





EE213. Microscopic Nanocharacterization of Materials
Lecture 13. 2016

Three Dimensional Imaging/Characterization

Holography
Tomography

March 1, final paper rough outline due. COB



Final Paper

1. Paper: due last day of class

2. Topic should be about a particular microcharacterization
technique and comparison with at least one other method.

From topics covered in course outline.

3. You must discuss the spatial resolution characteristics and
limits.

4. Abstract or summary of each paper listed as references.

5. Discuss typical application use, briefly.



EE213. Final Topics

Ryan Gardner Photoelectron microscopy

M. Ahsan Habib NSOM

Bingzhang Lu Atomic Force Microscopy

Evan Petersen Confocal, 2 photon and wide field microscopy
Renee Sully SIMS

Bin Yao ?
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No. 492 May 15, 1948 NATURE 777
Station and paratively new technique t virus serology was
a fow centres in the United States, there existed no .pﬁbdw‘heamdyotpug:n\um
other whet:oou:rﬂmhwmwnpuu 938 & new virus lﬂ'eeunqtlntobteoo
of plant virus study be obtained, spplications to', was invest the chief
from foreign workers for E:tmtofmbmtboa t relationship
frequent, Unfortunataly, these had to be woen the two t v This is sug-

world. It is now knawn to transmit more than
twenty distinet viruses, The next addition to our
knowledgoe of potato viruses was the discovery of the
paracrinkle virus in potatoes of the variety King
Edward ; thiz iz one of the unsolved puzzies of the
virus world, ginea it is present in all plants of this
potato varisty, but no method is known by which it
can sproad in Nature. The case of paracrinkle is
often quoted as evidence of the heterogenesis of
virusee by thoso who hold this view. The third item
wig the analysis, for the first time, of & plant virus

x by differential methods of transmission, and
the isolation of t.be W0 potato v iruses now universally
known ss X and ¥

In 193] the virus ; of tomato spotted wilt was dis-
oovered for the first time in Europe ; it was found
in an ornamental plant sent to Cambridge from
Cardilf. Before this it bad not been seen outside
Australis. Since then the distribution of the vire
has become world.wide, and in Great Britem it is
one of the major probl of the t t0 grower with
‘mixed howses'.

The viruses of tomato bushy stunt and tobacco
nocrosis, both described for the first time in Cam-
bridge, have proved of great scientific intereet. The
wvirus of tomato bushy stunt, about which more is
known than of most viruees, was the first to be
wsolated in a three.dimensionsl crystalline form, and
this was accomplished by Bawden and Pirie, after
the former had loft Cambridge. Shortly after this
the virus of tobacco nocrosis was isolated ms thin
erystalline plates. About this time, al=o, the com-

gested by the fact that, while both viruses are aphis-
transmitted if they are together in the plant, ane of
the two cannot be picked up by the insect if the other
virus is not

During the poriod 1940-40, soveral new viruses
have been described, dmoofdmbh.hﬂadouumd
w mossic, tobacco broken tomato
ring and of two new potato , veinal
necrosis and weinal yellows, which wore fomd in
same South American potatoes. Of thess new viruses,
thoso of Arabis mosaic and broken ringspot are of
o ghmu:u“ N W’md'
with no t

uonoftbdr
LboMMymmuMymWw‘.izg

and important new virus has been
studied. Known as turnip yellow mosaic virus, it has

been isolated in two di t orystalline forms and,
like other t virusee studied so far, it is & nucleo-
pcotaln. addition to the active virus, infected

tain a protein which is a) the
wmpruombuthehthonudedcuid E -t nin

logieal and
proteins are now in progress. The virus is also of
interest in hnng‘an entirely now kind of inssct
vector, one with nlmely. & flea.
beotle. This is the ﬁnt rocord, both of transmission
of a virus by this insoct and of the insect transmission
of a crystalline plant virus.

tron microscope studies in conj with
Dr. V. E. Cosslett of the Cavendish Laboratory, and
with Dr. R. W. G. Wyckoff in the United States, have
also been made [see p. 760 of this issue of Nature).
An interesting outcome of this work 1s that the
structure of the crystals of tobsoco necrosis virus
and turnip yellow mosaic virus has been demon-
stratod by this means.

A NEW MICROSCOPIC PRINCIPLE

By Dx. D. GABOR
Research Laboratory, B:m':h ;’bomnn-ﬂomm Co,, Lud,
vg

is known that the spherical aberration of electron
lenzsa sete & limit to the resolving power of electron
microscopes st about 5 A. Suggestions for the correc.
tioni of objectives huve been made; but thes are
difficult in themselves, and the proepects of mprove-
ment are further aggravated by the fact that the
mesolution limit is proportional to the fourth root of
the spherical aberration. Thus an improvement of
the resolution by one decimal would roquire a corree.
tion of the objective to four decimals, a practically
hopeless taskc.

The now microscopic principle described below
offers & way around this dlmcnl ');oas xt allows one
to dispenss  altogether with elsctron  objectivee.
Micrographs are obtained in & two-step prooss, by
clectronic analysis, followed by optical symhe--.
a5 in Sir Lawrencs Brage's ‘X.rmay microscope’. But

© 1948 Nature Publishing Group
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THE PRINCIPLE OF WAVE-FRONT RECONSTRUCTION

Consider a coherent monochromatic wave with a complex amplitude {7 striking
a photographic plate. We write 7 = e®, where A and ¢ arc real. 7 may be
decomposed into a “background wave’ U = A e%%, and a remainder {7 = A4 ,e8n
which is due to the disturbance created by the object and may be called the secondary
wave. Thus the complex amplitude at the photographic plate is

U =L +{ = *"10‘3""3“ 2 o 4‘11@["’)‘ = e (Ag+ *‘119"(":"""3"}) (1)

and its absolute value A = [454 A7 24,4, cos (0, — ¥ )]

Lo G, 1344
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Fravee 1. Principle of electron microscopy by reconstructed wave-frouts.

from Gabor, 1349
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Lehmann and
Lichte. Microscopy
and Microanalysis.
8(6).447-466.
(2002 )

Electron Source

—t Condensor

Object Plane o Specimen
Reference Wave : Object Wave
. % — Objective
Virtual Electron Sources \i Lens
................................... NTR——
Back Focal
Plane
| I Biprism

Image Wave Reference Wave

&

Image Plane oG

Detector

Figure 6. Taking a hologram. The object under investigation cov-
ers only half of the object plane, whereas the other half serves as a
reference area. The reference wave as well as the object wave are
imaged by the objective lens. Due to the wave transfer function,
the object wave is changed so that the aberrated image wave is
formed. The biprism deflects both parts of the wave towards each
other, yielding the hologram in the overlapping region.



462 Michael Lehmann and Hannes Lichte

"ONTE
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Source Gate Drain

n-MOSFET

p-MOSFET

Figure 16. Dopant profiling. The alignment of the dopants with respect to the gate electrode is increasingly critical with
increasing integration density. Holographic phase images allow the mapping of potential distribution arising due to
doping. The dark and bright seam (arrows) shows the potential distribution with opposite sign in p-doped and n-doped
MOSFETS, respectively.



Fig. 9. Magnetic lines inside and outside a recorded magnetic tape. Detailed magnetic lines
observed under various conditions, such as tape material and spacing and gap of head,
provide information about how higher density recording can be attained.

From Tonomura,
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Fig. 6. Hexagonal cobalt particle. (a) Schematic. (b) Electron micrograph. (c) Interference

micrograph (phase amplitication X 2). Phase contours in interference micrograph (c)
indicate magnetic lines in 71/ 2¢ flux units. Magnetic lines are circular inside the particle.

From Tonomura,



Electron Holography: mapping electric fields

7 e ~

120V

hY, LT

Figurc 8

Observation of a ficld-emitting carbon nanotube. 4, b, and ¢ show electron holograms at bias

voltages Vg = 0V, 70V, and 120 V] respectively. d, ¢, and fshow reconstructed phase images
corresponding to a, b, and ¢, respectively. The phase contours correspond to a spacing of 2n
radians. The phase gradient in f corresponds to an electric-field strength of ~1.2 Vam ™' at

the tp of the nanotube (from Reference 89).

746 McCarmey » Smith
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The Radon transform

flxy)

Fig. 1. The Radon transform R can be visualised as the
integration through a body D in real space f(x,y) along all
possible line integrals L, with its normal at an angle 6 to the
horizontal.
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a4 Review TRENDS in Cell Bioiogy Vol.15 No.1 January 2005

(@) v (®)

FRgure 1. Principles of ET. (a) A bidogical speciman, in this case 8 bacteriophage contsined in an EM sample holder, can be imaged from several onentations by siting the
holder inthemicroscope. (b) Proass of computed back- project on, in which each tilted view is used © contribute 10 a reconstruction of the on g nalstructure. () Example of »
2D image {the face of Goathe | roprosenting a slice cut from a 3D object ina plane porpendicul ar © the tilt mds (d) Projaction of the 2D objoct asa 1D distribusion of donsitios
roflecting the summasion of all of the brighthess in the picture slong a set of varial lines. je) Reconstruction of Goathe's face achieved by back projecting 90 of the 1D
projections taken at 2° intorvals batween +90° and —90° from the horizontal. The ripples in the image represant the resalution limitation cauwsed by having only 90 images.
Twice the number of images taken at half the s incrament would reduce the size of the npples by apgroximamly wofbld. (| A further imitation on resolution s
impased by reconstructing the image from a more restricted range of tind views takon batwoan +60F and —60* from the horizontal. Bocouse a wedge of data s
missing, the reconstruction quality is anisotropically degraded. The vertical dotail is still sharp (note the clarity of the shoulders the nose and the oar); by contrast,
the horizontal detail s poorly definad {note the virtual absance of @ mouthl. This kind of animtropy s characteristic of single axis tomograms construcnd from
data collocind from a imitod range of sit




Goethe Projections

R.Mclntosh,et.al. 2005



e Demonstration of the FBP algorithm:

1 view 2 views 10 views

original image FBP image I.

30 views 50 views

projection

backprojection

ramp filter

sinogram filtered sinogram
Figure 8. Demonstration of the FBP algorithm.



424 P A Midgiey, M. Weviand | Ultramicroscopy %6 (2003) 413431

Midgley and Weyland.
Ultramicroscopy. 96(2003).413-431.

Fig. 8. (a) A montage in which each image s a voxel projection of the 3D reconstruction of an MCM41-Pd Ru, catalyst viewed at
angks shown in the figure. The 3D structure of the mesopores is well resolved. The nanoparticles are coloured red to improve clarity.



MC41-Pd;Ru, catalyst (HAADF signal)

Midgley and Weyland.2003




Some references
Tomography:
R. Mclntosh et.al. (2005). Trends in Cell Biology. 15(1).pp.43-61.

P.A. Midgley and M. Weyland. Ultramicroscopy. 96(2003). pp. 413-431

General: Steven W. Smith. The Scientists and Engineers Guide to Digital Image
Processing. www.dspguide.com can download for free

Holography:

D. Gabor. Nature. 161.(1948).pp. 777-778.
Leith and Upatnicks. JOSA. 52.pp 1123-1130.

H. Lichte and M. Lehmann. Rept.Prog. Phys.71 (2008)016102.

A. Tonomura. Electron Holography. In Springer Series in Optical Sciences.70.
(1999).pp 29-49.



What are the Limits in
Determining Three Dimensional
Structure By Electron
Microscopy?



Radiation damage due to the
large number of exposures
needed
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| 1
MAXIMUM ENERGY TRANSFERABLE
TO AN ATOM OF MASS "A"
ok BY AN ELECTRON OF fe‘
KINETIC ENERGY, E, l ( oﬂ-«j
3 .
>
€
o
<
- |
L
<
10 ‘ :
10 10° 10° 104
ACCELERATING VOLTAGE, E, (in KeV )

(Al

Fig. 1.2 A. The maximum energy which can be transferred by an incident electron of ki-
netic energy £, in an elastic nuclear collision with an atom of mass A. Emax = 2im/mpA) -
EolEg + 2me?)ime?, where m is the electron rest mass, mp is the proton rest mass and ¢ is
the velocity of light (Mg =my, - A). B. The threshold energy of the incident electron, E;,
necessary just to produce a displacement of an atom of mass A in an elastic nuciear collision,
The term £, is that energy such that the maximum transferable energy shown in Fig. 1.2A
is equal to the displacement energy, Eg. The arrows indicate the threshold energies for

various atoms assuming Eg = 1 eV,
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Fig. 1.2 (Continued)
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h SPECIMEN DAMAGE IN THE ELECTRON MICROSCOPE 11
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Fig. 1.3 (Continued)

Isaacson, “specimen damage in the electron microscope” in Principles and
techniques of electron Microscopy. Vol.8 (ed. M.A. Hayatt.p1-78 (1970). Van

Nostrand-Reinhold, NY
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@ SPECIMEN DAMAGE IN THE ELECTRON MICROSCOPE 31

example, Rohrlich and Carlson, 1954) is within a few percent of that given in
Eq. (1.18). So it makes little difference with regard to the energy dependence of
damage whether one compares experiments with stopping power calculations or
the inelastic scattering cross sections.
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Table 1
Electron beam irradiation damage *: E, =100 keV. room
temperature

Observation  Dose (electrons/A*)  Material

Diffraction <1 Nitrocellulose
1-10 Aliphatics
10%-10* Aromatics
1108 Metal halides
Mass loss 1-102 Organics
1-10° Metal halides
10-10° Fluorine desorption
10*-10° (Oxygen desorption
EELS change 10~ : PMMA
=10 Aliphatics
1-10° Metal halides
10°-10" Oxides

* Data from this table come from the reviews in refs. [2.3), as
well as from other articles in the literature (c.g.. refs.
[4.6,10,11,13,18]). The doses have been scaled to correspond
to an incident electron energy of 100 keV. I have not histed
dose rate or ambient conditions, since in most cases these
were not reported.
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lithium fluoride by a 100 keV electron beam using a dose of
107% C/ecm’. The dose rate was about 5x10° A/cm’, the
sample was at 30°C and the vacuum in the sample chamber
was 8107 ' Torr. The grating periodicity is 3.7 nm. Such a

Fig. 1. An example of a grating structure directly etched into
structure cannot be produced with dose rates less than 104

2

A/em”.
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Single particle analysis segments and &
averages many particles from a sample,
allowing for computer algoirthms to
process the individual images into a
combined “representative" image. This
allows for improvements in signal to noise,
and can be combined with deconvolution
to provide limited improvements to spatial
resolution in the image.

« van Heel M, Gowen B, Matadeen R, Orlova EV, Finn R, Pape T, Cohen D, Stark H, Schmidt R, Schatz M, Patwardhan A (200(
"Single-particle electron cryo-microscopy: towards atomic resolution.”. Q Rev Biophys. 33: 307-69.
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