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ARSTRACT
<

A project was undertaken to study the thickness
dependence of resolution in scanning transmiss:on elec-—.

tron microscopy.

The standard expression for resolution in)a

scanning transmission electron microscope 1is considered
in detail. Using known or measured parameters this
expreséion is used to calculate the theoretical resolu-
tion obtained with thin specimens. The actual fesolﬁtgbn
was measured by spectrum analysis and comparea to the
theoretiéal value. Theory and experiment were ﬁodnd to
be in good agreement where the demagnified Gaussian spot

size is dominant but poor where spherical aberration is

dominant. Possible explanations for this result are
discussed. T
Lv,l

Some preliminaryhﬁeasurements were also made on

thick crystalline specimens usiné éﬁge spreading as a
. . )

measure of resolution. It would appear from these crude
experiments that noise is always the limiting factor in
scanning transmission electron micfoscopyu In these |
preliminary experiments conventional transmission electron
/

microscopy gave better resolution than scanning.
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CHAPTER 1
« -
)
THE DEVELOPMENT OF THI: SCANNING TRANSMTSSLON
ELECTRON MICROSCOPE
=\

1.1. Introduction

The teéhniques of conventional transmission
electron microscopyband scanning transmiséion elec-
tron microscopy both employ the transmitted electrons
as a signal to form>an electron microscope image.
One potential advantage of scanning transmission +
electron microscopy over conventional transmission
microscopy is the possibility of obtaining useful
images frém thicker specimens than can normallyybe
imaged in conventional micgqscopy. This poésibility
arises because chromatic agé}ration is eséentially
absent under'Scanning conditions due to the fact that
there are no Imaging lenses past the specimen. The
opéortunity of investigating this possibility arose
when in 1972, oneiof the first JEOL 100B transmission
electron micro .opc. with scanning attachment was
obtained‘Py the  epartment of Physics. Therefore, a
project was undeftaken to study resolution in scanning

(-

transmission electron microgcopy.

BEY



This thesls reports work’whose inittial object was
to determine the relationship between image resolution
and specimen thickness in scanning transmission mic -
scopy. As a first step 1t was necessary to determine
optimum operating conditions and the resolution available
for thin specimens. Several methods of resolution mea-
surement were cxplored before an adequate one was found.
Some preliminary experiments were then carried out to
determine the resolution available in thick crystalline
specimens.

In this chapter, the history of the scanning trans-
mission electron microscope is reviewed and the microscope
1s compared to ﬁhe conventional instrument. The litera-
ture relevant to the project is reviewed and the aims of
the project are outlined in detail. In chapter twyo, the
microscqpe is described, values for the various microscope
parameters are given and the methods whefeby these were
obtained are also'given. Thé‘various methods of measuring
resolution are then considered. -Chapter three is con-
cerned with the results of the resolution_measuremenﬁg,

<«

discussion of the results and suggestions for further

work.

1.2 Electron Microscopy

The most common type of electron microscope is the

conventional transmission electron microscope (CTEM) which



opticall. very similar to the standard light micro-

SO, It has an olectron gun that serves s a source
of illunination. The electt as are thn directed onto
the specimen by one or two nagnetic fens s which act as

a con*»nsef. The specinen itsclf is plwed in our above
the field otuthv objective ipns which provides the first e
stagye of magnification.. Suﬁsequent stages of maagnifica~
tion are provided by one or ~woO interﬁed;Jte lensés and
the projector lens. The final'image can be observed by
allowing the electrons to impinge on a f]gorescéht screen
or a photographic plate.

Another approach to obtaining an image'is.possible.
Instead of illuminating the total area .to be observed:
this area can be scanned 18 raster fashion by a small -
probe. Various 51gnals correspond1n§ te the Lransmltted
primary electrons, backscattered .primary electrons,
secondary electrons or X-1ays can be detected. An image

: N :
can be obtained by mddulating the intensity of- the spot
in a cathode ray tube so that it corresponds to the inten-
sity of the desired signal and”allowing this sp. - to move
synchromously with the probe. If the transmitted eléc:'
trons are collected, . the inétrument'begqﬁes a Scanningg
transmission electron microscope (STEM).' When the
secondary‘electrohs are detected, the instrﬁment;is

referred to simply as a scanning electron microscope

(SEM). It is this mode of operation that is in fact

5



most widely employed.

Figure 1.1 shows a diagram of the basioe sTEM
Unstrtmuﬂlt; The source of olectrons shown 1s a con=
ventional electron gun. The beam 1s tocussed to form
a probe at the specimen by a series of lenses, repre-

I'd
sented in the diagram by a single lens. The scapn coils
just above this lens move the probe across the specimen
in raster, fashion. The transm}gted electrons are
detected by a scintillator-light pipe-photomultiplier
arrangement and the resulting signal ié ampiified. This
signal in turn determincs the brightness of a spot on

the display screen. This spgt is driven synchronously

with the scan coils bys the scan generator.

1.3 Historical Development of STEM

-

The first suggestion of the possibility of a
scanning microscope was made in 1935 by Knol®* and the

first such micrascope was built in 1938 by von Ardenne

(see Thorton, . This instrument was a transmission
type microscor wher the intensity of the Be:. . . :s
recorded on a = it: g photographic drum. Thu: ~e

first scanning mic.OScCOp€e was a STEE?‘ As the performance
of STEM was at this time much worse than,that of conven-
fional instruments, work along these lines was not followed

up. Von Ardenne however realized that resolution in STEM



Figure 1.1, Schematic diagram of STEM.
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which- depends on SPot s12e need nof be any worse than in
CTEM since in principle a lens capable of imaging at a
given resolution should be also capable of producing a
demagnifiéd electron . be of the same size from a
suitable source. He also realized that there is‘no

chromatic aberration in STEM because there are no imaging

lenses beyond the specimen, so that STEM-image should be

free from this defect.

The 1nlt1al work of von Ardenne stimulated - the

-development of the first STEM by V. Zworykin, J. Hillier

and R. Snyder (1942) (Thorton, 1968). This 1nstrumen$\
used a cathode .ray tube to dlsplay the picture and a
detection and amplification system which consisted of a
phosphor screen into which the electrons were'acceierated.
The resultlng light was then converted lnto a current by
a photomultlpller. They achieved 500 A resolutlon

In 1948, cC. Oatley began research on the STEM
(Oatlgy, 1972). The first one built by his group was
completed in 1952 by McMullan. It employed a secondary
emission electron multiplier, imprhved scanning and
detection geomé&rles and had two cathode ray tubes —‘dhe
for viewing and one for photography Over the years
Oatley improved this mlcroscope until in 1965 a commercial
model was produced. )

In 1966, A.V. Crewe became interested in the possi-

bilities of obtaining high resolution in STEM.. He realized



as von Ardenne had, that STEM should be able to achieve

the same resolution as CTLM. HHe also realized that a

—

major problem in attaining this resolution was that of
obtaining an improved signal to noise ratio. (This

problem will bé discussed in more detail in this chaptér

and later in Appendix III.) In order to get an improved -

signal to noise ratio he developed a field emission gun
which was ablé to achieve a brightness of about 1000 .times
that of a conventional gun while having a much smaller
crossover. ~ The small crossover allowed him to use a
relatively‘simpler lens system and the high brightness
allowed him to use small apertures to minimize the effect
of spherical aberration until it was comparable4to that
of the diffraction effects. With this instrument, Cfewe
obtained 50 & resolution in 1966 (Crewe, 1966, 1968). In
1969, he”atﬁained a resolution of approximately 5 R at
20 kev which is comparable with conventional microscopy
(//ﬂﬁikxewe, 1970). |
These developments achieved by Oatley and Crewe
led to an lqterest on the partiof manufacturers of con-
ventional mlcroscopes in the development of scanning
attachments for their instruments. In 1968, P.S. Ong
presented a pa?er in which, starting from the‘idea of
the x-ray microprobe, proposed an instrument capable of
normal transﬁission mieroscopy, scanning microscopy and

scanning transmission microscopy. He also presented a

7



tew plctures that he had taken with a crude model . In
1970, H., Koike eot.al. reported the addition of a Scannihq
device to a JEM=-100 type microscope and by 1972, such

instruments were. avajl.ooolo commercrally.

1.4 Comgarison of CTEM and &TEM

Two of the most i1mportant considerations in elec-

-

tron microscopy are resolution and image contrast. These
two characteristics of CTEM and é;EM are best compared‘
through the¢ principle of reciprocity. In this section
resolution and céntrast Qill first be considered for CTEM

and the principle of reciliprocity will then be discussed.

A comparison of resclution and contrast in CTEM and STEM

will then be carried out bY\Qeans of reciprocity. Finally,

some special characteristics ¥3$ covered by reciprocity

will be considered.

1.4.1 CTEM

a) Resolution

The spherical aberration of a conventional mag-

netic lens is always positive (see Appendix III) and thus

this defect cannot be avoided in the electron microscope

t
by using leﬁs combinations. To find the resolution,

-

therefore, béth the disk of confusion due to the spheri-

cal aberration and the airy disk due to diffraction by



the lens aperture must be taken into account. It can
then be shown (Hawkes, 1972) that when this 1s done the

resolving power of a CTEM is

1

s =k LA

where CS 1s the coefficient of spherical aberration, A
i1s the w;velength of the electrons, K is a constant and
p 1s the }esoiving power. The value of K to be used in
the above expréssion is given by Haine (1961) to be
0.43l If we use ﬁhis vglue‘and a spherical aberration
coefficlent of.Cs =1 mm,'then p = 2 &»fof 100 Kv(elec-
trons. This resolution has very nearly been attained
~in CTEM; |

| | Another factor.restricting resolving power in
CTEM is éﬁromatic aberratibn{ This aberration arises
from variations in eleétron energy or in the focussing
fields. It is therefore influenced by the stability of
high voltage,s@pply and the lens cﬁrrents. Chromatic
aberration can also arise from inelastic scattgring of
the incident_electroﬁsrin the specimen; The probability
of inelastic scattering increases with specimeﬁ thick=
ness. The degfadatioﬁ in resolution which occurs as a
result of the energy spread of the transmitted electrons

therefore also increases with specimen thickness. As a

result chromatic aberration restricts CTEM specimens 1n- .

practice to a few thousand angstromé thickness.

¢

9
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“bh) Contrast

A}

There are two basic types of contrast in CTEM
(sec, for example, Hawkes, 1972). One of these isf
amplitude contrast which in turn is of two types:
diffraction and mass thickness cohtrast.

In amplitude contrast, electrons scattered by
the specimen by more than a chosen angle are inter-
cepted by an aperture placed in the back focal plane
of the objective 1ens.l The greater the number of
electrons scattered outside the aperture, the smaller

will be the number of electrons contributing to the

image. Image contrast arises from local variations in- C>d

the structure of the specimen which result in a corres--

ponding variation in the number of electrons scattered
ohtside the aperture.
The other type of contrast is phase contrast.
This type of contrast arises from a comblnatlon of the
phase Shlft produced by the instrument through spheri-
~al aberration and objectlve lens defocus and the phase

. 3
shif- introduced by the specimen (Hawkes, 1972).. The®

recent development of technlques in hlgh resolutlon

electrs~ ri-roscopy in 1mag1ng fine structure are based

on the ~hase contrast. -

10
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1.4.2 STEM
J

a) Reciprocity

-

The early workers in STEM noticed thaE all the
contrast mechanisms ﬁhat are present in CTEM are also
present in. STEM (Crewe, 1968, 1970). this led J.M.
Cowley (1969) to/pfopose that all contrast in STEM
could be explained by ‘the principle of reciprocity.
Later;it was realized ﬁhat this was also applicable to
inelastically scattered electrons provided the enerqgy
‘loss does not significantlf alter the wavelengthvor
.differential scattering cross seétion (Howie, 1972,
Pbgany and Turner, 1968). Let us now see th-the prin-
ciple of_reciprocity explains the relationship between
CTEM and,S&EM (see figure 1.2). The diagram on the left
corresponds tqﬁthgﬂCTEM. .Here we have a point soqrce.
of electrons S Saﬁaydistance from the specimenf These
electrons are scattered by the specimen and the electrons
within the half ahgle a.aefined by an aperture are
focussed onto a detector f (uéually film). 'The diagram
on the right is for STEM. Here the'sourqe of eleéfrons
£' is focussed to a point on the specimen Qith all the
electrons in the half,angle ol définéd by an aperture.
The scattered electrons are then detected by a point
detector S'. If a - a' then we see that STEM is iden-
tical to CTEM with reversed'electron trajéctories. The
principle ofvreciprOCity statés that the intensity at

Y



Figure 1.2, Comparison of STEM and CTEM.

(~a : . \ Ql -
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- f due to the source at S is igentical to the intensity
at S' due to the same source at £' i.e. interchanging

source and detector make no difference to the inten-—

sity regorded. )
In practice, of course, \n electron source must
be of finité size so that in CTEM we Ywust specify the
angle of illumination by a half a&gl B. Also detectors
must have a.finite size so that iA‘STEQLwe must specify
.an angle of detection #'. Even hefe it 1s easy to see
that the same result holds if & = B'. The fact that the
STEM béém isiécanned over the specimen is equivalent to
scanning the CTEM image with a detector in order to.
~record 1t (Cowley,'l969).
The principle of reciprocity can therefore be
used to Qetermine‘the contrast_ih STEM from a knowledge
- 0of the co;trast in CTEM provided that the angles o and
£ shown in figure 1.3 are equal to o' and B8'. This result
is also_uéeful in deter@ining the effect on the resolution
of variatibns in electron optical parameters. Acéording
to Cowley (1969), iqcfeasing the detector size in.STEM
is thus equivalent to increasing the illumination angle
in CTEM and thus results in poofer resolﬁtion just as
increasing illumination defocus does in CTEM. Similarly
incrigéing the source size iﬁ STEM is equivalent to F

increasing the - .. of £ in CTEM and thus results in a

loss of resolution.

13



b)) Aspects of STEM Not Covered by Reciprocity

In spite of equivalence by reciprocity, there are
several potential advantages which STEM might have over

CTEM. These wAll be discussed in this section.

i) Observation of Thick Specimen

One of the basic problems in electron microscopy

is relating the structure of thin films to bulk materials.

In order that this can more adequately be done it 1is
desirable to have specimens which are as thick as possi-
ble. The»desire to observe thick specimens, for example,
has stimulated the devéelopment of high voltage electron
microscopy. STEM also has the potential advantage of
being able to observe thick specimens. This arises from
the_faét that in STEM, electrons are not imaged past the
specimen and thus the chromatic aberration due to the
énérgy loss in the speuimen, Qﬁich occurs in CTEM, 1is
avoided. However, observation of thiqk_spécimens is

then limited by the fact that scattering in the specimen
will lead to beam brb;dening. This résuyts in decreased
~resolution as explained more fuliy in:£he following
garagraph:

N On;é‘thenelecfrons enter the specimen, they

suffer a series of random collisions. These collisions

are of two types -.elastic and inelastic. In the

elastic case the incoming electron interacts with the

14
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nucleus.  Because the nucleus is so much hcavio-r than
thd>3Téézron,‘a negligible amount of enerqy is lost by
Vthe electrons and the direction of the ologgéﬁn is
chanqed. On the other hand 1f the incoming electron
collides with another electron, then a significeet
amount of energy is likely to be lost becauee the masses
are the same. We arec howcﬁer only inerested in the
angular distribution of the scattered electrons becausc
there is no focussing of the clecerons after the specimen
and eonsequently energy losses are not.rﬁportant.
Generally the elastic events involve much larger scatter-
ing angles than the lnegsstlc scattering events. This
results in an effective broadening of the beam as the
electrons move through the specimen. The broadening will,
of course, become mere pronouneed as specimen thickness
increases. -Notice that it is the beam broadening at the
depth of the feature of interest within the specimen that
affects the resolutlon Thus resolution at the top of a
specimen will pe unaffected but the examlnatlon of a
feature well ineide the specimen can be significantly
affected by broadening ofvthe.beam. This is known as
the Hashl%oto top-bottom effect (Reimer, 1972). However
with increasing thickness, the number of electrons that
are scattered outside the detector angle increases, This -
results in a decrease in the signal to noise ratlo and

it may become necessary to change the operatinc conditions
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of the insthrument in order to reduce the statistical

nolise,

1i) Other Advantages of STEM

‘Another advantage of STEM is that it is possible
to carry out-electronic signal processing of the image
directly. This is usually done by means éf varlable
amplification and a bias voltage‘which enables the
elimination of the bac...jround signal. It 1s also possi-
ble to carry out sudn a‘procedure on CTEM micrograph but
Epe procedure is much more involved. In addition it 1is
easy‘to carry out energy analysis in STEM. "Hefe only
thode electrons of a certain energyLare admitted to the
detectors Different chemical elements have different
characteristic energy ldsses associated with them, so
this technique can be used to determine the location of
different elements iﬂ the specimen. This can also be r .
done i: CTEM but is madée more difficult because of the
need for imaging by lenses past the'anaiyser. However,
both these ﬁechniques suffer>frcm the disadvantage that
they result in a decrease in the effective signal to
noise rétio. Any attempt to achieve better resolution
fesults in the noise quickly becoming intolerable. Much
lpnger exposure times would overcome the péise problem
but reduce its practical usefulness. In any case

machine drift with respeét to time would‘prdbably pre-

clude them.
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¢) Thermionic STEM

Resolution in STEM 1s determined by the size of
the spot incidont‘on the specimen. In order to obtain
high resolution the spot should be as small as possible.
In this section, some of the factors affecting the spot
size obﬁained in a wicroscope which uscs a thermionic
clectron gun are discussed.

The first qcneralvconsideration to note 1is that
in determining‘fho minimum spot size attainable lens
aberrations result in a.point object being imaged as a

disc of diameter dolf which depends on the half angle

of illumination «. These effects can be summar.zed as

follows: ©
1) Spherical aberration dS = 5C5u3 where CS 1s
the coefficient of spherical aberration.
2) Chromatic aberration dc = QC %; a  where CC

is the coefficient of chromatic aberration
and AV is the change from the voltage V that

the average electron has.

@

3) Airy disk dd = l;%%l where A is thg electron
wavelength, |
The exptessions in 1) and 2) are justified 1in AppendiX
IIT when lens aberrations are considéred and 3) is just
the standard Airy disk diametef dué to diffraction.

The spot size that would have been -~btained if no



aberrat;nns were present 1s called the Géussian spot
and 1s of size dq' This 1s determined entiroly by the
focal lengths of the lenses and the lens qeometrv,

The aberration disks ;hould be convoluted in order

to obtain d However, 1f all the error disks are

eff”’
Gaussian, then the result is the same as addition 1n
quadrature. Usually the Gaussian form 1is just assumed

without being stated (e.g. Riemer, 1972) and the expres-

sion for deff becomes
a? —al i aht el W0 22 47 (1.1)
eff_ g ? SQ c v ‘»l . ‘[) . -

Equation (1.1) shows that there is an optimum value

of a for which a minimum deff wlll be obtained. Fér

a fixed pre-specimen aperture*dg is a function of L.
However, it is possible at least in érihciple to set

the demagnification of the gug spot SO'?igh that,dg
becomes an insignificant contributian EE deff and then
set the angle a to the optimum value by means of the
appropriate aperture. In' order for‘this to occcur dg
would have to be of the order of 1 2 and the optimum «a
would be about 10—2 radians. This is fine for STEM with
a field emission guh but thermionic STEM suffers from a
shortage of electrons. A hot tungsten filament Qhoée
emitted electrons are sub§equ¢ntly accele#;ted to 100 kv

5
has a maximum brightness of 3 x10 amps/cm2 steradian

<
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(see Appendix II1. for a complete discussion of this

point). [f we use these values then the total current
in the probe is about 7.4 -10—15 amps or about

5 . .
1.18 - 107 electrons per second. It the exposure time

15 50 seconds and there are 106 plcture points 1in a
frame, then each point will receive just six electrons
~1in the signal resulting in a shot noise 1n the picture,
due tén;pe ncise inherent 1n the probe, of 40%.

Because of this high noise level it 1s necessary
to increase the Gausslian spot size (increasing t half
angle : substantially will result in intolerable values
of spherical aberration).' If éhe Gaussian épot is
increased to 30 & and the half angle a is 10°° radians,
then the probe recéives 1.2 XlO8 electrons/sec. Using
the same assumptions as before this will result in a-
"shot noise current" of 1.3%. Longer exposure time
would 1in prinqiple reduce the need.for such large
Gaussian spot sizes but is in practice impractical since
the electronics are subject to drift over long periods
of time. 1In any event ldng exposure_time would make the
machine of dubious practical value. It 1s ther- . e
obvious that the first two terms in equation (l.l) com-
pletely dominate in thermionic STEM while the last t?,

terms must be taken into account only when a field

emlssion gun 1s used.
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¢) Farly Work on STEM Using Thermionic Sources

It is evident from the effect of beam brogdening
discussed in Section 1.4 c¢) that the resolution attain-
able in STEM will decrease with increasing specimen
thickness. One of the first attempts to measure the
relationsﬁip between resoiution and tﬁickhess was made
by Takashima, Hashimoto and Kimoto (1970). For ghgir
specimen théy uséd a wedge of glass where the angle of
the wedge was 90°. They coated part of thefwedgeVWith a
film of Ag about 0.2y thick in“orde. .o produce a sharp
step. They,measureq-the rise distance for the signal to
go from 10% to 90% of full scale. They found that the

1

resolution d is given by . /
da = d(0) + kt

wﬁere d(0) is the probe size, t is the thickness and k
is a factor that dépends'on the accelerating voltage
which in principle should be equal to the half apglen
of the‘probe but in practice was much biggér.' One of .
the weaknésses of their.work is that they apparehtly
did not consider the top-bottom e;ﬁect. |
BeqausevSTEM is a relatively new field there is
little quantitative information on the relationship
between spec;ﬁen thickness and resqlution. Perhaps' the

key paper from a theoretical point of view is the one

due to Reimer in 1972 who calculated dB(t) for amorphous

20



carbon (d“(t) 1s the diametcr that a point at the surface
1s brcadened to at depth t). He pointed out that the
theory of multiple scattering cannot be used to predict
the effective local distribution at the bottom of the
specimen if the electrons which reach the detector are
determined by an apcr%ure*NWTo overcome this Monte Carlo
calculations were carried out. waever, this method
cannot ke used for small limiting apertures and large
thicknesses because so few electrons go through the.
aperture that the computation time increases unreasonébly.
In orde: to carry out this calculation, Reimef-defined a
set of reduced coordinates such that the film thicknéss
was e%preséed in terms of the number of mean‘free paths
between elastic collisions (a fixed ratio of ineléstic
to elastic collisions was also assumed but ﬁhig ratio did
not substantialiy affect Reimer's results). The broaden-
ing obﬁained from the calculation was then plottea as a
fuﬁction of ‘a reduced angle equal to the aperture angle
divided by -ne angle at whiééyiisfscattered amplitude.is
half maﬁemum. This effécﬁively put the energy dependence
of the broadening in term of parameters that did not
directiy enter the calculations and thus made the cal-
culations independent of energy.

In addition, there is another effect which tends
to degrade the available resolution in a thick specimen.

If the micfoscope is focussed on a feature at depth tO
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and the beam is also ircident on a feature at depth t',
then a polnt at to will become a disk at t' (See/éatley,
1972). We will call this disk dg. If a is the angle

formed by the extreme rays then

In general df can be made zero by choosing the right

depth of fochs~in‘order to see the feature of interest.
Reimer only conside?s this effect for to = 0.

As mentioned previously, contributions to an error
disk in electron optics ore normally added in guadrature
to obtain the size of the disk. Reiﬁer}combines these
error disks (dB(t) ana df) with the probe size for thin

specimens obtaining

2 2 2 o
d K- dipp + dg(t) + di

where d is the size of the error disk at the‘featdfg of

interest.

In order to be visible in STEM a feature must not

-
' .

only be bigqer than d but must have sufficient contrast
to be seen above the noise. Reimer therefore considers
how large a thicknéss variapionlmust be in ordér to be
seen. - It is possible to shbw that there is a physical
limit to the electron cptical brightness B' of a filé—
ment where B' is the current of electrons in a érbssover

per unit area per unit solid angle (see Appendix III
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for more: on this point). If the probe was an un-
. . 2

aberrated spct 1ts area woula be ndq/4. Then the

total current of the probe {s

2.0 2.2
T B a d
N §

I = )

2 . . : .
I1f we have n” points in a picture and it takes T seconds
to take a picture, then the number of electrons N per

picture point 1is

This gives us 'a signal to ncise ratio just due to the

fluctuations in the electron current of

s _ N _ It
2 = = =0 .
N 5 1

N ne

»?hen at depth t wé'get a signal to noise ratio of

S _ I(t) - T(txit)
N I, e

for a variation of thickness of At in the specimen,
where IN(t) is the noise current at depth t

SIyE) = T(e) 9.

TLet the transmission function be defined as

T(t) = T
o

where Io is the current at the surface, then

s

1(6) S
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I{t) TI(t+At)

s _ T T v 1) - Teran) Iy
1 = i 1 s
N Iy (t) I (T (t)) 2 N
T '
S
= g—% At T (—PE)
1212

If we.know the acceptable signal to noise ratio and
the transmisgion function T(t), ‘then wé can predict
whether a certaié thickness variation will be visible.

| Gentch and'Reimer (1972) and.Gentch, Gilde and
Reimer (1973) carried out some experiments designed to
check the theory described above. They deposited a thiﬂ
indium layer\on a carbon coated formvar film. This
resulted in small flat indium islands with sharp'edges.
Then the film was coated on one side with polystyrene
spheres of different sizes. ~They took pictures with a
thermionic gun 'in both CTEM and STEMAmodes for either
side of the film up. Thé top-bottom effect was clearly
observed. They took densitometer measurements of the
edge of the indium crystals, where the beam had passed
through the spheres first, in order to obtain a thickness
vs. resolution curve. (This procedure is difficult as
absolute densitometry is involved. In addition, the-
transfer fuﬁction ffom electron intensity to photographic
density can be non-linear unless great care i§ taken.

Unless the exposure is kept constant or: varlable exposure



is compensated for, an inconsistent factor will be

introduced into the results. In addition, the density

exposure curve is very depehdent on constant drvelop-

ment conditions. The authors hnly state that photo-

densitometer traces were'taken of the negatives.) Using

data obtained in this way, they calcufated the beam broaden-

ing and comparéd the results with Reimer'g,earlier calcula-

tions. The agreement was very poor because there was

no dependence in the experimental results on the objec-

tive aperture as opposed to Reimer's predlctlon of strong

dependence. They concluded that this was because of the .

L]

large angle of illumination and the fact that the objec-

tive apertur in STEM was not in the back focal plane.
The.other majér theoretica1~attempt to define

the relationship between resolution and thickness was

by Sellér and Cowley in'1973.. These authors made an

approximatidn to describe the scattering for small o

in order to be ablé‘to avoid Reimer's problem. They

define the visibilityvas

I(obé) - I-(obs)
max min

I {obs) + I (obs)
Jnax min

Vv =

and then considered three cases:
a) a layer of amorphous carbon
b) a layér of "biological'material" (really just

carbon that was half as dense)

[

c) an environmental cell.
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Some of.their calculations were applicable for 1 Mev -
electrons and some for 0.1 Mev electrons. They found

that STEM had greater penetrating power and higher
visibility at both voltages for cases a) and b) whi%e

case c¢) was rather unciodr at high voltages. They

appear, hcwever, to be assuming that a field emission

gun is used (they assume as many electrons as you need

are available) and so thé applicability of their results

to the thermionic gun situation is doubtful.

1.5 The Croject

Aside from these papers, there is a paucity ot
bexperiheﬁtal results in the literature except for a
number of pictures that gqualitatively compare STEM'and
CTEM. Therefore the decision was taken to investigate
the relationship between resolution and thickness. .
However, it was firét necessary to determine the best
operating conditibns for the microscope. ' 1
| The two important parameters in STEM. are the
aperture diametér above the Spec}men and the demagni-
ficétion‘of the lensés. If the.aperture diameter is &'
known, then these'can be reduced to one - the incident
‘half angle (this ié explained more fully in Section
3.1). This wés measured by the convergent beam technique.:

At the same time the crossover spot size was measured



in ordcr tc be able to calculate dg. Using data supplied
by the ranufacturer and making certain reasonable assump-
tions the theoretical resolution as a function of half
angle was calculated.

An attempt was made té measure this function
| experimentally. The main difficulty here was deter-
mining the best methad of measuring resolutidn. Those
methods tried includea visual scan to determine point
to p01nt reﬁolutlon, dlffractometer measurements and

se dlstance measurements All these falled for various

e
reasons.v’Flnaliy, spectrum analysis of the detected

signai was Efied and proved to be/successful. In general
the results. of this measurement aéreed with the theore—‘
.tical curve if the dominating factor determining resolu-
tion was the demagnified Gaussian sﬁoﬁ size butrdisagreed
if' the sphericél aberration dominhated.

Reimer's.work on amorphous carbon had come out
by this time. In view of this and the limited time
available it was decided to carry out some prellmlnary
.expérlments on a crystalllne spec1men. An experiment
similar to that of Gentch et.al. (1973) was carried out
to the stage where initial results were obtained. These

initial results agreed fairly well with what was theo-

retically expected.
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CHAPTER I1

THE IMSTRUMENT AND EXPERIMENTAL TECHNIQUE

In this chapter, the instrument used in carrying
out the experiments presented in this thesis is described.
The method whereby the various microscope paraméters
were determined is presented and the'm@nner in which
these parameters were used to computeStheitheoretical‘
resolu£ibn is discussed. Finally Vafious methods of

/

" measuring resolution are discussed.

2.1 The Instrument

During this project a JEOL lOOE electron microscope
with a scanning attachment was used to carry out the
experimental work. Figure 2.1 is a schematic diagram
of the micr3§cope. In order to be able to convert the

N : o _
instrument frém a CTEM tQ a STEM, the manufacturéf
hhas added a set of séanning cq}ls just above the
objective lens. These coils are adtivated by_é gét of
scan generators which also drive the spot across the
screens of the cathode ray tubes which are used for.
observation and photogrdphy. The intensity of these
spots on'thegcathode‘ray tubes depends on the

amplified signal from the electron detector (which
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\ consists of the standard scintillator-light pipe-
photomultiplier arrangement) modified by the application
of a bias voltage. This results in an image being
formed on both cathode ray tubes. One of these has a
long persistance phosphor and is.used for viewing while
the-other has a short persistance phosphor to prevent

™~ halation and is used for photography.
As mentioned previously, high resolution STEM

requireé'as small a probe as possible. Because the

crossover produced by a thermionic gun 1is relatively
i) '

\ o
N U

large, the illufination system must provide a substantial
demagnification. In order.to achieve this, the first
condenser lens is operated at maximum excitation thus
decreasing its focal leﬁgth and increasing the demag-
‘nification.' In addition the objective lens curren?/
is increased so that the objective lens crosgover(gé_
at the specimen. (The objective lens thus acts as ;;
additional condenser lens, providing further demag-
hification.) The second condenser'lens is now used to
vary the demagﬁification and the condenser aperture is
used to restrict the objective half angle thus reducing
the effect of spheriqal_aberration. Beléw the speciméﬁg
- gither the objective or intermediate apertu is used
£o select. the desired portion of the beam. . {(In STEM

contrast is usually created by eliminating the

scattered electrons so that the image corresponds to



2

the number of clectrons unscattered by the specimen.
However sometimes the scattered electrons or a portion
thercof may be used to form the image and‘the main bean
blocked out of the image. 1In the casc of a crystalline
specimen this corrosponds to choosing a particular
diffgacted beam.) e only runction of the intermediate
lens 1is to focus the beam onto the detector.
Most of the ph?sical data about the microscope

.was provided by the manufacturer. Abcordinq to this
data the distance from the gun crossover to the frst

condenser pole piece is 150 mm') the distance from the
first condenser pole piocé‘to the Seébnd?is 100-mm and
from the second condenser'pole piece to the objective
pole piece 1is 2Q0 mm. In order to use these figuges

it was assumed that the principal planes corresponded
with the centers of the lenSes.‘ These figures have
been marked on Figure 3.1. Accordinyg to-the manu-
facturer, in the scanning mode and at 100 kv , the” focal
I'emeth of the first condenser lens is 1.4 mm and the
focal ‘length of the objective lens-is 3.5 mm. For the
objective lens, the coefficient of spherical aberration
i 2.0 mm and the coefficie%thof chromatic aberration
i1s 2.5 mm It can be shown thatlthe aEerrations‘of
“the other lenses do not contribute significanﬁly to

the spot size. Their values, therefore, are not listed

below in Table I with the rest of the lens data.



TABLE I

lens/paramcter focal length CS CC

l1st condenser 1.4 mm - -

2nd condenser variable - -
nbjective 3.5 mm 2.0 mm 2.5 mm

2.2' Measurement of Other Parameters <

i) The Half Angles

One of the most important parameters in deter-
mining the performance of a STEM is the half angle 1
of the incident beam at the speciaen. This determines
the size of the aberrations and the demagﬁified .sslan
spot size dg' The half angle a, which depends on the
demagnification, was measured using the convergent béam
technigque. This involved operating thevillumination
system in such a manner that a crossover occurred near
the sﬁecimen. This results in a projection of thé
iilumihated area of the specimen appearing on the.CTEM
viewing screem. (In thiswtechnique the crossover acts
as a point>source producing ‘a cone of illumination.
If the specimen‘is a metal,léfagg reflection will
occur and mulfiple cones will appear.). The conditions
used in these convergent beam technique measurements

were identical to scanning conditions except that the



vrojlector lens was on. Normallv the scanning niis would
"be turned off. In the experiments} however, the scanning
colls were left on since otherwise contamination built
up rapidly thebspeciment due to the passage of a
larqé number of electrons through a small aréaf By
uéinq a high scanning maqnificétion it was possible to
have the probe m6ve only very slightly and thus not
significantly affect the position or shapé of the
resultant disks.

,( In order to measure <, a Mo specimen was used
wiﬁh the microscope set up for the con;ergent beam

i .
technique as described in the previous paragraph.
Plate I is an example of the results obtained. 1In
this case, as in all the others used tc make the
measufemeﬁts, the 110 reflections were étrongly excited
and the Bragg angle was therefore 0.00831 radiansi |
The theory behind the Cdnverqent beam technique

can be understood by feferring to Figure 5.2. The
beam 1s arranged so that a cone of illumination with
half angle a has.s &rossover near the specimen. There
itmis Bfagg diffracted-and several.cones of electrons
with half angles of «a emerge from the specimen at
angles of 22 with respect to the directly transﬁitted
beam where 2 is the Bragg angle. There is an
effective length L to the recording surface (film).

The size of the disks d on the surface is 2alL and the
¢
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Figure 2.2. Convergent beam situation.
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Plate I.

Typical convergent beam pattern.

35

)



&l
distance D between similiar edges of the disks #¥s

2#:L. Thus it 1s possible to write

d/D = (2aL)/(2RL) = a/R
or
a = (d/D)B

The half angle at the specimen can therefore be
obtained by measuring d and D. Therefore, c?nvergent
beam patternsAwere taken for all péssible secona
condenser lens seﬁtingg and the distanées d and D were
measured.

In>order to maximize the accuracy of the results
it was convenient to express o as a function of current
and to calculate a regression curve. It turned out
to be possible to do this as will be seen beiow. As

a

mentioned previously, the second condenser lens is used
'in STEM to vary the demagnification of the gun,crossoVer.
This lens is a weak lens. Using the fact that the
magnetic field dépends linearly on the current, it can
be shown that the focal length of a weak lens, such 82
the second condenser lens, is given by

1_ e [T .2 2

f  8mv J Bd, 1

- r ‘-«
. : <

(El-Kareh and El-Kareh, 1970). Since the lens is weak

it is reasonable to asgsSum ha& the thin lens formulé

applies. If p is the (image distance and g is the object
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distance, rearranging the thin lens formula gives

g/p = q/f-1 .
It is easy to show tha£ a/p ie tﬁe demagnification due.
to the second condenser lens. If it is assumed that the
objective-object distance is not‘substantially affected
by the second condenser image distance, tﬁen the half
apgie o 1s proportional to the demagnification of the
second EOndenSer'lens. Using the previous relationship
between current and focal length and the above form of
the" thln lens formula and using the fact that g (the
second condenser object'distance) is fixed by the
Setﬁing of the first condenser lens, it is possible to
show that

o = aI2 + b

where a and b are constants that depend on the lens
parameters (focel length, 'principle planes) etc.). As
it turns out the relationshio is not strictly linear due
to the fact that the object dlstance for the objectlve
lens depends on the position of the second copdenser'
crossover, contrary to what was assumed abové. However,
ﬁhe effect on the objective lens demagnification is not
very great so thefabove relationship 1is a good guide as

. to what to expect from a regressioh line.

The convergent beam patterns were taken using

only the smallest available aperature. However, if the ’
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v
experiment 1s repeated, the results with different
apertures musttbe_proportional to the ratio of the
aperture diameters. The size of the aperture used was
measured using an optical microscope. ‘In order to make
the results universally abplicable to ali the apertures
the half angles have beep expressed in terms of redﬁced
half angles (half angle divided by aperture diameter).
The reduced half angle as a function of current squared
is plotted iniFigure 2.3 -along with a least Squarés fit.
The points indiéated by the squares are the data points

.and the circles are the fitted points.

1i) The Gaussian Spot Size

' The Gaussian spot size was alsovdetérmined
experimentally. The microscope was's%t up in the.
normal CTEM mode and the illumination spot was foc-
cussed down to ifs smallest size on the viewing screen‘\\
while the microscope itself was focussed on a specimen.
A micrograph was taken at low exposure and a densi-
tqmeter trace taken across the spot. The procedure
used.to determine the size of the spot from this tréce
is given below. It»sﬂould be notéd.that this experiment
was not significantly affected by the aberrations- since
"at every crossover the siZé of.the aberfation disks wég

much smaller than the size of the demagnified Gaussian

spot size.
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Figure 2,3. Calibration of the half-angles.
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The size of the‘Gaussian spot was coneidefed to
'be full width at half geight. In order to be able to
determine this, it was n;cessary to know the transfer
function between incident electrons and photographic
density on the plate. ﬁen51ty is deflqegAln terms of
scattering. If T is the proportion of a light beam
that will be transmitted unscatterea by the developed
film then the photegraphic density D 1is proportioqel to
log(l/T). According to Valentine (1966), the pﬁotographic
density of film has a proportional relationship with

exposure E if the illumination source isselectrons and

the exposure is low. Writing this and rearranging gives

E « loq(l/T)u - log T .

1f s is the amount of light scattered out of the. light
beam due to the exposure of the,film; then T = 1 -

_If the exposure is small, as was the cese with the
pictures of the spot described4above, then s is small

-and it is possible to write, to a good approximation,
E o« ~ log(l—s)a S .

This means that the exposure is proportional to the
scattering'out'of~the beam for low -xposures.

Using the ?elationship derived in the lest para-
'graph and the densitometer traces it was p0551ble to
flnd the size of the spot on the mlcrograph The widths

at half heiqht of the two micrOgraphs‘taken were found

The



by this method to be 13.6 mm and 15.6 mm. This gives an
average measured spot size on the film surface of 14.6 mm.
It is now necessary.to relate this image of the gun cross-
over to the actual crossover size.

Because the specimen used was a magnification
grating, it is possible to find the size of the.qut at
the spegihen. The magnification-was calibrated by means

of the grating to be 68,000 times, making the size of the

image of' the Gaussian spot at the specimen 0.215 u.

Now it is necessary to calculate the magnifications

Detween the gun and the specimen in order to find fhe
Gaussian spdt size. 1In order to calcuiate the size of.
the first coﬁdenser crossover the magnification factor
between it and the specimen crossover must be known.

Using the thin lens formula and the data in Section

2.1, the nomiﬁal magnification is
M = (20Q¢98.6) = 2.03 .

However, the effect of the objective prefieid must aléb
be taken into account. In order to determine this, a
diffraction pattern of Mo was taken using a second
condenser aperture of 116 u. The spots in the pattern
had a diameter of 1.2 mm. The pattern was indexed and
the dgstance between the 000 and 002 spots féund to be

18.0 mm. (The 002 Bragg angle is 0.01176 radians at

100 kev ). Using the same reasoning as in the convergent
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beam situation, the half ancale Yl 1s found to be

\l = (d/D)\"2 = (1.2/18.0)0.01176 = 0.00078 radians.

A 116 u. aperture was used ét the second\condenser lens.
It was assumed that the condenser aperture was in the
principle plane Qf.the second condenser lens although
this was not strictly true and introduces a small error.
Ianoring the objective prefield and using the data from
Section 3.lvénd thin lens optics, the half angle would

r‘

be

LYy = ((116 u.)/2)/(2OQ mm ) = 0.00029 radians .y

Therefore the prefield magnification is

: 4
‘M= (0.00029/0.00078) = 0.372

and the size of the first condenser crossover is therefore

dl = ((OJ215/(200/98.6?)(l/0f372) = 0.285% u.

Now it is péssible to éalculate the size of the
gun crossover, d gun. From'Seétion 3.1, the distance
between the gun crossover and the first condenser lens
is 150 mm and the focal length of this lens is 1.4 mnm.

Then, thin lens theory gives

d = 0.285(150/1.41) =

This is 50% bigger than the manuf turer's claim of 20 u.

Hdwever, the calculated number shoul 'be considered



accurate since the half angles involved are such that
neither spherical abérration nor the Airy'disk’gberfatian

makes a significant contribution to the imaging process.

2.3 Computer Calculations of the Theoretical Resolution

In chapter one, the following expression for the

size of the probe was obtained (Equation 1.1).

2 2 1722X1,2 AV - 2 1 3,2
dg = dg ¥ (5= ¢+ (Cc v OLi) * (5 CsayJ

1

The ohly two reaily impoftant terms in the casd of the
thermionic gun are the demagnified Gaugsian spgt size dg
and‘Fhe sgerical-aberration l/2CSa3. The thin lens |
fbrmula was assumed to apply.to all the lenses in ordef
to calculate the size and Y ~cation of the image of the
Gaussian spotldg. The half angles were calculated in
the same way. The data given in Section 2.1 was used
as wgll as the experimental value for the gun crossover
size determined’ in Section 2.2. The energy was’taken
to be equal to 100 kev »because all the experiments
were carried out at this energy. It was assumed that
Av =1 ev. This value is the same as that uséd by
Riemer (1972) and is approx;mately correct'fgr normal
filament températupes but neglects the Boersch effect.

A computer program was written using the expression

above to calculate the theoretical resolution. The
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value£ used for the second condenser lens strength

were chosen So that the value of the theoretical half
angles at the specimen covered the same range as- the
values measured in Section 2.2. ‘Computer galculatiops»
were then carried out for‘condenser aperture sizes of

20 u., 35 u. and 55 u. The results og\theée calculations
appear on graphs in ‘chapter three where they are compared

to the experimental results.

2.4 Methods of Measuring Resolution

There are a number of meﬁhods of measuring

resolution. The most fundamental is to visually examine

a test micrograph to find the closest spacing of two

resolved points (eg. metal islands on a carbon film).
Even then it is hard to be sure that the smallgst spacing
has been found by the visual scan. ’
Ahotherlpossibility is to measure the width of a

sharp edge. ' Here the edge can be regarded as & point

object and the amount it is broadened as the resolution.

" The wor the resolution the more the edge will be

broadened. This ig, the approach used by Gentch,¥Reimer

'et,él. (1973, 1974). In this procedure a picture is

taken and either a visual check with an eyeglass or for
a more accuratesdetermination, a photodensitometer trace

taken across the edge. The problem here is that there
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are a number of transfer funqtions involved.: These
functions include the tronsformation of electrons to
light, liqht to film exposurc and film exposure to film
density. In general these functions are nc inecar.
Because of this it is hard’to get accurate results from
this techﬁique but rough results can be obtained.

A varlation of this method was tried. It ié
possible to put the instrument in the line scan mode so
_that a trace whose vertical component is the transmitted
kﬁintensity is displayed. A thin film of Mo was burnt
forming MoO3 crystals with very sharp edges. These
crystals were deposited on a 1000 mesh grid. The
instrument was then brought to focus and a picture taken
so that the angle between the/gdge and the line scan
would be known. It was then switched to line écan at
fairly slow speed (at least 10 seconds per scan). It
turned out that instead of a smooth monatomic transition
across the edge, irregularities.in the trace were
obsérved. “ '

It was concluded that this effect was caused by

»
contamination. There are always organic molecules
present in the microscope column due tolthe pump oil.
Sometimes the specimen or external sourcesiére also
fesponsibie.. An interaction between these moleculéé
and the electrons in the beam causes them to be

. F
ionized or cracked. They then migrate to the specimen
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surface where a film of organic material is built up
which tends to obscure specimen detail. The use of cold
traps and cold fingers has made this problem unimportant
in CTEM but in STEM, and particularily in this experiment
due to repeated scans over the same area, ;t can be. a ’
dominating factor; It would have been possible to reduce
the contamination by using shorter sweep times but then
noise would have*been a problem. Perhaps the line scan
method would work if the vacuum was improved. Howéver,
without improvements to the instrument,.the results
obtained aye meaningless.
Another attempt to measure resclution was made

employing-® an opticil diffractometer. A discussion of

iffractometer is given in Appendix I. A micrograph
thin film with small metal (Pt PA4d) islands on it
was taKen and put in the diffractometer. 1In principle
this ;hduld have given rise to a circular transform whose
size would be(znversely proportional to . .the resolution
-in the micrograph. 1In practise this did not occur
because the photographic emulsioﬁ used contained matting
agent. ‘The light would be scattgred by the matting
agent :esulting in a circle of noise much larger than the
transform. I£ was, however, possible to ovércome this

problem by printing onto a plate that had no métting

agent, ;-
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However, even wi;h no photographic plate. in the
Ciffractometer theré was still a halo around the spot. It
was presumedvthat this effect was due to optical defects
in the diffractometer.” Due to.noisé, the smallest details

that it was reasonable to try to obtain in a micrograph

were of a size such that the transform was a circfg’whose

-~ .
diameter was Smaller than that of the halo. Thus 1t

tended to be obscured by the halo. The nur er of details of
this s%ze tended to be small making the traﬂsform faint
near its edge. Iﬁ addition, it is impossible to take

STEM r - rographs Without noiéewbeinq present. Thisvnéise
also has a’tr;hsform which tended to further obscure the

desired transform. In yiew of these factors this method.

—

was abandoned.

The way that the resolution was eventually measured
was by spectrum analysis. A detail of a given size will,
give rise to a characteristic primary frequency in the

electron detector which depends on the speed of the Spot

‘and size of the detail. 1If the output of the detector

could be Fourier analysed then it would be possible to
find the highest frequency present and thus get a

measure of éhe“resolution. In order to do this the out-—
put from the elctron detecéor was connected to @ ‘actrum
analyser. This is basically a band pass filter . se
'teguency varies with time. It was possible to set

~e wid of the band to the desired value and this was
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set as narrow as possible taking noisé into account.
The output from the analyzer was recorded on a storage
oscilloscope} If a’detail whose frequency was the same
as the band pass filter was scanned its amplitude was
recorded.on the storage scope. It is necessary to note
that the background noise bf that frequency was also
recorded on the oscilloscopé.

The microscope was set to tﬁe desired ope:ating
) éondition and an objective aperture, of a size such that
all undeflected electrons were transmitted, was inserted.
The specimen with the Pt Pd islands on a thin film was put
in ‘and focusséé on the STEM screen. Then the oscillo--

scope screen was cleared and the spectrum‘aIIOWed to

build up for one or two frames of one hundred seconds

each. A pdlarioid picture was taken and the relevant

.data recorded. Plate II is an example of the'pictures

taken. | |
This example will now be analyzed. A signal

generator with the frequency gdod»to less' than 1% error
was u;éd to analyze the pictures. The ceﬁfér frequency
(frequency at the origin of the ab;cissa,.see Plate II) ™
was found to be 1300 Hz and the dispersidn (one
graduation on the abcissa) 215 Hz. Thus the freéuency

v corresponding to the highest obse}ved resolution was

found ﬁo be 1635 Hz. However, about‘lO% error bar have

to be taken into accourt because of noise and the width



Plate II. Typical spectrum.
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of the bhand pass filter.

In order to convert this frequency into a
resolution it is necessary to know the speed of the
"scanning spot. To find this one must know the tiﬁe to
scan one line, the magnification and the width of the
plcture. In‘;rder to find the time to scan one line the

X output of the scannqu box was connected to an oscil-

loscope and the tlmeﬂ%or one llne found to be 1/15 of a

,»,v

second. . The magnification was found to be 153,000 X by
means of a magnification grating. The width of the
-viewing screen was found to be 100 mm. If r is the

"resolution, then

speed of spot _ lines/sec x width of screen/magnification -
size of detail r {[resolution)

rearranging gives

lines/sec x width of screen

- "M x £

15/sec x 100 mm,.
153,000 x £

i _ 98,200 ¢
= —~tr—a

Then in this case



CHAPTER III

N
\

RESULTS AND CONCLUSIONS

In this chapter the results of the resolution as
a function‘of incident half angle measurements are given.
It was found that good agreement with theory is obtained
when spherical aberration is not important but that
agreement 1is poor where it is dominant. Some plausible
explanations for this are éohsidered. Also some pre-
liminary work on resolution as a function of thickness
is described and preliminary conclusions drawn. 1In
addition a few geheral comments on problems encountered
in the work are made. Finally there are some suggestions

for further work.,

~

3.1 Resolution as a Function of. Incident Half Angle
( N o . y B

]

i) Measurements

The resolution of the microscope was measured by
¢hé methéﬁ outlined in-chépter thfée.“"This was done féf
three different apertures (20 u,,BSLL\andeS ﬁ.) using
nine different.CondenSer lens strengths for each aper-
ture. These lens'strengths were converted into half .
angles using the measurements described ip'Section 2,2,
Then the resolution was ploﬁted as a function of half
angle for a given aperture size. The computer predic-
tions described in Section 2.3 were alsogplottéd on the

. : .
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graphs for a comparison. It was not poésible.té plot
all the data on one graph since, although for a given
second condenser lens setting the demagnified Gaussian
spot size is always the same, the half angle at which it
occurs 1is diffefent due to different apertures. There-
fore, three graphs were plotted which appear in Figures
3.1 to 3.3. The various contributions to the probe size
are plotted as well as the total theoretical pfobe size.
The points on the ‘c.:zulting curves are indicated by the
following symbols:

(O] demagﬁified Gaussian spot size contribution

+‘Spherical aberration contribution

A diffraction limit contribution

x chromatic aberration size cdntfibution‘

[ total theoretical probe size

+ experimentally determined 'resolution

ii) Comments on the Measurements o!l xesolution

as a Function of Incident. Half Angle

The results of the resolution as a gpﬁbtion of

angle measurements are interesting. In all three graphs,

at low angies, where it may be expected that the size of
the spot will be dominated by the demagnified Gaussian
spot size, the agreement with theory is reasonable.

(The erroi bars on the experimental points are about 10%
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Pigure 3.1. Resolution with 20 u
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aperture and CS='2.O mm.
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Figure 3.2, Resolution with 35 u aperture and CS= 2.0 mm,
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Figure 3.3. Resolution with 55 u aperture and C_= 2.0 mm
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due to uncertainty in determining the frequency corres-
ponding to the best resolution.)v This is gratifying as
the manufacturer claims the Gaussian spot size at 100 kv
to be 20 u. as opposed'to the measured 30 u. However,
as can be seen from Figures 3.2 and 3.3, the agreement
at large angles is poor with the 35.u. and 55 u. aper-

tures. This means that the effect of spherical aberration

is not as great as expected. In addition, in Figures 3.2
T .
RN Ny
- -’\.

)

xabéfratiankisk%gss than“what the theory suggests. 1In

order to investigate this possibility, the theoretical

curves have been recalculated using C, = 1.3 mm instead
of Cg = 2.0 min. The results of this are shown in Figures
3.4 to 3.6.. The fit is much better and the minima move

err to agree with experiment}

Let us consider some reasons why the effect of
spherical abefration may be less than the theory pre-
dicts. One possible reason might be éhat the effect
is due to a smaller effective half angle than was
measured. However it is difficult to'thihk of ‘any
plausible reason why this would be the case since  the
convergent beam technique gives the exact conditions at

the'specimen without any complicated assumptions or
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Figure 3.4. Resolution with 20 u aperture and C.°~= 1.3 mmnm.
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Figure 3.5. Resolution with 35 u aperture and C
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Figure 3,6. Resolution with 55 u aperture and CS = 1,3 mm,
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calculations. 1t should be noted that the expreséion
for spherical aberraticn is actually the diameter of

the aisk of least confusion. Tt is shown in Appendix
IIT that the size of ®he disk of least confusion is

1/2 CSGB. One possibility 1is that the value of the
coefficient 1/2 Cy in the expression dg = 1/2 Csu3 is
too large. However, nowhere in the literaﬁﬁre are
?balues of the iead coefficient 'less Fhfn 1/2 to be found
for the size of the disk of least.confusion as cémparéd
;to the radiai error in the Gaussién pléne. Another
‘possibiliéy is that the value of C, is smaller than
that used. Comparlson with tabulated values ¢ © the-le
‘parémetérs'reveals that it is j“'wkely that C is l;;s
thaﬁ<2.0 mm if the focal lc.gth s 3.5 mm as- the manu-
facturer states. However, since' this is not expérimental
data the pos§ibility exists “gr it is ;n‘erg%r.

ThlS leaves differences in the way the disks. are
defined and the method of addition of error: disks aéﬁj
:poss1b1e causeés. The demagnlfled Gaussian spot d is
défined_as the width at half height. The spherlcal
-:aberratioﬁ disk ds is defined as the diameter. into which
all the elecﬁfons that leave a boint source'will fall.

 These two dlsks, defined 1n dlfferent ways, are added

‘in quadrature. The effect is that the spot size 1is .

‘vv.essentlally deflned as the width aE half helght where

. the Gaussian”épop size is domiﬁaﬁt and Spherical

- -
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aberratinn 1s un;mportant. However, when spherical
aberration is dominant and the Gaussian spot size
unimpoftanp the resolution is essentially defined as a
" circle into which all the electrons fall. In between
these two extremes a somewhat intermediate result 1is
obtained. However, the criterion’that ¢ < .mines the
resolution of the probe is the width at half height, so
it weuld ﬁe exﬁécted that this mﬁthod tends to over-
'estlmgtc the effect of: spherical aberratlon since the
»full diameter 1s\used instead of the width at half
helght.‘ The ¢xperimental results seem to tear this out.

B
In order to do the theoretical calculation properly, it
would be necessary to trace a large number of rays and

take the resolution as the width at half hzight.

3.2 The Resoluticn as a Function of Thickness

i) The Initial Attempt )

The 1nltial attempt to measure-the relationshipl
between thickness and rééolution was made with Bismuth
specimens. The specimens were made by debositing Bismuth
on a glass slide to form a thin film while the thickness
. was measured by’simultaneohsly depositing Bismuth on a
'quartz crystal and obéervinq the changes in natural
frequencykﬁue to the increased mass. The specimen was

: , )
.placed in the microscope and the details broujht to the
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shaﬁpest possible focus. A micrograph was taken which
was‘then visually scanned to determine whap the closest
spacing of any twb resolved details was. This was
taken to be the resol:*Hon.
Because ot t: . top-bottom effect, the best

L
resolution wil s be at the top of the speéihgaf
Due to this, the method used will result 1in ev§?§§k
micrograph being taken with the focus at‘thg top ofgthe
Specimeﬁ and thus there was no change 1in resolution
regardless of the thickness of the specimen. Because

Al

of this a new approach was necessary.

ii) The Method of Measurement

{ghe specimen fihally used i1n the fesolutiog as a
function of thiciness measurements consisted of a third
film of ;ilicon'with germanium islands deposited bn one
side. The silicon disk had a hole nea. the middlevand-
the silicon formed a thin Wnggkin the vicinity of the
hole (this will be shown'laté};. Direct measurements
of the thickness could not be made but the Histénce from
1the edge of the wedge was mcasuré&gby reading the micro-
meter on the specimen translate drive. from this 1t
was possible, assuhihg a uniform wedge angie to obtain
the relative thicknesses. At selected distarices; into

the wedge, STEM micrographs were taken in order to

determine the resolution. In addition, at every -

62
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position that resolution was measured, a diffraction
pattern was taken. In order to gét’some measure of
the thickness, the averaée guryent reaching the detec-
tor was measured using a Faraday cage and electrometer.
For comparative\purposes high resolution CTEM pictures
were taken at each position. Low maénificatigp CTEM
pictures were also taken near the edge 1in an effort to
determine the yedgé angle. The wedge was then turned
over and the expefiment repe;Led.

It should have been possible from the low. magni-
fication CTEM pictures to determine the wedge angle at
its edge from the egtigction contours. If thewwedge
was uniform, these contours would be parallel td the;"
edge and spéééd evenly. However, neitﬁer of the aone‘
conditions was fulfilled indicating that the wedge did
not’ increase uniformly in»thickness"with distance from

as

the edgg\‘ﬂf small thicknesses.

The above result shows that the 323%8 did not have
ﬂan absolutely linear relationship between distance into
the wedge and thickness for small thicknesses. In spite
of this it was possible to.show that a linea£ relation=-

ship existed throughout the wédge although;it was likely

P

that small deviations were present throughout. It was &

E)

thus possible to obtain the relative thicknesses of the 2

places where the resolution micrographs were taken.

£
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)

This was done by means of the current measurements. It

was assumed that due to scattering the current would

| fall off exponentially with thickness. (There are

'problems with this assumption due to dynamical scatter-

ing. However, most of the measurements wére taken fér
past the point where*the extinction contours had dis—v
abpeared. -Under these conditions, particularly for a
two beam situation, tbis~assumption is not totally un-
reasonablé.) Therefggg, if the wedge was linear, there

- . TN S '
would_be a linear réigi;onéhip between distance and the
logarithm of the current. The data was plotted to check
this and thé results appeaf in Figure 3.7. It would
appear that the wedge was close to being uniform on the
larger scale although one line becomés non-linear in the
thick part of the wedge. '

4 The micrographs were examined wit@ a Polaron 10 x
mégnifier with scale and the sp:eadiﬁg of the edges of
the islahds taken to be the resolution in both the CTEM
and STEM modes. ., An attempt was. made to plot all the
data JR one graph by aésuming thét;equal current méant

equal thicknesses. However, it was found that the two

CTEM curves did pot coincide and that, the diffraction
Q : .

-effects were difféfent at what was supposed to beﬁghe

same thickness. It was concluded that this was due to

— -0
the orieﬁ%ption,geﬁgﬁﬁche of the scattering factors and

that possihly the orientation was not exactly the same
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in both cases. Therefore, the results are presented in
Figures 3.8 and 3.9 with no attempt to provide a rela-

tive scale. P

iii) Comments on the Measurements

The diffraction patterns éan give an indication
of‘the amount ofyséattering in the specimen. If there
are only spots in the pattern then the specimen is thin
enough so that little inelastic scattering has taken
place. If Kickuchi lines are also present, inelastic
_scattering has begun to disperse the beam. When thefe
are only strong Kickuchi lines presenﬁ, the beam has been
hbadly dispersed by inelastic scattering. As the crystal
‘1gets thicker stlll, the. varlatlon of intensity with
:espect to the lnc;dent dl;ectlon decreases to the point
that thé Kickuchi lines weaken and disappear. These
‘different, regions héve been marked on Figures 3.8 and
3.9.

There is some question as to whether or not the
resolﬁtion meésurements ére reliable. The same objec-
‘tions to the methods of Gentch et.al. also apply here
i.e. the various transfer functions are non-linear.
There are problems controlllng exposure'and develop—
ment conditions. In addition the observation of the

widths of the Germanium island is subject to large errors

due to observer judgement and the small widths being
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Figure 3.9. Thick specimen resolution with details
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measured. However in spite of this it is still possible
to draw some preliminary conc isions.

The top-bottom effect is clearly in evidence.
In Figure 3.8 the resolution is dependent on the thick-
ness in STEM but in Figure 3.9 it is not. It is obvious
that CTEM is better than thermionic STEM with the islands
on the bottom of the specimen but due to noise problem
and the rough natu;e'of the measurements it is noﬁ
possible to say whether the CTEM and STEM curves are
converging or diverging. The thing that limited the
thickness of specimen that could be observed in the STEM
mode was always noise. In fact, some of the STEM points
in Figure 3.8 had to be taken using a larger probe size
than the minimum that was possible in order to obtain

sufficient electrons at the detector to take a microgragﬁ(

A

3.3 Comments on Problems Encountered

It was found that rather than contaminating uni-
fg;mly, the specimen would appear to éontaminate in
vertical'bands;if&t was found that this problem was due
to the presence of -tray mégnetic fields which were due
'to fluorescent 1ligl.s in adjacent rooms. Probably this
was due to a pick up by the system électronics that
cdntrolied the scan coils. This in turn led to the

probe not moving in a“uniform fashion. Thus different

parts of the micrographs were at different magnifications.
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Sincevthe prgbe would spend more time in'some areas than
others, these aféas would contaminate more quickly
resulting in the observed bands. This problem was
overcome by working at those times when these lights
could be turned)off.

Contamination was another problem that lagued .
the project. Although the decontamination system was
quite adequate for CTEM it failed utterly in STEM. It
has been shown (Warren A. Knox, 1974) that under scanning
conditions, conﬁamination’builds up quite rapidly. The
rate of éontamination in the experiments was specimen
dependent suggestiné that a major source of the organic
molecules could be the support film for the specimen.

supg%rted by an organically based support fiim that an

In addition, it was noticed . sometimes ‘specimen
area that had been scanned would appear more transparent
after one pass than itsAsurrounding shggesting that sbme
material had been given off. After this though, it would

v

contaminate rapidly.

3.4 Further Work

One important project would be the development of
more effective anticontamination measures for use in
STEM. At the same time, the effect of the specimen on

its own contamination should also be investigated.
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Some work should be done to investigate the
reason for the smalier cffective coefficient of
spherical aberration. This project sho:'d include
repeating the present experiments in order to get
bettér statistics on the value of the resolution and
finding a way to measure CS in the scanning position.
in addition, a theoretical study of the type suggested
at the end of Section 3.2 ii) should be undertaken.

Subsequent to the completion of the experiments
on resolution as a function Qf thickness presented in

this thesis, additional results have appcr~d in the

literature. Fraser and Jones (1977 have repor-ed no
increase in penetration in gold v 7 the+ ior.c STEM.
Fraser et.al. (1977) using silicon have concluded that

there is no advantage to STEM een with a field emission
gun for all crystalline spgcimens.' They also concluded
thaf thermionic STEM is quite inferior to CTEM. How-
ever, Easterling (1976) reports that incdreased penetra-
" tion was obtained usfhg th?rmionic STEM and specimens

of tungsten, staiﬁless steel and aluminum. It wéuid
appear that due to‘this contradiction in the literature
fufther resolution és a function of thickness experi-
ments are justified particularly on low atomic weight,
crystailiné materials:

3.5 Conclusions

It .has been found that in thin specimens the theo-

retical resolution does not agfee with the experimentally"
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determinéd resolution when this is primarily determinég
by spherical aberration - resolution is better ghan
predicted at high angles. A possible.explanation has
been found based on the fact that the disk of confusion
is not measured as width at half height. For thick
specimens some experiments were done th “abie a few
preliminary conclusions to be drawn. T iop—bottom
effect is clearly evident and it is .ear tha; for
details on the bottom of the‘specimen, thermionic STEM
is inferior te CTEM. However, there is a great deal of

work that remains to be done to confirm this.
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Appendix I

The Diffractometer

In the course of the experiments, a diffractometer

is built. It is a wplt own result that a circular

‘ L SO o . ' e .
bject of diameter D .1 "give rise tO'ahdlff%éCtlon

pattern whose central disk (called the Airy disk) is of
oF .

angular radius 6 where

g = 1.22 )\/D

Since the rings in the pattern are much weaker than the

A

central disk, it is reasonable to expect that if a

spec1men with many dlfferent sizéd circles were put o ime

s
&
Y

into a light beam that® thg §!ngs would not. contrrbute'Ww
.
"significantly to the resultlng pattérn and that it .

would be p0551ble to observe a dlSk correspondlng to

the smallest circles present. It was to take advantage
N . ,'
A

‘of this that the diffractometer was built.
Figure A.1 is a diag#am of the dlffractometer.

A four meter triangular optical bench fastenéd to a

. R
*
N *

piece of plywood carried most of the optical component
L2 e,
of the system. The 1llum1natlon was prov1ded by a ruby

N

.red laser of low lnten81ty. This was mounted on a

- _ v o *
permitted the laser to be tilted in the vertical plane

¥ ~. ¢ . e ’
of the optical bench and rotated in the horizontal
. . S T

° T AR
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plane foq‘aligﬁment purposes. The illumination then
went through the beam expander with spatial filter.

The spatial filter was necegsary in order to clean

up the beam due to the presence of off akis rays 1in the

illumination. This component was mounted on vertical ,
and horlzontal‘iranslate dev1ceq for purposes of align- @y

ment. Rather than being set for parallel lllumlnatlon

the beam expahder was set to focus on the recording e
: 1 :

surface (ground glass oOr filmj. The ne%t ‘component.was

an adjustable iris. FollOW1ng was the specimen holder o
I 5}{9 Y
that was adjustable vertlcally »and horlzontaLly ln‘ordenw

to selé@t any de81red area for dlffractometry Finélly

» ~ !

there was a 'llght tlght ‘box slightly over three meters

long This was Raigted flat blagk lnSlde and out. At

one end was ; S

hutter and at the other end a recording

: . s =, -
~surface. This rconsisted@d gither a ground, glass screen
~ . LA = [ :

or & film for taking pictures. .

T 6>



S

Appendix. AT : , .o
Alignment
~One of ' - wost important aspects of microscope
operation wh- ieas - .71g resolution is the microscope .

allgn@ent. Irure, »v alignment will result in degraded
resolntion so it is important that.the nethod used give
the best possrble allgnment Several methods were used
but the one eventually adopted 1s descrlbed below.

a) ‘ Centerlng the gun The flrst condenser lens was

sét to ltS strongest ex01tat10n (number‘four pOSlthD)

wi, e

and the spot centered Wlth the allgn translate contﬁi%

The’ flrst condenser lens was: then Set at 1ts weakest

B {)’

'exeltatlon (nnmber one pOSlthD) and the ‘gun translate'

¥ Ly,

b

" used to center the spot ‘ ThlS cycle was repeated umtll

1

the spot dld not\move The explanatlon of this proce—

dure is as follows. If the gun crossover is off center
/ ' .
the first condenser crossover is'also off center. It

.can be made to appear to be on center by a SUltable

LI
adjustment of the align translaﬁe control. rWhen the

'focal length of the%first condenser Iens is increased,

‘the crossover‘Will move furthgr off center resulting in

\

~ the spot movin@ on the screen.. Adjustlng the gun trans-

>

late to bring 1t back will move the guj towargs the axis

untdil the crossover is the same distance from the ax1s

as it was when.the lens was strongly excited. By | .
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»
'vcycling, the methO® eoqverges on the proper alighment.
b) Setting the gun tilt. The filament currefit was
reduced S%til the filament 'image' was ogtained‘(a
spot Qith ; halo around it). This pattern was then
made symmetrical by changing thejgun tilt so that the
halo was uniform around the‘é&ot. The explanation of
this ie that when the filament current is reduced the
emission current is aIeQ reduced since the filament
is cooler. This in turn causes the bias to iy
decrease because auto biasing is used. This allows
v .
the electric field to penetrate further into the Wehnelt:
cylinder. If the tilt of the Wehnelt is not parallel o
to the axis the electric field w1ll penetrate unevenly'

- N

resultlngﬁap° eeper penetratlon on one side of the g

filament tof other. This. results in an asymmetric

haio.‘ It is ihportantdto have the correct pilt in
oréer to obtain haximum brightness. . o .
c) Correcting the condenser esti%matisp. The con-
denser stig%etor amplitude was turned to zero. ~The

. w

spot was focussed;down to»;;g.smallest size on the screen

and the focus éhanged sllghtly so it assumed 1%5 N -

0 .
maximum asymmetrlcal shape. Then the stigmator was ‘used
\ . - .
$%6<produce an opp051te.ast1gmatism and the.amplitude

reduced till the spot becamg circle. ~

-

d) Settiné the bright fieY¥d tilt. The microscope

was focussed on a test specimen. The high voltage

™
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wobbler, which changes thé accelerating voltage perio-
dically, was turned on and the tilt adjusted until the
image no longer moved. The explanation for this 1is
.that if the tilt is not parallel to the axis the cone

of illuminati®n will move on the specimen. Since the

Jg

focal length of the lenses is energy dependent, the

AW

image will also mo&é.\ This step is necessary in drder
to be able to do step é).

e) Centering the'intermediate lensesé Thé;micro—
scope was set tq diffraction and the illum&ﬁétion spfead
to form a caustic. This was brought to the center of
thevscreén wiﬁh the intermeaiéte lens translate controls.
The caustic'is}Eaused by aberrations in the objective:
lens. This step was necessary in order to do f).

£) Setting the scanning tiitﬁi The second condenser
lens control was set at four‘poéﬁtions'frqm its maximum
and the microscope set to dark field. The objective
lcns current was increased until a caustic appeared with
the'magnification set to 5000X. This was Ehén brought
to the center with the dark field tilt. 'I“hi‘s, method

of setting the tilt is not very accurate ﬁvs}nce thé
tllt colls are approx1mately in the front tocal plane

‘of the 1ens under scannlng condltlons, ‘the tllt does

. not need to be partlcularly accurate.'



q)

The next step 1s to increase the objective

current: to the .scanning valuéﬁbf approximately 500 mA.

ly :

ﬁ: h) Centering the

o .
is the same as in e). This
objective

as it does at
pares the way
i) Insert
moved so that

If the

lens off, the

the CTEM .stre
fop step 1i).

the objecti§e
it was in the
scanner was n

specimen inse

aperture put in and the scr

was ready for operation.

e e
Jad ‘:.;_,:.A
wa
L]
Fad

R 2
Lot
:?::“-\e

»»

intermed}ate lens.

AR
This procedure
¥

is necessary because the

lens does not behave the same at full strength

ngth used before. This pre-

aperture. This was then

_center of the beam.
ST\

ow turned on, the projector
rted, the desired objective

een lifted, the microscope

pER

Them X
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Appendix'III

v

. [
Guns and Lenses

In éhabter one it was éhbwn that in thermionic
STEM the brightness of the gun and the spherical aber-
ration coefficient restrict the available résolution.
This appeﬂdix fills in some detaiis that were omitted .
and in additiqﬁ'contéins some other material about the

principles and operation of electron. guns and magnetic
lenses. B T A

In Section' 1, the characteristics of ‘thermionic
N

guns are considered with a specigl emphasis on the

.
-

maximum brightness attainable.i‘iﬁe brightness rela-

tionship 1is derlved in two parts.J In the first part,
;’u e b )
&
an expreSSLOn 1s b talned for the cﬁyrent den81ty
- ‘A\‘{ = ' *&
available from”a hot cathode. Thls~ler1vatlon ‘is based

_on material from Cusak (1967). The second part starts

with the expression for the current density and develops

a relationship which gives the max1mu§§%0351ble brlght—

ness. ThlS part follows the orLblnal proof due to

Langmuir (1¥37). Finally, some practlcal~aspects of
- . N .

electron gun operatidh are cﬁﬂ}faered—with a special ,
emphasis on gun biasin§g.

Section 2 is devoted to the.lens characteris-
tics., The entire sectzon contains standard electron

-
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optial material and is based on Ll-Kareh and El-Kareh
(1970); ﬁFirst the equation of motion for an electron
in an axial symmetric field is derived for a special

case. From this equation it is then shown how spheri-

cal and chromatic aberration come about.

Section. I: The Gun

The electron gun is one of the most important
parts of any STEM instrument. As we shall see, ther-

modynamic considerations place an upper limit on the

brightness of any thermionic‘gun, This in turn imposes

a practical limit on the sggérof the aperture that one

,
can use because .of noise limitations. It is important

that the gun be stable against fluctuations in operat-

]

ingivoltage or~chromatiC—aberra£ipn will -degrade the .

resolution. - It is also necessary to staqilize thf gun
: ‘ I .

"so that the emitted current due to changes in filament:

temperature does not result in artifacts in the image.

First-let us consider a line of reasoning’ that

shows the existence. of an upper limit on the brightness

of a'thermionic gun.. Let us, consider an infinite half

-

plané of metal at temperature T with work function ¢

2

and Fermi level Eé. Let us assume that the electrons

in metal form a free electron gss. Using these assump-

tions;-the Schrddinger equation and impOsing periodic

AY

boundary conditions on the solﬁtéeni, it can be shown

L

e
,!
T»



that the volume per state in phase space 1s h3. (For

a discussien of this point see Cusack, 1967). Then

the number of states between p and ptdp 1s deX dpy dpz/h3
(where the factor 2 takes care of the two possible
electron spins). Let n(p) be .the number of electrons

between p and p+dp. Then

f (E)

n(p) dpx dpy dp, = 2 —;F— dp, dp,, dp,

Y

Y

~ where £(E) 1is tt' Fermi—Dirac distribut_i')o‘n function.

Ehipere is a small potential hump at the surﬁace; how-
ever, in_dfder to simplify this discussion, it will
.be;assgmed'ﬁbét'gvery;electrdn‘arriving at the surface
‘with a momentﬁm perpendicular to thﬁ~£hrface‘great

enough to overcome the work function will escape.

' ‘

‘Then the number of electrons n that escape per unit

time 1is

AN

- R px, O v Co ' e 2 :
n = J ' n(p_ ) dp r Py = [pX —'-_tn(EFJr‘@)] )

m= Tx
0 * . 5
s . ) o
Q~_ where P, is the momentum perpendicular to the surfdce .
" after éscape and p; the Tomentum in the same direction
. . . . . »fF' e e 4
before ®Wscape.. Notice that s o ‘

1 . . - . - 3

1 _ ) —>;' , :
n(px) = J I n(p ) dpy dp,,
-~ 2 J { \ . dpy de )
w3 ) Jexp(LpPplepy) /2mt @1 /kgD) + 1

3 ~

86
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If we do some calculations and let the current density

at the surface be i we find that

inm _k.T [
i = en. = ___j%_E_ { log(l-%exp[—(gx+®)/kBT]) dgx
h i

Now exp[—(sx+®)/kBT] 1s always much smaller than unity
since in any real case that may be encounteied'ih a |
thermionic ‘electron @/kBT >> 1. Therefore we can carry
out a serieg expansion éf'the log term inside the
integral and keep only the first order terms. If we

do this: and integrate we obtain : i
i ek o “w |

Cnmilr? —ogkT -

nme}\SBT ej-/ B

=

2

5N

JE.
RS h3

(A.1)

d

5

o
",

bl

for the emitted curfenEVdensity from a flat surface. "

The redt of the procf follows the same lines as-

[CTEN ~

the original proof due to Langmuir. The Fermi-Dirac

distribution function which governs electronq}in'the

7

hot’ cathode is

_ ) 1 ‘
- exp[(tst)/kBT] + 1

f (E)

where € is the energy of the individual electron. For

those electrons that escape £> EE¥® and this makes

exp[(s—eF)/kéT] >> 1 for all operating tempéfatures.

<

Therefore the energy_aistribution of the escapéé

electrons is i .

A e
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where ! cTrpti. This s the same as the Maxwell-
bBoltemann distribution function, Notice that it 1s
1St 1o e, From this cunction it can be shown from

a general statistical argument that the number ot

olectrans per unit volam with energy between o and

ol {let us call this noeeddr ) 1s
‘ T /kBI
B dG)es 2 N BN
. voo— 372 ¢ . S
' n (kB )

'y
|
Then the current of coYectrons di with energy between

and r+d. 1s
AR
€

T ‘_s!
dir = e/—— n) G4 LA
m

If 1 is the total current, thT‘*n by a straightforward

calculation it can be shown that the fractional current

with energy between : and c+d: 1is

-t /k_T % o |

di _ B 3 ;
. T"_ —}-\? e dE/}(BT . . (A.2)

-,

-Let us Subgosérthat we have an area A emitting
radiation into a haLf plane and a perpendicular area
dA at radius r and angle ¢ to the perpendicular (see
Figure A.2). Let dI be the total current ! _ping dA
and Io be the total current density emitted. Then the
effective tot ~ area of A is Acos 8. This gives us

Lamberts law

[}
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Lffective

area of dA.

89



90

CI()A cos tt'dA
dl = 5
r

where C 1s a constant. A short calculation will reveal

that the total current emitted into a solid angle a is

5 ‘ .
1(a) = IOA sin“4 . (A, 3)

Let us define the index of refrahtion'nf an

*electron as

ni(x,y,z) = CJ/E-= Vix,y,z)

where n is the index of refraction, C 1s a constant we
‘;se‘té normalize n, E 1s the free space énergy ©0f the
electron and V(x,y,z) is t%e potential that the elec-
trons move in. This 1is the definiticn used by Langmuir
(1937). It can be redefined to include a relativistic
correcpion or avmagnetic field (Klémperer, 1971). Let

us also assume that Abbé's sine law holds. Tr._-

: i = n, . 1 3 A.4
n, y, sin Qo n, y;, sin &, ( )

where no; n; are the respective indiées'of refraction
for the objecp and image positions, Yor Y- The res-
pective sizes and HO,Gi the, respective angles 0Of the
%ays with respect to tﬁé axis. The validity of £ﬁe law
for electrons ﬁas been demonstrated (Klemperer, 1971).

We can also define the brightness, Bo’ as the number

N
of electrons emitted per second per unit solid angle

-1



normal to A per _nlcoarea. Lf I is the current dens{ty
oo

of A, then

2n /2
[ o
J J < i - I()
0 0 :
IO = BO . ‘ (A.5)
If we combine equatic .7, and (A.3), we find that
i) “ e kgL | ,
[ = A = ~ 1 oy
= < I, kT e (d L/kBT) sin” 9

- [ H

‘
*
where di(Uo) is the curre%t of electrons with energy

between . and e+de emittgé into half angle Oo. 1£f we

substitute with (A.4) and (A.5) we findvthat

aits,) v’ n? —e /KT |
= — = nBO ;? E/kBT e (d Q/kBT) sin~ 0. .
Yy o -
Let _
di(e ) yg - ' :
A - = dI(GO) .
Yy

Then di(ei)Qis the current density in the image due to
electrons emitted with enefgies between € and 5+é; in a

sdlid angle §_. Note that %(yi/yi)isithe imaged size of

area A. Then the equation becomes

L i v B . 2 ..
»dI(eo)—TrBo — ¢/k_T e @ ¢/k,T) sin ei s (A.6)

91



If we use an aperture in the imggixq‘system such that
the half angle of the imaged vlectrons %§ not greater
than #, then there 1is a cértain energy B _ below which
all. the electrons that are enitted will pass through
the aperture. If an clectron is emittec with an |
energy greater than\Eé it will pass through¢the épe:—
ture only if it 1is émitted in a direction suftic.ently

close to the axis. At energy EC an electron leaving at

an angle 7m/2 with respect to the axis will just go throuygh

the aperture. Then using equation (A.4)
2 2
.2 Bo Yo _ Ec 1
sin b = —7' ——2' = E——;_—E—‘ —-2- (A.?) w
ny vy 2 ¢ M

where E, is'the energy that would 'be acquired by an
<

electron emitted with no energy and M is the magnifi-

-

cation. Rearranging gives
2 . 2. : ,
E =" E, ﬂ_fi%_L_i_ . B (A.8)
1-M7sin™8 ‘
For E <E
, c
s E 1
= ——— == A.9
sin”f. =TE . 2 . ( )
c Mc

Then using (A.6) and (A.9) and the def;nition of the
index of refraction we obtain for the current density

at the image for E< Ec

;
2
/

J



1B . -E/k,T
SO k <R
driz) = > = v Coa/kym)
: M B .
L .2 o2 — ]
For L -~ E., sin vy becomes sin-y and "(A.0) becomes
) E+E,  ~B/K,T 5.
dIl (j) = 7 3O (ET“> g d (I‘l/k.u’T) sin .
: ¢
Thereforg
£ :
I
WBO C —E/kBT )
1= _MTJ E/ kBT e d(vh/kBT)
O s

. 3 L
Then working the integrals and using (A.7) and (A.8)

i a 2 .2
gives ' E2M sin A

. ﬂBO : 5 5 kBT(l—Mzsin28)
I= 2-[L— (1- M7"sin"RB) e
M ‘

If M is small enough (this assumption is certainly
justified on the instrument used in the experiment)

we can approximate the abéve relationship by

I =7 (——E2 + 1) ':‘28'
=, @o kBT. sin B° .

Then using (A.1l) and (A.5) and aséuming that 8 is small

. (<15°) we obtain
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«é{ban 120. This is due in part to the fact that there -

My
R
N

; 2.2 o
4ﬂmee kBT 3 5 —¢/kuT

(»—:-i + 1) B e
hP ) KT '

Then the brightness B of the qun is

2 2 »
4m_ ek T E ~9/kgT

CIf for example we use tungéten at 2700°K then ¢ = 4.52 ev,

19 -28

e = 1.602x 10"
-21

. coulombs, mg, = 9.11x10

1

10 erg—éec and.kB = 1.38 ><lO—16 erg°kK ~. If E =

160,000 eV then

B' :¢—£7 = 4.7 x lO5 amp/cm2

"8
The above calculation is not in agréement with experi-
ment (Cusack, 1967). “The current aensitybused to
calculate it was '
2 & 6/kyT

I =1207"e .

But in practice, the constant is usually much smallef
+1s a small potential hump at _the surfacé of any metaf
which low energy electrons must tunnel through in
order to escape. This results in a reduction in fhe
number of electrons escaping with low velocities and
deviation from the Maxwell—Béltémann-dﬁstribution.

If we calculaté the brightness from the “turrent density

gm, h = €.626

94
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of the cathode we get good’agreement wilth experimen:

up tc a point. 1In our calculations we hdve neglected
the space charge effect. This results in a reduction
in tﬁe brightness below the theoretical value at

higher temperatures. 'In addition filament life
decreased r;;idﬁy’with temperature past-a certain
value. A graph of these effects, due to Haine (1961),
is shown in Figure 3. Note that in this case there
is an,optimum temperature of about twenty-seven hundred
degrees Kelvin that gives us nearly the maximﬁm bright-
-ness and also fesults us reasonable filament life.

The eXpression we derived above for the current
density varies rapidly with temperature. Tﬂis coﬁld
result in small changes in the temperature of the
filament giving rise to ungesirable f{uctuations.in
the current. fhis is normally aveided by employing a
feedback process. In addition to this we need a
focusing action toc collect the electrons. We can do
this by employing a bias voltage on the Wehnelt cylinder.
This affects the shape of the field in the vicinity of
the cathode. 1If thé bias is too strong aﬁd accelerating
field will ot penetrate as far as the cathode and the
beam current will be reduced. If it is too weak #hen

the focusing action is lost and the brightness is once

again diminished. It is difficult to ‘provide an
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external bias voltage to filament at a hundre  ‘thousand
volts and therefore auto-bias is usually used. This has
an additional advantage - the auto-bias resistor can
stabilize the gun near the optimum conditions: If the

NS

current increases the bilas voltaqg iﬁCrcases, donreasinq\\

~

the current. If the current decrease\\évg bias voltage
decreases, lncreaSLngftho currgnt., hus the gun is

stable through negatlve feedbark and we need only choose
\\

one optimum value for the resistor. TI'ilgure A.4 illus-
trates this. ~Part a) shows the auto-bias system, part
b) shows too low a bias and part d) too high a bias.
Notice how the electrons will noﬁ come to a common focus
in either case b) or case d) but will under opti@ﬁm bias
in part c). All these illustrations are due to Haine
(1961). Haine also found that increasing the filament
height increabkes the total beam current available but
not>the brightness implying that the gun crossover spot

size also increased.

Section 2: The Lenses

The lenses have a large influence on the resolu-
tion available from a STEM instrument. In this section
we shall consider the paraxial ray approximation in
order to illustrate the behavior of electrons in a

magnetic focusing system. Then we shall see how the

iy
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Figure A.d. BErfect ot biasing.
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T N P S S TR L UL} U S S S AT R We o sl
oo Now b oomat 1o aber ot e sete T freoatment
that we shall ol low o trom P T O T (TR R
The eqgquation obf anot o bedal ol o

magne’ i teeld g

1
A=

i

——
—

Tf we use ocviindrical coordiinates Lo, o) ansloassame

rotational symmetry (B, 0)  we oal cowrite this o as
e .
2 - = rub
m r
al . . 2
¥ o= - = roB., o+ (AL10)
m "
d e o . . .
Gyt = = {rri_ - Irb ) ¢OALLD)
dt m r

Now using Maxwell's equation” with B~ 0 and assuming
free space (U constant), it is possible by doing
series expansion on the magnetic scalar potensial to

show that to first order

B = -
r

48 o
o]

It turns ou* tjhat the error in this approximation
N
increases as r irjcreases. Insertinrg this relation-

ship in (A.11) Gives
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1 place ot the actual voitage but the relationshagp

stall holds, Notloe that the neagat ive siap means that

the torce 1 always drvected cowan b Neoax s and that

N

the torce 1 proportional to the distance trom the axies,
This 1o the praincipal o g tocunsiing systen,

SO tar owe have carried oout our computations using

the paraxial ray csoproximation. However, just as an

light optics, the ot! axis rays give rise tao aberrations. 7
To calculate these let s consitder a cartesian coor-
i

dinate system o 1n which the magnetic tireld 15 symmetrac

around the = axis. “Then ' .

1 - .2 .0
T m(x + y o+ z7) = e
m¥ = ~eyB_ 4+ ezB = XoyB_ o+ ¢ (L) IR
v y Tz r r
«
. B X .

my = ~¢zB_  + exb = oXB_ - o(=)oB .

B X 7 z r r

"*L.ct
w =X * Jy, w =X -3y, 3 =,-1 .
This gives us (the prime indicates "differentiation Ly 2z)
1 + w'w') = e -

: v, — o ' W
— w'z) jez (w'B_ - B ) .

Therefore



. (&

— e — = 1 (%) ( —) (w'B_-= B )
(l+wiw') dz (1+w'w"') m 1+w'w' z d
L.et

v4
-9k — =ik e, ( B
u = we - u = we- kK = ( ) dz
[ _ ’ -8_117 :"[;
.
o
If we assume that |w'w'|.1 for the purpose of series

expanéion and do a great deal ot math that it is not

profitable to go into here we obtain

where W contains all the higher order terms in u To

third order

2 L
W= (u'u' + %%— uu + j(gg—)nB uu' - u'u))-
o eBzu o
c(u" - g+ (g, o) (2Bu' 4 B'u)
% <i§? 3(8§¢)12 "(ua' - u'u))
St + 3B (gE) -3 CEY BB e () *pu) +2 0% )

. 2 \
32805 0T 4880 LT 49 (<8 B (UT - u'®) -
( —~ ) “(utu' + uu +j(8m¢) B (uu u'u))

We can define the two solutions to the paraxial equation



‘( /‘
U" + eB- u = 0
p. 8m p
(
as

N .
r whe™ r (z:) =0 r'(z ) =1
o o "o o)
r, when ra(zO) = 1 r(zé{ =™

v

where the subscript 0. represents the object position and

~a the aperture position. Then
4
ato IJ—aro
u = + ur , u = + ur
r o a r o a
oa oa

- where U is the position of the ray in the aperture
plane, ug the position of the ray in the object plane
and T'oa the position of the first solution in the

aperturg plane. Let us assume a solution of the form

e ‘
Let us also assume that Au is a function of rO and ra

and that Au is smali enough to be ignored on the right

si&b.- Let us call W after u paraxial is substituted W'.

After some math it is possible to show that in the 1image
~ ,

plane

103
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Zl 2 r r 2 r
. J c eB o ,.0© )l eB ( e )“B'N) D
B -\— ¢ B b +
b ) o Bm¢ r Y oa Bma 8m 2 roa
o
<
e b ré 2—
* j(8m$)' B¢r 1uaua
oa
o _ _ -
+ c.u“d 4c.uuUu 4+c,uuu +c.u uu
2 a o 3 a o a 4 a o o 57'a o a
— 2— 2>~ eBB',... e Yo o 2—\
+ + + b= .
Ce¥alotlo T 7Y a T 8% e OB (gnr) ¢ U
. “oa oa,
+ c,uu u_+c 02T +c u_u_u_+ c u u_
97a "0 a 10 auo ll e Rle) 12 a o a.
) T
T C13UgUs tC5UU0U0 F CreleUs T I T I () T T
el
) _ .(gg)% B" “o o]u2—
I om 16 r3 a%a
oa
+ Cc,,Uu_u_u +c u2u +C u2u +c u_u 2lu2u ]dz .

17 a ou 13707 a l197a o 20 a o o

Here the c's indicate some function of the magnetic
field, the various r's,'M and the,acceleréting voltage.
Only the term that.has been written out in full cannot
be made zero by considering a ray startiég on the axis ’
at the object., The spherical aberration is the amount
that a point object on the/axis expands to in the image.

Therefore this is the spherical abefration.‘ After

rearrangement we get the ;spherical aberration coefficient
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Zl 4_4 etu r'
c = - _M t—2 J (e¢B' 3e' B yriaz
1 lé6r ' m 8m mr2
ao z oa
o
Z. v 2 v 2 >
= - s Fe e Iy p’ Tro + (T—eBh)z}dz
161 T m r my r mao
ao z o
O
The last expression is intended to show that <y is a
sum of squares and is therefore always negatlive. The
best we c¢an hope to do therefore is to minimize it. Thus

we can write that the radius of the image of u point is

2
r. = c,u_u
1 l aa

If we consider the aperture as located in the principal

plane, then

{ua| - fo tan g, tan § =~ 8§

L 3.3 _ o
[Ari! = clfoe = - C By - _ o

However, it turns out that the Gaussian plané is ﬁot‘the
pléne with the disk of minimum confusion. Let e be an
"extreme ray and Fe its focal point, m be a ray between
;the‘extreme ray and the axis and F the axial focus.
Figure A.5 1is a diagram of this situation. Thén the .
:radius of the disk of minimum confusion between the

two nays is
\\.

~h =F B tan 6_ = F_B tan 6_
e e m m
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L
but
FB=FF-~-FB-TFTF
e e o e o
=c 6. - c 68 - F B
h = (c 6% — ¢ 0? - F B) tan 8 .
s e s ' e m
Then
2 2
F B(tan 6_ + tan. 8_) = c (87 - 8°)tan 9
e e m s e m m
If we let tan 0 = 6 (small angle approximation) we get
F B =c (6, - 6)
m e m
h=c 66 (6 -06) . C>J
, s em e m

To find the maximum value of h we set the first deriva-

tive equal to zero

a—e—;n—=ce —2cseeem=0 )
— V'
em = 6e/2 .
Therefore
_ 3
max csee/4 :

There is another lens aberration that we shall
.a tonsider. If there is a variation in the
7. ‘1ield (caused by a variation in the lens

~

cur " - a variatic- in the energy of the electrons



(caused for instance by the thermal spread) then

~—

chromatic aberration arises. We can write down the

\

paraxial ray equation

Let us assume that V becomes V + AV and B becomes B + AB

where AB = B(AB‘ /B ). Then leaving out the second
: max’ “max : o

order terms

: AB
WV o+ V)" + S(BZ + gl _Jax,

8m "z Z 'B =0

max

Now we will assume that p(z) is the solution of the

paraxial .equation such that it leaves the‘object at

r = 0 and arrives at the image at r = 0. Let g( ' be
the solution that leaves the object at r = a and arrives
at the image at r = Ma. We are interested in the amount

that a point object deviates from a §31nt«3t the image.

Let us assume a solution to the above equation of the

3

form
r(z) = p(z) + €(z)

where €(z) is the variation due to the perturbation.

e 2 _ _ & _.__eB "Pmax
8mV Tz v p 4dm V B
max

where we have kept only fi{Ft order terms and made use

Substitution yields g" +

‘of the paraxial equation to eliminate two terms. The

solution of this equation is the solution to the homo-

¥

geneous part (clp(z) + czq(z)) plus a'particular solution.
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It is reasonalbe that the particular solution can be

written ml(z)b(z). Then >
£(z) = (cl + ml(z))p(z) + c2q(a)
We could have absonbed Ehe cl in m(z). However,‘we will
S
instead choose as a solution )
£(z) = G (z)p(z) + G,(2)q(z) . ~ . (A.12)

We know from the theory of differential equations that

because we did not choose Gz(z) as a constant, we can
. . £ o~

choose a relation between Gl(z) and G2(z). We choose
7 Gip +G'a=0 . ) : (A.13)
Then

g'(z)f= Glp' + qu'

" = Gip.+ Glp"r+‘Géq' + G,q"

Substitution gives

] 1 " ] ] ) "
Glp + Glp + qu + qu

2 AB
e _ _ Av _ _e B max
gnv (G1P * G@ = - P - gx v B P
. max -
Using the paraxial solution gives
2 AB
. vov _ 4V _ e BT "max
Gp *+ Ga = - P Im V B P
max

Substitution with (2.12) gives



' AV
G (%
Similarly

o [
Glp qu
Gl _ (A\_/_ w o e 9_2__ ABmax )\ v v

Al - e peal - ap

: max _

4m
max
z
o
where Z is the object plane. We know by assumptioh
that
ez ) =0
but ¢
e(zo) = clp(zo) + c2q(zox + CZq(Zo) .

0. We also know that

Therefore c2

e’(zo)_

Becaus

€ (Zo) = clp'(z)
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we know

Since p and g are solutions

e 2
P * gny BP0

Q
+
os}

Q

Il

If we multiply a) by g and b) by p and subtract we get

p'"q - p"p = 0
d 1] 1) -
3z (p'a - a'p) =0
Integrating gives

P'q - g'p = 4
Now we know that p(z) is zero at 2z = z, where z, is the
image plane. ‘hen

_ T

This gives us ‘
2 AB
m

z, 1 " eB ax
) i g PVP" * 75~ Bnax 2197
e(z;) = qlz;) -
* "(z.)q(z.)
z p 1zy/qi2;
O
Z. :
2 AB
1 Jl " eB max . _
= p(AVp + 7— —— p)dz .
Vp'izii ! 4m Bmax
o ,

Now i1if we substitute the paraxial equation we get



. ?1 2VAB_
vlzg) o= vp'(z.) | p (Avp" - p")dz
ity max
O ra
L
2AB 1 \
= oy (& D) 1 pr(2) “p (2) d
P Z. v B &E < piz az
i max o
o)
Integrating by parts glves
z
. 2A 1 .
ef{z,) = - 1 (/\_\/ - _—Bmax) ’ )'2dz
B p'(z.) \% B :
i max

It
1
T
N
[
<|<
|
98]
o
—_—
[
N
]

The integral is just a constant. Let us call this C.
Usually the effects due to fluctuations in the magnetic
field are smaller than those due to the energy spread

of the electrons leaving the cathode. Now

' = ~
p (Zi) = tan 6, 6, .
Therefore_
_ AV
lrll = %% v 9

where r is thé radius of the disk of confusion and ei
the anglewat the image. First it shoqld be noted that
we can always choose the focus so that we get our
existing focus for the centre 6f the energy spread
allows us to write |

‘ , LAV '
= . = . = — .
d zjrl] 2¢, 5 e.l c. 5 94 .
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The two obvious contributions to the energy
spread AV are gun instability (changes in the accelerat -
ing voltage) and the energy spread anherent in thermal
emission.  There 1s however one other contribution -
the Boersh effect. Here electrons in the beam collide
and some of thelr transverse momentum is convertoed to
momentum parallol to the axis., This eoffect can increase
the energy spread by 1 or 2 ¢V (Hawkes, 1972).

It was shown that there 1s a limit to the bright-

¢ Y
ness.of a thermionic gun of about 32107 amps/cm”/sterad.
The éutline of the proof that spherical aberration cannot
be corrected was considered. Finally, an expi-ssion has

been derived for the chromatic aberration coefficient.

Thy



