.11)

The function T..(k, k'), known as the transmission cross-coefficient, describes the
interference between two spatial frequencies, k and k', at the back focal plane of the
objective lens. Eq. is general and its transfer of the exit wave to the image wave
U, (k) gives rise to both linear and the non-linear components (Van Aert et al., 2010)
in the image spectrum.

Under perfectly coherent illumination conditions, the transmission cross-coefficient
function is simply

Tee(k, k') = exp[—ix (k)] exp[—ix (k)] (3.12)

The Fourier transform of the exit wave function (Eq. under the WPOA is
given by;
U,(k) =d(k) +iH (k) (3.13)

where 0(k) denotes the unscattered beam.

Hence,
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Glk) = / T (K, K + K)5(K) + iH KK + k) + iH* (K + K)]dK
= [T..(0,k)5(k) + T.e(—k, 0)6(=k)] +i[T..(0, k) H (k) + T..(—k, 0) H*(—k)]

_ / T (K, K + k) H(K) B (K + k)| K (3.14)

Therefore the expression for the image intensity G(k) becomes the sum of three

parts,

G(k) = Gy(k) + Gy(k) + G (k) (3.15)

the background Gy (k), the interference G;(k) of the central unscatterred beam and
the scattered beams, and the interference G,,;(k) between different scattered beams.

H(k) is also conjugate symmetric;

H*(—k) = H(k) (3.16)
Hence,
Gyk) = T..(0,k)o(k) + T..(—k,0)5(—k) (3.17)
Gik) = iH(k)[Te(0,k) + Tee(—k, 0)] (3.18)
Gulk) = — / T (K K+ K)H(K)H* (K -+ K)|dK (3.19)

Gi(k) and G, (k) are known as the linear component and the non-linear compo-
nent in the image intensity respectively. Given that gy(x) = F[Gp(k)] is merely an
invariable background intensity in real space and that the features in an image are

due to the variations in the image intensity (image contrast), it is a common practice
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to define the image contrast C'(k) (and ¢(x) in real space) by ignoring the background

component Gy(k), to give;

C(k) = Gi(k) + G (k) (3.20)

When the sample is thin and the electron scattering is weak, only the interference
of the scattered beams with the unscatterred beam is considered as represented by

Gi(k), making G, (k) negligible. In this case the image contrast is further reduced to

C(k) = Gy(k) = i H(K)[T1e(0, k) + Too(—Kk, 0)] (3.21)

However, it should be noted that the assumption of perfect coherence in the above
is never realised in practice. Hence this approach needs to be modified for practical

application to include partial coherence as described later.

3.2.1 The wave aberration function

For a perfect objective lens with no aberration, the wavefront in the diffraction plane
should be spherical centred at the image point P, (Fig. . Due to the imperfect
formation of the magnetic field or to the unavoidable aberrations of round electro-
magnetic lenses (Scherzer, [1936), various kinds of aberrations exist and the actual
aberrated wavefront is shifted away from the ideal wavefront by an amount of W (w),
with w = Ak = M\ke® being a complex variable (k is the reciprocal space vector at the
diffraction plane, and k = |k|). W(w) can be expanded as a Taylor series (Eq. [3.22),
with the coefficients in each term of the Taylor series representing one type of aber-

ration (for example A; = |A;|e’®1). Table gives a complete list of aberrations

contained in Eq. [3.22lf']

'For high angle annular dark field STEM imaging, the effects of the aberrations are to alter the
phase function.
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object plane

object lens

ideal spherical wavefront

aberrated wavefront

image plane

optic axis

Figure 3.1: Lens aberrations cause the actual wavefront to shift away from the ideal
spherical wavefront at the diffraction plane. For an object point P,, the image at
the ideal image plane, where the ideal wavefront of P, converges into an image point
P,, the actual aberrated image “point” P; may be of irregular shape. (In the special
example here, P, is on the optic axis and the aberrated wavefront maintains a ro-
tationally symmetric shape, the aberrated image point becomes a blurred disk with
radius 0).

Mathematically, applying the effects of aberrations for phase contrast imaging

can be achieved through multiplying the wave function with a phase shift factor of

exp[—ix(k)], in which x(k) = ZW (Xk) (Saxton, 1995, 2015).
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Aberration Name Order in w  Azimuthal symmetry

Ao Image shift 1 1
Ay Two fold astigmatism 2 2
4 Defocus (over focus as positive) 2 00
A Three fold astigmatism 3 3
Bs Axial coma 3 1
Az Four-fold astigmatism 4 4
Ss Axial star aberration 4 2
Cs Spherical aberration 4 00
Ay Five fold astigmatism 5 5
Dy Three lobe aberration 5 3
By Fourth order axial coma 5 1
As Six fold astigmatism 6 6
S Fifth order axial star aberration 6 4
Cs Fifth order spherical aberration 6 00
Rs Fifth order rosette aberration 6 2

Table 3.1: Aberration coefficients up to sixth order in w.

W(w) = R{Aw"
1 1
+§A1w*2 + ECNJ*M

1 1
+=Aow™ + = Bow*w

3 3
AR N U S A g
+ZA3W w” + ZLSgw w + Zng w
—|—1A *5 lB *3, 2 lD *4
5 AW+ 5 2w W 5 W W
1 1 1 1
—|—6A5w*6 + 6R5w*5w + 635w*4w2 + 605w*3w3} (3.22)

The symmetry of each aberration can be seen from the cosine functions in Eq.|3.23],
where the wave aberration function is rewritten as a function of £ = |k| and ¢, or

from the graphic illustration of phase plates generated by each aberration as shown

in Fig. 3.2
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Wi(k,p) = |Ao| Ak cos(p — ap)
1 1
+§ |Ay| AN2E? cos 2(¢ — aq) + 3 |C1| N2 k?
1 1
+§ | Ao Mk3 cos 3(¢ — ) + 3 | Bs| Nk cos(p — o)

1 1 1
+7 | As| NE* cos 4(p — ai) + 1 |S3| Ak cos 2(p — o3) + 1 |Cs| Ak

1 1 1
+z | A4l NK® cos 5(p — ay) + R |Dy| N°k° cos 3(p — 84) + R | B4| N°K® cos(p — B4)

1 1 1
+6 | As| Ak8 cos 6(p — as). + g |S5| ASkS cosd(p — a5) + 6 |Cs] AOkS

1
+5 || NS cos 2(p — ps) + -+ -

For the magnetic field of a perfect rotationally symmetrical electromagnetic lens,
only round aberrations such as defocus (C7) and spherical aberrations (C3, C5) are
present, and the variation in their values is a function of spatial frequency |k|. Non-
round aberrations arise from the imperfection of the magnetic field, usually as a result

of lens manufacturing and lens misalignment.

Compensation between aberrations Aberrations are different terms in the aber-
ration function. When adjusted correctly, the collective wavefront deviation caused
by multiple aberrations can be much less severe than the effect from individual aber-
rations alone. An example of using one aberration to compensate another is between
defocus (C}) and spherical aberration (C3). Both of these are rotationally symmetric
but have different dependencies on k, if ', and C5 are the only included aberrations,
the two dimensional phase plate is equivalent to the one-dimensional radial averaged
profile. As shown in Fig. [3.3] the first zero crossing in the transfer function with
Cy = 10mm, C3 = =30 um (Fig. is at a larger spatial frequency than that
of either aberration alone (Fig. and Fig. . An alternative combination
(Fig. with both smaller || and |Cs5] gives an even bigger plateau transfer range
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Two fold astigmatism, 10 nm Defocus, 10 nm

Three fold astigmatism, 100 nm Axial coma, 100 nm

Figure 3.2: Illustration of phase plates generated by individual aberrations up to sixth
order in k (the units of all axes are scaled to nm).
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Five fold astigmatism, 10 pm Three lobe aberration, 10 ym

Fourth order axial coma, 10 um Six fold astigmatism, 100 ym

Figure 3.2: (continued) Ilustration of phase plates generated by individual aberra-
tions up to sixth order in k (the units of all axes are scaled to nm).
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1.0 -1.0
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1.0
0.5
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-0.5
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(e) C1 =10nm, C3 = —30 um (f) C1 =5nm, C5 = =Tum

(g) C1 =10nm, C3 = =Tum (h) Cy = —=5nm, C5 =Tum

Figure 3.3: Coherent contrast transfer functions with different defocus and spherical
aberration values at 200 kV.
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in the contrast transfer function. However it should be noted that a larger first zero-
crossing often means a smaller proportion of low-frequency information transfer and
therefore this may not always be the best setting, particularly for imaging biological
structures which requires strong transfer at low frequencies.

Due to the power dependence on A and k, the effects of high order aberrations are
more visible when the lower order aberrations are restrained to small values. However
the overall phase plate is more sensitive to changes in lower order aberrations, an effect
that can also be seen in Fig.[3.3] The low order aberrations are unfortunately also less
stable and need to be frequently adjusted during experiments, while the high order
aberrations stay relatively constant over a longer period of time.

For practical reasons, a variety of guidelines for choosing the values of C; and Cj

have been proposed. The modified Scherzer defocus (Scherzer, |1949) is defined as;

Cl,ScherzeT =—1.2 V )\03 (324)

which gives the highest first zero-crossing value.
When the fifth order spherical aberration Cj is included, the “optimised” choice (Chang
et al., 2006; Kirkland et al., 2007) for C; and C3 becomes;

Cy = 1.56(C5A\H)Y3, Oy = —2.88(C2\)Y/3 (3.25)

Urban et al.| (2009) have also suggested the use of a negative C3 and a corre-
sponding positive C; for HRTEM. This is now easily achievable on a Cs-corrected

instrument.

Measurement of aberrations To correct the aberrations of the objective lens one
has to first accurately measure the aberrations. Two of the aberration measurement

methods require recording a series of images with the beam illumination tilted to dif-
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ferent incident angles against the original incident beam (Zemlin et al., [1978) (Zemlin,

1979) (Uhlemann and Haider|, [1998). For a beam at an angle of 7 from the axial di-

rection, the new effective wave aberration function has the same form as Eq. [3.22]

with the prime symbol / indicating the new set of aberrations.

W (w)

W(w+T1)—W(r)

R{A'w

+5 A’ - C’lw w

—l— A' 34 ;BQw w
—|—1A3w*2w2 + = Séw*gw + Cg 22
+—A'w*5 + %B' B? + ;D4w w

1
+6A/ *6+ 6R w w+ 6S/w*4 2_'_ 6C/w*3w3} (326)

Hence, the increment in aberrations results in a expression of the new aberrations

in terms of the original ones as shown in Eq. (Haigh) 2008]).
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%3572 + gBQT*T + Oy7*7?

+ AT+ 2537*27 + ;155"73 + AT+ §B47'*27'2 + %BZT*TS

+§D4T*3T - %DZT4 + A5 4 3057*27'3 + 2R5T*47’ + éR;T5

+%S5T*372 n 2557*74 (3.27)

2 2
All == A1 + 2A27'* + ngT + 037'2 + 3A37'*2 + §S3T*T + 41447'*3

Ay = Ag+ AT+ O+ Aom* +

2 9 12
—i-gBZTB + 5347'*72 + €D4T*2T + 5A57 4+ 2057 8
/ 4 * 3 *2 * 12 *2 8 *3 *2 2
c; = Ci+ R{ngT + 5537 + 2057 T + EBU T+ 5D47- }+3Cs7™ T
3 3
Ay = Ay +4A37" + 1537 + 64,72 + 5347'2 + 104573 + Cs7°

9 18 9
B, = By+ ZSgT* + 3CsT + —Bym* 1 4+ = Bi7* 4+ 9C57* 7>

) )
Ay = Az +4AT + 5D4T + 10457 + §R5T T+ 5557-
8 16 20 16
Sé = 53 + 5347' + €D4T* + ?R5T*2 + 4057'2 + 3557'*7‘

12
C; = Cs+ R{EBH* +6C57 1}
)
Al = A+ 5457 + 6R5T
, 10 .
B4 = B4 + 5057’ + 3557'

5!
Dﬁl = D4 + 5557' + 5R5T*

AL = A
S = S
c, = Cs
R, = Rs

It is apparent from the expression of Aj, the tilt induced image shift, that all
aberrations are involved in the expression of A} (Eq.|3.27)). This leads to a conclusion

that if enough tilted images were taken and the image shifts could be accurately
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evaluated, it should be theoretically possible to calculate all other lens aberrations.
Practically there are two main difficulties in applying this method. The first issue is
that the sample drift is indistinguishable from the image shift and will introduce large
errors in the measurement of Afj. The other issue with the method is that at high
resolution, the image contrast will be more sensitive to aberration changes and almost
all registration methods fail to align images whose contrast varies from one image to
another, as is discussed subsequently in Section 5.4 Therefore, using this real space
image shift approach to determine the lens aberrations is limited to applications at
low resolution.

The widely adapted diffractogram tableau method was initially developed by |[Zem-
lin et al| (1978), after whom the method is often referred to as the Zemlin tableau
method (Zemlin|, [1979). It collects a series of images at differently tilted beam angles
and calculates the power spectrum of each image, from which the defocus C and the
two-fold astigmatism A; are fitted from the rings in the power spectra of amorphous
images. The method makes use of amorphous structures and it is not affected by
sample drift. Another advantage of the Zemlin tableau method is that for each image
taken, three observables (one from the defocus and two from the complex two-fold
astigmatism) can be obtained, which makes the number of tilt angles required to fit

the same number of aberrations fewer than the image shift method.

3.2.2 Partially coherent imaging

The discussion on imaging theory hitherto has assumed that the electron source of the
microscope is perfectly coherent in that all electrons arise from a singular point with
the same intrinsic energy (temporally coherent) and in the same direction (spatially

coherent). This is not true for all existing electron sources.
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Figure 3.4: Zemlin tableau taken by the CEOS aberration corrector under “standard”
mode (measuring aberrations up to A, from 17 image power spectra), and “extended”
mode (measuring aberrations up to Ay from 21 image power spectra)
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Partial temporal coherence Electrons emitted from the source are not monochro-
matic. Even for the more advanced cold field-emission guns, the energy range of the
electrons, AFE, is about 0.2 —0.3eV. This value is the main contributor to the energy
spread in the incident beam, but can be significantly reduced by the implementation
of a monochromator. In addition to the initial energy spread, the accelerating voltage
too has a certain level of variation, AU, and the magnetic field intensity in the objec-
tive lens and spectrometer is also subject to fluctuations in the electrical current, Al,
in the lens coils. All three factors contribute to an effective spread in the defocus.
Although the initial electron energy dispersion of thermionic emitters follows
closely to an asymmetric Maxwell-Boltzman distribution (De Graef] 2003), more com-
monly a symmetric Gaussian distribution is adapted as the approximated form for

the collective effects of all three factors above on the focus variation.

2v/1n2 Af

faf) = 22 expl- a2y (3.28)
Notice that f(Af) is normalised so that
+oo
FIAf)AASf =1 (3.29)

The [full width at half maximum (FWHM)| of this distribution is defined as the

focal spread f,

o LB/ By (AE AU, AL,

T BB (E ) T () AT (330

where C, is the chromatic aberration coefficient, Fy = m.c®> = 511keV is the
rest energy of a single electron, and F, U, and I correspond to the initial energy
of electrons after extraction, the accelerating voltage and the objective lens current
respectively. The reason that the lens current term has a factor of 4 is due to the

focus value being proportional to the square of the field B(z) (Eq. |A.1)), while the
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other two terms are linearly related to the electron energy.

Eq. indicates several means by which the focal spread could be minimised.
Reducing the (%)2 term is achievable by installing a monochromator after the elec-
tron source; the reduction of fluctuations in the accelerating voltage and objective lens
current is by and large an engineering problem imposed on the power supply system,
which if improved will also benefit the suppression of AF, AU, and the instability of
all other electron optics. Lastly, the correction of the electron optical C., known as
the chromatic aberration, is a topic that has been under active development (Haider

et al., 2009).

Partial spatial coherence A similar Gaussian distribution treatment can be ap-
plied to the spatial incoherence, only in a two-dimensional form as the source is
an object with a physical shape and the possible wave vectors lie on a half sphere
around the effective point source. With a divergence angle 6,4, the beam divergence,

Sq, is defined as;

In 2 As
As) = — —In2(=—)>? 31
(83) = 5 e~ n2( TV (3.31)
where;
_ Y (3.32)
Sq — b\ .

The Gaussian distribution s(As) is again normalised to 1.

400
27r/ s(As)AsdAs =1 (3.33)
0

The partially coherent transmission cross-coefficient function The complete

form of T..(k,k’) that includes the effects of partial coherence can be calculated by

including the two partial coherence distributions (Eq. and Eq.|3.31)) into Eq.|3.12]
substituting C; with C} +Af, and x(k) with y(k+ As). The new transmission cross-
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coefficient function has the following form;

T..(k, k') = exp[—ix(k)]exp[—ix(k')]

[ esleimae -k san aag

o0

/;OO exp[—i(Vx(k) — Vx(kK)] s(As) As (3.34)

For linear imaging, the temporal and spatial coherence can be reduced to two

envelope functions given as;

TASs
4+/In 2

Ey(K) = exp|—(— A2 kY (3.35)

_ (Vx(k))*s3
F,(k) = expl - VAT (3.36)
and the new partial coherent TCC is then;
T.o(k, 0) = expl—ix (k)] By (k) B, () (3.37)

In contrast to the temporal coherence envelope function E;(k) which is only related
to the focal spread, E,(k) has a dependence on both the beam divergence and the
aberration function W (k) and its actual value will therefore vary with the aberrations
at different spatial frequencies.

If the non-linear components are strong, partial coherence damping effects will
also become relevant for the non-linear terms in Eq. [3.14] but there is no simple
analytical form available for this more complex situation. This is therefore calculated
through integration of the more general TCC (Eq. .

In calculating the integration, numerical approaches are almost always needed.

The image intensity of the incoherent illumination, g;,., is modelled as a summation
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of numerous images of coherent illumination, geon (Eq. , weighted by their pro-
portions in the samplings. The sampling method can be either a classic equal-spaced
sampling, which gives the effective TCC the form of Eq. [3.39} or a nonuniform impor-
tance sampling adapted from a Monte Carlo integration approach of image intensity

calculation (Eq.[3.40) (Chang et al. 2005).

Geon (%, Af, As) = |FH(Wo(k) exp[—ix(k + As, C1 + Af)])]* (3.38)

Gine(X) = ! DY geon(x, Af, As) f(Af) s(As) (3.39)
hag hAS Af As

Gine(X) = —5— 3 Y geon(x, Af, As) f(Af) s(As) (3.40)
hAf hAs ~ A

3.2.3 Detector effects

The modulation transfer function (MTF)|is another envelope function to be added

into the TCC. This additional factor describes how the detector responds to incoming
signals as a function of spatial frequency. It varies from one detector to another and

can be measured experimentally (Meyer et al., [2000)), as

MTF (k) = (3.41)

I;, and I, in Eq. denote the input and output signals respectively. For TEM

images, F[I;,] and F[I,,) correspond to V¥, and G(k) respectively.

Nyquist frequency For a discrete signal, such as a TEM image collected by a
pixelated CCD camera, the Nyquist frequency is half the sampling rate and gives the

highest frequency that can be reconstructed from a recorded signal. If each pixel in
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Figure 3.5: Influence of the temporal coherence envelope function on the transfer
function.
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Figure 3.6: (Reproduced from (Meyer et al., 2000)) MTF measured for a 1kx1k
(solid line) and a 2kx2k camera (short dashed line: no binning, long dashed line:
2x2 binning).

the image represents a distance, a, in real space given by a certain magnification of

the microscope, the Nyquist frequency is then given by;

1

kNyquist =35

o (3.42)

From MTF to detector envelope function The MTF with a real spatial fre-

quency as the argument then becomes a detector envelope function;

k
Equ(k) = MTF( ) (3.43)
fNyquist
k = fyyquistat, 0<|u|/ <1 (3.44)

To measure the MTF, both F[I;,,] and F|l,.] (Eq. need to be known. Sev-
eral methods for MTF determination are available (De Ruijter and Weiss, [1992). The
easiest and most common one is by recording an empty image of pure white noise with
uniform illumination. The electron distribution in such an image is a stochastic pro-
cess that follows Poisson statistics and therefore the attenuation at high frequencies
(Fig. in the power spectrum is the sole result of the MTF. Because the detector
property should have no directional effect, the power spectrum should be rotationally

symmetric and can be fully represented by a radial profile. The MTF is then the
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squared root of this radial profile. Alternatively, the sinusoidal fringes generated by
electron holography can be used as a deterministic input signal for the MTF measure-
ment. However, for a given configuration, there is only one particular set of spatial
frequencies in the hologram, and hence multiple measurements are needed to provide
enough data points before an estimate can be made. Another method of MTF mea-
surement involves using a sharp edge feature in an image (Meyer et al., 2000} Zuo,
1996, Daberkow et al., [1991). Ideally, the edge should be made of Al or platinum to
minimise the hard X-ray generation, and placed close to the detector in an inclined
position relative to the pixel arrays, so that aliasing is avoided. If the edge image
is sufficiently sharp, the highest resolution information at the edge will surpass the
Nyquist limit, and hence the MTF across the whole range of spatial frequency can be
determined from the power spectrum.

It has been argued that the MTF is the origin of the so-called Stobbs factor,
a discrepancy between the experimental image intensity and the simulated image
intensity (Thust, [2009)).

Apart from the modulation transfer function, another key factor in detector per-

formance evaluation is the |[detective quantum efficiency (DQE)|, This describes the

detector’s impact on the signal-to-noise ratio before and after the image acquisition.
Given an input image, SN R;,, if the output image has a signal-to-noise ratio, SN R,
then the DQE is defined as

(SNRout>2

DQE = (SN R )? =

Sout Nzn
SinNout

)2 (3.45)

3.2.4 Resolution and information limit

Although resolution is one of the most fundamental concepts in microscopy, there is
no universal agreement on which definition should be exclusively used (den Dekker

and van den Bos, |1997). The classical two-point resolution defined by John William
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Figure 3.7: Rayleigh criterion for image resolution. The blue dashed line is the
composite intensity of the two orange intensity profiles

Strutt, or Lord Rayleigh, for whom the definition is better known as the Rayleigh
criterion, describes two points modelled by Delta functions (Fig. [3.7). When the
one of the point’s maximum meets the first minimum of the other point, it is then
considered the two points are resolved. When Rayleigh criterion is satisfied, the
lowest point between the two peaks is of 81% of the intensity of the peak maximum.
This definition of resolution is more suitable for incoherent imaging systems, such as
[STEM] while for coherent imaging system, an ideal [TEM] for example, whether the
two point sources are in phase or not will have a significant impact on the combined
intensity (Van Aert et al., [2006]).

The context of Rayleigh criterion was originally the diffraction points of two light
sources, therefore when adopted in analysis of electron microscope images, the two
Delta functions are usually replaced by 2D Gaussians. In that case when the com-
posite intensity at the central “dip” is 81% of the maxima on either side, the distance
d, between the two maxima is recognised as the resolution.

There has also been discussion of resolution in the frequency domain. The use of

a diffraction limit for resolution measurement looks at the transfer cutoff frequency
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fe in the transfer function. In the case of TEM imaging, such a cutoff frequency is
also called the information limit. It has been demonstrated that the diffraction limit
definition of resolution is closely related to the Rayleigh criterion (Van Aert et al.|

2006)) and the two have the following relation;

fe=— (3.46)

The cutoff frequency in the transfer function can be limited by the wave aber-
rations of the lens or by the partial coherence envelope functions (Fig. . When
detector effects are considered, the sampling choice and the detector functions can
also contribute.

It is helpful to have a concise equation describing the linear imaging process
(Eq. alongside a simplified illustration that relates Eq. to the actual mi-

croscope components (Fig. |3.8)).

Gi) = W, (9 expl 5 W ()] Eu(k) By (K) Bk (3.47)

When attempting to reach the ultimate spatial resolution on a specific microscope,
it is important to identify the primary resolution limiting factor. The effective transfer
range of both temporal coherence and spatial coherence envelope functions can be
improved by choosing a field-emission source over the traditional thermionic emitter.
However in an uncorrected TEM with a large intrinsic spherical aberration causes
the transfer function to oscillate between positive and negative values within the
information limit even if the aberration setting is optimised (Fig. . Similarly,
a properly adjusted aberration corrector moves the first zero crossing of the wave
aberration function to a higher spacial frequency. However, if the first crossing point
of CTF shifts beyond the information limit imposed by the partial coherence of the

electron source, the overall transfer function will drop to zero at spatial frequencies
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Figure 3.8: Relationships between the imaging equation and the microscope com-
ponents. W (k) is the wave aberration function, E;(k) the temporal incoherence
envelope function, F(k) the spatial incoherence envelope function, and FE4(k) the
detector envelope function

higher than the information limit(Fig. [3.5b)).

The influence of the detector is adjustable, in that the MTF has a much stronger
damping effect at frequencies close to the fyyquiste.  When working at low magnifi-
cations, this may cause a loss in high spatial frequency information that could have
been better included at higher magnifications, albeit at the expense of a smaller field

of view.

3.3 Exit Wave Reconstruction

Since the microscope induces wavefront deviation and damping effects on the elec-
tron wave, it is natural to think of procedures that may potentially compensate the
imperfect transfer function with post-experimental processing to give direct access to
the electron wave at the exit plane of the sample. This gives rise to the development

of the “indirect” method of exit wave reconstruction.
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3.3.1 Linear restoration filters

Various versions of exit wave reconstruction theory have been developed, but the
basic idea behind them can all be, to a certain extend, traced back to the early wave
retrieval methods proposed by [Schiske, (1968]).

Again, we assume that the linear imaging condition is satisfied and that the exit
wave function, ¥,(x), is purely imaginary (taking away the “1” in Eq. ie. d(k)

in Eq. [3.13) and therefore its Fourier transform is conjugate anti-symmetric;

Wi (=k) = =W, (k) (3.48)

Linear imaging contrast in Fourier space is equal to the sum of ¥;(k) and ¥} (—k).
Considering the transfer functions as known and the noise in the image added as n(k),
two images are needed to determine the exit wave ¥,(k) and its conjugate W*(—k).

The image contrast becomes;

Gk) = Wi(k)+ Wi(-k) +n(k)
= Yo(k)T(k) + W3 (k) T"(—k) + n(k)

— W W)[T(k) - T* (k)] + n(k) (3.49)

Given;

exp(—ix(k)) = cos(x(k)) — isin(x(k)) (3.50)

When only defocus and spherical aberrations are considered;

x(—k) = x(k) (3.51)
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T(k) =T"(-k) = (exp(—ix(k)) — exp(ix(=k)))Ei(k)
= {lcos(x(k)) —isin(x(k))] — [cos(x(—k)) + i sin(x(—k))[} Ex(k)

= —2isin(x(k))E; (k) (3.52)
Defining an effective transfer function T,y as Eq. 3.53}
2
T.sr = —2isin(y(k)) Ey(k) = —2i sin(;W(k))Et(k) (3.53)

The obvious way to retrieve an approximated exit wave Wy(k) then appears to be

to simply apply an linear filter, r, to the image contrast with r defined as;

1 i
Teps(k)  2sin(x(k))Ei(k)

r =

(3.54)

The obvious shortcoming of this simple treatment is that the effective transfer
function T.ss(k) = T'(k) — T*(—k) may be zero at a number of frequencies, causing
an amplification of image noise. Fig. [3.9h visualises this noise amplification problem
with a simplified version of Ty,

Fig. 3.9 shows that the filter r generates strong transfer of the restored signal ¥,
when T.sr(k) reaches zero, where there is little information in the original image.
Therefore, only the restored noise n, (red line in Fig. around these singularity

points will experience this amplification.

U, = | Tepsl (3.55)
Tess| +n
n
P 3.56
T T +n (3.56)
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Figure 3.9: (a) C; = 10nm, C3 = —30 um. The simple division approach for wave
restoration and the consequent noise amplification issue. (b) Restored signal using
a Wiener filter, C; = 10nm, C3 = —30 um (c) Restored signal using a Wiener fil-
ter, C7 = 20nm, C3 = —30 um. The restored noise component is suppressed when
contrast transfer function is close to 1 or very small. The red cursor in (b) and (c)
indicates that zero-crossing positions are different in images at different defocus val-
ues, compensating each other in the final restored transfer function after summation.
Noise component n(k) is assumed to be 0.2 across all frequencies.
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Alternatively, if a Wiener filter (Wiener, [1949)) is adopted (Eq. [3.57)), the transfer

of noise at these zero transfer points will be also suppressed, as shown in Fig. [3.9b.

T
eff
P e (3.57)
Teff +n

The restored signal W, and restored noise n, are then;

T2
U, = 3.58
Tfff +n (3.58)
T* .n
eff
A 3.59
" Tfff +n ( )

It is apparent that the restored wave from only one image will not be able to
include information at those zero transfer frequencies. This can be solved by per-
forming the same restoration on another image at a different defocus whose zero
transfer frequencies are also located differently (Fig. [3.9c).

An improved linear restoring filter based on a Wiener filter method was proposed
by Saxton (Saxton, [1988; [Saxton and Smith, |1985) to cope with the low transfer

problem described above.

Gk) = Gyk)+ Gik) +n(k)
= U;(k) + ¥;(-k) + n(k)

= U, (K)T(k) + U (—K)T*(—k) + n(k) (3.60)

With N images taken under different imaging conditions, generally a focal se-
ries (Schiskel [1968)) or a tilt azimuth series (Kirkland et al., [1995), the exit wave
function is overdetermined and can be estimated from the image intensities by apply-

ing a linear filter to each image in the series and calculating the sum. The construction
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of the filter aims to suppress the conjugate wave and the noise n(k). Searching for
such a filter can be achieved by least-squares fitting to minimise the difference be-
tween the estimated exit wave and the calculated exit wave using the linear filter.
Dropping the argument k in the functions (—k is represented by a subscript “_") for

conciseness, an evaluation cost function M can be defined as;

M:< > 61)

N
Z TiGi -
=1
in which (---) denotes an ensemble average. Solving the following derivative of

M (Eq. [3.62) should give the solution to the linear filter for the restoration.

dM al .
i <[Z riG; — \Ix]Gj> =0 (3.62)

i=1

Bringing Eq. into Eq. the expanded expression of Eq. would contain
several different terms below:

(UW*): the expected power spectrum of the object; the ideal image with uniform
transfer;

(UW_): when no assumption is made about the wave, this term should be zero;

(Un;): the correlation between the object and the noise, which should average to
zero for random noise;

(nin;): the correlation between noise in images ¢ and j, which should also be

approximately zero when 7 # j.

Eq. [3.62 will then be simplified as;

70> T = TyU+ T 0 Y 1T+ Nry=0 (3.63)

The resultant filter r; has the following form:
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o TEIL L+ T ST (3.64)

LIPS ITP ) - (ST )

(rwr) ~ v

To restore the exit wave with this improved filter, one can simply sum up all the

with the noise power given as a fraction of the object power v =

images multiplied respectively by their corresponding filters.

N
v, = ZTiGi (3.65)
i=1

The initial restored exit wave function can be iterated using Eq. and the
refinement of the reconstruction essentially further suppresses the non-linear terms
and the noise, by including more images in the image series. For N images, the

non-linear terms and noise term decrease at a rate of v/ N for Poisson noise.

3.3.2 The parabola method (PAM)

A parabola method based on a three-dimensional Fourier transform interpretation
of the electron wave was also proposed as an advancement of the traditional linear
method (Op de Beeck and Van Dyckl |1996} |de Beeck et al., [1996; Thust et al.|
1996blfa)). This approach introduces a quasi-coherent approximation to resemble the
complete form of the transmission cross-coefficient (TCC) function when calculating
the image intensity in order to more accurately simulate the non-linear components
in the images. The main improvement is in calculation speed over other methods
which has gradually become less attractive as the number of input images is often
small (Saxton, 1994al) and computing power has significantly increased in the last few

decades and is no longer a limiting factor for most linear reconstruction methods.
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3.3.3 The multiple input maximum a posteriori method

For thick samples, the validity of the linear image assumption can be compromised,
and more general reconstruction strategies are needed. Based on the improved method
of maximum a posteriori (MAP) restoration originally developed in optical image
reconstruction (Hunt, |1977; [Trussell and Hunt, |1979), an exit wave reconstruction
method suitable for reconstructing both linear and non-linear components was pro-
posed (Kirkland), 1984} Kirkland et al., |1985). By generalising conventional MAP
theory, which only allows for a single input image, to solve the reconstruction prob-
lems for an image series, this new method (known as multiple input MAP, or simply
MIMAP) provides a rigorous treatment for non-linear image reconstruction. The ap-
plication of this scheme on real experimental data reportedly obtained a 30 — 50%
resolution improvement (Kirkland et al. 1985)). Some other researchers who had
applied this MIMAP method reported it being computing-power demanding, as the
number of iterations to reach the convergence can be prohibitively large (Huang and

Ximen, 1991; |Gribelyuk and Hutchison, [1992).

3.3.4 The maximum-likelihood method

The maximum-likelihood (MAL)| method proposed in (Coene et all 1992, [1996) fol-

lows the pioneering work of Kirkland on the original MIMAP method (Kirkland, |1984;
Kirkland et all [1985). This method concentrates on improving the computational
efficiency of the original method and on decoupling the exit wave function and its
complex conjugate. In theory, the MAL method should perform best when the ini-
tial guess provided is close to the true exit wave. This can be partially achieved by
calculating an initial exit wave using one of the linear methods and using this wave
to seed the MAL algorithm. This approach can also help the method avoid traps of
local minima. A workflow digram of MAL is given in Fig. [3.10]

In addition to the reconstruction methods described above, attention has also
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Figure 3.10: Workflow diagram of the MAL method.

been paid to quantitative interpretation of reconstructed exit waves and extending
the technique to three dimensional investigation of materials. While the theoretical
work has produced attractive outcomes, experimental applications on real data are

still limited to samples of simple structures such as graphene (Van Dyck et al.| [2012).

3.3.5 Software for exit wave reconstruction

There are a number of commercially available software packages that can be used for
performing exit wave reconstruction. The subsequent chapters have used the first two
packages as the tools for reconstruction tasks in this thesis. The other packages are

seen in the literature from various sources, and are included here for completeness.

o6



FTSR for DigitalMicrograph™ has been developed for both focal series re-
construction and tilt series reconstruction using an improved linear Wiener filter
algorithm and a novel phase-compensated PCF/PCI method for focus determina-

tion (Meyer et al., 2002) (Meyer et al., [2004]).

SEMPER is a digital image processing environment developed by [Saxton et al.
(1979). The environment uses its own programming language, which bears a rela-
tionship to Fortran. Several exit wave reconstruction methods were programmed in
SEMPER, including the original Wiener filter method later transferred into FTSR
and the MAL method with a Monte-Carlo integration for image intensity calcula-

tion (Chang et al., 2005]).

Iterative Wave Function Reconstruction (IWFR) is a software package based
on the reconstruction method of its namesake. It is essentially a linear method using
an iterative approach to update the estimated wave and propagate the newly obtained
wave to different defocus level where simulated images are generated for intensity
comparison (Gerchberg and Saxton) [1972; |[Fienup, [1982; Allen et al.| 2004; [Ishizukal,
2013). Although claiming to be robust against noise, it is unclear how the software

addresses the noise issue when the transfer function is close to zero.

Truelmage is a reconstruction package developed by FEI (Kiibel and Thust). Its
uses the parabola method as a first step of reconstruction, whose result is then used as
the input wave for a further refinement stage using the maximum-likelihood method
(MAL), which attempts to recover the non-linear components in the wave (Coene

et al., [1996).

o7



3.3.6 Focal/tilt series acquisition

Two acquisition geometries are commonly used in image series collection for exit wave
reconstruction - focal series acquisition and tilt series acquisition.

A focal series only alters one aberration - the defocus of the images. All other mi-
croscope settings should be determined beforehand and kept constant over the series
acquisition. The restriction on the choice of starting focus, focal step, and the range
of the focus values mainly comes from the spherical aberration. The combinations
of the spherical aberration and the defoci should aim to be sufficiently different that
all spatial frequencies are strongly transferred by one or more images in the series.
For an uncorrected TEM, the spherical aberration can be large and therefore the
change in defocus, both in step and range, would need to be larger than those for
an aberration-corrected TEM. Most researchers choose to use a through-focus (focal
series) acquisition strategy (Kirkland and Meyer] 2004 Coene et al., [1992; |Zandber-
gen and Van Dyckl [2000). Unequal step focal series, which can potentially balance
the proportions of high spatial frequency and low spatial frequency information with
fewer images compared to a equal-step focal series needs, has also been proposed for
exit wave reconstruction (Haigh and Kirkland|, 2010; [Miedema et al., [1994]).

The tilt series acquisition geometry records a series of images with differently
tilted illumination settings (Kirkland et al., 1995, |1997). By combining images from
different tilt angles, this method effectively increases the size of the virtual Fourier
aperture and extends the effective information limit to a higher spacial frequency
range than the axial limit.

A hybrid tilt-focal series acquisition were explored as an attempt to take advan-
tages of both acquisition geometries, as illustrated in Fig. (Kirkland and Meyer|,
2004).

The number of images in an image series is typically no less than three (Ishizuka

and Allman| 2005)). Although there is no theoretical upper limit, the benefit of using
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more images to improve the reconstruction quality diminishes quickly, given that
the reduction of non-linear image components and Poisson noise follows a square
root dependence on the number of images (Saxton| 1994a)). Therefore, practical
reconstructions are rarely performed with more than 64 images, which brings down
the non-linear and noise components by a factor of 8. It should also be noted that, if
a dose budget is imposed due to radiation damage, dividing the budget into N low-
dose images will lower the signal-to-noise ratio to 1/N in comparison with a single
acquisition of the same total dose as the series, although the dose rate is also reduced
by a factor of N, which could be beneficial if the radiation damage of the investigated

material is dose-rate dependent.

3.4 Instrumentation

The transmission electron microscope (TEM) has become a powerful instrument with
a large number of complex components (Fig.|3.12)). This section will cover the essential
parts of a TEM, with emphasis on their relationship to radiation damage control and

aberration correction.

3.4.1 Source

There are two general types of electron sources, the more conventional and economical
thermionic-emission emitters and the more advanced but expensive field-emission

sources.

Thermionic source By applying a voltage Vjeq, the filament in a thermionic elec-
tron gun is heated to a high temperature, T, at which the electrons inside the filament
materials accumulate enough energy to overcome the work function barrier, & and

escape from the filament surface. The Wehnelt cylinder and the gun bias together
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Figure 3.12: Schematic diagram of the JEOL2200MCO optical column
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generate an inward focusing field that focuses the electrons leaving the filament. The
material of which the filaments are made needs to have a high melting point, for
example Tungsten at 3660 K, to survive the high heating temperature and a low work
function, such as that of the lanthanum hexaboride (2.4eV), so that the electrons
have a high probability of leaving the cathode. The emission current density J can

be calculated as;
B dmme.e

J=— (kT)%e 1 (3.66)

As can be seen from Eq. with & = 8.62 x 1075eV K~! being the Boltz-
mann constant, A = 6.63 x 1073* m?kgs~! being the Planck constant. For a specific
thermionic source and Wehneld configuration, J is only determined by the working

temperature of the source.

Field-emission source In the presence of a strong electrostatic field F around
the filament tip, electron can be extracted from the tip without needing to heat the
filament. The strength of the electric field is governed by the extraction voltage V..,

and the effective radius of the tip r, as;

N

d (3.67)

<

The extraction voltage is typically only a few kilovolts in practice. The tip of the
filament in a field-emission gun is specially manufactured into a sharp single crystal
to reduce the effective radius. The crystal is oriented such that electrons are emitted
from a low work function surface, such as W{310}. In addition, the small tip radius
is also the reason that field-emission guns generally have a superior spatial coherence
compared to thermionic sources.

Whether the filaments in the field-emission guns are heated or not further divides

them into two subtypes: Schottky FEGs and cold FEGs. The Schottky FEGs work

63



Type of electron gun Tungsten LaBg Schottky FEG  Cold FEG

Work function (kV) 4.5 24 3.0 4.5
Richardson’s constant (Am™—2K™2) 6x10° 6x 10° n/a n/a
Operating temperature (K) 2700 1700 1700 300
Current density (A m™?) 5 102 10° 10°
Crossover size (nm) > 10° 10* 15 3
Brightness (Am—2sr™!) 1010 5x 101 5 x 1012 5x 10"
Energy spread (eV) 3 1.5 0.7 0.3
Emission current stability (% /h) <1 <1 <1 5
Vacuum (Pa) 1072 10~ 1076 107°
Lifetime (h) 100 1000 > 5000 > 5000

Table 3.2: Comparison of different electron sources operating at 100 kV. Reproduced
from (Williams and Carter, 2009).

under heated conditions and the field emission is therefore thermally assisted. The
working temperature of Schottky FEGs can be as high as some of the thermionic guns.
In contrast, the emission process in cold FEGs takes place under room temperature
and is solely initiated by the strong electric field applied to the tip.

Cold FEGs are brighter and have smaller energy spread than Schottky FEGs.
They are the better choice for experiments that require good energy resolution. How-
ever, cold FEGs are less stable compared to Schottky FEGs in that the tip of the W
crystal in a cold FEG needs to have a pristine surface while the actual environment
around the tip is never completely free of contamination even under ultra high vac-
uum conditions. As contamination accumulates, the brightness of a cold FEG will
decrease, hence regular “flashing” is needed to clean the tip by heating it to a high
temperature for a short amount of time. This will force the deposited contamina-
tion to evaporate. Such tip cleaning is not necessary for Schottky FEGs as they are
constantly heated.

Table lists some common parameters for different electron sources.
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Figure 3.14: Trajectory of electrons in a single Wien filter

3.4.2 Monochromators

In practice, three types of monochromators have been designed and manufactured:
the single Wien-filter type (Martinez and Tsuno, 2008; [Tiemeijer et al. | 2012bja)), the
double Wien-filter type (Kirkland et al., 2013), and the Omega-filter type (Probst

et al., 1993).

Single Wien-filter monochromator A Wien filter is a velocity selector for charged
particles (Fig. [3.14). When travelling at a speed of v through a combined electric
field E and magnetic field B, a particle with an electrical charge, ¢, will experience a

Coulomb force Fg

Fg = ¢E (3.68)

and a magnetic force Fg.

Fg=quxB (3.69)

If the spatial relations between E, B, and v are as illustrated in Fig. |3.14] the
Coulomb force and the magnetic force on the charged particles act in opposite direc-

tions. For a known geometry of the electric and magnetic fields, Fg is solely related
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to the particle charge, e in the case of electrons, and Fg is proportional to both the
electrical charge and the speed of the particle. This implies the existence of a critical

velocity, vy, defined by;

Fp = Fy (3.70)
E

At 1y the two forces are balanced and the particle should travel through the
Wien filter in a straight line. Particles of any other velocity will be dispersed by the
combined field.

As shown in Fig. the single Wien-filter monochromator produces an elon-
gated crossover at its exit plane and uses a physical slit to select electrons with a

desired energy E.. The width of the slit determines the allowed energy spread AFE,.

Double Wien-filter monochromator The JEOL2200MCO microscope at Oxford
used in this work is installed with a double Wien-filter monochromator (Kirkland
et al., 2013)). The advantage of having a second Wien-filter after the energy slit, in
comparison to the single Wien-filter monochromator, is to cancel out any change in

beam shape induced by the first filter.

Omega-filter monochromator In contrast to the first two designs, the electro-
static Omega filter chooses a different route for dispersing the achromatic electron
beam (Essers et al.,2010). The Omega filter takes in the achromatic incoming beam
image at its entrance plane, and forms an energy-filtered image at the exit plane of
the filter, exactly the same as how normal energy-filtered TEM forms filtered images
of the sample, except for that the energy of the electrons is much smaller. The output

beam will have the identical beam shape as before the monochromator.
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Figure 3.15: Three types of monochromators.
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3.4.3 Multipole electromagnetic elements

Electromagnetic lenses are the essential components in electron microscopes. Among
them, the objective lens, a round lens, is the pivotal part of the electron optical sys-
tem. The theory of round electromagnetic lens is well studied in particle optics (Orloff]
2008). A brief description of round lenses and the origin of lens aberrations is sum-
marised in Appendix [A] The section intends to explain the working mechanism of
multipole electromagnetic elements, which is the building block of many microscope
components, particularly aberration correctors (Section .

In a more general sense, most parts listed on the right hand side of Fig.
are actually either an individual electromagnetic element or a certain type of lens
combination. Dipoles (Fig. [3.16h) can be used for deflecting the electron beam, and
when used in pairs, dipoles can shift the beam without introducing changes in beam
tilt (Fig. [3.17). Quadrupoles (Fig. [3.16p) elongate the beam in one direction and
compress it in the perpendicular direction. This makes them suitable for reducing
two-fold astigmatism and other image distortions with two-fold symmetry. For a 2V
multipole, with a polar coordinate system defined as shown in Fig. [3.17], the magnetic

scalar potential (Bleloch and Ramasse], 2011)) is;

®(r,0) = r¥[py cos(NO) + gy sin(N)] (3.72)

The magnetic field equals the gradient of ®(r,§), and therefore is proportional to
r¥=1 with N-fold symmetry. In fact, a 2N multipole in theory is capable of perfectly
compensating the N-fold astigmatism if the aberration angle is exactly aligned with

the multipole element. However, more often a pair of the same multipoles are needed

to cope with the rotational misalignment.
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Quadrupole

Figure 3.16: Schematic llustration of (a) dipole, (b) quadrupole, (c) hexapole, and
(d) octupole element and their effects on the electron beam (the round yellow beam
is the incoming electron beam and the green beam is the outgoing beam after the

optical elements).
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Figure 3.17: An electron in a multipole of a magnetic field, B, with polar coordinates

(r, 6).

3.4.4 Aberration correctors

In the last two decades, the advancement of atomic resolution imaging in materi-
als science is in large part thanks to the successful development of electron optical
aberration correctors.

Otto Scherzer in his famous Scherzer theorem proved that the spherical aberration
of a rotationally symmetric static electromagnetic objective leng? is unavoidable and
always takes a positive value (Scherzer, 1936)). It also has long been known that a sim-
ple negative (diverging) lens solution, as in light optics (Urban, 2008), is not available
for electromagnetic lenses as discussed in Appendix [A] Over the history of electron
microscopy, feasible designs of spherical aberration correctors consisting of multipole
lenses have been proposed, but the realisation of usable aberration correctors has only

happened fairly recently (see [Hawkes| (2015) for a review).

Quadrupole-octupole corrector Spherical aberration is a round aberration with
infinite azimuthal symmetry and therefore cannot be completely corrected by single
multipoles. Just as the quadrupole stigmator for correcting the astigmatism, the

quadrupole-octupole corrector designed for spherical aberration is based on the fact

2An objective lens forms a real image of a real object.
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Figure 3.18: Optical elements in a quadrupole-octupole aberration corrector and the
corresponding beam shapes (adapted from Hawkes (2015)).
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that the magnetic field strength of an octupole (N = 4) varies with r3 which is of the
same order as the third order aberrations. The quadrupole (N = 2) pairs were added
into the corrector to deliberately distort the beam into a long and thin elliptical shape
so that when the beam passes through one of octupoles, the positive C3 direction has
little influence while the negative direction compensates C5. Repeating the process in
the perpendicular direction, Cj5 is then fully compensated. The reason for having an
additional third octupole in the corrector optical path is to cancel out the four-fold
astigmatism introduced by the other two octupoles.

The quadrupole-octupole design is more commonly used in scanning transmission

electron microscopes (STEM).

Hexapole spherical aberration corrector Almost all Cs-correctors for TEM are
hexapole correctors. Originally proposed in 1965 by [Hawkes (1965)), whose idea of
modifying the primary aberrations of the round lenses with the secondary aberrations
of the hexapole elements was later further developed and confirmed by Beckl (1979)
and Rose (1981)), the first working hexapole corrector was reported more than 30
years later (Haider et al., [1998), after several important design improvements such as
the introduction of the transfer lenses and an “adaptor” lens (Rose, [2008)).

The hexapole corrector has two hexapoles which are aligned by transfer lenses and
rotationally offset by 60° relative to each other which cancel the primary three-fold
astigmatism. The reason that hexapoles (N = 3) can be used for correcting third
order aberrations is that, when the multipole lens is not thin but has a depth along
the axial direction, i.e. the hexapoles are “long”, the electron trajectory involves a
movement in the direction away from the optical axis, where the magnetic field is
stronger than it would be had the electron not travelled towards the radial direction.
This increases the rate of the lens effect by one extra order and therefore the hexapoles

are able to correct third order aberrations. This second-order effect is homogeneous in
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Figure 3.19: Optical elements in a hexapole aberration corrector (adapted from
Hawkes| (2015))).
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all azimuthal directions and matches the infinite azimuthal symmetry of the spherical
aberration. The complete design also includes two pairs of round transfer lenses to
ensure that the two hexapoles share equivalent optical planes, a prerequisite condition
for the hexapole corrector to function.

The future of aberration correctors aim at correcting higher order aberrations up

to Cs as well as C, correction (Rose| 2005, Rose and Wan| [2005)).

3.4.5 Sample stages

Sample stages are the only part of a microscope that have direct contact with the
specimen. The functions of sample stages have evolved based on more and more
specialised experimental needs. The traditional single-tilt holder is still widely used
for nanoparticles and samples that do not require anything but a stable support for
the specimen grid. For crystalline materials, a double-tilt holder can be used to ad-
just the sample orientation to the required zone axis before taking HRTEM images.
Cold TEM stages are widely used in Cryo-EM, especially in experiments involving
imaging of biological structures and other radiation-sensitive materials because keep-
ing specimens at low temperatures can reduce the speed of radiation damage and
hence prolong the observation time (Section . The operation of cold holders
needs additional steps in the preparation stage prior to the TEM observation, includ-
ing pumping the dewar to high vacuum and filling the liquid nitrogen in the holder
chamber. A common problem with using a cold holder is the vibration caused by the
boiling of liquid nitrogen (LN). Filtering the liquid nitrogen can reduce the residual
water in the LN and lower the nucleation initiated by ice impurities.

At high resolution it is still often noticed that the sample drift is more severe
when using a cooling holder compared to the more traditional holders. This could be

caused by the sharp temperature gradient near the cooling area.

74



Electrons

Scintillator

Fiber optic coupling ———Photons

CCD sensor

DDD sensor
Cooling device

CCD DDD

Cooling device

Figure 3.20: Illustration of a CCD camera and a DDD camera.

3.4.6 Detectors

Although the detector on a TEM has no direct control over electron dose or radiation
damage, a well calibrated high-performance detector is still vital for low-dose imaging
and data processing. The signal-to-noise ratio is often very poor in low-dose images
making the detection of sample features difficult. The high noise level limits not
only the interpretation of individual images, but also the application of exit wave
reconstruction as all restoration techniques require well aligned image series, which

is hard when the signal is not strong enough for the registration algorithms (Saxton,

10915).

Charge coupled devices (CCDs) An illustration of a simple CCD camera is
shown in Fig. 3200 The main feature that distinguishes a CCD detector in the
TEM from a CCD chip in a normal digital camera is the extra scintillation layer.
The phosphor scintillator, when hit by the incoming electrons generates photons.
Between the scintillation layer and the CCD element, a fibre optics or an optical
lens is used to direct the photons onto the CCD sensor, where the phonons create
electron-hole pairs that are trapped in the potential well of separated pixels. Hence,
for TEM CCD cameras, the detection process is not direct, but instead through an

electron-photon-electron conversion process. The incoming primary electron can ac-
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tivate photon generation while it travels inside the scintillation layer and the photons
coming out of the enlarged interaction area cause a point spread effect which may
limit the attainable resolution (Meyer et al. 2000)). Had the electron incoming posi-
tion been detected directly instead of through the secondarily generated photons, the
efficiency and accuracy of the image acquisition could be improved. This leads to the
growing interest in direct electron detection technology.

When using a CCD camera for quantitative electron microscopy, it is important
to keep the electron exposure of an individual image within the limit of the dynamic
range, which is the full well capacity of the camera divided by the readout noise.
A large dynamic range allows the image intensity to be linearly proportional to the

electron dose over a large dose range.

In the “post-film” age of electron microscopy, the [charge coupled device (CCD)|

camera has become the most common image recording device for TEM. Its advan-
tages over traditional film are clear; linearity of response and real-time access to the
recorded images are particularly important for quantitative HRTEM research. There
are however some drawbacks, for example the limited dynamic range is often not
suitable for recording intense signals such as long-exposure diffraction patterns, and
the number of pixels on a single CCD chip imposes restrictions on the highest spatial

frequency at low magnifications, as subsequently discussed in Section [.1.2]

Direct Detection Devices (DDDs) [Direct detection devices (DDDs)|have started

to appear in the recent years, but have already gained attention from various mi-
croscopy fields. Unlike CCDs, DDDs do not require a scintillation layer nor the optic
fibre/lens coupling (Fig. [3.20)). The signal is generated by letting the primary elec-
tron directly exposing a CMOS chip where each primary electron will generate a
large number of excited electrons to form the signal in the pixel wells. It has been re-

ported (Milazzo et al., 2010) that the DDD systems are superior to CCDs in that the
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MTF of a DDD demonstrates a higher transfer at half Nyquist frequency. DDDs also
have fast readout speed compared to CCDs, allowing quick multiple image acquisition,
which can be used to correct fixed-pattern reset noise arisen from the accumulated
charges.

Although the advantages of using DDDs over CCDs have not become significant
enough to overthrow the dominant market share of the latter, the superior acquisition
speed and smaller pixel sizes of DDDs will likely enable novel imaging techniques, i.e.

high-speed HRTEM at low magnifications in the future.
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Chapter 4

Low-Dose HRTEM Imaging

4.1 Instrument calibration and parameter measure-

ment

4.1.1 Electron dose calibration

Most electron microscopes provide an estimated value of the beam current via the
fluorescent screen, which gives a qualitative indication of the dose level for routine
TEM imaging. More quantitative measurement of electron dose and its relation to
radiation damage depends upon a more accurate electron dose calibration.

With a typical Schottky FEG, the incident electron beam current at the sample
plane is of the order of 1072 ~ 107!°A. Measurement of such a small beam current
inside the narrow column space requires a dedicated Faraday cup. The Faraday cup
should be installed along the electron path above the CCD camera. During normal
TEM imaging with a sample presented in the field of view, some of the electrons in
the beam are absorbed, and the beam current before and after the sample is therefore
different. To eliminate this effect, the calibration should be carried out either with an

empty sample holder with no sample grid or with a very large hole on the specimen
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grid where the beam can pass through without any obstruction.
A step-by-step illustration of the calibration procedure is shown in Fig. [4.1], and

the detailed execution steps are described as follows:

Step 1: Insert the Faraday cup when the fluorescent screen is well illuminated. Iden-
tify the approximate centre of the Faraday cup which provides an estimate of

where to place the focused beam in a subsequent step.

Step 2: Extract the Faraday cup. Focus the beam until it reaches its brightest and

smallest. Move the beam to the imaginary centre of the Faraday cupE]

Step 3: Insert the Faraday cup again, and monitor the beam current value measured
by the picoammeter. Finely adjust the beam shift until the measured current
reaches its maximum, at which, when perfectly centred the value should stay
unchanged against small adjustments of beam shift in any direction. Record

the current value 7.

Step 4: Extract the Faraday cup once more, leaving the beam at the centre of the

screen.

Step 5: Insert the CCD camera and spread the beam to the extend that the beam
fills most of the area of image with the edges of the beam at the boundaries of

the CCD field of view.

Step 6: Acquire images of the beam with a preset exposure time, ¢, and calculate

the total pixel counts, s., in the image of the beam.

~dt/e

g (4.1)

!'Magnification of this step is not particularly important, while it is still helpful to choose a
relatively low magnification when performing the calibration, as this makes it easier to focus the
beam to a spot that is small enough to fit into the Faraday cup entrance.
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Figure 4.1: Schematic illustration of the dose calibration procedures. (1) Faraday cup
alignment; (2) Beam centring; (3) Beam current measurement; (4 - 5) Beam image
acquisition; (6) Total pixel count of a beam image.
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Accelerating voltage 200kV  80kV
Counts/primary electron 6.83 12.07

Table 4.1: Dose calibration results, units: counts/electron

Within the full well capacity of the CCD camera, there is a linear response
between the number of electrons detected by the camera and the digital counts
recorded (De Ruijter and Weiss, 1992). The ratio between these two values is the
gain of the CCD camera. From the definition of gain in Eq. [4.1] it is straightforward
to plot the CCD counts as a function of the product of the beam current and the
exposure time divided by the electron charge, e, as;

it
e

se(i,t) = 9(=) (4.2)

From Eq. it can be seen that the gain of the CCD camera is the slope of
a straight line and can be obtained by linear fitting if enough data points of CCD
counts s. against number of electrons are given. The data point collection can be done
by repeating the above calibration procedure with different condenser lens apertures
which modify the beam current ¢, and with different exposure times ¢.

Two sets of calibration results of dose calibration data collected on the JEOL
2200MCO at Oxford at 200kV and 80kV, are plotted in Fig. £.2] Table [.1] shows
that one primary electron on average generates 6.63 counts at 200kV, and 12.07
counts at 80kV. The fact that lower-energy electrons on average generate higher
counts than higher-energy electrons is attributed to the fact that low-energy electrons
are expected to have a shorter mean free path (Ziegler et al., [2014)) in the scintillator
material and a greater chance to be deflected away from their incoming direction and
travels a relatively longer distance inside of the scintillator. Hence, more photons are
generated by a single electron at 80kV than at 200kV.

One final step prior to fitting the electron-counts curve is to eliminate the abnormal
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Figure 4.2: Dose calibration for the JEOL2200MCO at 200kV and 80kV.
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data points that arise when the CCD is over-saturated. This can be caused by a
prolonged exposure time or by an intense electron beam when the condenser lens
aperture is large. When the outliers are excluded, the error in the linear fitting to a
straight line function should be small. In the case presented in Fig. [1.2] the coefficient
of determination, 2, is 0.9995 and 0.9999 for 200 kV and 80kV respectively.

An issue that may cause an increased calibration error is abnormal pizels. Abnor-
mal pixels will give either extremely large or very small pixel values, which should
not appear for near uniform illumination. Some simple procedures that can be used

to qualitatively check the status of the calibration include:

e Take an empty image with the beam off; check the mean value and the histogram
of the image. When the detector is carefully tuned and gain-normalised? the
mean of an empty image should be zero and the full width at half maximum
(FWHM) of the distribution in the histogram should be narrow, typically no

larger than 5 to 10 counts.

e Turn the beam on at a moderate beam intensity, approximately half of the CCD
dynamic range and record an empty image of an area with no samples or any

obstructions. The image should be uniformly flat and free of detector features.

e Starting from a high dose, gradually reduce the dose and take multiple images at
different stages. All images should look similarly feature-free, except for those

at very low dose which may have a higher noise level.

4.1.2 Magnification and image sampling

Digital EM images are two dimensional discrete signals. The choice of sampling

interval of the signal will directly affect the signal representation. According to the

2The correct procedures of detector tuning and gain normalisation should be found in the corre-
sponding manual of the instrument.
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Figure 4.3: A discrete representation of the positive sine function sinx — 7/2+ 1 with
different sampling intervals (a) Sampling interval: 0.1; (b) Sampling interval: 0.2; (c)
Sampling interval: 1; (d) Sampling interval: 7.
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Nyquist-Shannon sampling theorem, the attainable resolution is restricted to twice
the size of the smallest sampling interval (Nyquist, [1928; Shannon, [1949). Fig. 4.3
shows the same periodic sine signal represented discretely by four different sampling
intervals, and the value of each “stair”, or “pixel” in the images, is the signal value at
the mid-point. Fig. uses the smallest sampling interval among the four and gives
the finest description of the original signal, while Fig. {.3p and Fig. [£.3k are coarser
than their predecessors, but still allow the two sine peaks to be well pronounced and
separated. The sampling interval in Fig. 4.3(d) is half the period of the sine signal,
and it is the coarsest sampling that can separate the peaks at all places, with a dark
pixel (the trough) in the middle of two bright pixels (the crest). Any smaller sampling
interval than that will cause two consecutive bright pixels, in which case the two peak
points are no longer resolved.

For a given CCD camera, the higher the magnification, the smaller the image
sampling interval in the image. While undersampling the data can result in loss of
high spatial frequency information, oversampling the data may cause problems from
a limited field of view.

The general rule for choosing the image sampling interval is to include all the in-
terpretable spatial frequencies in the image while keeping the magnification at a value
where there are enough electrons within the field of view to generate sufficient signal.
Low contrast images are often severely corrupted by noise and more prone to errors
from the calibration of the CCD. Uncorrected profile features and defects in a CCD
are commonly seen in low-dose images. Placing the highest spatial frequency at be-
tween half to two thirds of the Nyquist frequency has been considered to be optimum
for imaging with the CCD camera used. A smaller sampling interval is sometimes
adopted for the purpose of avoiding the severe attenuation from the modulation trans-
fer function at high frequency range, as previously described in Section [3.2.3] If a

direct detector device (DDD) is available, the improved MTF allows a larger usable
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frequency range, and therefore imaging can take place at a lower magnification.

4.1.3 Sampling interval calibration

Precise magnification calibration makes use of a known material structure that con-
tains periodic features. Calibration methods are available in both real space and
reciprocal space. For the real space approach, a known periodic feature is chosen,
such as n,. unit cells with a period length of L. along a certain crystallographic di-
rection and the number of corresponding pixels 7, in the experimental images is
measured, knowing the actual distance from a crystal model. The sampling interval
is then given by;

uch
dy; = — (4.3)

Npizel

Using an image of zeolite ZSM-5 as an example (Fig. . The number of pixels
across 10 unit cells in the [100] direction is 411. The unit cell parameter in the same

direction a = 2.0064 nm. The sampling interval is then calculated as;

~ 10 x 2.0064 nm

dsi
411

= 0.04882nm (4.4)

The reciprocal space approach measures a specific Fourier reflection and relates

it to the corresponding real space crystallographic spacing. The required relation is

given in Eq. [4.5]
_ nfpixech

dsi
N

(4.5)

where 7 fpizer s the number of pixels in Fourier space, L. is the corresponding unit
cell parameter in real space, N is the number of pixels in one of the dimensions of

the CCD (2048 for a 2Kx2K CCD).

(996 + 20) x 2.0064 nm

dsi = 2048

= 0.048 79 nm (4.6)
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Figure 4.4: (a) Image of ZSM-5 with the yellow line indicating 10 repeating unit cells.
(b) Corresponding atomic model.
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Figure 4.5: Corresponding power spectrum from the original image of Fig. with
the yellow line indicating the distance between two equivalent reflections in pixels.
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The difference between the results given by the two methods is less than 0.6%.

The area that a pixel represents in real space is subsequently calculated as;

as = d = 0.002 387 nm?. (4.7)

4.1.4 Post-experiment dose determination

When both the gain of the CCD camera and the sampling internal are known, only
the mean value of the image is required to calculate the dose used for the imaging
exposure. For example, the average counts in the ZSM-5 image in Fig. [£.4)is 98. Using
the 2014 September dose calibration results in Table and Eq.[4.7] the imaging dose

of the experimental image is;

D— N>1<N Zi,j:NpiJ _ 98

g X Qg "~ 6.83 x 0.0023865

= 6012 ¢/nm? (4.8)

In addition to using the calibration results for post-experiment data processing, it
is helpful in experiments to have the exchange relationships between mean pixel value

and the electron dose (in e/nm? or e/ A® ) at each magnification for quick reference.

4.2 TEM sample preparation

Most sample materials studied in this thesis come in either powder or small crystal
forms. TEM specimen preparation for such materials is typically carried out via a
crush-and-disperse approach. The prepared TEM sample grids should contain enough
usable sample for efficient imaging experiments. To examine the materials in TEM,
crushed samples containing thin areas need to be dispersed onto TEM specimen grids
via suspension of the material fragments.

The unprocessed sample is very often too big in size or too thick for high resolution

TEM experiments. Reducing the size requires finely crushing the powder sample
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with an agate mortar and pestle. Areas that are thin enough for atomic resolution
imaging tend to only exist on the edges of the sample fragments. In order to embrittle
the sample, which increases the occurrence of sharp regions on sample edges, liquid
nitrogen (LN) is used to chill the mortar and pestle before adding the sample. When
the mortar is thoroughly chilled to liquid nitrogen temperature, —195.79 °C (77 K),
the mortar should be able to hold a small amount of liquid nitrogen, without it quickly
evaporating or boiling.

After preparatory cooling, the powder sample is placed into the mortar and filled
with more liquid nitrogen before immediately grinding with a LN-cooled pestle. The
grinding generates heat and therefore further LN refills to keep the sample at a low
temperature until the powder crushing is finished. The resultant fine powder sample
is then transferred into a vial containing ethanol before being placed into an ultrasonic
bath to go through the final dispersion process. Dependent on the suspension con-
centration, five to ten drops of suspension containing the ground sample are dripped
onto the holey carbon film TEM grid. The optimum suspension concentration and the
number of suspension drops on one grid require trial and error. The prepared TEM
specimens need to be thoroughly dried for the residual ethanol to evaporate before
being stored in the sample box or being put into the TEM. Prior to a TEM ses-
sion, in order to eliminate residual organic contamination which may have deposited
onto the sample grid during sample preparation and storage, further cleaning of the
specimen is required. This can be done by baking the sample grid inside a plasma
cleaner overnight before the experiments. The baking temperature is dependent on

the specific sample, as well as on restrictions of the sample holder used for baking.
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4.3 Low-dose imaging experiments

4.3.1 Dose control

There is more than one way of controlling the dose and the dose rate during exper-
iments. This section summarises the three approaches used over the course of this

project.

Condenser lenses The primary mechanism for controlling the beam current den-
sity by using the condenser lenses after the gun deflectors. By focusing or spreading
the beam illuminating the sample, the condenser lenses can change the beam intensity
almost continuously.

There are some complications about using condenser lenses to reduce radiation
damage. When the illumination is spread, the beam extends beyond the boundary
of the field of view of the CCD (red dashed circle in Fig. [4.6]). Since the total beam
current, i, is constant, for a given time, the lower the dose rate d/t, the bigger the
illuminated area on the sample. Assuming that the beam is round with a radius, R,
the following relation between R and d (Eq. shows how the region of exposure
changes with dose.

d i

- 4.
t 4w R? (4.9)

This makes it difficult to determine where the sample is free from electron exposure
before imaging and where it is not, and this may introduce errors in the measurement
of the total dose on a given area throughout the experiment. Using a smaller condenser
lens aperture can reduce the incident beam current and reduce the illumination area.
Another solution to partly avoid this problem is to only use sample regions that are
distant from each other on the TEM grid, so that the sample is less likely to be

pre-exposed. If the illuminated area of previous imaging does reach the new area of
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Figure 4.6: A comparison of the microscope configuration for (a) high-dose imaging.
(b) Low-dose configuration through defocusing the beam with the condenser lens. (c)
Low-dose configuration through reducing the total beam exposure of an image with
a lower extraction voltage or a shorter exposure time.
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interest, the magnitude of the dose rate will be negligibly small negligible as R will

be large in such situations.

Extraction voltage Eq. in Section implies that, for a Schottky FEG,
another way of dose control is to change the extraction voltage V.., which is linearly
related to the electron beam current. With the illumination area unchanged, dose
control by changing the extraction voltage can be used for experiments aiming to
compare imaging at different doses. By altering the beam current, i in Eq. [£.9] all

imaging conditions remain the same before and after the extraction voltage change.

Exposure time As discussed in Section[2.2] changing the dose rate can significantly
affect the total dose for the same exposure time. Similarly, changing the exposure time
can also be used for dose control at a constant dose rate. This method for dose control
is best suited for stable samples that are not sensitive to charging effects so that the

TEM images are free of blurring which is usually caused by sample movement.

4.3.2 Tilting the sample

For crystalline specimens, aligning the zone axis of the crystal with the beam direction
is a crucial step towards obtaining atomic resolution. For radiation-sensitive samples,
the diffraction mode needs less dose to generate good diffraction data and causes less
radiation damage over the same period of time compared to the imaging mode. In
spite of this, one should still choose sample pieces that are close to the zone axis to
limit the amount of required tilting and hence to further limit the beam exposure.
Increasing the exposure time when recording diffraction patterns will help to give a
high quality diffraction pattern even at low dose rates, and since the dose rate is low
in this mode, there is more time available for adjusting the sample orientation.

The radiation-sensitive nature of many materials leads to a large deformation

caused by electron illumination, often enough to alter the zone axis locally. Therefore
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it is important to record the data promptly after the tilting of zone axis is finished.

4.4 Low-dose imaging of hydroxyapatite

In this section, hydroxyapatite is used as an example material to demonstrate a typical

low-dose HRTEM imaging experiment.

Mineralised |hydroxyapatite (HAP)|is the building block of tissues in human teeth

and bones. It occupies 96% of the volume in the enamel within human teeth, with
the remaining 4% taken up by organic components. Understanding the microscopic
structure of such materials is of great importance in studies of the mechanical prop-
erties of teeth and bones. Recent research has suggested that localised structural
variation inside the crystallites is related to the growth mechanisms of these bio-
crystals (Yanagisaway, 2003). Although the hydroxyapatite crystals are much more
resistant to radiation damage compared to other biological tissues, one still needs to
conduct high resolution TEM imaging experiments under low-dose conditions as not
only the crystalline structures can be damaged by an intense electron beam, but in
addition the gluing cementum is prone to beam damage. Its fast degradation during
image acquisition can lead to misalignment between the electron beam and the crystal
orientation, compromising the obtainable spatial resolution.

Hydroxyapatite (Ca,y(PO,)s(OH),) is a hexagonal crystal with space group sym-
metry P63/m and lattice parameters, a = b = 0.943nm, ¢ = 0.688 nm and v = 120°.
There are two mirror planes located at z = % and z = %. An array of PO, tetrahedra
are linked by Ca?" ions, and the OH  ions occupy columns on the screw axes (Reyes-
Gasga et al., [2012)).

The imaging of hydroxyapatite under different doses used the condenser lens dose
control mechanism previously described. Each series of images were taken with an

exposure time of 2s. For two adjacent images within the same time series, there is a
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Figure 4.7: Atomic model of hydroxyapatite.

1s interval in between acquisition to allow time for the beam to stabilise.

4.4.1 Time series acquisition

Image series recorded with long exposure times often suffer from image blurring due
to sample drift, therefore one should generally avoid taking images with prolonged
acquisition time. The maximum acceptable length of exposure depends on how stable
the sample and the microscope is on the day and on the operating magnification. One
way to boost the signal-to-noise ratio in low-dose images is to take multiple short-
exposure images (a time series) of the same area under the same imaging condition
and use image registration to compensate the sample drift between images. The
aligned images are averaged into one image with an enhanced signal-to-noise ratio.
For Poisson noise, this increase in SNR is v/N for a time series containing N images.
However, the key part of this procedure is a successful image registration scheme that
can compensate for sample movement over the acquisition of the low-dose time series.

To explore the limits of using few electrons to acquire TEM image series at atomic

resolution, nine different time series images at various doses were recorded, with each
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Series name Dose (e/ AZ) Average count/pixel

HAP tsl 253 156
HAP ts2 82 53
HAP ts3 44 27
HAP ts4 23 14
HAP ts5 11 6.8
HAP ts6 5.6 3.4
HAP ts7 3.2 2.0
HAP ts8 2.2 1.4
HAP ts9 1.0 0.62

Table 4.2: Dose and average counts of different hydroxylapatite time series.

subsequent series using less imaging electrons (Table 4.2)). With each series using
fewer electrons than the previous series, the images in the lower dose series are much

more noisy than the ones in the starting series (HAP _tsl).

4.5 Image Registration

It was noticed over the course of this project that image registration sets a major re-
striction on various post-processing techniques for high resolution image series. There

are a number of different registration strategies explored.

4.5.1 The cross-correlation function (XCF)

The cross-correlation function (XCF) is the most commonly used registration method
in image processing. For an image g(x) and a reference image f(x), with both being

2D discrete signals, the cross-correlation function is defined as;

XCF(f(x),9(x),r) = 3 f(x)g(x ~ ) (4.10)

where image ¢ is shifted with respect to image f by a vector r. A normalised form
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of the cross-correlation function can also be defined;

e S - Dl -1~ )
XCEURa090) = 75 760 - PP mudotc—my —gppee 1Y

1 x)— f X—1)—7q
_ Ez(f() f)g(x—r) —7)

0f0yg

(4.12)

X

which is widely used in image processing. It is also sometimes referred as the
cross-correlation coefficient, where n is the number of pixels in the images, f,g and
of, 04 denote the average and the standard deviation of the two images respectively.
The XCF can be calculated between any images, regardless of their shapes. But
for most real applications, images are often are usually square and their dimensions
are the power of 2. Using the convolution theorem, this gives a convenient approach to

quickly calculating the cross-correlation functions by taking advantage of the discrete

fast Fourier transform (FFT)l Using F[-] and F~![-] to denote the Fourier transform

and the inverse Fourier transform, the XCF can be written as;

XCF(f,9) = F [Flf(x))Flg(x)] (4.13)

where F*[f(x)] denotes the complex conjugate of F[f(x)].
The auto-correlation function (ACF) is a special case of the XCF when the two

input images are identical to each other, and is defined as;

ACF = FHF(f(k) F(f (k)] (4.14)

4.5.2 Reduction of aliasing

Although the XCF of two images can be calculated using the definition given by
Eq. it is more commonly calculated by a more efficient element-wise multipli-

cation in Fourier space. The downside of this computational efficiency are aliasing
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artefacts arising from the correlation calculation.The aliasing artefact arises due to
the periodicity assumption in the discrete Fourier transform. Although a real image
has finite limits in both dimensions, the Fourier transform considers the image as an
infinitely repeating periodic object. For this reason, this artefact is also often known
as the “wrap-around” artefact. Simple solutions using image filtering are described
here to reduce the influence of aliasing.

By apply an anti-aliasing filter to the real image before performing the Fourier
transform, the edges of the image are tapered to zero. The most common filter for this
purpose is a two-dimensional Hanning window (Harris, [1978)). The one-dimensional
form of a Hanning window w(z) has the following form;

w(z) = 051 + cos(2™)), 2 € [ (4.15)
n 2°2

where n is the width of the image. A two-dimensional Hanning window can be
created by rotating the one-dimensional Hanning window around its centre (Fig. |4.8)).
The new window function is isotropic and simply creates a damping effect on the
image. As can be seen in Fig. [£.9] the filtered image will lose some image intensity,
especially in regions near the image boundaries and hence it is advisable to have
the region of interest close to the image centre. If due to experimental reasons the
intended region is not placed in the middle but the edge of the image, it is necessary
to either create a smaller selection that has the ROI in the centre, or to use the
mean-frame method for aliasing artefact correction.

It should be noted that there is no aliasing from the linear correlation operation.
Hence if calculating the cross-correlation function using the classic linear definition
(Eq. , anti-aliasing processing is unnecessary. However, due to the performance
boost of the fast Fourier transform in the correlation function calculation, it is rare

that one would choose the linear correlation over the circular correlation (Eq. 4.13]).
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Figure 4.8: A two-dimensional Hanning window.

More recent development in signal processing have made efforts towards further min-
imising the influence of aliasing by using zero-aliasing correlation while retaining the

calculation in the Fourier domain. However, to date, this is not yet a mature tech-

nique and is still computationally challenging for many applications (Fernandez et al.|

2014).

4.5.3 Image registration of hydroxyapatite time series

Artefacts in the XCF of low-dose HRTEM images The simple XCF is a
fairly effective and robust approach for high dose TEM image registration. However,
registering the testing data set of a low-dose HAP time series, it appears to fail after
the imaging dose drops below a certain threshold. The reason for this failure could
be simply as a low signal-to-noise ratio, but a more thorough inspection shows that

it is artefacts within the XCF that cause the registration to fail.
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Figure 4.9: Anti-aliasing with a Hanning window. (a) Raw image (b) Image after
applying the Hanning window. (c) Power spectrum of (a). (d) Power spectrum of

(b).

100



ACF (img1) XCF (img1, imgsé)

253 e/A

44 e/A?

23 e/A?

5.6 e/A’

Figure 4.10: (a,c,e,g) Auto-correlation functions of the first image in the HAP time
series at four different doses (253 e/AQ, 446/A2, 23 e/AZ, and 5.6 e/AQ); (b,d,f)h)
Cross-correlation functions of the first image and and the sixth image. The red square
marks the centre pixel of the ACF/XCF; the small blue circle marks the brightest
pixel after eliminate the centre pixel of the XCF (the large dashed blue circle is
manually placed to indicate the XCF peak when the two images are close to their
best match position).
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Registration methods that are based on the XCF calculate a two-dimensional XCF
map of the reference image and the subject image. Searching for the highest intensity
pixel gives the position relative to the central pixel, the shift between the initial im-
age position and the position where the two images are most correlated. Correlation
functions are sensitive to periodic signals and image shifts that are integer multiples
of the signal period will generate correlation peaks of similar strength to the perfect
alignment position. For atomic resolution TEM images of periodic structures, a dis-
tinctive feature of the XCF maps is that the periodicity is also displayed, making the
map image look similar to the input images (Fig. . Having multiple correlation
peaks is often considered to have a negative impact on image registration, and might
cause the algorithm to confuse periodic side peaks with the correct peak when noise
is present. Non-periodic features, such as sample edges and thickness-variations in
contrast, can strengthen the correct correlation peak and weaken its periodic repeti-

tions.

The abnormal central pixel in XCF In a times series, when calculating the
auto-correlation function (XCF with the image itself), the brightest pixel will always
appear at the centre of the XCF map. This global maximum pixel corresponds to
zero relative displacement, at which the image perfectly overlaps with itself, in terms
of both signal and noise components, as shown in the four images in the left part
of Fig. £.10] For images in a time series taken under exactly the same imaging
conditions, the only differences between the reference image and the rest of the series
are random noise and sample drift which the registration aims to remove. When the
images are aligned, the XCF map of any two images from the same series should
have an appearance much like the ACF of each individual image, with the maximum
intensity appearing at the centre of a broadened XCF peak (top right in Fig. .

This is true for series recorded at higher imaging dose, for example the two images
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from a hydroxyapatite time series taken at 253 e/ A (top line in Fig. . However,
as the beam intensity decreases, to doses that are equal or lower than 23 ¢/ Az, an
abnormally high intensity pixel, whose location is the geometric centre of the XCF
map, grows increasingly sharp in the XCF map and finally exceeds all other pixels
and becomes the strongest spot. When the imaging dose is below a certain value,
in this case 23 e/ A2, the traditional XCF registration fails and always returns zero
image shifts.

The origin of this unwanted bright pixel is most likely to be an underlying fixed
detector profile that has not been fully compensated by the camera calibration. Unlike
random noise, the residual detector profile is constant across different images. If we
ignore the random noise component and consider that each image f and g consists of

image signals, f; and g,, and the residual detector profiles, f; and g4, then;

f=1Ts+ fa, 9= gsignat + ga (4.16)

Given that the correlation operation is distributive, though not commutative, the

cross correlation of the two images above can be further expanded as;

f@g=[;®gs+ [s®gat [a®gs+ fa® gu (4.17)

with ® denoting the cross-correlation operation.
The signal shows no correlation with the detector profile in either of images, f or
g, and the correlation terms of the image signal in one image with the detector profile

in another image should reduce to zero, i.e.;

fs®ga=fa®gs=0 (4.18)
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This equation can be simplified as;

fO®g=Ffi®gs+ fa® ga (4.19)

For typical HRTEM images, due to the large incoming dose, the detector compo-
nent is negligible and the correlation term between the signals of the two images is

significantly larger than the correlation of the detector profile, therefore;

fs & Js > Ng (420)

f@g~fs®ys (4.21)

and the XCF peak should indicate the image shift vector as predicted.

In low electron dose situations, where the correlation between signals diminishes
as the signal weakens, the detector correlation term n, will become dominant in the
registration result. The detector profile is essentially static across all images and the
XCF of detector profiles in different images is the ACF of each profile component
(ACF(fq) and ACF(gq)). The registration result is then compromised by this zero-

shifting background, described by;

fa = ga = constng = f4 ® g4 = const (4.22)
and as;
fs®gs =0 (4.23)
implies that;
f®g~ng (4.24)
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It is worth noticing that this registration failure is not due to poor detector cali-
bration but the finite elimination of gain-normalisation errors that the calibration is
able to achieve. The corresponding CCD counts for a dose of 23 ¢/ A% is 14 per pixel,
which is extremely low.

Given that further improvement in the accuracy of camera calibration is hard, a
simple workaround to this problem is to eliminate defective pixels. This treatment
has proven to be able to extend the effectiveness of XCF registration to the lower

dose series, as shown in the later part of this section (Fig. [4.11)).

Periodicity in the detector profile If the exposure intensity is further reduced,
a more extreme version of the above artefact will start to emerge. For a CCD camera
with rectangular pixels, the residual detector profile is not a completely random back-
ground. Instead, it may have its own periodicity in certain directions that corresponds
to fringes or bright spots in its Fourier transform and its ACF. In the particular case
of a residual camera profile, with the centre pixel already been removed, the correla-
tion peak search may locate one of the strong peaks related to the periodicity in the
camera profile. If the correlation peak of the image signal is too small to outweigh
these periodic peaks, the result of XCF registration will point to a shift based on the
detector profile. The dose threshold for this artefact is lower than the ACF central
peak of the detector profile discussed previously, which does not require any periodic
feature in the detector background.

The second stage of misalignment caused by a residual detector profile is significant
at 6.8 counts per pixel on average, equivalent to 11 e/ A” at the sample. Importantly,
it is nearly impossible to improve the registration by individually eliminating the
misleading local maxima, as there are too many and their location is random.

Until now, we have not considered any human intervention on the registration

procedure. The methods and additional improvements all work under a situation
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Figure 4.11: Comparison between (a) a single low-dose image of each dose series
and the mean images of a time series (b) without registration, (¢) with simple cross-
correlation registration and (d) with the enhanced registration procedure, where the
abnormal central pixel is excluded.
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where no prior knowledge about the sample or the experimental settings is needed for
image registration. However, reasonable use of some prior knowledge can be helpful
for registration. When examining the registration results quantitatively, there are
some obvious errors which can be corrected by introducing certain restrictions based
on an understanding of the sample and the image drift during time series imaging. It
has been observed during experiments that the sample drift tends to have a general
trend direction over the course of a time series. The main source of sample drift,
the instability of the sample holder should result in a directional drift. In addition,
charging effects may result in an additional random sample movement. If the sample
experiences a sudden and substantial movement during acquisition, the image taken
at that moment should show a severe blurring compared to the rest of the series. If
the microscope is stable, it is acceptable to assume a maximum value of possible drift
between the acquisitions of neighbouring images and only search for the correlation
peak within a limited area when registering the two images. A circular search area is
ideal for the model but not convenient for programming, and hence in the enhanced
registration code a square search area is adopted. The size of the search area was
estimated from high dose series be less than five pixels between two neighbouring
images and was set to be eight pixels in any direction, i.e. a 16 x 16 pixel area for
peak searching.

Fig. demonstrates the improvements that can be achieved by the enhanced
XCF registration compared to the conventional XCF as well as to a simple aver-
aging of the time series images without any registration. The comparison done in
this section was done by direct visual observation and is therefore only qualitative.
Quantitative comparision will be presented subsequently in this chapter after a com-
parison metric is defined. The conventional XCF works well for the highest three
doses (253 ¢/ A% 86e / A% a4 e/ A2), as there is an evident improvement in image con-

trast and the Calcium atom columns are clearly resolved. As the imaging dose is
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reduced, the conventional XCF method starts to fail, primarily due to the abnormal
pixel in the geometric centre of the correlation map. The method returns zero image
shift for all series that were taken with lower doses than 44 e/ AQ, meaning the output
series is the same as the raw data without any registration. This implies that under
this dose threshold, there will be no practical effect of using the conventional XCF
method as opposed to no registration before averaging the time series into one mean
image. The mean image of the 23 ¢/ A? series without registration, although having
a better contrast in the horizontal direction, shows a noticeable blurring issue in the
vertical direction, with supposedly separated atom columns merging into a line in the
averaged image. The enhanced XCF registration is able to successfully compensate
this misalignment and returns a mean image in which the atoms are resolved. This
robustness when working with ultra low-dose image series data is still in effect as the
imaging dose is reduced to 2.2¢/ A®. For the time series taken at 1.0 e/ A2, it is diffi-
cult to tell just from the image whether the registration is still functioning properly,
as the mean image is significantly degraded by noise and only a small variance in
image contrast can be observed.

Importantly, between two fringes, the spatial separation is only 3.46 AQ, which can
be clearly resolved with only 10 images at an ultra low dose of 2.2 ¢/ A® each image.
This total dose of 22 ¢/ A® has dropped into the realm of biological HRTEM imaging,
but the 3.46 A” is previously not achievable in biological imaging without the help of

single particle analysis, which generally requires hundreds of images.

4.6 Metrics for success of times series registration

4.6.1 Noise-normalised reflection peak profile

The improvement in image quality can be observed qualitatively both in the mean

images (Fig. 4.11)) and in their power spectra, where the reflections become clearer
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and more distinct. To quantitatively evaluate and demonstrate this improvement
needs a consistently measurable quantity with physical meaning. Image contrast in
real space images is intuitively easy to understand but is not a good quantitative
measure as the image contrast is not the same everywhere.

In the power spectra, sharp peaks are directly related to the sample’s periodicity
while the noise present in the background follows a noise power spectrum depending
on the detector (Meyer and Kirkland, |1998). Moreover, a two-dimensional Gaussian
fitting can provide a robust approach to estimating both the peak height and the
background noise.

The [096] reflection peak was chosen as the subject of the analysis. This peak
is visible in the power spectra of most image series taken, and therefore comparisons
can be made between the high dose series and the ultra low ones.

In comparison with the real space analysis that has been discussed above (Fig.|4.11)),
the reflection peak comparison has also included the peak analysis result from a single
image and the mean image of each series together with two additional series mean im-
ages after registrations using the traditional XCF method and the enhanced version.
For high dose series, with an imaging dose of 253 ¢/ A® per image (Fig. , the tra-
ditional XCF registration performs equally well compared to the enhanced method,
giving the same registration results. The Gaussian fitting can accurately locate the
[096] reflection peak in all four power spectra. However, the absolute peak height
haps might not be the most useful measure of the image quality. For example, the
mean image of the unregistered series has a substantially lower hy,s than the other
three, although a higher level of noise in the background of the single image can be
seen in the Gaussian fitted peak profile, compared to that of the mean images.

Two supplementary quantities are defined for comparison purpose: the relative
peak height h, being the peak height above the background noise level h, (Eq.

and the noise-normalised peak height h,.., which is the relative peak height divided
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Figure 4.12: Central part (< % Nyquist frequency) of the power spectrum region of a
hydroxyapatite time series image. The [09 6] reflection is marked by the blue square.

relative height (hr)
absolute height (habs)

noise level (hn)

Figure 4.13: Illustration of a Gaussian fitted reflection peak, and the relation between
relative peak height A, and the absolute peak height 7.
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Figure 4.14: The [09 6] reflection peak analysis with the HAP time series of 253 e/ A%
(a) Raw peak profile; (b) Gaussian fitted peak profile; (c) relative peak height (above
background); (d) noise-normalised peak height. In the plot, the four peaks are [09 6]
reflections from the power spectrum of (1) a single image; (2) the series mean image
with no registration; (3) the series mean image with XCF registration; (4) the series
mean image with enhanced XCF registration.
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by the noise background(Eq. {4.26)).

hr = habs - hn (425)
h
Ponorm = — 4.2
v (426)

The series mean images after shift correction of the two registration methods
preserves the relative height of the reflection peak similar to the one in a single image
power spectrum.

When looking at the noise-normalised peak height, the improvement brought by
the image registration is evident, especially for the enhanced XCF method. With
better image alignment, the mean images have a higher noise-normalised peak than
the single low-dose image. This is an indication of more pronounced reflection peak
and a higher signal-to-noise ratio at the specific spatial frequency. It can be seen from
Fig.[4.14] that the growth in signal-to-noise ratio does not come from an amplification
of the signal component but from suppression of the noise in the images.

For the lowest-dose series (below 44 e/ AQ), the simple XCF stops functioning and
output mean image reduces to a simple mean image without registration. At this
dose, the Gaussian fitting is no long capable of detecting the [09 6] reflection as it has
been merged with the noise spectrum. The enhanced XCF is still effective on series
with doses as low as 2.2¢/ A®. The noise-normalised peak height also demonstrates

an appreciable increase in the mean image against each individual images.

4.6.2 1IQ factor

The noise-normalised 3D peak profile is a pragmatic and physically sensible measure
of the amount of information at a specific spatial frequency. The less ideal aspect of

this measure is its limitation in using a very small part of the information presented

112



x10% (a) Raw Peak Profile Dose: 2.2 /A’

x10% (b) Gaussian Fitted Peak Profile
8.8
41+
21
-\ I \
82 1 1 1 J
0 30 60 90 120
%104 (c) Relative Peak Profile (above background)
7.6
3.6
14 d)
1 ,A\[\ 1 ,[1\[\ 1 J
0 30 60 90 120
9c (d) Noise-normalised Peak Profile

b b

0 30 60 90 120
(1) single image (2) series mean image  (3) series mean image (4) series mean image with
with no registration with XCF registration ~ enhanced XCF registration

Figure 4.15: The [09 6] reflection peak analysis with the HAP time series of 2.2 ¢/ A%
(a) Raw peak profile; (b) Gaussian fitted peak profile; (c) relative peak height (above
background); (d) noise-normalised peak height. In the plot, the four peaks are [09 6]
reflections from the power spectrum of (1) a single image; (2) the series mean image
with no registration; (3) the series mean image with XCF registration; (4) the series
mean image with enhanced XCF registration.
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Figure 4.16: The [096] reflection relative peak height plotted against dose.
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Figure 4.17: The [096] reflection noise-normalised peak height plotted against dose.
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Figure 4.18: A schematic illustration of the I factor.

in the power spectrum. This casts doubts on its effectiveness as a comprehensive
metric for image quality evaluation.

In search of a quantitative measure that can include all the reflection peaks instead
of a specific few while still making use of the similar noise-normalised reflection peak
height, a new quantity called the IQ) factor is proposed and implemented, with “IQ”
short for image quality.

The implementation of the IQ factor calculation can been divided into two main
steps - peak finding and IQ factor calculation.

The peak finding routine is performed entirely automatically with a set of initial
parameters and some preset restrictions. The sampling interval and a frequency
threshold are set to eliminate aliasing peaks that may appear in the high frequency
range where there should not be any interpretable information. A minimal amount
of separation is an important parameter which forbids peaks to be too close to each
other so that a badly shaped peak would not be recognised as multiple peaks, and
abnormal pixels in the vicinity of the reflections are also not selected.

Learning from the experience of the using this peak finding routine, it is often
helpful to apply a 2D Hanning window in advance, to reduce aliasing artefacts that

affect the search process.
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Because the 1Q factor is designed to be utilised as a comparison measure, peak
searching needs to have a reference image, which is typically a good quality image
with reflections well resolved in the PS. The reference image will first go through the
peak finding process and the positions of the located peaks will be saved as a guide
line for the next image, in which the search of peaks will start from the positions in
the reference with restrained adjustment.

After the initial peak finding, individual 1Q factors are then calculated for each
selected reflection peak as below.

Given an image of N x N pixels. For a pixel i = (iy42) € {1 +p,..., N —p}? let

P; denoting the patch of size (2p + 1) x (2p + 1) centred at the pixel veci, i.e.;
Pr=A{ke{l,... . N} : (lis — kx| <p) A (lia — k| < p)} (4.27)

where pe N determines the patch size. A suitable choice of p depends on the
magnification of the micrograph and the size of the features in it (for the micrographs
of the zeolites the appropriate value is p = 4). Furthermore, denote the modulus
of the Fourier transform of the image f by M[f] and the modulus at a pixel i by
MIf](3).

If i is a peak for which one can fit a window ng +1 inside the DFT image, the corre-
sponding IQ) factor is computed as follows. We calculate the average local background
around i as the average value of M at the union W (i) := Wy (1) UW, (1) UTW;5(1) UTW,(i)

of the windows;

Wi = P]gi1+(2p+1)7i2+(2p+1))
Wh(i) = Péil—(2p+1),i2+(2p+1))
Ws(i) = Péil—(2p+l),iz—(2p+1))
Wy(i) = P]Si1+(2p+1)vi2*(2p+l))
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This gives that the 1Q factor at a spot i is;

M(3)
1 2 Mf](k)

IQ[f]14) :== —1 (4.28)

The calculation is also illustrated in Fig. [4.18] which shows an example of an
identified peak, with a patch size of 5 x 5 (p = 2). The mean value of the four
green patches is used as the background value, which when divided by the deep red
peak pixel becomes the 1Q factor of this peak selection. This makes it very similar
to the noise-normalised peak profile, except for that the peak is not 2D Gaussian
fitted. However, the value calculated here should very close to that of the latter, as
the Gaussian fitting uses the maximum pixel as the initial position of the centre and

the averaged background should not be much different from a fitted background.

Algorithm 1 Peak initialization.

: Parameter 0,.;,, the minimal peak intensity ratio
: Parameter 6, the minimal peak background ratio
: Parameter ¢, half of minimal peak distance

. g = M|fret — fref] > initialize g with the modulus of f, removing frequency for
the mean value of f

[

5 g = ﬁ > normalize the values of ¢ to [0, 1]
6: =10 > build a list with potential peaks
7: repeat

8: Select the pixel position i in g with the highest intensity.

9: if g(i) > 6ratio then

10: T+ T Ui} > Add i to the list of potential peaks.
11: Replace the values of ¢ in the patch Pqi with zero

12: else

13: break > no potential peak candidates left
14: end if

15: until true
16: T+ {i€Z:i= (i1i2) €{1+p,...,N—p}*} > Discard peaks too close to the
boundary

. 4 . M[fref](i) 3 ?
17: 1 + {1 el average(M L] (PD) > 9} > Discard peaks that don’t exceed the

background by a given ratio

The list of peaks from a reference image f..¢ is determined as follows: First, a list
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of potential peaks is generated with Algorithm[I] Then, the final list of peaks is deter-
mined by further peak exclusion with Algorithm[2] Here, the frequency corresponding
toiis

v(i) = I (N/2+1 i), 5 (N/2+ 1 = i)

The last criterion in Algorithm [2|is essentially a value threshold, which tries to exclude
peaks with very small IQQ factors. These peaks are often pseudo maxima that are
nothing more than a brighter pixel in the background noise. The resulting list of
peaks Zer C {1,..., N} x{1,..., N} is saved and used as basis for computing the 1Q)

factor sum of an image, which is a global measure of the image quality.

Algorithm 2 Peak refinement.

1. Parameter 0., the maximal frequency threshold

2: Parameter 0, the minimal I(Q) value threshold

3L+ {ieZ:i=(i1is) €e{1+@Bp+1),...,N—(3p+1)}*} > Discard peaks for
which one cannot fit a window Pj,,, inside the DFT image

4T+ {iel: iy >N/2} > Discard peaks in the left quadrants
5: T+ {ie€Z:v(i) < eyt > Discard peaks with very high frequency
6: Z<—{ieZ:I1Q[fref](i) > biq} > Discard peaks with very small 1Q factors

The IQ factor sum of an image f is determined as follows. The list of potential
peaks is initialised with Z,.¢. Note that this initialisation only depends on the reference
image, not the the current image. Then these peaks are locally aligned to the maxima
of the modulus of f, i.e. each i is replaced by the position of the maximum of M|f]
in the local windows Pqi 1 (for a suitable width ¢). The resulting list is cleaned with

Algorithm [2| which gives the list of peaks used in the IQ) factor sum:

The reason for adding the negative offset of 1 to the equation (4.28) is to get rid
of the increase in the IQ,,, when the number peaks increases. With this bias term,

the IQ factor of area of a uniform intensity would be 0 instead of 1 and the value of
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Figure 4.19: 1Q factor comparison of single image, mean image with no registration,
mean image after conventional XCF, and mean image after enhanced XCF.

an area of pure noise but with small variations would be little higher than 0. This
is an important modification to ensure that the increase in the IQ factor is driven
by the improving SNR against their surrounding background rather than the total
number of peaks used for the calculation, especially when there are a large number

of small weak high frequency reflections.

4.6.3 IQ factor comparison, HAP time series

The same set of mean images analysed by the noise-normalised 3D peak profile in Sec-
tion were processed by the new IQ factor evaluation for cross-check comparison.
The calculated IQ factors are summarised into a graph as shown in Fig. The
mean images calculated after the enhanced XCF have demonstrated superiority over
the conventional XCF in the low dose data below 82 ¢/ A®. The higher IQ factors indi-
cate better transfer for crystallographic information collectively across the frequency

domain. It can be seen that mean images after the conventional XCF give identical
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IQ factors as mean images without any registration due to the artefact pixels in the
XCF map. The IQ factor results are therefore consistent with the improvement that
was observed in real space mean images Fig. .11}

A novel evaluation method of the global image quality in the frequency domain
has been established and tested. In addition to evaluating typical HRTEM images
and mean images of a time series acquisition, it will be seen in the next chapter
that the IQ factor can also be used as a measure of the exit wave reconstruction
quality, for which there has not previously been an agreed measure. It is believed
that this measurement has the potential for an even wider application to image quality
measurement of any images that aim at recording periodic structures, as well as to

image processing techniques that aim at retrieving information from such images.
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Chapter 5

Exit Wave Reconstruction

5.1 Materials

5.1.1 Cerium dioxide

Cerium dioxide (CeQ,) is a rare earth metal oxide with a cubic unit cell, belonging
to the space group Fm3m (Fig. . Cerium dioxide nanoparticles are being actively
studied for catalysis (Kaspar et all 1999; Trovarelli, 1996). Its other applications
range from solid-oxide fuel cells (Stambouli and Traversa, |2002)) and solar cells (Zitova
and Flusser, |2003) to potential pharmacological agents (Celardo et al. 2011 and
treatments for neurodegenerative diseases (Xu and Qu, 2014} Das et al., |2013)).

The CeO, sample used in this work comes in the form of nanoparticles and TEM
specimens were prepared by the ultrasonic dispersion method that is standard for

nanoparticle TEM sample preparation.

5.1.2 Silicon nitride

Silicon nitride is a well-known ceramic material. The 5-Si;N, studied here belongs to
space group P63 and has a hexagonal structure. The atomic structure of Si;N, attracts

particular interests from the electron microscopy community because of the close
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Figure 5.1: Atomic model of Cerium dioxide, [110] direction.
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Figure 5.2: Atomic model of Silicon nitride, [000 1] direction.
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spacing (approximately 0.96 A) between the silicon and nitrogen columns projected
along the [000 1] zone axis, as shown in Fig. [5.2

The sample preparation of the Si;N, TEM specimen was carried out by low-energy
ion milling, which produces thin clean edges that are ideal for HRTEM imaging.
Compared to the other materials studied in this thesis, silicon nitride is relatively
radiation-resistant. Under the chosen imaging settings (Table , the thin edge

appear to be very robust and was unchanged over the course of the TEM experiment.

5.2 Low-dose focal series imaging

Focal series imaging is a common acquisition geometry for exit wave reconstruction.
The defocus of each image in the series needs to be known. In order to determine the
defocus values, the focal step between each image and the absolute defocus of one
of the images is in principle sufficient to calculate the absolute defocus values of all

other images.

The true focal step is closely related to the|digital-to-analogue converter (DAC)|of

the objective lens, which links the digital control and the analog objective lens current.
For a calibrated instrument, the change in defocus of the objective lens corresponding
to 1 DAC is known and the chosen focal step for a focal series acquisition needs to
be an integer multiple of the smallest defocus corresponding to 1 DAC.

Other residual aberrations, such as the spherical aberration, can be determined
during the aberration corrector adjustment. Subsequently they can be input into the
exit wave reconstruction computation.

Focal series data acquisition was carried out on both of the materials described in
Section [5.1} Between the two studied materials, cerium dioxide is a good example of

a nanoparticle sample, and silicon nitride is representative of a bulk material.
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Parameter Value

Voltage 300 kV

Defocus range —20nm to 20 nm
Focal step 2nm

Number of images 21

Spherical aberration (C3) —1.6 pm
Sampling interval 0.009 87 nm

Table 5.1: Imaging conditions for the CeQO, focal series data.

Series name Dose per image (e/ AQ) Average count/pixel

CeO_fsl 223 6.339
CeO_ fs2 525 15.717
CeO_fs3 1010 30.096
CeO_fs4 1940 58.561
CeO_fsh 3650 108.957

Table 5.2: Dose and average count for different CeO, focal series.

5.2.1 CeO, focal series

The focal series acquisition of a CeO, nanoparticle used five different doses (Ta-
ble . The dose adjustment in the experiment was carried out by altering the
extraction voltage of the electron gun. Apart from the extraction voltage, all other
microscope configurations were kept constant between the series. Experimental pa-
rameters relevant to the exit wave reconstruction are listed in Table 5.1l Each series
contained 21 images with a defocus range from —20nm to 20nm. At a magnification

of x108, the sampling interval was measured to be 0.009 87 nm at the detector.
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Figure 5.3: Focal series images of a cerium dioxide nanoparticle along [110] taken at
223¢/A”.
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Figure 5.4: Focal series images of a cerium dioxide nanoparticle along [110] taken at
525¢/A°.
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20 nm

Figure 5.5: Focal series images of a cerium dioxide nanoparticle along [110] taken at
1010¢/A°.
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20 nm

Figure 5.6: Focal series images of a cerium dioxide nanoparticle along [110] taken at
2
1940e/A”.
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6 nm 20 nm

Figure 5.7: Focal series images of a cerium dioxide nanoparticle along [110] taken at
2

3650e/A".

5.2.2 SizN, focal series

Four focal series of the Si;N, sample were recorded (Table [5.4). The dose control
was carried out by changing the exposure time. This method for controlling the dose

is easier to operate than changing the extraction voltage and can achieve consistent
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Parameter Value

Voltage 300 kV

Defocus range —40nm to 38 nm
Focal step 2nm

Number of images 40

Spherical aberration (C3) —5.66 pm
Sampling interval 0.008 24 nm

Table 5.3: Imaging conditions for the Si;N, focal series data.

Series name Dose per image (e/ Az) Average count/pixel

SIN fsl 16 0.756
SiN_ fs2 31 1.522
SIN_ fs3 177 8.486
SiN_fs4 1889 90.707

Table 5.4: Dose and average count for different Si;N, focal series.

imaging results (Fig. and Fig. with an identical microscope configuration.

The imaging parameters of this focal series are listed in Table [5.3]
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4 nm

38 nm

Figure 5.8: Focal series image data of silicon nitride along [0001] taken at 16¢e/ A?
and 3le/ A%,
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177 elA? 1889 e/A2

Figure 5.9: Focal series image data of silicon nitride along [0001] taken at 177 e/ A?
and 1889 ¢/A”.
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5.3 Striping artefact removal

It has been noticed that when imaging at very low dose levels, striping artefacts (or
striping noise) can appear in the image data. Images corrupted by striping noise
show horizontal (or vertical, depending on how the detector is placed) stripes that
are parallel to each other. These stripes can appear to be either darker or brighter
than their adjacent lines of pixels. For example, one of the images in series SiN _fs2
(Fig. 5.10p) was taken with a very short exposure time and the average CCD count
in a single image is 1.522 per pixel. It can be clearly seen that some bright/dark
stripes are corrupting the raw experimental images. Similar striping artefacts are
also evident in the low-dose cerium dioxide data (series CeO fsl and CeO_fs2)E].
Fundamentally, this striping noise problem is detector-related. The seriousness of
this type of artefact is associated with the averaged digital count but less with the
absolute dose.

Striping noise does not only exist in low-dose electron microscopy, but can also
be found in other research fields that use CCD detectors to acquire images at low
signal, such as astronomy (Amraei and Mobasheri, 2014). Solutions have already
been proposed and tested in astronomical image processing, but have not yet been
introduced to electron microscopy (Amraei and Mobasheri, 2014; Grogin et al., [2010)).

In order to remove the striping artefact in the low-dose images of the CeO, and
SisN, data, a histogram correction method has been developed to remove the striping
noise as illustrated in Fig. .11} Because the 4K x4K UltraScan CCD detector is an
assembly of four smaller 2Kx2K CCDs, the image correction needs to be done on
each row of the four component CCDs individually.

A complete description of the stripe reduction procedure is as below;

Step 1: Eliminate outliers by forcing the brightest 0.1% pixels to the value of the

IThe selected images shown in Fig. - Fig. have all been processed by the striping noise
reduction routine and hence do not contain the artefact described here.
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Figure 5.10: A Si;N, image (a) before and (b) after striping noise reduction.
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Figure 5.11: Illustration of the striping noise removal procedure. The raw image that
contains horizontal striping noise undergoes a line-by-line histogram adjustment to
neutralise the erroneous detector bias and force every line to have the same mean
value. The camera used here is composed of four smaller CCDs, which need to be
adjusted individually.




99.9 percentile and darkest 0.1% pixels to the 0.1 percentile.

Step 2: Normalise the image to a chosen range (for example, [0, 1]); calculate the

mean of the image for later use.

Step 3: Separate the four 2K x 2K sections and rearrange these into a 2K x8K image

with the short side being the parallel direction to the stripes.

Step 4: Plot and fit the histogram of each row of the data and shift the fitted his-

togram centre to zero.

Step 5: Perform the reverse of Step 3 to reshape the image back to its original state.

Examining Fig. [5.10p, the applied striping noise reduction proved to be very
effective in cleaning the defective stripes in ultra low dose images. The images used
in this work have therefore all been processed by this striping noise reduction routine
for consistency, although the improvement is more important for lower dose images

than for the higher dose ones.

5.4 Registration of focal series

Registration of images in a focal series aims to align the same objects in images taken
at variable focus values, which is important for the application of exit wave recon-
struction. As discussed in Section [3.2.1) the HRTEM imaging process is related to
the contrast transfer function which is an oscillating function that may contain ei-
ther positive or negative phase information transfer. The contrast transfer function
is determined by the objective lens aberrations, among which the low order aberra-
tions have the most influential effects on the overall shapes of the transfer function
(Fig.. This makes defocus one of the most important factors in determining im-

age phase contrast, especially for high resolution images where defocus is typically
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chosen to be close to the Gaussian defocus (C; = 0). The image contrast is therefore
extremely sensitive to any focus variation. Moreover, phase contrast in HRTEM im-
ages can reverse with changes of only few nanometres in the focus value. In the case
of the CeQ, focal series where the crystalline structure is relatively simple and the
atom columns are well separated, when the series crosses the zero focus point, dark
atoms in the image become bright (Fig. to Fig. . If the unit cell structure is
more complicated and the atoms are more compact in the direction of imaging, the
contrast change can cause significant difficulty in correlating different images with
each other. All of the changes complicate the image registration, as the correlation
functions between images are calculated based on image contrast and the reversed
contrast gives a low correlation. No existing registration method can overcome the
image contrast change problem arising from different defocus values. In the following
sections, attempts to minimise the negative impact of this contrast reversal problem
have been made, giving rise to a more sophisticated and improved registration routine

as discussed subsequently.

5.4.1 The neighbour-reference XCF registration

The contrast change in a focal series is a gradual process. The similarity between two
consecutive images is the highest among all image pair combinations. This property
can be made use of in image registration. It is natural to consider implementing a
registration procedure that is based on neighbour-reference XCF, as illustrated in
Fig. for N images and propagating the image shift through the focal series.
Ideally, if the registration is perfect for all adjacent image pairs, the output image
series should yield the best alignment regardless of any contrast reversal. In reality,
however, this neighbour-reference scheme still faces restrictions in several aspects.
Firstly, the discrete nature of the cross-correlation function causes it to only return

integer pixel numbers for the image shift. Registration between two digital images
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Figure 5.12: Schematic illustration of the neighbour-reference XCF registration pro-
cedure. Each image uses its previous image as the reference.

is limited to pixel level accuracy, implying that the best alignment attempt can be
no more accurate than the size of a pixel in the images. Hence, the error of one
registration operation can be as large as half the side length of a pixel. This imposes
constraints on the length of series suitable for the neighbour-reference method. If
the focal series is long, propagating all previous image shifts to the registration can
result in large misalignment between two images that are far apart in the series, as all
alignment errors from the earlier registration steps are passed on to the later steps.
Secondly, the neighbour-reference scheme is superior to the single-reference scheme
in that for each registration the reference and the subject images are less likely to be
affected by the contrast change than when using a specific reference image to register
the whole series. However, the minimal image contrast at zero defocus can remain
an major obstacle. The contrast transfer function changing from positive transfer
to negative transfer may happen within a very narrow focus range near zero defocus
and even a single focal step may prove to be too large. If one or more of the images
have a defocus value very close to zero, the contrast transfer can be virtually zero
across the frequency domain (green lines in Fig. , i.e. minimum contrast in the
image. This results in an image containing only noise. In most failed registrations,
the registration of near-focus images is indeed the “weak link in the chain” for any
focal series image alignment. Eliminating the low contrast images does not resolve

this problem as the contrast reversal will then be even more abrupt at the transition
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stage.

Moreover, as shown in Chapter [4] the fewer electrons that are used for imaging,
the more likely it is to have registration failures. Because of the propagation of
shift vectors, the neighbour-reference registration method is unable to identify and
correct these alignment errors in future registration steps, resulting in an even bigger

misalignment in addition to the inherent registration error for long focal series.

5.4.2 Simulation-assisted XCF registration

To overcome the shortcomings of the existing registration methods when dealing with
low-dose focal series, a simulation-assisted registration method has been developed
with dedicated efforts made to improve the input image contrast and to integrate a

simulation reference series into the registration workflow.

Noise reduction through motif-averaging In the lowest dose image series, the
signal-to-noise ratio can be so low that features in the raw images are obscured and
swamped by random noise. More importantly, the intensity of the maxima in the XCF
map of such series are often inadequate to identify the correct registration vector.
Denoising these images with the method outlined in Section before registration
becomes even more crucial. However, little can be done to the random background
noise in the images directly. Therefore a compromise of using prior knowledge by
considering that the samples has a distinctive periodicity, has to be made in order to
suppress the noise in the image series before registration. By selecting and averaging
repetitive motifs in a single image, the crystalline structure is amplified and the
random background noise is reduced. The key step for this noise reduction to work
is to correctly select the repeating motif. This is achieved by utilising the auto-

correlation function (ACF) of the image, which is the XCF between the image and

itself (Eq. [5.1)).
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Figure 5.13: Changes in the contrast transfer function close to zero defocus with
accelerating voltage V,.. = 200kV, focal spread f, = 2.8nm, spherical aberration
C3 = —1.6 pm. The defocus values are (a) 2nm, (b) Onm, (c) —2nm respectively.
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Figure 5.14: Motif determination using the auto-correlation function. (a) and (b)
measure two independent vectors (in pixels), p; and pa, representing the periodicity
of the motif.

ACF[f(%)] = XCF[f(x), () (5.1)

The motif detection is based on the ACF property that repetitive features generate
correlation peaks in the ACF map, in which the periods of repetitive features are equal
to the distances between adjacent peaks along the corresponding directions. Two non-
parallel vectors, p; and p2, are needed to describe the periodicity of the motif. Similar
to the treatment for the sampling interval measurement, the measurement accuracy
of the vectors p; and ps can be improved by measuring multiple periods and dividing
the length by the number of periods (Fig. [5.14)).

Using an image from the CeO, data as an example, the two motif vectors, p; and

p2, measured from the ACF shown in Fig. [5.14] are respectively:;

609.5

lp1| = TR 33.86 (pixels) (5.2)
392.4

|p2| = I = 32.70 (pixels) (5.3)
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In the CeO, focal series, the nanoparticle studied only occupies the central part
of the field of view, with the rest of the image containing either vacuum, or other par-
ticles which, if included, will diminish the improvement in SNR of averaging multiple
motif images. These unwanted areas are excluded from motif selection by applying
additional rules to the motif selection process. As illustrated in Fig. [5.15] the shift
vectors a; and as are chosen such that each of them corresponds to an edge of the
particle. a; and a, are linear combinations of the previously determined p; and p2

as;

a; = P2 —P1 (5-4)

a2 = P1 (55)

The algorithm leads the selection box to move along a; until reaching the particle
edge at the other end before moving one step of as and repeating the previous motion.
At each box position, the image clip within the box is added to the average motif.
By setting the number of steps in each direction, natural boundaries are set for the
search region. Additionally, extra boundaries are introduced by adding conditions
to the coordinates of the selections. For example, the red dashed line in Fig.
is chosen to avoid motif selection that includes any part of the other particle in the
upper right corner of the field of view. The white rectangle box marks the motif that
is currently selected. A magnified view of the upper right corner in each sub images is
shown in Fig. and the other small image below it indicates the averaged motif of
all the motifs collected so far (marked by green rectangles). A significant increase in
the image contrast can be seen in the averaged motif while more individual motifs are
added into the averaged motif. This enhancement in contrast and SNR is beneficial
for the later registration step.

The averaged motif contains all the structural features of the sample that are
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Figure 5.15: Motif selection and averaging in individual images of a focal series.
The two enlarged clips from each sub-image are the selected motif and the averaged
motif. Progressive improvement in the signal-to-noise ratio of the averaged motifs as
the number of motif increases can be seen in both (a)(c)(e) the —6nm image and
(b)(d)(f) the 6 nm image. The number of the motif count indicates how many motifs

have been used to obtain the average motif.
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needed for the simulation-assisted registration. In practice, the averaged motif is
extended by repeating along a; and as to form larger images for the registration
function to work (Fig.[5.16]). This indirectly compensates for the damping effect of the
Hanning window applied to the input images during the registration and ensures that
enough structural information is included in the calculation of the cross-correlation
function.

The image simulation was carried out with the software package MULTEM (Lo-
bato and Van Dyckl [2015). Because the simulated images are perfectly aligned,
registering individual experimental images to their simulated counterpart will also
effectively align them with each other.

To demonstrate the improvement of using this model-based registration scheme
over the conventional XCF method using the best contrast image as the reference, a
pair of over/under focus images are registered with each other by the two schemes
respectively (Fig. . Atoms appear dark in the under focus image but bright in the
over focus image. The comparative result in Fig. (b,c) shows that the simulation-
assisted method is able to correctly match the atoms in the under focus image to the
corresponding atoms in the over focus image, while the direct XCF registration fails
to do the same, due to the image contrast reversal and mistakenly registers the dark
area in the over focus image to the dark atoms in the under focus image.

It is worth noting that the image motif is only the size of a single unit cell, hence
the simulation-assisted registration is only suitable for correcting misalignment of
less than half a unit cell length. Image shifts that are larger than half a unit cell
but smaller than a whole unit cell are equivalent to a smaller shift in the opposite
direction. An image shift that is larger than one unit cell is equivalent to it being
subtracted by a integer number of period length. In fact, it is helpful to think of this
simulation-assisted registration as a fine tuning step after a coarse registration by, for

example, the neighbour-reference XCF.
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Figure 5.16: Extended images ((a) —6nm defocus, (b) 6 nm defocus) obtained by
repeating the averaged motifs from the motif selection process in Fig. and (c,d)
the corresponding simulated images.
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reference

Figure 5.17: An example comparison between the registration results using the
simulation-assisted registration and the simple XCF registration performed on two
images from focal series at 1940 e/AQ. Green crosses are at the same positions in
different images. (a) and (b) show that the simulation-assisted registration can over-
come the contrast reversal problem, while in (c¢) the atom position marked by red
crosses are shifted away from their correct positions.
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Figure 5.18: Comparison of registration results for CeO, by simulation-assisted reg-
istration (blue line), XCF with neighbour-reference (orange dashed line), and XCF
using Image No.14 as reference (green dashed line). The title of each plot indicates
the electron dose of a single image in the series.
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The simulation-assisted registration returns very satisfactory registration results.
The misalignment is imperceptible by human vision, which is capable of detecting
any misalignments larger than 1 to 2 pixels with the help of markergy Therefore, it
is reasonable to use the simulation-assisted method result as the benchmark and con-
sider the difference between the it and another registration as the error in the latter.
As can be seen in Fig. [5.18] for all five focal series, the traditional XCF registration
with a fixed reference image (green dashed lines) left a large amount of misalignment
uncorrected, regardless of the dose level. In particular, big displacement jumps in
the simple XCF results occur when the reference image and the subject image are
on different sides of zero defocus, causing failures in determining the correct image
shifts. The neighbour-reference XCF registration (orange dashed lines) show similar
registration vectors to the ones determined from simulation-assisted registration in
the high dose series, with the image shift difference limited to approximately 10 pix-
els. This agrees with our previous discussion that the simulation-assisted registration
is best used as a fine tuning process following the neighbour-reference XCF registra-
tion. However, for the ultimate low-dose series (Fig. [5.18(a,b)), the difference in the
determined image shifts increased significantly, which is largely due to the high noise

level in the images.

5.5 Exit wave reconstruction

Established exit wave reconstruction methods require pre-aligned image series as the
input. Therefore, it is only now, after overcoming the registration problem, that
the reconstruction of low-dose focal series becomes possible. This section will first
demonstrate how to apply existing reconstruction methods, previously reviewed in

Section [3.3] to retrieve the exit waves from the low-dose focal series. In addition,

2For some extreme noisy and low-contrast images, the accuracy of visual inspection may reduce
to 3 to 4 pixels
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the effect of different dose on the resultant exit wave reconstruction will be explored
and discussed. Lastly, the registration problem will be revisited, demonstrating the

importance of good image registration for successful exit wave reconstruction.

5.5.1 CeO,

The variable dose CeO,, focal series data offers a great opportunity to study the dose
effect in exit wave reconstruction. Mathematically, the wave optical description of
the reconstruction process does not include electron dose. However, it is unrealistic
to expect retrieval of the exit wave with a very small number of electrons, as the wave
property of electrons would only be observable when there are enough of them, in
very similar manner of the famous double-slit experiment, which demonstrates wave-
particle duality. A more practical difficulty of exit wave retrieval from low-dose focal
series is noise. How the noise influences the quality of the reconstructed exit wave
has not been studied.

To answer these questions, the registered CeO, focal series are used as input
for both the Wiener filter reconstruction approach used by the FTSR code and the
maximum-likelihood approach implemented in SEMPER. Both reconstructions were
provided with the same imaging conditions to ensure comparability.

The reconstructed exit waves of the CeO, nanoparticle are shown in Fig.
(Wiener-filter method) and Fig. (MAL method), in the form of amplitude and
phase. As expected for an approximate weak phase object, the phase of the recon-
structed complex waves contain more information than the amplitude. Overall, the
two methods demonstrate good general agreement in reconstruction, although subtle

differences do exist, which will be discussed in the subsequent sections.
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Figure 5.19: Reconstructed exit waves (phase unit: radian) from cerium dioxide
nanoparticle focal series using the Wiener filter method in FTSR at various doses
(the imaging dose of a single image of each series is indicated).

151



Amplitude
P | | s

3650 e/A? T 15

0.9
0.8
0.7

0.6

Figure 5.19: (continued) Reconstructed exit waves (phase unit: radian) from cerium
dioxide nanoparticle focal series using the Wiener filter method in FTSR at various
doses (the imaging dose of a single image of each series is indicated).
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Figure 5.20: Reconstructed exit waves (phase unit: radian) from cerium dioxide
nanoparticle focal series using the maximum-likelihood method in SEMPER at vari-
ous doses (the imaging dose of a single image of each series is indicated).
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Figure 5.20: (continued) Reconstructed exit waves (phase unit: radian) from cerium
dioxide nanoparticle focal series using the maximume-likelihood method in SEMPER
at various doses (the imaging dose of a single image of each series is indicated).
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5.5.2 Comparison of the reconstruction results
5.5.2.1 Wiener-filter method vs. MAL

For the highest two doses (3650 G/A2 and 1940 e/ AQ), the restored wave phases are
similar and agree with each other, judged by direct visual inspection (Fig. and
Fig. . The phases of the lower dose series are visibly more noisy and the sam-
ple structural features also become blurred as the dose decreases. Furthermore, the
range of the phase shifts are smaller at lower doses than the two high dose series, as
indicated by the colour bar of each phase image. The phase shift of an electron wave
should be a function only determined by the electron-sample interaction while being
independent of the dose. Therefore this observed diminished phase phenomenon can
only be explained from the point of view that the wave phase recovery process is
affected by the limited amount of signal information conveyed by the electrons, and
by the large proportion of image noise that corrupts the phase information. Because
the electron wave function describes the probability of an electron landing position on
the detector, to restore the wave one needs enough electrons to be statistically repre-
sentative. The main source of noise that affects low-dose images is in the detecting
process. This noise is unrelated to the electron signal and generates a randomised
phase shift that partly cancels out the actual phase shift.

While quantitative interpretation of restored exit waves is still an ongoing topic
in electron microscopy, it is important to ensure consistent reconstruction results and
to avoid any uncertainty induced by imaging dose. The presented comparison result
of the CeO, exit wave reconstruction suggests that there is a certain minimum dose,
only above which the phase shift of the restored wave is reliable. For waves that are
reconstructed from lower dose data, the “wave” is useful only in a qualitative sense
and provides an enhanced signal-to-noise ratio sample representation compared to

the individual images in the series.
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The 1Q factor analysis introduced in Chapter [] has been used to quantitatively
compare the two reconstruction methods at different doses. Since the IQ) factor anal-
ysis can only be applied to images of single crystalline structures, all phase data were
masked to block unwanted extra regions of the sample and vacuum, leaving only the
investigated particle included in the analysis. The edges of the applied mask were

softened by a mean filter to suppress aliasing effects during the Fourier transform

process (Fig. and Fig. [5.22)).

156



223 e/A?
Wiener Filter 0.8

525 e/A? 1010 e/A2
Wiener Filter . Wiener Filter 0.8

1940 e/A? 3650 e/A?
Wiener Filter . Wiener Filter 0.8

'
L]
o
'S

.

B & 0 % # 8 8.0
» o & 8 B 0¥

s a8 "B
. "
s 88 % AD
i e A 00N
. s

.

Figure 5.21: The mask applied to the exit wave phases and the masked restored phases
(unit: radian) of CeO, exit waves reconstructed using the linear Wiener filter method

at various doses (the imaging dose of a single image of each series is indicated).
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Figure 5.22: The mask applied to the exit wave phases and the masked restored

phases (unit: radian) of CeO, exit waves reconstructed using the maximum-likelihood

method at various doses (the imaging dose of a single image of each series is indicated).
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The 1Q factor was calculated using the selected reflections (marked by red dots
in Fig. . The results confirm the proposed explanation of the effects of dose on
exit wave reconstruction. Restored phases from both the linear Wiener filter method
and the maximum likelihood method increase in IQ factor as the imaging dose is
increased, up to a dose of 1940 ¢/ A®. The highest dose series, at 3650 ¢/ AQ, gives an

almost identical IQ factor to the 1940¢/ A? series.
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Figure 5.23: 1Q factor comparison of the exit wave phase reconstructed using FTSR
and SEMPER. (a) The power spectrum of the exit wave phase; (b) Automated peak

selection performed on (a), with peaks marked by red dots being the ones used in the
IQ factor calculation.

5.5.3 Exit wave reconstruction comparison with different reg-

istration methods

In Section [5.4.2] the differences between registration results from the newly developed

simulation-assisted registration and the two XCF-based registration methods, one
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using a fixed reference image and the other using a neighbour-reference scheme, were
described (Fig. . Again by using the IQ factor analysis, the registration effects
on exit wave reconstruction can now be investigated quantitatively.

The maximum-likelihood method was used exclusively for reconstruction to elim-
inate the influence of different reconstruction methods. The restored phases of the
three registration methods at all five doses are shown side-by-side in Fig. [5.24] and

the corresponding calculated 1Q) factors are plotted in Fig. [5.25]
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Figure 5.24: Phases (unit: radian) reconstructed by three registration methods at
various doses (the imaging dose of a single image of each series is indicated).
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Figure 5.25: 1Q factor comparison between restored phases with registration results
from different methods at various doses (the imaging dose of a single image of each
series is indicated).

It is shown that the IQ factor calculated for data registered by the simulation-
assisted registration method is consistently higher compared to the other two meth-
ods, although this difference is less at high dose.

It should also be noticed in Fig. [5.24] shows that better registration also gives a
larger reconstructed phase shift range, which implies that, if there is a dose threshold
above which the phase shift range is consistent, good image registration would allow

the reconstruction to be performed with focal series collected at a lower dose.

5.5.4 SigN,

The exit wave reconstruction of three focal series of silicon nitride were also carried
out using the maximum-likelihood method (Fig. [5.26)). The restored wave phases

confirm the dose effect on exit wave reconstruction, as was demonstrated by the
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CeO, reconstruction. The two higher dose series, taken at 1889 e/ A% and 117 e/ AQ,
show close agreement, with the phase shift ranges being approximately within —0.6
and 1.4. The Si N atom pair, although not fully resolved everywhere, can be seen
at some local positions. For the lower dose focal series (31e/ A% and 16e¢ / Az), the
reconstruction suffers from the high level of noise and cannot reproduce the phases

within the same phase shift range.

5.5.4.1 An application limitation of the 1Q factor

It was expected that the influence of dose and registration on the reconstruction of the
SisN, data would be similar to the analysis results of the CeO, data. Unfortunately,
attempts to perform the I(Q) factor analysis were unsuccesstul for the Si;N, exit waves.
It was realised that the reflection peaks are too close to each other in the power spectra
due to the use of very high magnification during imaging such that it is unable to
obtain the peak background patches without them including other peaks, as shown in

Fig. [5.27] Therefore, no IQ factor analysis was done with the restored Si;N, phases.

5.5.5 Conclusions

There are at least three elements that are clearly linked to the quality of the exit
wave reconstruction from low-dose focal series: dose, image registration, and noise.
These elements are not isolated factors, instead they are closely intertwined as low-
dose images are noisy and hence are harder for image registration. However, each one
of them must also have their own effect. It would be unrealistic to expect a perfectly
aligned focal series without any noise but sparsely formed from only a few electrons
to fully recover a good exit wave. A small misalignment causes the phase shift of a
sharp peak to spread into a reduced and blurred one and a big misalignment may
even overlap a positive phase shift to a negative phase shift which cancel each other.

Image noise can be seen as a random signal that generate random phase shifts, which
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Figure 5.26: Reconstructed exit waves (phase unit: radian) from silicon nitride focal
series data using the maximum-likelihood method in SEMPER at various doses (the
imaging dose of a single image of each series is indicated).
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Figure 5.27: (a) Power spectrum of the restored phase (dose: 1889 e/AQ) in Fig. m
(b) is the enlarged central part of (a), marked by the white box, showing the close
separation of individual reflections.

statistically reduce the true phase shift in the reconstruction. The reduction in phase

shift range in the experiments in this chapter is a direct reflection of this phenomenon.
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Chapter 6

Applications to Radiation-sensitive

Materials

6.1 Introduction

As the ultimate aim of this thesis is to apply the techniques described in the previous
chapters - low-dose imaging, improved image registration and exit wave reconstruction
to radiation-sensitive materials, this chapter gives examples of how they can be used

to characterise some very radiation-sensitive material samples, zeolites.

6.1.1 Zeolites

Zeolites are a class of microporous materials, which are both found naturally and syn-
thesised industrially (Niwa et al.| 2010)). They are used in a wide range of applications,
from solid acid catalysts to adsorbers of toxic components (Marakatti and Halgeri,
2015; Marakatti et al., 2014; [Wang and Peng, 2010; Palomino et al., 2011). Zeolites
are the most common heterogeneous catalysts for refinement of petrochemicals in the
oil industry, due to their excellent catalytic performance and cost-effectiveness, whilst

also being environmentally friendly (Choudary and Newalkar], 2011)). There has been
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an increasing use of zeolites in NO, removal in the car industry (Beale et al., 2015).

Because of their radiation-sensitivity, high resolution TEM imaging of zeolite ma-
terials was prohibitively difficult until advances in dose control and detector tech-
nology enabled a sufficient electron dose to be used to record a single image under
low-dose conditions (Pan and Crozier, |1993). However, the noise level in these early
images was generally very high such that the unit cell of the zeolite framework was
only visible after averaging periodic motifs in the image. Some later reports were
able to resolve the zeolite frameworks to various extents without the need for av-
eraging (Terasaki et al., [1997; [Thomas et al., [2001; Ohsuna et al. [2004), but the
true determination of these complex structures often requires X-ray diffraction. It
has been reported that some complex zeolite structures can now be determined from
electron diffraction with the help of computers undertaking a large amount of compu-
tation (Nicolopoulos et al., 1995} |Dorset and McCourt|, |1997). If a Cs-corrected TEM
is available, negative spherical aberration imaging (with a corresponding positive de-
focus) can be carried out for zeolite characterisation, which provides a more intuitive
representation of the zeolite structure, where atomic columns are bright (Yoshida
et al., 2013)). The optimum accelerating voltage for zeolite imaging has also been ex-
plored by Yoshida and Sasaki (2013), who found that the electron radiation damage
to zeolites was the least severe at 200kV.

With all the works mentioned above, the existing literature has largely been focus-
ing on single frame imaging of the zeolite materials, while focal /time series imaging of
zeolite materials, although not non-existent (Pan, [1996)), has never been achieved at
the highest possible resolution compared to the single-exposure results. Furthermore,
the exit wave reconstruction techinique has not been applied to the characterisation

of zeolites.
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Figure 6.1: Atomic models of ZSM-5 projected along the zone axes [100], [010], and
[001] as shown.
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Figure 6.2: Atomic models of zeolite Y projected along the zone axes [110].

ZSM-5 Z78M-5 is an MFI-framework aluminium silicate zeolite, belonging to the
space group Pnma, with cell parameters a = 20.064 A, b = 19.938 A, ¢ = 13.409 A 1 sse-

Kunstleve et al| [1999). As illustrated in Fig. [6.1, ZSM-5 has a complex frame-

work structure composed of SiO, tetrahedra, typically with high silicon-to-aluminium
(Si/Al) ratios. The ZSM-5 sample studied in this work had a Si/Al ratio of 300, in-
dicating that for every 300 silicate tetrahedra, there will be one tetrahedra with an
aluminium atom substituting at the central site which is normally occupied by a sil-

1" replacement of the Si*" will leave one unpaired electron in

icon atom. Each A
the framework, resulting in a negative charge. The negative charge of the zeolite
framework is compensated by cations attached to the framework; the type of the
cations also differentiate the properties of the zeolite from other zeolite materials.
Looking along [010] direction, the mesoporous structure contains large holes (10-

membered rings), each surrounded by ten smaller rings (two 6-membered rings and

eight 5-membered rings).

Zeolite Y Another type of zeolite, siliceous zeolite Y, was used for the analysis of
STEM time series images. The sample is chemically similar to the ZSM-5 sample

used in TEM imaging, except that the zeolite Y is siliceous and contains only silicon
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tetrahedra. Zeolite Y belongs to space group Fd3m and has a cubic structure with
the cell parameter a = 24.345 A. When looking along [1 10] direction, the framework
structure of zeolite Y are composed of large 12-membered rings surrounded by smaller

6-membered and 4-membered rings (Fig. [6.2)).

6.1.2 Sample preparation

The raw ZSM-5 sample came in the form of powder, with an average particle size of
1pm estimated from low magnification images. These unprocessed particles are too
thick for HRTEM imaging and therefore need to be crushed before deposition onto a
TEM sample grid. During the crushing process, the mortar and pestle were cooled
to liquid nitrogen temperature and the powders were submerged in liquid nitrogen,
using the methods described in Section [4.2] Because the zeolite particles are more
brittle at low temperature, thin areas are more easily found on the particle edges
where fractures tend to happen.

The importance of having the specimen dry should never be neglected before TEM
imaging of zeolitic materials (Ortalan et al., 2010, Klingstedt, [2011)). It is believed
that polar solvents such as water and ethanol can increase the radiation sensitivity,
worsening the radiation damage, especially when radiolysis (ionisation damage) is the
main damage mechanism. Specimens with residual solvent readily generate H, HO",
or R’ radicals (R" denotes residual organic molecules), which weaken the bonds and
lead to secondary damage in the sample. Experimentally, drying may involve leaving
the specimen in a pumped plasma cleaner or in the high vacuum microscope column,

typically overnight.
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6.2 Low-dose time series imaging and non-rigid im-

age registration

6.2.1 Time series imaging

When characterising zeolites using the TEM, all non-imaging electron exposure must
be kept to the minimum possible to avoid any unnecessary damage. The search for a
suitable area on the specimen was carried out at low magnifications (between 10000 x
to 30000 ), with a spread beam illumination and a dose rate less than 2 e/ (AQ s). An
example low magnification image is shown in Fig. [6.3] Sample tilting and defocus
adjustment were also carried out at a minimal dose rate of approximately 0.5 ¢/ (A2 s)
as electron diffraction only needs a low flux parallel illumination. Dose rates at each
chosen magnification and the corresponding condenser lens configurations were cali-
brated prior to the experiments using the calibration procedure previously described
in Section [£.1] The time that the sample was exposed to the electron beam at each
step was recorded; only calibrated settings were used to ensure that the electron expo-
sure was always known and under control. The whole process results in approximately
150e/ A’ pre-acquisition exposure over a typical 5min adjustment stage before the
high resolution imaging took place. Because any small increase in the dose rate would
have significantly raised the total dose over a long adjustment time, special attention
was paid to carefully limiting the exposure dose rate.

After all microscope adjustments were completed, a low-dose time series of a
ZSM-5 crystal was acquired with a constant dose rate of 25.3 ¢/ (AQ s). The series was
composed of 60 consecutively recorded low-dose images, each image recorded with an
electron dose of 76 e/ A® over a 3s exposure period. The total electron dose is then
4710e/ AQ, including 150 e/ A? from the adjustment stage before the final imaging. By
comparison, the 150 ¢/ A? pre-acquisition electron exposure equals the dose of only

two images, which is a small fraction of the total electron exposure. Table gives
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Figure 6.3: A low magnification (20000 ) image of a ZSM-5 crystal recorded during
the sample search stage. The white box indicates the region subsequently shown in

Fig. [6.4
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Figure 6.4: The first image of the ZSM-5 time series dataset, taken along the [010]
zone axis. Box A marks regions used subsequently in Fig. [6.5]
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Figure 6.5: (a) 1%, (b) 20, (c) 40*®, and (d) 60*" images in the time series of the
marked region shown in Fig. [6.4]A. The insets are the power spectrum calculated from
each image.
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Aberrations Magnitude Degree

4 —10nm n/a
A, 1.369nm  —66.3°
B, 6.995 nm 59.5°
Cs 144.2 nm n/a
As 274.5nm  —133.8°
S3 64.84 nm 22.6°

Table 6.1: Aberration coefficients used in the ZSM-5 time series data.

the lens aberrations after correction.

Fig. shows the enlarged version of region A in Fig. It shows four frames
from different stages of the time series and demonstrates how the zeolite particle
gradually lost its crystalline structure as radiation damage progressed. In the real
space images, a growing amount of amorphous substance appeared in the region.
The insets in each images show that the reflections in the power spectra gradually
decreased in intensity, and many of the high spatial frequency reflections completely
disappeared into the background in the late stage of the acquisition. To further
quantify these observations of radiation damage, three groups of reflections in different
directions were chosen for analysis (Fig. .

A clear reflection peak can be easily fitted by a two-dimensional Gaussian fitting,
while a peak submerged in the background noise would not be correctly picked up
by the Gaussian fitting. This is used as a criterion for whether a reflection has
disappeared from the power spectrum. Because the reflection positions do not change
significantly between images, once the Gaussian peak fitting returns a peak position
that deviates from its previous position by more than five pixels, it is safe to say the
particular reflection has disappeared from the power spectrum and should be excluded
from the analysis of future images.

In Fig. (al) and Fig. (a2), the [400], [800], [1200], and [1600] reflections
correspond to spatial frequencies of 0.10 Afl, 0.20 Afl, 0.30 Afl, and 0.40 A" re-

spectively. High index reflections were weak at the beginning of the time series, and
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quickly decreased in intensity into the background as the acquisition progressed.

After the first nine images in the time series, equivalent to 684 ¢/ A? of imaging
dose, the [1600] peak could no longer be identified from the background noise by
Gaussian fitting. For the other reflections in the group, the [1200] peak disappeared
after 1367 e/ A? of electron exposure, and the [800] peak after 4028 ¢/ A®. The vertical
axes in Fig. [6.6] are on a logarithmic scale, and hence as seen from the linear trend
line fitting, the peak intensities of the [400] and the [800] reflections exhibit an
exponential decay in intensities with the increasing total exposure dose. The same
analysis performed on two other groups of peaks confirmed this pattern of reflection
decay (Fig. [6.6(b1,c1)).

It should be kept in mind that changes in the aberrations have a direct impact
on the contrast transfer function, and hence on the peak intensities in the power
spectrum. Therefore, when using the power spectrum to analyse radiation induced
peak fading, the microscope settings need to be kept constant. Since image focus
is a low order aberration, a deliberately altered focus value, such as those used in a
focal series, will strongly influence this intensity measurement. As an example, using
the same peak analysis method as used for the time series, the reflection intensities
oscillate and no clear trend is evident (Fig. [6.7)).

One drawback of using any specific reflection for the tracking of radiation damage
is that the reflection intensities decrease at different rates and may not represent the
overall degree of damage. A viable way to bypass this problem is to use the 1Q) factor
analysis as an alternative damage evaluation method. Fig. plots the 1Q factor of
the whole time series and shows that the 1(Q) factor decreases in an exponential fashion
as the accumulative dose increases, reflected by the fitted linear line in the semi-log
plot. The red dots in Fig. mark the reflections used for the IQ factor calculation,
with the peak selection process carried out automatically by the IQ factor software.

Because the IQ factor is a global indicator of the reflection intensities relative to the
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Figure 6.6: Reflection intensity decay curves of three groups of reflections as shown
for a time series of 60 images. Reflections in power spectra (a2, b2, ¢2) are marked
by circles with the same colours as the data points in the plots (al, bl, c1).
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Figure 6.7: Reflection intensity decay curves of the reflections shown in Fig. for
a focal series of 20 images. Reflections in power spectra (a2) are marked by circles
with the same colours as the data points in the plot (al).

background noise in the power spectrum, the determination of the critical dose, which
by definition is the dose needed for the reflection to decrease to 1/e of its starting
value, can now be unambiguously determined. For this specific case, the critical dose
for the ZSM-5 sample is calculated to be 4467 ¢/ A%

Historically, the determination of the critical dose was carried out using diffrac-
tion patterns, as described in Chapter 2l No electron microscope images can be
recorded during this process. The advantage of using the IQ factor for critical dose
determination is that it allows simultaneous HRTEM imaging which provides a clear
demonstration of how a radiation-sensitive sample changes at each stage of the dam-
age process. Alternatively, the corresponding image at any data point in Fig. is

available for visual inspection.

6.2.2 Multi-level XCF registration of ZSM-5 times series

The image registration methods that have previously been discussed in this thesis
are all rigid and designed to only deal with translational displacement correction.
More often than not, sample change induced by radiation damage is a non-uniform

process, with different regions on the same piece of sample shifting towards different
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Figure 6.8: Semi-log plot showing the decreasing IQ factor of the time series images.

Figure 6.9: All detected reflection peaks in the power spectra of the ZSM-5 time series
images (both red and blue dots). Because the power spectrum is centrosymmetric,
only half of the reflections (red dots) are needed for the 1Q factor calculation.
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directions. In such cases, a non-rigid registration scheme can be potentially helpful
for aligning image series of radiation-sensitive samples. To first test this hypothesis
in a semi-quantitative way, a simple multi-level registration scheme was developed.
The core algorithm of this multi-level method is still based on the cross-correlation
function, but instead of performing the XCF registration only once between the two
images, additional rounds of registration will follow. Each round of registration is
carried out between the subregions of the two images to locally optimise the image
shift.

Here we used the first image of the ZSM-5 time series as the reference and the
thirtieth image as the subject image to demonstrate the multi-level XCF registration.
The choice of using the 30th image as the subject image is based on the fact that it is
distant enough from the reference image to exhibit some degree of sample deformation,
but with the sample still retaining much of its crystallinity. Between the time points
when these two images were taken, the cumulative electron exposure is estimated to
be 2280 ¢/A”,

The multi-level registration process starts with the initial (level 0) registration,
a rigid XCF registration which eliminates the overall sample drift in the subject
image, outputting a coarsely aligned image stack. For the subsequent levels, both the
reference and the subject image are divided into sub-images. Each sub-image is half
the width and height of its parent image, hence the number of reference-subject image
pairs multiplies by a factor of four. For example, at level 1 registration, a 2048 x 2048
image is divided into four 1024 x 1024 sub-images, each of which will be registered to
its counterpart from the reference image, before forming a new subject image passed
onto the next level. This resultant image will then be further divided into sixteen
512 x 512 sub-images at level 2 (Fig. which are then registered. This refining
process will go on for a number of levels specified in advance.

Two-dimensional “quiver” plots at each level illustrate how the subject image
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the positions in the subject image. The red dashed box marks the upper left quarter
182

Figure 6.10: Quiver map of the registration vectors for various parts of the subject
image over the course of multi-level XCF registration (Level 1 to Level 4). In order
to accommodate the chronologically intuitive perception of sample contraction, the
arrows in the quiver plots point from the positions in the reference image towards
that is abnormally shifted relatively to the other three quarters.



@ i (e)
III:II‘IIIiIiIiI‘:I‘;:; “““

\ ‘l"l‘

‘ YNNG
.“‘“‘""‘*: R
ottt | Level
o Level 2

Level 3

Level 4

Level 5

Figure 6.11: (a) Final deformation map of the subject image, with the red box mark-
ing the region where abrupt vector changes occur. (b) The subject image prior to the
registration, in which the red and green curves are the particle profile before and af-

ter registration. (c) An observed sharpening of the [60 3] reflection as the multi-level
registration proceeds.
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is modified towards the best alignment with the reference image (Fig. and
Figl6.11p). An evident sample contraction phenomenon is observed from the quiver
plots, which can be effectively considered as a deformation map of the sampldﬂ. The
upper left quarter of the deformation map (Fig.|6.11a) shows a collective sharp change
in the registration vectors at the edges between one quarter area and the other three
quarters, marked by the red dashed box, suggesting an alignment defect in this quarter
subregion. The other three quarters of the image, have gradually come to alignment
as the registration moves up into higher levels, forming a deformation map free of
abrupt changes. Fig. shows the particle profile before (red curve) and after
multi-level registration (green curve), which overlaps with the particle outline in the
first image in the series. It can be seen that due to radiation damage the sample has
shrunk towards its mass centre after the acquisition of these thirty images.

More interestingly, at each level of the registration, individual reflections in the
power spectrum appear to go through a “sharpening ” process as the registration
level increases (an example of this is given in Fig. for the [6 0 3] reflection). The
physical meaning of this phenomenon could be attributed to the two steps of typical
radiolysis damage; bond breaking (or fragmentation) and bond reforming. The sample
was first damaged in various places where chemical bonds were broken, and then at
the damage sites the sample underwent a relaxation process when hanging bonds were
reconnected, altering the location of the atoms around them. The cumulative effect of
this subtle local disturbance of the periodic lattice is that the unit cells far apart may
no longer be in phase with each other and this is reflected by broadened reflection
peaks in the power spectrum. The multi-level registration was able to independently
adjust different parts of the image according to the undamaged reference image, and

as a result, the reflection peak became sharper than its original form.

'In order to accommodate the chronologically intuitive perception of sample contraction, the
arrows in the quiver plots point from the positions in the reference image towards the positions in
the subject image.
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6.3 Non-rigid registration of the ZSM-5 times series

The multi-level registration method in the previous section is a simple form of non-
rigid registration; although it is sufficient to demonstrate the potential usefulness of
applying non-rigid registration to serial imaging in high resolution TEM, it has the
shortcoming of being unable to avoid abrupt shifting discrepancies in some local areas,
such as that shown in Fig. [6.11h. A more sophisticated non-rigid registration method
with proper deformation regularisation will now be introduced and comparatively
tested alongside the rigid registration registration in this section. This method is
largely based on the previously published work by Berkels et al. (2014), with the

important modification of adding an iteration step based on the IQ factor.

6.3.1 Implementation

For convenience, the concept of a deformation map is formally defined as a two-
dimensional vector matrix, ¢, assigning a shift vector to each individual pixel in the
subject image. In Eq. using the symbol o to denote the process of applying the
deformation map of non-rigid registration to the subject image, the matrix obtained
by image registration will accordingly be altered, f to align with g, the chosen refer-
enceﬂ If the deformation map ¢y, is written with two subscripts, as in Eq. , the

subscripts specify the subject image and the reference image respectively.

fo Grg =g (6.1)

6.3.1.1 Multi-level vs. multi-scale

The realisation of obtaining the best deformation map depends on a gradual optimisa-

tion process that rolls out through sequential levels. It is necessary to clarify one key

2The shift vector in rigid registration can be perceived as a deformation map with identical
vectors for every pixel.
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difference in the definition of “level” to this advanced non-rigid registration approach
and the previously discussed multi-level XCF (ML-XCF) approach. For the ML-XCF
method, when the registration moves from a lower level to a higher level, the image
is further divided into smaller sub-images, while the pixels within each sub-image
remain rigidly positioned with each other. The advanced non-rigid method adopts
a different operation; at each level of the registration, the image is binned into a
down sampled version of the original image. The down sampling is more aggressive
at coarser levels (Fig. [6.12(d)(e)(f)) than at finer levels (Fig. |6.12(a)(b)(c)). This
reduction in sampling interval neutralises random noise from nearby pixels. After
each step of the registration, the image can be then “unbinned” for future rounds of
registration. For the purpose of distinguishing the new method from the previously
discussed ML-XCF method, the term multi-scale non-rigid approach (MS-NR) is used
to refer to the new method, and the concept of level in the MS-NR is referred to as
scale.

Examining Fig. |6.12] it is apparent that starting from too coarse a scale is not
helpful for registration. The structural details left in the image may no long be
representative after the down sampling, e.g. in the situations shown in Fig.|6.12|(e)(f).
Therefore, the non-rigid registration performed on the ZSM-5 time series was initiated
with images that were binned by 4 (Fig.[6.12(c)), considering that the unit cells of the
sample can still be discerned at this level and that the periodicity is also preserved.

The MS-NR registration approach is advanced in three aspects: regularisation,

gradient flow, and iteration.

6.3.1.2 Regularisation

The main limitation of the previously discussed ML-XCF method is the lack of ability
to avoid discontinuities inherited from the lower levels of registration in the deforma-

tion map.
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€] 32 x 32 (binned by 16) f 116 x 16 (binned by 32)

Figure 6.12: The original HRTEM image of ZSM-5, down sampled (binned) by various
rates. The actual non-rigid registration starts from images binned by 4, as shown by

(c).
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The solution to this problem is to introduce a regularisation mechanism to the
algorithm, which will punish the occurrence of any discontinuous distortion in the de-
formation map while minimising its influence on the search for correct image shifts.
A generally accepted way of implementing this regularisation, as reviewed in Moder-

sitzki| (2003)), is through an objective function which has the following form

Epgl0] = Spglo] + AR[9] (6.2)

in which S, is the similarity measure between the reference image, g and the
non-rigidly deformed subject image, f o ¢, is obtained by calculating the negative

normalised cross-correlation function (Eq.[6.3)).

Styl¢] = =NXCF[f o ¢,g] (6.3)

The weighting factor A in Eq. is adjustable in order to balance the rigidity of
the registration and the smoothness of the resultant image. The smaller the factor A,
the more rigid the registration. Unlike the rigid XCF registration methods, where the
correlation function is used both as a similarity measure and as a means to determine
the shift vector, the correlation function here only evaluates the similarity between
the reference image and the deformed subject image. The search for the optimised
deformation is carried out through the gradient flow calculation, as discussed later in

Section [6.3.1.31

The role of the regulariser term, R[¢] is to ensure smoothness of the deformation.

It has the form given in Eq. (Berkels et al., 2014]).

Rol = 5 [ ID6() - a)Pds
= g eap 152 [152e e [ -1 6
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Symbol Function T i
Stol] — Similarity Worse match Better match
R[] Regularisation Lumpier Smoother
A Weighting coefficient ~ More rigid Less rigid

Table 6.2: Terms in Eq. and the effects on the objective function.

Table specifies the physical meanings of larger (1) or smaller (|) values of
the terms in the objective function Eq. 6.2l When Eq. is minimised, the simi-
larity termf’| will be the smallest under the condition that the regularisation term is

minimised at the same time for a given value of \.

6.3.1.3 Gradient flow

The search of optimum deformation which minimises Eq. is realised by a gradient
flow algorithm (Berkels et al., 2014). Because the gradient of a function is the first
order term in the best linear approximation of the function, its form is not restricted

to the Euclidean inner product, as shown by Eq. [6.5]

E[¢] = Eldo] + grad E[¢o] - (¢ — ¢o) + o([|¢ — ¢ol)) (6.5)

The gradient flow approach to the minimiser search task adapts a different inner

product g(+) (Eq.[6.6), where g(-) is defined by Eq. [6.7}

E[¢] = El¢o] + g(grad Eldo], (¢ — ¢0)) + o(ll¢ — ¢ol|) (6.6)

g(v,w) :/vw—l—U;/Vv-Vw (6.7)

Hence, we denote this gradient of E[¢!] as grad, E[¢'], where ¢! is the deformation

map at the registration scale [.

3The negative sign clarify that the similarity is the highest when the similarity term is the
smallest.
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9 = ¢ — 7, gradg B[] (6.8)

with 7, being the step size. With the objective function and the gradient flow de-
fined, Algorithm (3| summarises the procedure for the MS-NR registration between
two images, with f being the subject image and g the reference image. The regis-
tration algorithm also needs specified inputs of the starting level my and the ending

level m;. The initial deformation can be a simple identity matrix.

Algorithm 3 Pair-wise registration.

1: procedure MULTI-SCALE GRADIENT FLOW
Require: starting level mg and ending level m,
Require: image f = f™ and g = g™
Require: initial deformation ¢ = ¢™

2: form=m;—1,--- ,my do

3: Initialise [f™, g™, ¢™] by restricting [f™+1, g™t ¢ 1]

4: end for

5: for m = mg,--- ,m; do

6: Register f™ and ¢ using the gradient flow (Eq. on level m, with ¢™
as initial deformation

7: Store the resulting deformation in ¢™

8: if m < m, then

9: Set ¢! to the prolongation of ¢™

10: end if

11: end for

12: return ¢}

13: end procedure

6.3.1.4 Iteration

Aligned images in a time series stack can be averaged to give a mean image which
has a better image quality and a higher SNR where Poisson noise is reduced by v N
(N being the number of aligned images). An incremental mean image (IMI), f](\?m),
is defined as the averaged image from the first to the Nth image after registration

(Fig.|6.13)), with f; and ¢; being individual images from the series and their deforma-
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Figure 6.13: The incremental mean image defined.

tion, i.e.;
| XN
(im) _
I _N;fio¢i- (6.9)

The IMI of the already aligned part of the series can be used as the new reference
in the next iteration, after which more images are registered and added into the
updated mean image. The situation becomes more complicated if the sample is
prone to radiation damage. Damaged substance will likely be aperiodic and will
appear in the image as effectively random noise in the background. There will be a
point when adding new images to the mean image will result in a worse reference than
the existing mean image. Therefore an I1Q) factor of the mean image is integrated into

Algorithm |4] to determine the point at which it starts to decline.
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Algorithm 4 Time series registration.

1:
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

procedure SERIES AVERAGING PROCEDURE

fori=2--- ., ndo
Compute ¢;;—; with MS-NR (initial guess identity)
end for

Initialise 0-th average with f° := f!
for k=1,---,K do
Compute ¢f , with MS-NR (initial guess identity)
fori=2,--- /N do
Compute ¢, with MS-NR (initial guess ¢;;—1 0 ¢} ;)
end for
if K ==1 then > Determine how many frames to use
fori=2,--- /N do
if 1Quum (f™) < IQuum(f7) then
break
end if
end for
Nopt =i — 1
else
end if
= T

end for

22: end procedure
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6.3.2 Comparison of rigid and non-rigid registration methods

using the 1Q factor
6.3.2.1 ZSM-5 TEM time series

The ZSM-5 TEM time series was aligned using both the rigid XCF registration and the
multi-scale non-rigid registration. To compare the effectiveness of the two methods,
the registration results were analysed with the assistance of the IQ factors of the
incremental mean images (IMIs) obtained from the aligned series. If the sample was
not damaged during TEM imaging and the image series are aligned, the 1Q factor of
IMIs would increase as the number of images, N, increases (Fig. . For the same
time series, a higher IQ factor of the IMI would indicate a better image registration
as the averaging operation reduces the image noise and amplifies the signal.

Fig. shows the 1QQ sum values calculated from the incremental mean images of
the ZSM-5 time series after the rigid XCF registration and the non-rigid registration.
It appears that the non-rigid algorithm is more effective than the rigid algorithm
for the first four images of the series, due to the iterative refinement implemented
within the non-rigid method. However, as the number of images increases, the rigid
algorithm catches up and surpasses the non-rigid method at near the peak IQ sum
value by a margin of 37 (2.8%), when the first nine images were included. The
registered low-dose image stack shows a noticeable improvement in signal-to-noise
ratio and resolution by averaging several images together (Fig. [6.14]c,d)). On the
other hand, for images taken after a large amount of beam damage has occurred to
the fragile sample, further adding images into the IMIs would not improve, but instead
would deteriorate, the final image quality. The rigid method is slightly superior until
about 40 images into the time series when the damage became very severe and the
incremental mean images obtained from the rigid method starts to drop quickly in

the IQ sum while the results from non-rigid registration only decreased by less than
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Figure 6.14: Mean images of (a,b) the first, (c,d) the first nine, and (e,f) all sixty
images of the HRTEM time series of ZSM-5. (a,c,e) are results from the rigid XCF
registration, (b,d,f) are results from the nonrigid registration. The ZSM-5 structure
is visible in the averaged images (c) and (d), though the contrast is reversed due
to setting of defocus and spherical aberration, leaving the supposedly empty round-
shaped channels brighter than the atoms forming the framework.
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Figure 6.15: Comparison of IQ factors of the ZSM-5 TEM time series incremental
mean images after two registration procedures. Number 1, 2, and 3 correspond to the
first, the ninth, and the sixtieth incremental mean images.

100 in the IQ sum and reached a stable value.

Discussion: The reason why the non-rigid registration method cannot produce the
same or a higher IQ factor is unclear. A possible cause could be that the ZSM-5
sample, albeit radiation-sensitive, has a damage rate that is not too fast for the rigid
registration to adapt. In particular, the rigid registration uses the neighbouring-
reference scheme and the changes between adjacent images, as briefly mentioned in
Section [6.2.2] are not substantial. Moreover, the TEM image, given its simultaneous
recording, does not suffer much from the image distortions that are typically worse in
microscopy techniques that relies on a scanning probe, such as scanning transmission
electron microscopy (STEM) and scanning electron microscopy (SEM).

There has also been suspicion that the resolution of the images might have an

impact on the quality of the MS-NR results. The TEM time series of the ZSM-5
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particle was taken at a moderate magnification (x500000) due to restriction of the
electron dose. This choice of magnification is beneficial in boosting the SNR of the
low-dose image. However, as can be seen in Fig. [6.12] only the first three scales
of the down sampling treatment preserve enough structure information for sensible
registration. The other three scales (Fig. [6.12(d)(e)(f)) clearly misrepresented the
sample structure and therefore should not be included in the actual registration work-
flow. Because of a lack of comparable data on this issue, this relation between the
data resolution and the attainable registration quality is yet to be experimentally

confirmed.

6.3.2.2 STEM time series: zeolite Y

A time series of another zeolite sample, zeolite Y, was recorded by Douglas A. Blom

from University of South Carolina, using a 200kV aberration-corrected JEOL JEM

2100F TEM/STEM in the fhigh-angle annular dark-field (HAADF) imaging mode

(Fig. . The illumination semi-angle was 15.5 mrad, while the collection angle of
the detector ranged from 50 mrad to 284 mrad. The electron dose in each frame of
the series was estimated to be 1400 e/ A%, Radiation damage happens faster than that
in the TEM ZSM-5 time series and the image drift is considerably worse. Therefore,

only the first fourteen frames of the series were used for comparative analysis.
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Figure 6.16: The 1st, 5th, 10th, and 14th images of the zeolite Y STEM time series.

The incremental mean images of the STEM series were obtained in the same way
as in the analysis of the TEM series. Fig. demonstrates the improvement in
the resolution of the IMIs using both the rigid and non-rigid registration. There
is noticeably more fine structure visible after averaging fourteen non-rigidly aligned
images, which are not clearly resolved in the IMI after the rigid registration. The
IQ sums of the IMIs calculated from the aligned zeolite Y STEM time series are
plotted in Fig. [6.18] The increasing trends in IQ factors from both methods confirm
the effectiveness of the registration and averaging approach in enhancing the image

quality. In comparison, the MS-NR registration of the STEM series demonstrates a
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Figure 6.17: Mean images of (a,b) the first, (c,d) all fourteen images of the STEM
time series of zeolite Y. (a,c) are results from the rigid XCF registration, (b,d) are
results from the non-rigid registration. More structural details are resolved in (d)
than in the others.

superior performance over the rigid XCF registration, performing consistently better
than the latter, particularly for the second half of the series when more damage has
accumulated and the benefits of adapting the non-rigid method become more obvious.
If using all fourteen frames of the STEM series are used to form the mean images,

the MS-NR registration gives a 11.3 % better 1Q sum than the rigid method.

Conclusion: Both examples showed that the conventional rigid XCF methods re-

mains a robust and computationally efficient registration scheme, although the simple
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Figure 6.18: Comparison of 1) factors for the zeolite Y STEM time series incremental
mean images after two registration procedures. Number 1 and 2 correspond to the
first and the fourteenth incre- mental mean images.

treatment of image misalignment as a rigid translational movement would only hold
true when radiation damage is negligible. TEM images do not suffer much from
the image distortions that are typically worse in microscopy techniques that rely on
a scanning probe, such as scanning transmission electron microscopy (STEM) and
scanning electron microscopy (SEM). Nevertheless, The ZSM-5 TEM image series
did not continue to produce better IMIs after a certain number of images when the
radiation damage had become serious, as shown by the rigid registration result of the
long TEM time series of ZSM-5. Because the locations on a sample where damage
happens are arbitrary and asynchronous, the deformation will be complicated and
hence requires the more sophisticated MS-NR registration approach. In contrast, the
distortion caused by acquisition mechanism in the STEM time series is much more
relevant to image registration. While the damage was apparent after the time series,

it was not the primary limiting factor. Because the scanning distortion in each image
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Parameter Value

Voltage 200kV

Defocus range —9nm to 11nm
Focal step 4nm

Number of images 6

Spherical aberration (C3) 0.23 pm
Sampling interval 0.048 85 nm
Dose per frame 63 e/A2

Table 6.3: Imaging conditions for the ZSM-5 focal series data.

is not inherently related to that of the others, the advantage of using the MS-NR
registration is more evident; 11.3 % higher in IQ factor sum for the fourteen images

in this example in comparison to registration by the rigid method.

6.4 Focal series low-dose imaging and exit wave re-

construction of ZSM-5

6.4.1 Focal series imaging

Focal series imaging adopts essentially the same low-dose experimental procedure as
for the time series, except that the final acquisition step is controlled by a computer
script which automatically changes the defocus value before recording each individ-
ual frame. For the experiments described here, the aberration-corrected TEM was
operated at 200kV and the spherical aberration was corrected to 0.23 pm. The focal
series contained six images, with a focus range between —9nm to 11 nm and the focal
step was a constant 4nm throughout (Table [6.3).

For radiation-sensitive materials, the number of images is restricted by the critical
dose and by the dose used for each single acquisition. A larger number of images
means a lower dose budget for individual images. The electron dose for the focal

series studied here was controlled to be 63 ¢/ A? for each image in the series, giving
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a total imaging electron dose of 378 e/A2 over 6 images (Fig. |6.19)). This was well
below the critical dose of ZSM-5 (4467 ¢/ Ag) measured by the time series experiment
in Section [6.2.1] Consequently, the sample showed limited radiation damage over the

process of data acquisition.

6.4.2 Exit wave reconstruction

Because the focal series is short, comprising only 6 images, the neighbour-reference
XCF registration can be used to align the images, as the propagation of registration
errors is negligible for short image series.

After omitting the —1 nm defocus image which is very close to the Gaussian fo-
cus and has very low image contrast, the exit wave reconstruction was carried out
using the linear Wiener filter method on the remaining five images, with the input
experimental parameters listed in Table 6.3, Examining the exit wave of the ZSM-5
focal series (Fig. |6.20)), it is found that the signature structure of ZSM-5, in which
ten smaller rings surround a large hole, is clearly resolved across the field of view
in the wave phase, while the wave amplitude shows low contrast, implying that the
phase object approximation assumed by the linear imaging model was satisfactory
and that most structure information about the material was transferred in the phase
shift of the electron wave. The direct correlation between the exit wave phase and the
schematic atomic model of ZSM-5 (embedded in Fig. |6.20p, in which bright contrast
shows the SiO, tetrahedra) proves the effectiveness of exit wave reconstruction for
complex structural characterisation. In contrast, the individual low-dose HRTEM
images in the series at different defoci (Fig. exhibit substantial differences in
image contrast, leaving much ambiguity over direct image interpretation. For exam-
ple, the tiny voids in the middle of 5-membered and 6-membered rings are bright in

under focus images but dark in over focus images.
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7 nm 11 nm

Figure 6.19: Low-dose focal series of ZSM-5 in [100] direction, with a focal step of
4nm between adjacent images. (The —1 nm image was not included in the exit wave
reconstruction due to low image contrast.)
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unit: radian) reconstructed

An atomic model of ZSM-5 overlaps the

lower left corner of the phase, indicating the positions of framework and the voids.

(

phase of the exit wave

)

b

(

from 5 images of the ZSM-5 focal series.

Figure 6.20: (a) Amplitude and
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

7.1.1 Low-dose HRTEM imaging under controlled dose condi-

tions

A quantitative dose measurement scheme dedicated for high resolution TEM
imaging has been developed, composed of an instrumental dose calibration

prosedure (Section [4.1.4)) and an image sampling interval calibration procedure

(Section [4.1.3).

e Ultra high resolution TEM characterisation has been carried out on hydrox-
yapatite (Section 4.4.1)), cerium dioxide nano particles (Section [5.2.1)), silicon
nitride (Section [5.2.2)), and ZSM-5 (Section and Section [6.4.1)).

e Critical dose of the very radiation-sensitive ZSM-5 (4467 e/ AQ) has been quan-

titatively determined (Section [6.2.1]).

e A noise reduction method suppressing the striping noise in low-dose images has
been developed and proved to be effective at removing striping noise caused by

inconsistent detector bias (Section [5.3).
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7.1.2 Image registration of low-dose HRTEM images

e The “bright central pixel” artefact found in the cross-correlation function (XCF)
when registering low-dose HRTEM images has been overcome with an enhanced
XCF registration method that eliminates this abnormal pixel during the shift
vector determination process. This significantly extends the lowest dose, from
the 44 ¢/ A® to the 2.2 e/AQ, at which the XCF registration method can still

effectively aligning the hydroxyapatite time series data (Section [4.5.3)).

e A new evaluation metric, the IQ factor, has been introduced and implemented
for quantitative assessment of the image quality. The IQ factor also becomes
a important way of determining which registration method gives better result

than the others, by judge the quality of the mean image after registration (Sec-
tion 4.6.2)).

e A simulation-assisted XCF registration has been developed and applied to focal
series data that experiences contrast reversal at close to zero defocus (Sec-
tion . This method shows a significant accuracy improvement in register-
ing atomic resolution focal series images, when the influence of contrast reversal

is the most severe.

7.1.3 Exit wave reconstruction of low-dose focal series

e Focal series of CeO, at different doses have been registered with three differ-
ent registration strategies, fixed-reference XCF, neighbour-reference XCF, and
simulated-assisted XCF. The effects of electron dose and registration have been
studied using the I1Q factor as a measurement. The results has suggested that
a dose threshold must be reached for the reconstruction methods to retrieve

quantitatively meaningful exit waves.

e [t has been shown that the existing exit wave reconstruction methods can be
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used on low-dose HRTEM focal series, provided that the series is correctly
registered (Section [5.5). Exit waves of a CeO, nanoparticle and part of a Si;N,

crystal were reconstructed.

e Below a certain threshold, the amount of phase shift will decline as the imaging

dose of the focal series decreases (Section [5.5.2.1)).

e The quality of image registration has an impact on the exit wave reconstruction
results. The best registration, which was given by the simulation-assisted XCF,
leads to better restored exit wave phases, which have higher I1Q factor for the

CeQ, focal series data at all doses (Section [5.5.3]).

e Exit wave reconstruction was successfully carried out on a ZSM-5 focal series

containing 6 images.

7.2 Suggestions for future work

7.2.1 Noise reduction and direct electron detection

Noise is the biggest issue for analysing low-dose HRTEM images. Avoiding intro-
ducing noise during experiments and eliminating noise after the data is acquired are
paramount when trying to characterise radiation-sensitive materials that have a very
limited dose budget. New generation detectors may help to improve the efficiency of
electron detection with lower level of noise. Compressed sensing has recently gener-
ated interest among the STEM community, while more feasible experimental designs
of its potential application to TEM are still needed (one recent progress in this area
can be seen in (Stevens et al., [2015)). For off-line noise reduction methods, it would
be worth to explore the existing methods in the field of signal processing.

The low signal-to-noise ratio problem of low-dose TEM imaging can be ultimately

overcome by using a direct (electron counting) detector, which would not induce any
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detector noise.
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Appendix A

Round Electronmagnetic Lenses

The structure of the simplest round electromagnetic lens in the TEM is illustrated
in Fig. [A.1] A set of copper coils (or “solenoid”), when carrying an electric current,
generates a magnetic field according to the Ampere’s circuital law. The polepieces,
which are made of soft iron or similar material, confine the magnetic field in a very
small gap between the upper polepiece and the lower polepiece. The trajectory of
the electrons are altered because of the interaction between the negatively charged
electron and the magnetic field, showing a similar result to light being converged by
a convex lens. However, the underlying physical process is different.

An intuitive way to understand the focusing process is to perform a simple analysis
of the magnetic forces that an electron experience inside the lens. As shown in
Fig. [A.2] when entering the magnetic field with a speed of v, along the optical axis,
an electron is accelerated in the direction normal to the radical component of the
magnetic field B, inside the horizontal plane. After the electron accumulates a speed
in the same direction as the force Fp(,, a subsequent force Fg(.) pointing towards the
field centre directs the electron closer to the axis. If the magnetic field is sufficiently
deep along the axis and its radical component does not flip direction, the trajectory

of the electron will spiral and the electron beam will be focused to the axial centre.
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Upper polepiece
Copper coils Yoke

Lower polepiece

Figure A.1: Illustration of the structure of a simple round lens, and the change of
magnetic field strength B(z) along the axial direction z.

With only some qualitative analysis, it is clear that this model is inaccurate in
at least two aspects. Firstly, electromagnetic lenses are thin and the vertical length
of the magnetic field is limited, especially considering that the high energy electrons
are travelling at high speed. In reality, the electron will only complete a fraction
of the spiral track as opposed to the illustration in Fig. [A.2] Secondly, the radical
component of the magnetic field will flip the electron trajectory direction and the cor-

responding magnetic force Fp(,) will also reverse direction. As stated by the Busch’s

theorem (Dalglish and Kelly, [1975), the angular velocity of any electron at any point

depends solely on the difference between the total magnetic fluxes linked by the charge
rings at the two electron positions and is independent of the detailed trajectory. This
suggests that, for the symmetric magnetic field of the lens, the canonical angular
momentum of the electrons passing through it should retain its value before and after
the lens. For an electron with no azimuthal velocity prior to entering the lens field,
when it exits the lens, its azimuthal velocity returns to zero, meaning that the lower
part of the lens field will exactly cancel out the azimuthal velocity given by the upper

part of the lens. However, a small but important radical velocity is preserved and it
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Figure A.2: A round magnetic lens viewing from (a) the side and (b) the top. (b,d)
The electron trajectories of (a) and (b).
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is this velocity that focuses the electron beam as it passes through the lens, instead
of the spiral movement mentioned above. The trace of the azimuthal velocity can be
identified as an image rotation before and after the lens.
The focal length f of a thin electromagnetic lens is derived in various textbooks,
and is given below;
1 = /6—2B2d2 (A.1)
F7 ) e
in which, f is the focal length, B is the magnetic field, e and m are the electric
charge and the mass of an electron, and v = \/W is the Lorentz factor. The
approximation involved for a “thin” lens is that its length L < v,/wy, where wy is
the azimuthal velocity of the electron which stays approximately constant over the
path inside the lens. Eq. has the important implication that the focal length of
a magnetic lens is always positive, meaning only “convex” electromagnetic lenses can
be manufactured. The absence of “diverging” or negative lenses in electron optics is
one reason why spherical aberration cannot be corrected in the same way as in light

optics by simply applying a diverging lens after the convex lens.
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