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IZoatrast: in the TEM and dark-field techniques M L Jenkins

lilease mote that this lecture is meant only to provide a rudimentary guideto contrast
mechan izmy. and microscope techniques so that you can better understand the pracrical

1mirilic

Buggested reading:
tHmach, Wwie, Nicholson

Hasihley wnd Whelan (1965)

'Electron microscopy of thin crystals'
(available by ordering through Dr M J Whelan)

Edfington. 'Monographs on practical electron microscopy

in materials science (4 vols) (1974)
"Toma (2wl Goringe 'Transnission electron microscopy

of materials’ (1979)

IComrteast idn the TEM
e justdfilcation for discussing contrast lies in the necesaity to recognlze what is
“een: on the electron-microscope scheen and in knowing which experiments to carry out

iF the iimage is not immediately Pecognizahle,
Thewe am: warious contrast mechanisms, applicable to different sorts of specimens

aeldl different sorts of problems,

Specimen
/\
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% Diffraction contrast

Contrast 1s produced by allowing only :he transmitted beam or one of the \iffracted
beams 3 .pass through the objective aphrture and so form an image. Theseiare called
bright-field and dark-field images resectively.

x n X

x (}\ %y —DF
BF 7" > ™

X x X

Hechanirm:  locul variations in diffricted intensity are imaged (to be discusaed in
detaill). :
Comnents: Mest commonly used contra:t mechanism, used widely for studying:defects
in crystals, It is often important to.set well-defined diffraction condltlons if
the image is to be interpreted reliably, A comprehensive theory exist's. | iImuge

details typically > 15k (depending on maging conditions).

* Stodcturc-factor contrast

Lazg: furmad in saie way as in diffrac ion contrast.

Hockanism:  Local variations in structure-factor for the imaging reflectiion:ars
inagad,

Commrents: Examples of this mechanism include in-focus imaging of voids, laaging
of auorphous regions in irradiated sem-conductors and imaging of disordered zones
proluc. i within displacment cascades i ordered alloys.

# Fhaze contrast

Tuo o more diffracted beams and/or di.fuse scattered electrons are recombined to
form the image. '

TN

X

flechanism:  Phase changes in the elecwron waves at the exit surface of the eryatal

are converted into intensity differencys via an additional phase change introduced

by the microscope and arising from sph rical aberration and defocus.

Comments: This is an important and wxpanding area of high-resolution applications,

including * structure determination ard defects in materials such as| complex oxides
* high-resolution studles o dislocations and interfaces.

-3 -

A point-to-point resolution (the first zerc of the contrast transfer function near
Schertiser defocus) of about 2,58 i available with modern commercial inatruments,
and spoacial high-voltage high-resolution microscopes approach 28 or better,

a2 och?
[+ ] -

Detail may be visible in images down to separations < 2f but may not be inteérpretable,
Comparison of experimental images with computed images is often essential and always
desirahle.

# Hass--thickness contrast

Objective aperture is placed about forward-scattered beam, excluding many of the
scattered electrons, -

l l incident beam

XX
X X X + heavy
X X

Transmitted

—-——-.——.)intens it £ \ |

Sometines called absorption contrast, although the electrons are not really absorbed,
they ane scattered out of the objective aperture,

Mechanism: Parts of the specimen which are thicker or are composed of elements of
higher :atomic number will deplete transmitted beam and consequently appear darker,

Commenty:  Blological specimens are often stained to increass contrast,
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The mechanism of diffraction contrast . . A Bend contoirs . ; . = Tislocatiun
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Many diffraction contragt effects can be understood without detajled matfmatﬂncu,
bearing in mind only the relatively simple idea of Bragg reflection,
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Setting the diffracting conditions

If images e.g. of dislocations are ty, be interpreted reliably it is important that
well-defined diffracting conditions i re set.
This is achieved by tiltirg the spec men, usually with reference to the:Kikuchi

pattern. .
A common condition used 15 the stronj, two-beam condition, with one refladtion strongly

excited, {.e. at the Bragg condition, {Sg =0, =0, E's 1 gsee below),

'
\

The objective aperture is placed aboug the forward-scattered beam 0 (brizht~field)
or the diffracted beam g (dark-fieldl.- often called 'the image in the reflection g

Other commonly used conditions includ::

Kinematical (BF)
. H'L‘ dislocations appear :as [black-
lines (on positive prints)

Heak-beam (DF)

e X, X wizfy x x| dislocations appear as
S % 2110 23"t . 0 _ gl ag narrow bright lines of
high contrast
W25
(g. 3 1g)
E= .1

Deviation parameters used 110 specify / eviation from the Bragg condition, o

(1) Sg

Ewald sphere

. -7 -

S, = |§r| and defined as negative (positive) if g lies outside (inside)
‘Evald sphere, .
(ii) W= |Sg£g| where Eé is the extinction distance, W is dimensionless,
s ' .
(1i1)y = = [1 + TTEngT] with GB the Bragg angle for the reflectlon g. IfE =1, 2,

13 ete, then the reflections g+ 28, 3§ etc. are exactly exclted,

Burgers vector determination

A= aniciample of a typical contrast experiment we consider the determination of the
Burgers vector of a dislocation,

The practical procedure is to image the dislocation under two-beam diffraction con-
ditions using various diffraction vectors g in turn, Characteristic invisibility or
weit conircst Is obtained when Ig.§| = 0. Thiz condition is sometimes termed the
iaviatbhility criterion.

The cacicnce of sery weak or zero contrast when g:b = 0 can be understcod by the
illeying argaments

¥ e displacerents produced by a dislocation are {mostly} parallel to the Burgers
vautor ). (For a nerew dislocation in an isotropic medium this statement is exact:
for un edge disheation there are also small terms parallel to b x u, wherc u is a

tz't vootor in the direction of the dislocatjon line).

* Twe 'diffraeticn vector g (reciprocal lattice vector) is perpendicular to the
reflacting planecs. -

* Thn dislocation 1s 'seon' if its strain field bends the diffracting planes, The

coadltion g.b = 0 implies that b is perpendicular to g, so that b lies in the reflect-
inz plane.
thege planes are not bent.

All displccements are therefors parallel to the reflecting planes - i.e,
Therefore the dislocation is not seen,

* For dislocations with edge components the condition g:b = 0 may give weak Images
but net true invisibility. For true invisibility we require alse that g:bxu =0,

Thicknese fringos

Thickness fringes arise because electron scattering is dynamic - i.e. the two-beam
case intensity scattered into the diffracted beam {s subsequently rescattered back
into the forward-scattered beam. The formalism in the two-beam theory with no
2bsorhbtion is given in the mection on weak-beam which follows, and leads to the

following varlation of intensity with thickness or depth:

8
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Away from the Brags condition (ISgl »0) the coupling between the two beamy {5 Less
I
strong, and the depth periodicity is‘shortar. with effective extinctionidistamoe

£
eff Fid
Eg = fliw where w = |Sg€g|

The thickness fringes become weaker and crowd closer together

9

~ g

Friimme contrast at planar defects (grain boundaries, stacking faults, antiphase
hountaries), :

rain boundary frinpes arise in much the same sort of way as thickness fringes, and
e | partticularly easy to understand when one crystal is diffracting strongly and the
mther is not.

Grain 1 (diffracting)

Grain 2 not sg "0

diffracting

Grain 1. 1s effectively a wedge-shaped foil, leading to fringes of depth periodicity
£ "

The cedgin of fringes at stacking-faults amd similar planar defects is more difficult
to amderstand and requires some Imowledge of thecry, The contrast arises from a
shinge of phase at the boundary in the scattering contributions to the diffracted
Thoenatn o

The orifjyin of the contrast is seen qualitatively in the kinematical theory using an

. @rplitule~phase diagram.

p»’

. pl.\ ‘*
7
\ T
5 /‘
\‘. ;'/
v b
%
1
e | /p

o Ampilitude-phass diagrém for a column Pp* containing a fault at @ with phase angle 4,
" Thie: mesniltant amplitude is represented by the vector PPV,
carresponding column in a perfect crystal is given by PP,

the amplitude for a

A0
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The phase factor a is given by
' ) a = 2% g.R
where R is the fault vector. The fault is inviaible if a = 0 or is a multiple of
2x.
Consider as a specific example a (111) foil of an fce crystal containing '‘a stacking-
fault on the inclined plane (11I) with fault vector R = ;[lli]. Consider imaging
the fault in the {220} reflections lying in the (111) reciprocal lattice plane.

I g t 270 + 203, 0232
t By . 2n
a 0 5 (= 3)
+ +
e df2ult invisible fault visible

In practice the depth periodicity of stacking-fault fringes corresponds rouzhly at
the Bragg condition (w = 0) topthe extinction distance £ , and away from the Brapgg

condition (w > 0) to EEff = ¢1+w‘ ., The detailed behaviour is quite compli-ated,
Calculations show that in the absence of anomalous absorption the depth periodicity
of stacking-fault fringes at the Bragg condition (w = 0) would be £ /2, If we

deviate away from W = 0, alternate fringes become strong and weak, until eventually
the weaker fringes disappear and the stronger fringes correspond to a depth
periodicity of -E:ff. In the absence of anomalous absorption, bright-field and dark-
field images are complementary, In practical cases the effect of anomalous
absorption is to reduce the visibility of fringes near the centre of the fpil, and
to destroy the complementary pature of BF and DF images. This latter effer=~ can be
taken advantage of to determine the nature (intrinsic or extringic) of stacking-
faults, In addition, anomalous absorption leads to a fringe separation corresponding
roughly to a depth periodicity of Es and not to Egl? as is the case for noj absorption

at w = 0. This ocours by a gradual suppression of alternate fringes, the suppression

being greater near the edge of the foil, Weak subsidiary fringes can sometimes be

seen near the middle of the foil in re].atiyely thin foils,
Forming dark-field images

Two methods:

1. Displace the objective aperture
Disadvantage:

poor resolution due to 'streaking' parallel to g as a result of spheri-
cal aberration (see separate sheet).
2. Use beam tilts to bring dealred reflection to the aptic axis.

Almost all
miér-oscopes are now equipped with beam-tilting coils,

Disadvantage: tilting the beam alters the diffraction conditions. A tstrorg! beam
will not remain excited when brought to the centre, In general it will be recessary
to reset the desired diffraction conditions by tilting the specimen. Ome trick to

partially met around this problem is to tilt the diametrically opposite dif#fraction

spot to the centre: i.e, if g is strongly excited, then tilt ~g to the axin. When
it reaches the axis it will be atrongly excited,

11
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Uses and advantages of dark-field images

1.

N

4,

Ce
Simplifying and 'iglproving image contrast:
% aperating reflpetion clearly defined

* . highef contrasy (especially in weak-beam images)

' allows cmpanb,sor;s of experimental and computed Images,
PR ; | f . ’

L. ' !

. { .
Obtaining a_dditi'oual contrast information:

* e.g, detgmini‘.mg: the nature of stacking-faults, *

1 <

Aiding the “-.i:_l}:c_g:bei_'ietation of diffractiop patterns

*"'ldentifying the orlgtn of extra or sateltite spots”arising fran gul

specimens, incoherent precipitates ete,

" Special techniques:

L] weak—beam'i-ﬂag' Tog'! e e e DT

& structure-factor contrast in ordered alloys,

% i-phane

1 Principles of the weak-beam technigque
1.1. Introduction

=

Electron microscope images of dislocations taken using strongly excited
‘reflections have image widths ~ £9/3 whera Eg is the extinction distance of the
ioparating reflection. On the other hand the dislocation core ig only & 3b wide
iwhere )b is the magnitude of the Burgers vactor, Consequently the normal !'image’
of n dislocation shows contrast for vary small disturbances of the crystal. This
iwide imzge has come to be ap accepted property of dislocations, and its dis-
iadvantages are often overlooked. TPor euample in a great many investigations the
accwrate position of the dislocation core {or cores) is sought. Pram images
3 Eg/!- wide such determinations ave difficult especially when the dislocation
geometry is camplicated (a.g. dissociated), and often Camplex computer simulation
teckniques must be employed. The weak-beax mgthod simply roplaces these wide
images with narrow (+ 158} intense (v 100.times, background) image peaks close to,
and at a daterminable distance v ZOR) from the dislocation cores. Each disloca~
tion core shows an intensity peak on a uniform background, and consequently the
gecmetry and interactions of strain fields can 'be accurately determined,

1p2.  Theory

Ppr simplicity we consider the acattering equations in the two beam form
Without absorption. (Extension to a more general analysis is straightforward),
In a perfect crystal the relationship between the amplitudes }g of the
diffracted beam and ¢° of the forward scattered boam is

d¢° - wig
dz £
‘ q
cee ag
S . | ‘
- BT b ey . e W

where z is the depth in the foil, -Eg is the oxtinction distance, and s{ = w/Eg)
is the distance of the Ewald sphere- from the reciprocal lattice peint g, When
8 = 0, the crystal is in the Bragg orientation, and the strong coupling between
4 and ‘g produces the Pendolldsung oscillation with depth shown in fig,la,
Whon |s| 1s large, the crystal is far from the Bragg orientation and the weak
coupling between .,.‘o and 09 results in the kinematical oscillation with depth
shown in fig,lb.

A4



Por an imperfect crystal, equation 1 is replaced by ~  ° -

Mo Ty
‘w:lz ‘Eg
a¢ . .
© wi -
ET R % MM B 4 . @
4 R{z)

vhere Supe TP 9 . —az

with R{z} being the local displaciwent of the crystal from its perfoct crystal

position, By analogy with egr 1;: eqn 2 describes stronq coupling batwzen 0 and
d R(z)
w0, le.. if 8 + g .

og 1£ 8 rf = 0, This ig the condition:ithut the
local displacement Riz} orlents or 'twists' the crystal planes into:lthm Bragg
condition,

Let us novw consider the crystal model shown in fig.2a. In regions AB and
CD the .crystal is far from the Bragg condition but in region BC it as xt the
Bragg condition, In region AB the weak coupling between the incident nnd
diffracted beams means that the diffracted beam has only a kinematin :oscillation
with dapth'A(fig.Zh): and little energy is transferred, 1In region BC:the atrong
coupling transferas ehergy as in the initial stages of the Pendollc';smlg:curve of
fij.la, In region CD there is again omly weak coupling, and the kimematic
oscillation returns. However the| incroased energy in the diffracte! beam
{fig.2b} is retained and not loet. For the case when there are mori! [than two
beams to be considered the system is slightly more complicated (figllc) but the
increased intensity in theo weak-besam is setill cbtained,

1.3, Undissociated dislrcations

Consider an edge dislocation with line and Burgers vector parallsi to the
plane of the foil (fig.3). We expect a weak-bsam peak to occur for:'the column

PP* in which the lattice planes are at the Bragg condition at a turking point of
d Riz)
— + For columns to the left of PP', the lattice planes neveriathain the

Bragg condition while for columns to the right the Bragg condition ig pagssod
through rapidly as a. function of depth. On the other side of the cora, the

lattice bending is in the opposits direction. Therefore wa expect 1 wsak-beamn
4 R(z)

peak to occur for any column in which g .
a Rriz) dz
g-- ;z — - Similar conclusions (with minor alterations) can be obtalined from

the Bloch-wave formulation,

= -3 at a tufntng:xpoﬂ.nt of

15

In order to check the pradicuons given above, nany-bem calculations were
pcrfomd for an undissociated edge dislccation lying in the plane of a (111)
foll of copper, with b = -[110] and assuming a strain fie].d based on isotropic
elastic continuum theory., The weak-beam image for the reflection g = 230 was
investigated for the dislocation at various depths in foils of various thickness,
Six systematic reflections ere included in the calculation, and the ab.sorption
parameters of Humphreye and Hirsch (1968B) were used with 100keV electrons, In
all cases, a single, narrow (» 158 at half height), intense (v 100 times

background) pcak was observed, and its position was given to + 7% by the con-
d Riz) 4 rt2)

" = -5 at a turning point of 3.z
Por certain geometrics the peak intensity can be greatly reduced, although in
general it is much greater than background,

1.4, Dissociated dislocations

datiion discussed above viz g .

Congider the dislocation discussed above disgociated according to the
equation b = 3110] + £1121) + $1711) = b} + b}, For g = 230 there is no stack-
ing fault contrast. pAssociated with each core there is expected to ba a weak-
beam peak, one lying outside the two partiale and the other between them (as
can be confirmed by sketching the lattice plane configurations). Their positions
priedictcd by the criterion given above for the dislocation in edge orientation
are

x= (2 +Ch tJM +c? 4%y s

whe 3k :
re C'-B/(—z;‘[li-z—u_—v)"])

vith v being Poisson's ratio and the peak separation.is Aubs _le + tll'C2
where 4 i5 the partial separation. (For the dislocation in cther orientations,
the expressions are similar.) Many-beam computationa confirm the accuracy of
these relations to ¢ 7% for various depths of dislocation and thickness of
crystal.

It is clear that the method provides an accurate means for determining
small separations of partial dislocations, and has now been applied to meny
systems,

1.5, Restrictions

It is clear that the advantage of weak-beam images over normal strong-beam

immges is that weak-beam images show a very uniform background except for a very
narrow intensity peak defining the dislocation position. To obtain thase con-
ditions, computed images indicate that [s| must be > 2.0 x 1072 K1 for 100kev
electrons. It has been found casiest to obtain this condition by setting up a
line of systematic reflections, from which the geometry can easily be determined,

16



However such &n arrangement is not ne-.cessa'ry. All that is requh:red in

the reflection in !question, ls| should be sufficiently large,

En copper | this

corresponds to nearly satisfying the 660 reflection for a 220 weiak-baan. image,

As a result, very woak imgeq, normally not chs
cbtained.
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Losmarion or Amvent

To determine isg| from the diffraction pattern

5

INCIOENT
FEAM

* The most common way to obtain weak-beam images is to image in the-mf.lm:ﬂ:imn:ﬁ

with the 'reflection':ng excited. .n need not be integral, and in general pme show @

avoid exactly exciting any other reflections whether svstematic or non-gyskenatic.
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For chords of a circle interesectins at right angles;

-5 = (n -11) g2
(k- 5)s = (n-1)g

Imwz or ,

| AKC REFLECTING
yMlif }*

OOO

e

To first order in ss:

. g_-:__ 1) 52.

g

% A less common to obtigin weak-bemml images is to image in the reflect don - —g with

the reflection ng exclted; A sinilar argument gives the deviation pavameker in this

case as: i

. in+ 1)g?
2k

"lﬂﬁ L u‘ﬁk’waﬁ'n
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The sign is negative because -g lies outside thé Ewald sphere,
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WAVELENGTH DISPERSIVE ys ENERGY DISPERSIVE

20003}

Ba-t, + ThK, Specaen BaTI0y
Mengunng kme 100 sec
Probe curent 5 X 10" A
PSEM 500X + EDAX €08
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Inengity (COUNtY) mp
L

Lattice Imaging
1nom}
Under optimum conditions high resplution lattice imaging provides a
ptojection of the molecular structure of a suitably oriented crystal -

or other specimen. Resolution of useful 2-D structure images will be

at 1.5 — 5A and 1-D lattice images 0.5 - 1001, depending primariiy oa i
the microscope, the structure and the problem. From such images of -wery
thin crystals or amarphous material, it is possible directly to intrrpret
features of both unkmown but periodic unit cell structures and of the
aperiodic wodification introduced by defects, e.g. dislocations prexip-
itates, boundaries, loss of crystallinity, radiation damage etc, However, ' Y] -
at the stomic level the scattering and image forming processes are ‘ 0 5 50
relatively complex sa that it is usually necessary, and alweys vise, Ito L Eneegy (heV)—)
confirm an inteitive or 'by inspection' interpretation. This ia donelby
careful control of the experimental conditions, including recording
series of related images and comparing them with those caleulated from
model structures. Thit is required because of the influences of lowoil
ovientation and thickness of the specimen, the potential complexity nf ' - oty 7o
the electron scattering processes involved and the influence of the rmicro-~ e

scope aberrations on the image contrast through the contrast transfer 'Sf:-lﬂ'ﬂﬂ-' lma:
funetion (CTF). ‘This latter is used to describe and evaluate the us:fulness p:r,w;g.“f:"li,’;,':m':m
of microscopes for high resolution work. Goniometer specimen atages ave

usually essential. *
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It will be shown that any reasonably modern alcroscope can be used Eoar
very useful lattice imaging, including to complement other ferms of .
microscopy, but that ithe requirements for the highest resolutien are -
rather more stringent, sometimes requiring access to more specialisad
equipment. Current|developments 'in digital on-line image processing
and alternative imaging methods will be intraduced. Applicacions
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illustrated include phase transformation studies in wetals, ceramic and
catalyst identification, structural studies of semiconducter materials

and of some orpanic materials. I Ti-Ky
. . Ba-L
References: Proc. 47th Neobel Symposium, 1979 Chemica Seripta W 1{1979), | ' "
Ba-L
J.C, !Spence, Experimencal High Resclution Electron Rlicroscopy I Ba-Ly x4 l X1 "
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X-BAY . ANALYSIS "IN THE TRANSMISSION ELECTRON MICROSTNFE

1. X-ray Production

When electrons of sufficlent energy are incident on a ;specimen . X-riys no
produced. These X-rays are of two types:‘white or background macintion jprediued
by the = deceleration of the incident electrons and characteristic yaddathon

produced by electronic transitions within individual atoms,
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Flgare 1, X-ray spectrum showing characteristic and bagkeround rddietinn
The wavelength (and energy) of tha characteristic X-rays vazier syotesetically
with the atomlc number Z. Thus is the vavelength or the energy nf thel Turaga

emitted by the sample cen be determined, a chemical analyeie chy tw carviel out,

2.

rafve and Wavelength Dis reive Datgmbors.

The wvavelength A and evergy E of X-rays { in fact all el ectromapnetin
radiation) are related.

E=he or E(Ke¥)y 12.4
A aR)

vhere h » Plank's constant and o = velocity of light,.
Thus either & wavelength dispersive (a crystal spectremeter)ron awm eaergy i ispercive
(90114 state) detecter can be used to divide an X-ray signaliinto [iie alemantal
component.s. The characteristics and relative advantages of she cnpstal speironeter

and the energy dispersive detector are swmarised in the follovimg twble,

A = dhsorption

2.

WAVELENGTH DI S'PERSI VE ENERGY DI SPERS IVE

| IMARACTERISTICS
- bhroyriaination Excellent FWHM 2150 eV at 5.9 keV
Cul(u CuK
e
g INL, Cu H.{Ka NiK ‘
7 !
I
CuKB "CuKB
NikK
Nikg 8 i
—) P —E >
Count Rate 30,000 cpa (one channal) 2,000-10,000 cps (entire spectrum)
‘Resli-tto-background 20011 50:1
(thin sampla)
Llght Element Limit 2 > 4 (Be) Z 211 (Na)
Selkd Angle 0.0l ' 0.05

all cvlements 2 2 11

Kumiae of Elements
onaluul Jcmu-khm.n-sl‘t’

1 per spectrometer

Stakiility required high none

of  mourcae

Stabillity of good short term excellent
-devector poor long term

wperation requires a skilled operator operator proof

I Table 1. Comparison of Parformance of Energy Dispersive and Wavelength
Dispersive X-ray Detectors.

.  Analysis of Bulk Spacimens

In a bulk specimen the incident electron beam diffuses Into a large pear-

hapetd volume beneath the specimen and X-rays are praduced throughout this volume.

N2z

g

detector

F = fluorescence

X-ray preduction in a bulk specimen, 6
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When quantitative analyses are carried cut it is necessary to _@m_
the observad X-ray intensities with those from bulk standards and |then muke
corrections for backscattering (Z) absorption {A} and fluorescence {(%).
As it is necessary :to knov the composition of the specimen to make’ the porrections,

on iterative procedure is applisd, usually using a computer.,

‘b, __Analysis of Thin Specimens e
g ' A ki

K4

M T _--.

‘ i/ acfive ed
volwma

Flgure 3. X-ray production in a thin foil
- In & thin spekinen the large bell-shaped region is absent and:the analysis

volune is approximately equal to a cylinder of the rrobe diameter, |Thus ‘the
spatial resolution| for analysis ia measursd in hundreds or thousands of X
rather than 1n'ﬁm o ds the case in bulk specimens, The absolute intenaity of
the characteristic| X-rays produced in a thin foil eannot be compardd wilth a bulk
standard because it will be function oi' specinen thickness as well a8 vomposition.

If the specimen do sufficiently thin to carry out microscopy at 1O KV then,
to a firat approximation, X-ray abeorption and fluorescence in the | specimen coap
be ignored. Thus wliisl.e the absolute characteristic X-ray intenaity for amy onc
element will be e funution of specimen thickness, the characteristi: X-ruy dntensity

ratic for any two elements is independent of thickness, 1.a,

Cy I
Y —
] I;

where I; and I, are tlie cbaerved characteristic X-ray intensities, §; mudl IC; are
the weight fraction rutioc of the two elements and k 1s a factor vhigh must| be
either calculated orl determined experimentelly, If the highly stabke energr
éispersive detector 1z used in combination with a thin specimen it i3 possible
to calibrate an instrumeni so that the relevant k's can be determindd fmowm the

Epecimens of known coeposition.

e o

51 =
Figure 4, Calibration curve of k va 2
IA schematic calibration curve is shown in Pigure 4, This con be used to convert
rthe observed I-ray intensity ratios into weight fraction rotios.

The shape of the calibration curve can be explained by considering the
lefficienty of X-ray producticn as a function of Z and the preferential absorption
of lov energy Xwrays in the Be window of the detector.

The assumption of no absorption in the specimen will clearly break down for
"thick' sanpiea and lov energy X-rays.and it is important to know the spacimen

thickness to check if the 'thin film criterican' holds. During the anolysis o

_ contemination spot is formed on both the top and bottom of the foil, If the

sarple ia tilted 30° or ho® after the analyeis and the distance between the spote
weagured the specimen thickness is readily determined. The standard X-ray
wbgorption equation

I=1loe -‘é- e:
vhere I and Io are the transmitied and initial X-ray {ntensities, respectively,
I;—,) is the mnos absorption coefficient, P is the denaity and x the sample
thickness, is applied to each chserved characteristic X-ray intensity and, if

necessary, modify the 'thin film' result.

Zs The ‘Spatial Resoluticufor the Analysis of Thin Films,

In & very thin foil the apatial resolution will be given by the probe

diameter, The maximum current that can be obtained in a probe of diameter &

a8



5.
is given by

_ 3n%p
i max = T_[

8/3
4 -3 (1.221)2]

Cs2l3 3

where 8 is the brightness »>f the gun, Cs the sperical aberratior .coefficient
of the probe-forming lens wnd A the electron wavelength. In a.modern 100 xV
transmission e.llactron micr)scope, which uses the pre-field of the clijective as
the pr-ohe-fox-niipg lens, Cs,= 1-2 mm and, for a conventional thermbonie W

5 -2
emitter, g = 1 £ 107 amps .m

sterad.ian_l. Under these conditions it is
possible to foc)s a curren; of '\ulo-g amps (the minimum for quantitetive
analysis) into a probe 420 R in diameter.

A dramptic improv ment in performance can be obtained by replacieg
the W thermioni; emitter w=th a cold field emission tip, # = 500 x .LF.'.'I‘I\S amp
cm,az stamdian-‘l]‘. Howevergsthe stable operation of a field emissiom reip re-

¥ torr of

quires UHV condi.tions, i.e 10-9-10_10 torr as compared to the. 1!1)+
a conventional iflectron mic roscope. With a field emission tipiamil & Cs velue
of 1-2 mm a current of 10-'E to 10-9 aups can be focussod into ) prabg of
dianeter ~10 §, -

When the incident _pmb is essentially a point source of wlestrons
it is important o examine the divergence of the electron beam s it passes

through the spec’imen: the agtivated volumc will no longer apprailmate a

cylinder of diametepr equal o that of the incident probe.

References
Goodhew, P.J., Eal.ectron Mic,oscopy and Analysis, Wykeham, Londor/, 1874,

Cliff, G. and Lo:ldner. G.W.; The Quantitative Analysis of Thir Films. (1975
J. Micrisc, 103, 23,

Lorimer, G.W., C.‘g.iff. G. an~ Clark, J.N., Determination of the Thirckness anc
Spatial,Resolut.tonﬁfor the Quantitative Analysis of Thin Feils.
In Deve..opments in_‘,}:lcctron Microscopy and Analysis, Ed..J. VWenables,
Academié:, London, . 976, p.153,

Chandler, J.A. J-ray Micro: nalysis in the Electron Microscope, :im ‘Practical
Methods in Electro Microscopy, Volume S, Part II, Ed. IAJM. Blavert,
North-Holland, Amst erdam, 1977.
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: Geometry of elactron diffraction
; Breggs law

The radiation is considered to be reflected from the lattice planes of the crystal. The path

1

p
L)

Q
3

LaHite phang (LA}

P

N )

2w /1, Dt

"
’

Q

«difference between rays 1 and 2 (s 2 x AQ'= 2 dsino. For reinforcement of the rays the path
difference must be & whole number of wavelengtha:

2d5in@ = n} A -wavelength, n - Integer.
“This |3 Bragg's Law.
It 18 usoally written :

2dSnG = e n=1,

Ruther than referring to the second order reflection from the (100) planes {a = 2), we refer
to the first order reflection from the (200) planes or simply the 200 reflection.

M
\ in\‘
)
P Y NPT
e \ — L —fo0)
L A
NPT

o—(200)

’

——— -

<

1
/
)
¢

t s b +{/22 — {200
I path differeace 23 ) Path differena A )

D A Sind =22, Zieliss S G = R
l.e. thy n is absorbed into the indices,

Note the omlssion of the brackets from the indices of a reflection; the (hkl} planes give rise
to the hid reflection.

The interplanar apacing n:lh is related to .the ﬁnit cell dimenslons. For orthogonal crystals
{cubic, tetragonal, orthorhom l‘él) t
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For cubic crystals : . In general g * -th T he kb e
d'hkl =, " Indices can be added vectorially
UL e.g. E = g tE 10
The reciprocal lattice l 210 200 ¢
The angle that the dilfracted beam makes with the direct beam Is 26, Tweldistance of the ) The_reftecting ephere

| X S
th‘) -."\ iuln-\ g

lulr‘ [ 4 )"-I 4

CB"‘L

\ screen or f-i|n~

spot from the centre of the diffraction pattern is thus proportional to 26. Bullirtm Bragg's Law :
Sin0rnv@= ) (©small

24
[.e. there Is a reciprocal relationship between the direct lattice spacing d H;uin! the distance o)
i s ; as a
:: il::g;r&smifﬁﬂmxﬁt::ruf::n centre of the diffraction pattam. The rel:ections are sald I' P is & reciprocal lattice point hid and it lies ca s sphere which bas the Incident beam

diameter, 000 on the clrcumference and a radius of 1/» , then P is correctly oriented for Bragg
»

A get of planes of spacing d in the direct lattice produces a reflection in the xeciprocal laitice diffraciion because :
al a distance g = 14 from:the origin and In the directim of the normal to the slanea,

E= 0P = 1 .. X PIs trace of (hkl}. (pormal to g).
Direct lattice Reciprocal lattice oF = 4

-y
. OXP = @ and OQP=28.
i b : bt !
(Iﬂﬂ) o\) FrmA OXP: Bin @G = OP/0X

Y

(1))

i
>
. of to =L z
j- duo 7/ / g/ J 030 (d) / (h)
Moo) - jod'y Oty or 2d5In© =) Bragg's law
' T ‘J* As OQP = 20, QP Is the direction of the diffracted ray.
dio) .
. 200 J"‘\l.‘w, a
/ ' S
%0 ; d. cl“.
! 300 ;\I;g,m | d :....\\ ,t:am.
h'd ‘\"‘n.
/ 2 ¥ 1"'\ . P ,”“#‘Jv‘-J sphart.

The axes of the reciprocal lattice are x*, y*, z* and have repeats a*, b*, &* where :

: ttern on the
a* = 1 ,b* = 1 , c*= 1 Given the seemingly stringent conditions for reflection why do we see a diffraction p2

—_—

: " cause :
dmo dolo . dool screen? Be

@) reflecting sphere |8 very large (7\ = 0.037 R)

£0.2 pm).
The origin of the reciprocal lattice (the direct beam) Ig 000, These relatlonsalge hold for any ®) 'spots' are gtrenked out perpendlcu rlto foil because of ita finite thickness ( M

- 8ystem.

For orthogonal systemsa only :
a* =1, b* =1, ¢t =

[+ B L]

AR RN EEN RN lslorderm::u:o::ne
3‘ ety 111111t &—e Zero order

DA
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\4«&5 diffmckd roy

The reflectlion appears Lo have come from a plane (hkl) where :
h=hl+h:!, l:=1:1 +k2, lsll+lz.

Reference :
Crystallography. R, Steadman. van Nostrand Reinhold, 1982,

Electron diffractica In the electron microscope, Practioal elwctron micrescopy In
materials science Vol. 2. J.W. Edington, Philips Technlcal Libyary, 1975,
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WDS MICROPROBE ANALYSIS
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PHYSICAL EXAMINATION OF METALS - MS3il, MTIH

DIFFRACTION PATTERN EXAMPLES

Copper specimen AL = £ mm.
Index all the spots in the pattern

Copper specimen iL = R mm,
Index all the spots in the pattern.

u-#ton spacimen containing an f.c.c. precipitate
Fe,TiS{, AL = R mm. Index the a-iron
pattern. Index the Fe,TiS1 pattern by insporticn
and hence determine the orientation relatfieonship
between a-Fe and Fe2T181 and the FezTisi lattice
parameter.

a-titanium (h.c.p.) specimen showing double
diffraction spots, a simple low order zone
<1120> and several high order zones .

Index the reflections in the <1120> zone and tibe
high order zone. What is the angle between Hhig
zone axis and <1130>.

B-iitanium (bee) containing w precipitates.
(not included in these exercises).

U




BURGERS VEQTOR _SFTERNI AT O

t1slaocations'A to G in the Figure are frow ciileveat il ey
reflucclons in different;t<211> type zones of copper siiter tiltisn,
the Joil. )
In f5z. a) g = TlL in 211] zone
* b) g = 11T in [117] zone
¢) g = 1Tl in [ng zone

From the v;sib{ILCyfinvhﬁibility criterion L.e. =.h = 0 waca

dislocitic... iare Lnvisiblu, cuvermine wiviher div widlecativi. wrs
2 (o},

glisssie L.e, i‘- 1TOJ , n.—:, i:LOﬂ o -: :&:i:' a0 prieiwticn .. d
200 e g o |
reluvank

First of all calculate g.» in the table below for the

operating reflections. (g

b’ 82 _,I
g |Tu | uT | Im |

% [110]
3 [101]

gl [ 2 j o} o
o | |
ghod |}
s ||

Then byideéiding.whéther the dislocations A to (i are visible
or invisible under the 3 differcnt operating reflections,deduce

from the above table the!Burgers vector of each dislocation avd
thervefore decide whoiher they are glissile or prismatic as shown

“©

! Dislecation |

|
—

Visibility/Invisibility
Iii 1T 111

BT[] ]

A

©)

=

da
|

Visible Invisible Invisibla

LT T N

burgers Vector

Dislocatior
Type

-[01 1

B ¢

Prismatic
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Outlii a theory for tho diffraction conteast produced by u typice| dofect in & cryslisliinemponi mon
when stiticd under two-bean conditions in the transmission electron microscopo.
A apocimen cut as a (k1) soction from a deformed sumplo of o face-contred oubia:mbtalicxhibite
four seprrate fostures with tho following charactoristics:
(i} when viewed in! bright field using an approximute Leain direction B == [211} and &trung
reflection g = 1771,
feature A—a dark line
feature B—a dark line approximately perpendicular to feature A
foatuie C—a narrow aton exhibiting several strong fringes parallel to its long dimension
feature D—a dark line along [01T];
{ii) when viewediin sright field with B = [112] and g = 111,
festuro A—invisible
feature B—faint dark 1 ne perpondicular to [T10]
feature O—a nnrrow ar¢n exhibiting soveral strong fringes parallel to its long dimehsion
feature D—similar to fuature C, but not in the saine oriontation.

S ggost possible defoct configurations which could give riso to these contrast featuras sndidesuribe
the addicional images you would need to confirm your hypotheses.

. W'th the aid of a schemafic diageam, describe the principles of construction and operation of i 1!ram.niissio_r.|
electron micrchopc. Indicate the positions of planes conjugate 10 the specimen plane w?ncnl:thm: micrasudpe is
used 10 form an image, and ddscribe how a dillraction pattern of a small arca of the specimen can be recoricd.

“"he figure is a tracing of a diffraction. pattern observed from a thin single cryst_al olnlrlmihjum {h‘:nim
parame-er 400 pm) using electhons with wavelength 4 pm. The spol formed t?y Ihe‘ undlﬂracl_d:d:bga:m it O, The
distances OA, OB and AB arelall equal to 1-5 cm. Using the spots lying within a l:u:cIe of radusl}rimnywnllmetl
on 0, diermine the indices of the plane of the erystal normal to the eleciron beam, give a conststent sot il indines
1o the swils A, B, C, D, E, F.ahd G, and calculate the effective camera length (the effective ditanct between the
specimen and the film on which the pattern was recorded).

Su2gest a reason for jhe presence of the spots lying further than 4 cm away from O.

M odtem v e
e .

10. Describe mechanisms by which fast clectrons may be inclasticaily scattered in o crystal.

' An.c]cclr‘o:] diﬂ‘rnctior] pattern of a single crystal consists of disciete Beagp spots logether with
pairs of Kn{kuch: lines. Explain how these lines arise and show that the exeess line of a pair is furileg
from the direct beam spot,

) ’ A thin foil of aluminium with {001) surfice is bisected by a smail-angte (110) 1l buundary, with
‘lI“‘ﬂlIS {1707 and tilt angle 3 mrad. Two electron diffruction patterns ure tiuken with the clectron ‘hc;un
mcndf:nl normal 1o the foil, from simall areas on opposite sides of the boundary, If the 230 dilfeaction
spot is 30 mm from the centre (000) spot, caleulate the displacement of 1he 220 Kikucli fincs bulween
the 1wo pallerns.

iElectron wavelength A = 4 pm; lattice parameter ol aluminium g = 400 pm )

-9. Explain l!ow (a) diffraction, (b) spherical aberration ang i} chromatic abcrration can limit resolution in
microscopy. Discuss the relative imporiance of the above eifects in optical and clectron microscopy.

Es_!in:l:ll: the size of 1he smallest feature that can be resclved in a very (hin specimen using 2 100 kV

transmission eleciron microscope in which the energy spread, AE, of the eleciron beam is | eV and the chromatic

/ aberration coeflicient, C,, of the objective lens is 1 mm. How would your answer be affected if a \hicker specimen
were used, piving rise 10 an clectron energy spread of 20 eV? (You may assume that the resolution of this eleciron
microscope s limited only by diffraction and chromaltic aberration, and that for smal-angle scattering the radius
of the disc cf least eonfusion, referred back Lo the object plane, due to chromatic aberration is given by C,a AL/E,
and that due 10 diffraclion is given by 0.61.i/s, where a is the numerical apertuie } Explain how encrgy spreads
:n the range 1-20 eV arise.

L ® ® &
@ ® ®
® &
¢ ™ i 3 Discuss the origin of ‘'spot’ and ‘Kikuchi line’ patterns in tranamission eleclron diffiaction and
®c ®s c Y Il & show their relationships to each ather, o the incident electron Lewm il to the erystalline specimen
ot o produzing them. '
A porallo]l beam of eloctrona of energy 100 keV is incident on a singlo crystal specimen of ulumimt) m
L .A ®0 ®p i alorg its {110] direction. The transmitted eloctrona aro brought to a focus by a seb of lenses of effeetive
® b foeal length 1-0 m. Deseribe aa fully as you can tho resultunt diffructivn patlern on a civeular sereen of
dismeter 80 mm,
® o ® E L e i [Aluminium i face-centred cubic, with lattico psramoter 408 pm, wavelongth of oluctrons 3-7 pm}
® L
o [ J ]
® [ ] ® L
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