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Svnopais: Imaging methods; prajection, lenses or mirrors, scanning. Imaging aignals;
reflected, tranamitted, atimulated emissions, absorbed currents. Electron energy loss
analvsls. Msgnification, Resclution & Contrast. Speclmen regquirements and
preparation technigues.

Imaging Methods.

Wa can distinguish three important classes of imaging method:

Projection - stralght line paths from oblect to image: two examples (a)} X-ray
topography & (b) field ion micrescopy.

Lenses (mirrors) - conventional optics of microscopes and telescopes; 1n the present
context this Is the format of the Tranemissjon Electron Microscops.

Seanning - slmultaneous scanning of the object by a probe and of the output device,
where the amplitude i modulated by s signal resulting from interaction of the probe

with that object. This the format of the Scapping Flectron Microscope.

These three classes are illustrated in fig. 1.1.
ineging Signsls.

There are many signals which may be used to form the image, but they fall into
four major types:

Reflected - the primary beam Interacts with the specimen and the reflected portion
is used to form the image.

Stimuiated - some secondary emission is monitored.
Transmitted ~ the primary beam is used after it has passed through the specimen.

Frimeary "current” - the size of the primary beam ltself !s monitored (e.g. scanning
tunnelling microscopy).

These four types are indicated In figure 1.2, labelled R, S, T & P, respectively.
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The table below gives some examples of microscope techniques:

Imaging Imaging Microscope Isaging Analytical
technique signal acronym resolution range
Projection Pork rIN 0.3 nn -

P Por$§ Atom probe 0.3 nm all 2
Scanning s SEM - sec Ine -

s R - b/s 10 nm 3 - 10
H] H - Auger 50 nm 3-103
s s = X-ray 1pe 5 -10)
H 8 - CL

H R SAM {acoustic) 5 ua

8 P STH 0.1 nm -

] ] SINS

s T STEM 0.2 nm -

Lens T TEN 0.2 nm -

L T - EELS 2 - 103
L ] - X-ray 5§ - 103

The slgnais avellable for detectlon in an electron beam instrument are
fllustrated achematically in figure 1.3. In many cases the instrument takes its nams
from the detected signal, rather than from incldent beam.

The analytical capabilities of the techniques are provided by the detection of
slgnals which depend on the atomic number of the specimen material. For secondary
emissions the signal detected is of a characteristic wavelength {(X~ray or CL) or
energy {Auger), or a band of energles {back scattered). In the case of Electron Energy
Loss Spectroscopy (EELS) It 18 the logs of energy which ls characteristic of the element
concerned.
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Magnification, Resolytion & Contrast.

These three terms are related, and sometimesa confused. Fach will be dealt with
In more dets!l in subsequent lectures, but at present a few points will suffice:

Magnification— must be sufficlently large that the detall of Interost raay be seen. The
Instrumental magnification must be compatible with (i.e. large enough to overcome tha
limitations imposed by) the resolution of the recording medium (e.g. photographie) or
observer's eye. Maximum subsequent enlargement (e.g. photographic) ls also limited
by the resolution of the recording madium.

Resolution - In slmple terms the closest spacing of two points In the object which may
be discerned as separate in the image (not quite the same thing as the smallest object
which can be seen). In any system with lenses (and aiso, in principle, In projection
systems, too) a simple resolution limit is set by the Raylelgh eriterion of *maximum of
one diffraction peak at the first zero of the other* at 0.611/ sin{a). where A is the
wavelength and a the angular radlue of the smallest aperture in the system - see
figure 1.4,

Contrast - to be ‘seen' the Images of items of Interest must have different final
intensities. The eye detects these differences, and a formal measure Is the contraat,
defined as (I-Is )/I», where I is from the point of interest and I» ia from an adjacent
(background) reglon. In the case of the Raylelgh criterlon above, the signal drops to
about 0.8 between the two peaks, a contrast of (~)20%.

Specimen Requirements.

In order to detect the presence of the items of interest in the object, the
specimen actually observed in the microscope must be In an acceptable form. Por
'standard’ SEM work this may merely be a size constralnt — it must fit inside the
specimen chamber! But for some detected signais {e.g. back scattared electrons, bse)
the surface must be reasonably smooth (optical microscopy finish), while for others
(e.g. Auger) the surface condition ls critieal {absolutely clean surfaces only). In the
case of the TEM the high energy electrons {100 - 400 keV) will only penetrate through
a few tens of nm of material without unacceptable energy loss/spread; thus very thin
specimens are essantial here.
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Specimen Preparation for the SEM.

Technigues range from "as 18" (subject to mounting on the specimen stage) and
ensuring electrical contact, through coating with a conducting fiim (e.g. evaporated
carbon, gold, aluminlum, etc.) If an Insulator, to careful grinding and polishing to
"optical” standard for any quantitative analysie (e.g. bse or X-ray detection and
measurement). The extreme case of Auger analysie requires that the specimen
actually be prepared (or at least its surface cleaned) In the high vacuum system of the
Instrument, because adsorbed gaseous lmpurities will otherwise mask the desired
result.

ec, 0

Here the thin films have been made by s variety of techniques:

1. Replication of the surface of a bulk specimen by means of a thin, electron-
transparent layer which may be stripped of and used as the 'specimen’.

2. Cleavage of the material until thin enough.

a. Mjcrotomy (direct cutting of the thin sections) — widely used In biology.

4. Collection of small particles, which may be either naturally occurring or
produced by grinding.

b. Evaporation of the material of interest to deposit a thin film on a suitable
substrate, from which it 18 subsequently removed.

8. Similar depositlon from chemical (or physical) reactlon in liquid or vapour
phase.

7. Thinning from bulk with minimal (? no} disturbance to pre—existing atructures

in the materisl, by chemlcal, electrochemlcal, or lon-sputtering techniques.
It is by this last technique that most specimens are prepared to exhibit

the microatructure and defect content of the material of interest. This ia where much
of the art of electron microacopy Ja found!

iam Indebted to Prof. P.J. Goodhew (refs. + unpublished) for much of the
materlal in this lecture,
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Lecture 2 M.J. Goringe

Theory of )
Synopsis:  Resolution of imsges -~ picture points/pirels, emulsions;
serial & paralle]l collection, rasters; noise; contrast; visibility;

digital images, storage requirements, potential for image processing.

Resolution of Images.

Since the aim 4in any microscope is to produce an image, or
pleture, we should spend a little time considering what it is that makes
up that picture. Conmider firstly an ordinary picture being produced by
the standard photographic process. A 'normal' plcture om a piece of
film may be =plit up into & number of 'picture points’ or pixels,
ideally sumaller than the eye can resolve at the fipal viewing
magnification, ae indicated in figure 2.1.

L ,P&.h.u_ pot or -p'ull..

. /
] 7,

Pon‘(,’;‘o-\

] (x,4)

Fig. 2.1

Each picture point 4s lighter or darker than its neighbour over e
grey-level scale, ideally of infinitesimal apacing over an infinite
range. In practice we have a limited number of grey levels by emulsion
grain size (grains are either developed or not) and number of grains in
the picture point, 8o we must compromise on size of picture peint versus
grey level range. A ressonably fine-grained photographic emulsion can
have picture points of dimensions hey=25 pm (possibly as low as 10 pm),
i.e. 4-6 million on a standard film or plate 50 mm wide. When printed
at a reasonable maximum enlargement of 10x the (originully) 25 po
plcture points begin to display the ‘graininess’ of the emulsion. So,
without going too carefully into how many grains make up a pixel, we aee‘

- 2.1 -

_ that there is 8 potentjal/actual limitstior on resolution imposed by the

photographic proeceass.

* A second posaible
limitation is imposed by =a
combination of ‘beam apread’ and

W emulsion X-ray or light emispion from the
(R bu;kiaj emulsion itself or from the backing
material, etc., as indicated
schematicelly in figure 2.2.
Mg, 2.2.

' So take 25 Pm as our 'resclution’ - because what we need to ' be
able to do ias to discriminate between picture points at as small a
separation ag possitle. The resolution in terms of the specimen iiself
follows trivially by the magnification! At least that is the situation
for a standard, ‘picture’, image. But there are alternative ways of
collecting images:

Serial or Parallel Collection.

The normal photograph, and the imsge acquired in the transmiseion
electron microscope {TEM) are both exsmples of what may be termed
parallel collection - all picture points are recorded in parallel at the
same time (or over the =ame period of time) during the exXposure.
Alternatively we may acquire the image by a scanning technique, where
pixels are ‘exposed’ for a short time in sequence, the whole picture
being built up serially over & much longer pericd (of necessity at lesst
as great as the sum of the pixel exposures). Such a collection
technique is used in the scanning electron microacope (SEM), where the
electron probe vieits each object point on the apacimen in turn, while
the output viewing device visits the corresponding picture point in

aynchronism.

In principle any acanning sequence may be adopted, provided all
object pointe are exposed equally, e.g. in figure 2.3 (a) & spiral, or
(b) a square, both working outwards from the centre, or (c) the x-y line
raater of the television aystem.
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Spirel Squmare spotal TV, ctoaker
il

{a) {v) (¢)
Fig. 2.3

The actual pattern traced is & compromise between & number of
faectors, one of which is illustrated in the flgure; the bean must be
‘blanked off' during the 'stray’ parts of the scan. In this sense the
single epiral is the most efficlent, the TV raster the least. But
becausae televimion technology is readily available, and also because I-
& y-coordinates are easily adapted to digital technology (see below) the
TV raster (whether interlaced or not) is commonly adopted.

Resolution in this case
obvicusly dependa on the final
viewing device to »some extent, but
mostly on the probde on the actual
apecimen - the pixel ia at wminimum

Spciman the area (volume) of specimen giving
rime to the radiation being detected,
as schematically illustrated in
figure 2.4.

Fig. 2.4

Imaging theory and display modes in the SEM will be dealt with mors
fully in later lectures
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Noipme.

The eignal in our pixel ie generated by the arrival of individual
electrons. If N such electrons are involved, and for simplicity each
causes the pame number of photographic grains to be developed (for even
greater 'simplicity one grain each), then the varisnce in the image ims
equal to the varlsnce in the electrons arriving. By classical
statistice this varlance is also N, 1.e. the etandard deviation or noise
in the pixel is JE. This pimple result will obviously be complicated
by any variation betwean electrons in the efficiency of the photographic

process, but it is reasoneble for us %o continue along these linea.

The ratic of noise to signal (the inverse of the signal-to-noise
ratic) is thuse:

noise ﬁ - /JT

signal N (2.1)

If we require this ratio to be 1% then the number of electrons per pixel
pust be 10%. For a typical exposure time of 5 8 and plxels of size
25 = on the film this resulta in & current density, J, at the film of

3 « A041.6x10719 1

= 521077 an~2
5 (25x1076)2

Kanky 2
with a corresponding swsreat JxM“ at the specimen. The value of J
actually required at the film may be higher than this, depending on the
photographic proceas. The {much larger) current density at the specimen
is a relevant parameter in the study of beam-sensitive materials.

Contranst.

When we look at an image we notice sbsolute levels of darkening,

differences between regions and also rates of change between areas. The

abaclute level depends on the signal {(and development or other
processing parameters), the differences are related to contreet and the
rates of change to contrast and resolution. We can define the contrast,
C, between a reference pixel receiving N electrons snd a pixel located
at some defect, which receives R+dN electrons as
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=48 (2.2)
N

These two pizels (assumed to be magnified so as to be spatially
discriminable) will ba distinguishable from each other provided a
vimibility eriterion ie met:

Vieibility.

In order to be seen am meaningfully produced by the defect, the
contrast C defined by eq.{2.2) must be greater than the noise intrinsic
to the signal am defined by eq.{(2.1)} by a suitable factor, k, i.e.

c-F_E),“_r.F-.-..E (2.3)
| B In

where the factor k is usually taken to be about 5. Equation (2.3}, the
Rose equation, relating detecteble contrast and noise, implies a minimum
electron exposure npecessary to detect a 'given contrast. Notice
particularly the squars root dependence in N acting as an fmpediment to
reducing tha detectabls contrast level to lower valuea. Thus there iz a
fundamental - minimum exposure, which, in beam sensitive materials, mey
limit the resolution attainable. Additionally, of course, if the
axposure becomes tco long there may also be unattainable goals set for

specimen stage stability, etc.

Digital Images.

The terminology so far has, in fact, been deliberately cast in
such a way as to permit ready transfer to digital imaging. For this
transfer to occur in practice the detection syster must in pome way
convert the incoming esignal at each pixel into & number, e.g. by
counting the electrons as they arrive. This could in principle bs done
directly Jjust me stated, but in electron microscopes it is usually
achieved via an intermediate analogue stage. In the SEM this may be via
acintillator and amplifier, to analogue mignal and thence back to
digital vim A to D converter. In the TEM a television camera may ba
used to view the light produced on a suitable screen and then a fast A
to D converter used to produce the digitised image. Provided that each
object point can then bs associated reproducibly with a storage location
in a suitable computer, a digital image may be built up, where a storage
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location (nx.n!) contains the digitised intensity of the ‘ordinary'
image pizel &t pomition (x,y) - figure 2.1 again. The two-dimensional
coordinates are obviously well suited to handling by 2-D arrays in a

computer, elther in fast memory, or via access to/from a framestore.

A Bystem for capturing

and procesping EM images

digitally wusing such a
framestore is shown
achematically 1in figure

2.5. Images from either an

SEM, or TEM via =& TV

camera, are digitised and

added to the framestore,

the output of which feeds a
mtandard ™ viewing
bt monitor. Control of simplae

- 4

processing of both tha

input signal and the output

[y aignal is by means of the
| i computer. In real time
[YUMTY ]
commrren (i.e. ms the picture is
rar rovmee vmamasome being captured) both of
I these are but rudimentary,
1w - - ‘ being restricted to scaling
—=0J INTELLECT 200 tfr seoceeson and recursive procesaing
= Prestpom | (to reduce noise) at input,
mCURBY YDEG PR, M) L0OF and acaling st output via
okt maoe lock-up tables. These and
v ey

I mow scan w17 I other image processing

details will be discussed

later.

Fig. 2.5

Provided that the digital pixels are sufficiently numerous, e.g.
>300 per TV line, then the visual impression is of a ‘normal’ image. 1In
fact most of our domestic television picturem nowadsys go through at

least one digital framestore zyatem between camera and our living room



{made by the same company as the aystem in fig. 2.5!) with a resolution
of only about 750 pixela per line. So from both computing and final
observation points of view a frameatore of, eay, 512x512 pixels =
256 k points {k = 1024 = 210 45 computer parlance) is sensible. But is
it right from the point of view of fundamental resolutiom?

Storage requirements for TEM digital images.

Earlier we noted 4-6 M points at least on a ncormal photographic
plate - 16 times larger. But if we restrict ourselves to the central
20 mm of the screen (rather than the full 50 ma width) and work at a
pixel pite of 40 ™ (rather than 25pm) we  have
(20x1072/40x1078)2 = 250 000. So the 'mtandard’ 256 k framestore allows
operation at & reessonable compromise between spatial resolution and
atorage requiresent.

The other factor involved 4in tha storage requirement (and mlso
poesibly in the quality of the A to D conversion stage) is the number of
luminance levels {grey levela) associated with each pixel. For viewing
the jmage on a TV monitor 5 or 6 bits is ample, even where colour is
used (B 2 ¥ discrimination is 4 bits maximum). If we were to count
esvery electron individually into an n-bit store then N = 29 electrons
could be counted, and equation (2.1} becomes

R « Doise - 2(n/2) = 3{nf2) (2.4}
aignal 20

i.¢. half our bite are 'wasted®' in noise, with only the more significant
half of our store being meaningful. For R=10%, n=7 (i.s. 8-bit or
1-byte store im ample}), while for R=1%, n=14 (i.e. 2-byte stors ample).
S0 direct counting would be feasible for R=10% or 1% by use of
‘astandard’ stores.

# Actual transmission phoaphor resolution is perhaps only 8O pm. - 2.7

In practice we do not
usually count individual electrons,

e but in the SEM at least integrate
over a considerable mumber bhefore A
R e to D conversion, but our amplifierse
PR yrone and conversion may introduce their
own noise before that conversion. 1In
X the TEM TV camera mode cur aignal
+F'_-l certainly is noiay at standard frame
rate (50 fields per mec = 25 frames).

Pig. 2.6,

In either case direct integration (addition) of frames, or a ‘leaky
bucket' running average mode may be used to reduce the noiae.. The
latter technique is illuatrated schematically in figure 2.6.

Potential for inage processing.

¥ith the image stored in digital form (hovever fleetingly) the
whole range of the available image processing techniqueam is opened up.
These may for convenience be split into three operator time-scales, (i)
image mnalysis at leisure, {ii) real-time (i.e. available on the
microscops within a few seconds at moat) for the information of the
operator and (14i1) automatic, feedback processing for control.

(1) Image Analysis:

One or two examples will suffice - segmentation and area counting,
displaying segmented images in false colour, particle sizes and shapes,
etc., of images previously saved to diac.

{i1) Real-time Operations:

As already noted the output may be scaled or atretched to fill the
full range of grey lavels of the viewing monitor. Also, as may be seen
from figure 2.5 a fast Fourier tranaform unit ensbles the trensform of
an image to be dimplayed - of interest t; HREM applications to show the
state of astigmatism, defocus, etc..

(iii) Automatic, feedback Processing:

1f these last operations, or similar variance c¢alculations, are
available sufficiently rapidly, then they may be used for sutomatic
focusing and astigmatism correction. These facilities are now beginning
to move out of the development phuase into manufacturers’ catalogues.
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Lecture 3 M.J. Goringe

Blectron iea

Synopais: Electron emission, electron guns, opticel principles,

electrostatic and magnetic lenses, aberrations; condenser lens systems,

objective lens, projector lensea; the complete TEM. EGLGM Lrards p._-‘aassu.

Sfanniny Syifemy - (R SEAM,

Electron Emission.

The electrons required for the microscope may be emitted from a
filament either as a result of being thermally excited (thermionic
emission) or by being ‘'sucked ocut' by an electric field (field
emission), or pomsibly by a conbingtion of Yoth. Schematic energy
disgrams are shown in the figure for (a} thermionic emimsion, (b) field
enhanced thermionic emission and (c) cold field emission.

— slope
o

— = (L

- EF- I.\.Mr -- r‘J - '—)T
e \
p— |
n{¢}
(n) {n) {e)

Fig. 3.1

The actual source of the electrons is a filament ‘tip' in all
cases. In the thermionic case {a) a heated tungsten hairpin (eor for
greater emission a crystal of LaBs) provides this tip. The current
density emitted from a hot wire at tempermture T is given by the
Richardson-Dushman equation

3 = Ay T2 exp (-W/kT), {3.1)

where A, is a constant for the materisl, of order 1.21106 An~2.  The

compromise between work functlon, W, and temperature of operation, T,
usually means that tungsten 1s used, but greater current densities umay
be achlieved using a single crystal of lanthanum hexabeoride, LaBs, at the
expense of a more =mtringent vacuum requirement and greater care in
operation.

Some increase in emission may alac be obtained by allowing the
filament to 'see’ +the attractive electric field from the anode, case
(b). 1In this field-enhenced case the work function, W (eV¥}, is reduced
to W', where

W =WN-e '(eE/h’f.) ' (3.2)

where E is the field at the tip {of order 107 vo~! for a reduction of
0.1 eV). Thus an increased current is aveilable at the sanme
temperature, or alternatively the same current at lower filament
temperature, thus increasing lifetime.

At even higher fields, case (e¢), quentum mechanical tunnelling of
the electrona takes place to produce even higher current densities given
by the Fowler-Nordheim equation:

3 = Ay B2 exp(-B/E) , (3.3)

where Af and B are constantm for the material and the field, E, is of
order 109 Vm". Such 8 high field impliea even more stringent vacuum
{1019 torr) and s very sharp, small tip. This is usually achieved by a
suitably oriented tungaten single crystal. Although the current deneity
is high, the emiasion 4ie from a very emall region and thua the total
current obtainable is small., Field emisaion sourcem are of use in
conditions where a very small, intense source is required by the

condenser lens system, such as in STEM analytical microscopes.

Electron Guns.

The principles of operation of electiron guns are similar to those
of & thermionic valve, namely an electron source (filament or cathode),
a biased control electrode (grid) and an anode. This is shown
schematically in the figure where, apart from the filament itself,
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components have axial symmetry. Por convenience in the rest of the
microacope the anode is at earth potential, sc that the filament is at
the large negative potential. In fact the largest negative potential is
at the control electrode (known as

the Welmelt cylinder), the difference

between that and the cathode

Floasue :_\::f::h) controlling the current - a larger
negetive biaa restricting the current

—_— Y, paseing on towards the anode. Unlike

Filomant biay teister the thermionic valve, the current is
not collected by the anode, but
passes on through a hole at its
centre. The focusing effects of the
i electrostatic fields {see 1later
' section on lenses} produce real

A —V.-V;

ipmges of the initial asocurce,
_“ crossovers, &t varjcus positions
I‘\ —_ along the axie. It is the final

crosaover which i1is ussed ss the

effective source for the condenser
Plg 5.2 - lenses (see below).

The detail of operation of the field emission gun is somewhat

different, but will not be dealt with here for reasons of space.

Current densities & Gun brightness.

As meen in figure 3.2 the negatively biased Wehnelt cylinder
focuses the beam to a crossover of diameter ds.e  Alsa from this
crossover the beam exits from the gun as a cone of memi-angle a,, the
beas divergence. The brightness of the gun, B, (crucial in determining
the resolution and vieibility of the final image) is defined as the
current density per unit sclid angle and is given by

B=Jg2 V¥ - 41y A m'a(steradian)" . (35.4)
KT 772 o2

Here J, im the current density at the filament, ¥, the accelerating

voltage, k DBoltzmann's constant and T the filament temperature; I, ie

=33 -

the beam current.

Typical operating values at 100 kV are:

filazent J/hm2 a/pm L/ph ay/rad B/An2(stersa)”!
tungsten 2-3010% 30 100 0.01 42108

LaBg 2.5010° 5 200 0.01  s5xi0'0

flald emitter 1x107 0.5 1x10°%% 111074 2.5¢10'2

Operating lifetimes may be approximately 100 hrs, 500 hrs and 1000 hrs
respectively, under vacuum conditicns 10*3 tory, 1076 torr and 10719
torr respactively, for tungaten, LaBg and field emitter.

Note that the brightness defined ms above cannot be increassd in
the nystem - as condenser lenses focus the 'probe' to smaller diameters

the divergence goes up, and vice versa.

Resum® of simple lens principles:

Radiation (be it light or electron beam) has a wave nature. Por
light, change in refractive index causes 'bending’ of the bteam, e.g.

ainli) o nyy g0, (3.5)
ain(r) nz 4

The simpleat way of amaking a lens for light is to have glass with
apherical interfaces, necessarily axially symmetric:

Converging lens
of focal length 'f’ >

cardinal planes
Fig. 3.3
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The focal length may be pomitive (as here) or negative {diverging lens)
by different combinations of refractive indices 'n' and curvatures

{concave/convex).

Often we eimplify to a "thin lens', by assuming single cardinal
plane:

b §

Thin lens \ 4

Fig. 3.4

The change in properties need not be abrupt, however, any
(ideally) axially synmetric variation can have a lens effect:

7 >

P
N s

lans H-jC"\/ / '
Fig 3.5

This may also be schematically shown as a 'thin lems' by extrapolation
of the entry and exit beams.

Anything which has these sort of properties ia potentially a lens
for that sort of 'radiation’. For electron beams either electrostatic
or static magnetic fields may be suitably shaped, as will be discuased
below, to produce converging lenses only. Thus we only need to consider
converging lenses from now on.

Magnification 'M', focal length 'f', object distance ‘u' and image
dintance ‘v' are related by standard formulae:

- T/ o

rd )
) I
\\ - :
e
. — v .
h o +ve
Pig 3.6
I O B | .8
'y 1 (3.6)
M=Ya ;f - \‘__.£— (3'7)
~u  u+f _{_

The minimum distance between object and its real image comes cut as
(~usv)p,, = 4 (3.8)
Lenses may alac be combined along the optic axis, either ‘in

contact’ or, more usefully for electron optica, separated from each
other, e.g. two thin lenses separated by ‘D',

> »
—>
=y 4 s
e ——
v —w, Lt - N
1 (B
) ‘
' ;
]
' [}
Fig 3.7

For the situation of interest we require that all ‘objects’ for
lenses should be real. Thus

D> vy 1y (3.9)



The final magnification, M, 1= given by
MM xM,=Yyy ¥y ete. (3.10)
u uz

Also shown in the lower part of figurs 3.7 are the conjugate
planes of these two lenses [extension to more lensss ‘downstream' is
obvious). The sclid wertical bars indicate poeitions on the axis at
which information could be dimplayed (e.g. by insertion of a screen) as
pure ‘image', while the dashad bars indicate positions where the same
information is present in ‘'diffraction' form. The importance of
conjugate planes for the electron microscope is that anything done, &.g.
insertion of an aperture, in one plane may be considered as having been
done in all the planes to which that plane is conjugate (after having
applied the necessary magnification and inversion factors between the
planas concerned).

Depth of focus, 'dv', is concerned with the extent to which the
imaging ascresn can be misplaced along the arxis and the image remain
acceptably sharp, while depth of field, ‘'du', is concerned with the
extent to which the object may be displaced, the imaging screen
remaining fized. If fuzriness 'd' is acceptable {see lecturs 2 by MJG
on imagea) then

lang inege  SeEn
. e !
o:rak [l H: ﬂ’

d = (dv) x tan(a) (3.11)

dv = + d / tan(a) (3.12)

Fig. 3.8

Relating this back to fig. 3.6 and eqs(3.6) = (1),

dusdv /M2 =a/ (2 tan(a) ) for small du. {3.13)
= d /M kan(a.)

Electron lenses.

Ae mentioned earlier anything which can 'bend’ the electron beax
is a candidate for making a lens. Electroatatic and static magnetic
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flelds are both suitable, end in use in practice. In both cases only

poaitive (converging) lenses can be constructed.

Electrostatic lenses.

Assuming that our electrona ars non-relativistic their apeed, v,
depends on the potantial, § through which they have been accelerated.
The refractive index for electron waves ia directly proportional to
velocity {oppositely to light waves) and thua, for an electrostatic
field, to the sguare root of #. Thus Snell's law for 1light becomes

Bethe's refraction law for electrons

sn & . B - | (3.14)
#in @, ny ¢1

Two examples of lenses will be shown, one asymmetric and the other

symmetric.

Asymmetric cylinder lens.

Pig. 3.9

Here two tubem at different potentials in close proximity along
the axis produce a verying refractive index in the 'fringing' region at
their junction ~ see equipotential 1ines skatched in figure 3.9{a). The
exact focuaing effect depends on the
direction of travel, but is ss shown
schematically in figure 3.9(b}. As
drawn this lens is not actually used
directly in the microscope (used in
cathode ray tubea), but the lems
action of the electron gun its2lf is
somewhat similar as may be seen from
figure (3.10) at the 1left. The
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focusing action of the asymmetric plates (Wehnelt and anode) produces
the firet crosscver inside the gun.

Unipotential (Einsel) lemns.

dv= Vv, —‘a

Fig 3.11

The unipotential lena im symmetric, having a uniqus focal length,
f, of the form

la~ 11 - (3/16)[(1:0'2(&1!/:1:)2 de (3.15)
!g v axis
e !

which is independent of e/m. This fact makes the electrostatic lens of
particular interest in ion microscopy, where magnetic lenses, which vary
with &/m, are too weak.

Magnetic lenses.

T,
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)

(a) (v)
Pig 3.16

Pield 1lines for two simple geometries are shown achematically in
the figure. In figurs 3.16(a) a single loop produces = varying field
along its axins and, more importantly a diverging field with components

normal to the sxis increasing with distance away from that axis. The

force on a woving charged particle (Lorentz) is perpendicular to both
the megnetic field and the direction of movement, which results in a
focusing action. The strength of thia action varies with the induction,
B, 80 soft ferromagnetic polepieces are used to concentrate the field as
in (b).

A further, and this time inconvenient, effect of the mutual
perpendicularity of the force, movement and fleld is that thers is an
additional result - the whole imaging system appears to rotate as the
beam pacsses along the axis. Some impression of this may be gained from
figure 3.17 below.

Fig. 3.17

The two lens parsmeters of most interest are its focal length, f,
and the total angle of rotation, @, as a function of the axial magnetic
induction, B’. These are given by

(1/£) = {D/mE) jni dg (3.16)
and ¢ = (C/nE) j‘n, dz (3.17)
where D & C are constantas and E is the eneargy of the electron. FKNotice

that the focal length is directly proportional to the particle nass.

Information transfer.

In mathemetical form the relationship between 'images' and
'diffraction patterns’ mey be considered as a set of Fourier Tranaforme
- the sction of the lens from its object plane "0’ to its focal plane
'F' ia & forward FT, followed by a mecond forward FT in the apace to the



image plane 'I'. The gquality of the lens (e.g. apertura sisge,
perfection of the lens) may thus be expressed in nathematical terms as
modifications to the Fourier tranaform (as wused in multislice
calcualtions of high resolution images, for example) or in cooventional

optical terms as aberrations. Only three of these aberrations will be
considered here as examples, and only in the most important lens, the

objective lena.

Spherical Aberratiocn.

The axial changs in

of lend® tandsi
ane \ o focus for beams close to the axis,
t
]
' but inclined to the axie at an angle
\y 1""] .,
T, ™! a' turns out to be
!
d..v\ R 2
ackul imag, 5" dv = - Cy 8%, (3.18)
where C, io termed the smericnl
Pig. 3.18 aberration coefficient. Hence a

fuzziness 'dr,’ in the true image plane of
dr, = C, a® tan{a). (3.19)

1f 'a' is sufficiently small {es is the case in electron optics), then
this becomee

a0 (3.20)

dr, = C'

In practice en cperator 1is likely to refocus to the plane roughly
mid-way between the two image planes in the diagram, to the ‘'plane of

1u;t confusion’', which smodifies the detail of the numerical factor in
3 ¥ B
eq.(k), but the principle ia maintained.

Again, like the focal lengths dif:uued in the section on electron
lenses, it is not possible with static fields {whether electrostatic or
magnetic) te produce negative spherical aberration coefficieota. Thus
the best that can bas done ie to ainimise the value of C, by design and

manufacture and then to take jts effects into account in the

interpretation of our images.

Chromatic Aberration.

Vhen electrons leave
the specimen with different energles,
related to potentials, § and @ +Dg,
they are brought to focus &t

different points on the optic axis,
as shown in figurs 3.19 at the left.
The result is a disc of radius dr,
given by

fig. 3.19

ar, = €, -P% , (3.21)

where C, is defined as the chromatic sberration coefficlent. As with
spherical aberration it is only poseible to winimise the effocts of
chromatic sberration by (i) minimising the energy spread in the incident
beam and (i1) (if possible) 1losing as little erergy as posaible in
passing through the apecimen. This second condition implies that

chromatic aberration may limit resolution except for the very thinnest
of speacimens.

Astigmatiam.

S50 far we have ugu.ned accurately axially symmetric properties to
the lenses. The first effect of failure in that condition, whether by
inasccuracies in lens manufacturs or by unexpected interpal or external
fields, is the production of astigmatism. The lens has different
effective focal lengthe for paraxial rays in the two principal aaynisat
planes as shown in figure 3.20. 7

Pig. 3.20
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Again the circle of least confusion is indicated mid-way between the two
principal {mage planes - indicating where an operator would actually
‘focus'. Correction of astigmatism is in principle straightforward -
picroscopes are provided with field ceoils at suitable positions along
the opiic mxis which produce (as accurately as possible) the oprosite
astigmatism to that premsent sc mm to ‘cancel it out'. In practice, of
course, there ia quite an ert to that procedure, particularly at the
higheat resolution! Unlike spherical and chromatic aberrations,
astigmatism is thus correctible.

All the other optical aberrations (distortion, etc. as in fig.
3.21 below) are present in the electron microscope, btut are lees
important than those discussed above.

w ] e} L)
obiet prncmiban barrek Sp ook
p) - . P
ﬁ‘-«llt'..' CLons

Fig. 3.21

Condenser 3yatems.

The electron gun produces & ‘source’ of electrons (actually a
crossover point) which is used by the condenser lens asystem to
11luminate the specimen. The condenser lenses are required to tailer
thia illumination to the desired properties, small area irradiated,
small divergence, stc.. Possible configurations of singls, doubla and
sven triple condenmer lens systems are 1llustrated in figure 35.22, whers
a source creosaover of 30 po is apsumed. For a single condenser {a)
placed wid-way between source and epecipen the minimum gies of the
illuminated area is also 30 pm, when the comvergence angle 8; is defined
by an aperture placed in the condenser (C2). If this convergence im to
be reduced (as it muat be for high resclution imaging!‘che lena mnust be
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defocused, which results in

FaulN & rapld decremse in the

o - intensity as the
& 11luminated area increases

a in aize. Greater

flexibility 1e introduced

2, o, = . ) by having %wo condenser
qpra lenses. The first lens,

“Non “'1‘ 'L m‘, €1, 1is »stromgly excited,

producing a much reduced
Fig. 3.22 'source’ for C2, resulting
in & much smaller minimum area of fllumination when C2 focuses it on to
the specimen am in (b). By underfocusing C2 a reasonably-sized area may
be illuminated with smaller convergence than in (a), while by
overfocusing C2 almost parallel illumination may be achieved as in {c).
Finally we should in principle always take account of the fact that the
part of the objective lens field before the mpecimen (ses next mection)
inevitably acts am a further condenser lens to some extent. This
effect, 1llustrated in {d), is used in 'condenser/objective’ systens to
produce  the ertremely small ’probes’ required for microanalytical
purposes.

For the double condenser case, (b) & (c) above, the divergence, a,
depends on both C1 and C2; for small a, C1 must be strong (to produce a
sma)ll crossover for C2) and C2 adjusted to have its cromsover at or
below the apecimen, depending on the loweat illumination level reguired
to view the specimen. The
1lluminetion intensity varies as the
square of the divergence a; and thus
reduces very quickly as €2 1is

defocused in either direction. This
Arvgolar Tmaprsity of Hluminetion

Aperiure of
1 mingtion

im shown schematically, for a
particular wvalue of C1 in figure
3.23. The minimum divergence im seen
to be for (2 overfocused, as

ey

mentioned earlier with reference to
fig. 3.22(c).
Plg. 3.23
The total current passing through the condenser lenses im affected
by apertures placed im both Ci (unually of fixed eize) and C2 (variable



current proportional to square of ite dismeter), as well am by the
atrength of C1 (reducing as its atrength is increased).

For alignment purposes it is also neceasary for the condenser le

ns
systems to contain seta of aligonment coils. )

Although 1t is in principle
poeaible to manufacture the system pufficiently accurately to ensure

exactly axial illumination for ‘'bright field’ operation, it is also

easential to be able to tilt the 11lumination to enable diffracted beans

to pass through the objective lena axially for high resolution ‘dark

field' operation. Thus most microscopss are fitted with two independent

sats of alignment controls (bright & dark field), which control both
angles of incidence and exact positioning of the illumination.

Oblective lenses.

The most important lens (in governing the ultimate resclution) is
the objective lens. As noted above part of the effect of this lens is
that of an additionaYcondenser lens,
account. However,

which should elways be taken into

for moet purpomes we nay conaider the condenser and
imaging properties of the lens separately., Thus in this eection we

concentrate on 'imaging' in the most general sennse.

v

»

»
»

‘ el 4 F.:ut. intermadiele
P Laas it
* l Chaghe AulL selactal)

o ‘j"‘t lens oljeclive
aperticra

Fig. 3.227

In figure 3.22' ve aee that the objective lens produces both an
inverted image (in ite image plane)} and a diffraction pettern (in its
focal plane). Typical values are focal length, =2 mm, object distance,
u=2.1 mm, giving an image distance, v=42 mm and e magnification, M=20x.
The englea, §, involved in diffraction of electrons are of order
0.01 rad (half degree) and thus lateral distances in the focal plane of
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pxf = ZOPu are of interest. In particular the objective apertur:,
shown in the figurs, must be of thia diameter in order to discriminate
between the incident beam direction {(the optic axie here) and any
diffracted Tbeam. As noted earlier image and object planes nr:
conjugate. Thue an aperture placed in the image plane can be though;h :.
as sguivalent to an sparture placed phyeically upon the apecinen. :
is 1indicated in the figure; after allowing for magnification an

1mre:raion the area selection aperture of diameter d defines a region a/m
of the apecimen, e¢.g. 4=50 e with M=20x, defines 2.5 pm- An far t:a
any later lenses are concerned an opaque aperturs (opaque apart fronhi :
hols, that is!) defines that area as the only part of the specimen whic

exists, and this applies to both imege and diffrection information.
Thus the aperture is used for selected area diffraction.

Selected Area Diffraction.

As shown in figure 3.23’belmr the diffraction pattern ‘seen' b:
any later lenses in the microacope can only have arisen from the area o
the specimen selected by the aperture - hence the tan.l -olfctod l.l:l
diffraction. The same applies, of course, to the image seen by the
later lenses. Thus, if these later lenses can be focused successively
on the image, to v;w the area aelected, and then on the diffraction
pettern in the focal plane of the objective lens, to observe the pattern
itself, diffraction information will be displayed from a very small area

over which the operator hes complete control.
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Accuracy of Selected Area Diffraction,

As noted earlier,
spherical aberration produces a
‘amearing’ of dr, in the focus
of a cone of radiation of

jsrecir pemiangle a (see eq. 3.20). For
Objective lers oper e

tn&ﬂ a beam at a particular angle g
SS;‘ZM“%?? this is equivalent to a lateral
Ineideny e - dieplacement of the region to
] \ which the aperturs im conjugate.

Focal plane ey’

This displacement, 11luetrated
in figure 3.24, differs with
diffraction apot used,

Fig. 3.24 being szero for the beam on the
optic axis. Por typical low order diffracted beams from metal cryatalns
the displacement in the spacimen plane turns out to be of the order of a
hundred mm - ses exercise - and this should be taken as the accuracy of
selected area diffraction.

Projector lenses.

The image produced by the objective lens and the diffraction
pattern in its focal plane are still very small, To further magnify
either (and to make the awitch batween the twe feasible) a number of
projector lenses is required. If each lens magnifies the image by about
20x ther three further lenses would produce a total instrumental
nagnification of approxizately (20)‘ ® 160 0D0x and this value in
typical of s high resolution instrument.

Thus, if the first projector is focused on the image plane of the
objJective lens, .ﬁg’-high magnification image 4is produced, the exact
magnification depending on the detall of tha strengths of all the
projector lenses. If, alternatively, the first projector lens 1ia
veakened so that 1t is focused on the focal plane of the objective, a
magnified diffraction pattern is obtained, the magni!‘icationh nore
normally congidered as an effective camera length. From an objective
lens of focal length 2 mm a total magnification of 50?: in the projector

syster ylelds a final camera length of the required value, approximately
1 m

- .17 .

As noted earlier, in eq {3.12), the depth of focus will be large
if the angular aperture, a, involved 1is small. In the TEM we are
dealing with aperture angles as emall as 10~2 (objective aperture
radius/focal length at most). This results in a depth of focua
sufficient to include the final viewing screen (whether flat or 1ifted
for viewing), a photoplate below, or a transmission viewing acreen even
further below, all "in focus' (but with different magnifications) at the

same time.

Ihe complete TEM.
Putting all the 1tems

in sequence yields' the
complete TEM, as
illustrated in figure 3.25.
For simplicity only a
nsingle condenser patage is

Electron soufce

Condenser fensfes) drawn and only two

projector lenses are
included. At the left in
Seleclor aperiure (ﬂ) the firet projector

Objeet

p Objeclive lens
—— Focal plane of objective — #.‘\‘

lens 1s set for microscopy,

Image h j.e. the finsl screen is
Fivit

pnljlbl’-r conjugate with the 1st
NS

1ntemedi;te image, and
hence with the apacimen.
2nd. Intermediote On the right, in (&), the
Imeat f first projector has been
wezkened 30 as to make the
Projecior lens A serean conjugate with the
focal plane of the
objective mo as to displsy
the diffraction pattern.

For simplicity the

Imoge condenser and objective
Microscapy Di";;“im apertures have been
ol onitted.
Fig. 3.25
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Electron Eperey Analvsers,

The baslc principle of an electron-emergy analyser 1s to use some dispersive
property to ‘spread out’ the electrons apatially according to thelr energles, and then
to measure the number of electrons of a given range of energies either {a} - serlal
coliection - by placing an aperture (slit) to allow through only those of that energy
range, or {b} ~ paraliel collection ~ by having a position-sensitive detector to
measure the electron flux In each energy range. Elther slectrostatic or magnetie
flelds may be used to spread out the electrons, but In the case of the TEM most
systems are now magnetic, An example is shown schematically In figure 3.26.

Here a

magneticlnduction,B,

in the prism, SANPLE "1 -LEHS
perpendicular to the S

plane of the paper, [ v ™
causes electrons to MY
travel along arcs of oBJECT oaacy

because of the
Lorentz force F =
& vxB acting on them
as they travel with
velocity v, The
radiues R depends on
the kinetic energy of
the electron through

circles, radius R, l

Pig- 3-26.The wlectronm ray paths through the sagoetic prism mpectre-
meter showing the object and image planes snd the direction of diaper-
sioa. The invet shows hew the use of & Lens to couple the apalyzer to
the microscops reduces the aagular divergence of the besa pesaipg inte
the spectrometer.

R=pgey =] (2RE)¥
B f{e )

and hence the position, x, of arrival of different energy electrons In the focal plane,

Scanning systems.

For scanning In general, it is possible to produce the necessary relative
movement of the probe and apecimen, while maintaining identical optical properties,
by moving elther the specimen {as In the scanning optiesl microscope, SOM) or the lens
{as in some versions of the scanning tlc micr pe, SAM). Such mechanical
movementa are of necessity slow, so, in the case of the SEM the beam is acanned by the
necessary small amounts by suitably placed deflector colls. Thus & focused electron
probe may be moved with glmogt no change in the optical properties. A single set of

-3.19 -

colls (four colls makingup s
set, one each side of the
optic axls (z—direction) for
each of tha x- and y-
directions of scan} would
work, but it Is usual to have
twa sets as Indicated
schematically in figure 9.27.

Note that the beam changes

both its position and its
angle of incidence as it is
scanned, the angular
variation being greater the
greater the magnitude of the
positional dlsplacement. It
is possible to maintain a
fixed angle of incldence ina
three-set coll system, but
this complication ls usually
not warranted.

The Scanning Ejectron Microscope.

The complste
electron optical
layout of tha SEM 1s
shown schemsatlcally
in figure 3.28 - to be
discussed again In
lecture 8.

ch 1.27
Movement of the axial ray during scanning.

Gun

Condenser lans

Scan coils

Ohjective lens
& aperture

Spec:i.nen
Figured-2% Ray diagram of SEM
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