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The Scanning Electron Microscopy (3 lectures)

1. How it works

2. Obtaining a signal in the SEM

3. The optics of the SEM

4. The performance of the SEM

5. The ultimate resolution of the SEM
6. Topographical images

7. Backscattered electrons

8. The use of other signals in the SEM

9. Image aquisition, processing and storage

The Scanning Transmission Electron Microscpe (2 lectures)

1. The STEM: Analytical TEMs and dedicated FEGSTEMs
2. X-ray microanalysis in the STEM
3. Electron energy loss spectroscopy (EELS)

4. Light element analysis

THE SCANNING LLLCIKRON MICROSCOPL

1. NOW 1T WORKS

The scanning electron microscope (SEM) is similar Lo Lhe transmission electirun
microscope (TEM) in that they both empioy a beam of eclectrons directed at the
specimen.  This means Lhat cerlain features, such as the electron qun, condenser
lenses and vacuum system, are similar in bolh instruments. tfowever, the ways in
which the images are produced and magnificd are entirely different, and whereas
the TEM provides information about the inlernal structure of thin specimens, the
SEM is primerily used to sludy the surface, or near surface structure of bulk
specimens.

¥ig 1. Schematic diagram of an SEM.

An electran qun, usually of the tungsten filameni thermionic emission type
produces eleclrons, and accelerates them to an energy between about 2 keV and
40 keV, rather lower than typical TEM energies {80-200 keV) Two or three
condenser lenses then demagnify the electron beam until, as it hits the
specimen, it may have a diameter of only 2-10 nn.

The (ine beam of electrons is scanned across the specimen by the deflector
coils, while a detector counts the number of low energy secondary electrons, or
other radiation, given of f from each point on the surface. At the same time,
the spot of a cathode ray tube (c.r.t.) is scanned across the screen, while the
brightness of the spot is modutated by the amplified curren!, from the detlector.
The electron beam and the c.r.t. spot are both scanned in a similar way to a
television receiver, Lhat is, in a rectanguylar set of straight Tines known as a
raster. The mechanism by which the image is magnified is then extremely
simple and involves no lenses at all. The raster scanned by the electron beam
on the specimen is made smaller Lhan the rasler displayed on the c.r.t. The
linear magnification is then the side lenglh of the c.r.t. (L) divided by the
stde length {1} of the raster on the specimen (fig. 2a).

For example, if Lhe eleclron beam is wade to scan a rasier 10um x 10um on the
specimen, and the image is displayed on a c.r.t screen 100ma x 100 mm, the
linear magnification will be 10000x. Alternatively, or sometimes simultaneously
o @ separate waveform munitor, the microscope can display the variation of
signal with beam position for the current raster line, as shown in figure 1.
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Fiq 2. a) The rasters un Lhe specimen and ¢.r. t, b) The equivalent pixels.

2. OBTAINING A SIGNAL IN THE StM

One of the main features of Lhe SEM is that, in principle, any radiation from
the specimen or any measurable change in the specimen may be used to provide the
stgnal Lo modulale the ¢.r.i. and thus provide cuntrast in the image. Each
signal is the result of some particeiar interaction between the incident
electrons and the specimen, and may provide us with different information about
Lthe speciuen,
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Fig 1. the origin of signals in the SEM

Tranymil led
elecirons

Al scanning electron microscopes normally have facilities for detecting
sccondary electrons and backscattered electrons, OF the other radiations,
x-rays are used primarily for chemical analysis rather than imaging. Auner
elecirons are of such fow cnerqgy, and are so easily absorbed that they require
an ultra high vacuum syslem and specialised equipment for their efficient use.
Monte Carlo simmlations amd also divect experiments, have shown that the
?lvntrugn are weattered 1n Lhe specimen within a region such as that shown in
tjure 4. '
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Figure 4. Interaction and sampling volumes for some radiations.

The region into which the electrons penetrate the specimen is known as the
interaction volume, and throughoul it, the various radiatiens are generated as

a result of inelastic scatlering, although as the primary electrons lose energy,
the amouni and type of the secondary radiations will alter.

Lven though a, secondary radiation is gencrated within this volume, it will
not be detected unless it escapes from lhe specimen, and this will depend on the
radiation and the specimen. Thus, x-rays are nol easily absorbed, and most will
escape Trom the specimen. Therefore the volume of material contributing to the
x-ray signal, or sampling volume, is of ihe same order as the interaction
voluwe, which may he several microns in diameter, Llectrons will not be
backscatlered out of the speciwen if Lhey have penrtrated more than a fraction
of a micron, and they therefore originate from a much smaller region as shown in
figure 4. Although secondary electrons are generaled both by the primary
electrons enteving the specimen and by the pscaping backscattered electrans, the
former are more numerous, and therefore Lhe detected secondary electron signal
originales mainly from a region which is Titlle larger than the diameter of the
incident beam, as shown schewatically in figure 5

Figqure 5. Sccondary eleclron generation.

The numbers of secondary and backscaltered electrons emitted from the specimen
for each incident electrom are known as the secondary ¢lectron coefficient (F)
and the backscaltered electron coefficient (7} rospoectively.
By far the most widely wsed signal in Lhe scanning clectyon nigroescape is that
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from secondary electrouns.  Secondary electrons are detected by a scintillator -
photomultiphier system known as the Lverhart-Thuwnley detector,

BEAM
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Figure 6. The Everhart Thornley secondary electron detector.

The secondary electrons strike a scintillator, e.g. a phosphor, which then emits
light., The light is transmitted through a light pipe, and into a
photomultiplier which converts the photons inte pulses of electrons, which may
then be amplified and used to modutate the intensity of the ¢.r.t.

The energy of the secondary electrons (10-50eV) is too low to excite the
scintillator, and so they are first accelerated by applying a bias voltage of
+10keV to a thin aluminium film covering the scintillator. A metal grid or
collector, at a potential of several hundred voits surrounds the scintillator,
and this has two purposes. Firstly it prevents the high voltage of the
scintillator affecting the incident electron beam, and secondly, it improves the
collection efficiency by attracting secondary electrons, and thus collecting
even those which were initially not moving towards the detector. The
Everhart-Thornley detector system is very efficient, and for flat specimens,
almost all the seccondary electrons are collected.

3 THE OPTICS OF THE SEM

The purpose of the lenses in the SEM is to produce a fine beam of electrons
incident on the specimen. Figure 7 is a simplified ray diagram of a microscope
which has two lenses, a condenser lens, and an objective lens. We can
understand the main features of the microscope by treating the electromagnetic
lenses as thin convex optical lenses, and using geometric optics theory. For
the moment, we will ignore lens defects.

The electran gun produces a monochromatic beam of electrons, with a current in
the beam of &. The condenser lens, of focal length Fc, collects most of these
electrons and produces a demagnified image of the filament at a distance V1 from
the condenser lens. If the diameter of the filament is Da, then the diameter of
the intermediate filament image (D1) is given by :-

D1 = Do x V1/U1 1

The objective lens, of focal length o, is used to further demagnify the
filament image, producing a probe, of diameter [ on the surface of the specimen,
which is5 a distance ¥2 below the objective lens, The distance V2 is known as
the working distance {WG) of the microscupe.

The diameter of the final probe on the specimen is then :-

D = DI x ¥2/U2 = D1 x WD/U2 2

It can be seen that if the focal keagth of the condenser lens is increased, V1
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Figure 7. Ray diagram of StM

decreases, and the intermediate beam diameter D1 decreases. U2 nust also
increase, as UZ + V1 is constant, and therefore the demagnification aof the
abjective also increases, and the probe diameter decreases. The probe size in
the SEM is therefore reguiated by altering the strength of the condenser lens.
for a constant condenser lens setting, equation 2 shows that the probe diameter
also decreases as the working distance is decreased.

In order to minimise spherical aberration, the entry of rays into the
objective lens is restricted by an aperture of diameter A, and therefore, as may
be seen from figure 7, not all of the electron beam which passes through the
condenser lens can enter the objective lens, 1f the semiangle o the rays
ieaving the condenser lens is (o}, and the semianqgle of the rays entering the
objective lens is (a(l). then the current in the final probe is -

si:ux(aclfa(o)z 3

The current therefore decreases as the condenser lens strength increases (i.e.
as the probe becomes smaller), and also decreases as the aperture diameter (A)
is reduced.

When we come to consider the ultimate resolution of the SEM, we will find that
the probe size, and the current in the probe play important roles in determining
the performance of the microscope.

Deflection of the beam is accomplished by energising a pair of coils as shown
schematically in figure HB. In order to scan a rasler, two orthogonal pairs of
coils are required.

The SEM normally has two such sets of coils, which are set to deflect the beam
in opposite directions. Thus, as seen in figure U, the beam scans across the
specimen, but always passes through the optic axis alL the object ve lens.
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Figure 8. Movement of the axial ray during scanning.

4. THE PERFORMANCE OF THE SEM

4,1 Pixels. The process of image formation in the scanning electron microscope
s quite unlike the formation ot an image in the optical or transmission
electron microscope, as the image is built up sequentially during the scan. A
very useful concept in understanding the imaging performance of the SEM is that
of the picture element or pixel. The amplified signal from the detector is
output to a high quality cathode ray tube, and the minimum size of spot which
may be obtained on such a c.r.t. is typically about O.lam. A 100mm square c.r.t
can therefore contain 1000 x 1000 discrete picture points ar pixels. These
pixels are the fundamental units of the image, and can be considered as squares
of diameter 0.1 mm with a uniform intensity and no internal structure. As shown
in figure 2, the spot on the c.r.t. mimics the movement of the electron beam on
the specimen, and therefore for each of the pixels an the c.r.t there is a
corresponding pixel on the specimen (fig.2b). The size of the specimen pixel

{(p) is given by :-
p = 100pm /M 4
Where M is the magnification.

We define the resolution as the smallest separalion of twu puints which the
microscope can detect as separate entities. It is clear that in order to
vesolye two features, e.g. A and B in figure 2b, they must occupy separate
pixels. Therefore, the working resolution ol Lhe instrument can be no better
than the specimen pixel sive {p)} as given by equation 1.

The size of the electron probe relative to the specimen pixel size is very
important. [1f the electron probe is larger tham the specimen pixel (fig.Ya),
then the <ignal from adjacent pixels is merged, and the resolution is degraded.
11 the electron probe is smaller than the specimen pixel (fin. b)Y then the
siqnal will be weaker, and, as we will discuss later, may be noisy. It is clear
that far oplimum performance of the instrument, we should in general, aim to
make the probe diameter (ar more correctly the sampling volume) eyual to the
specimen pixel diameter. (ftq. 9], This means Lhal for optimum performance,
the probe size should be adjusted as the maquification of the microscope is

attered.
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Figure 3. Relationship of specimen pixel size and probe size.

4.2 Depth of field.

One uf the most important as i
lavae depth of fie?d_ pects of the scanning electron microscope is its
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Figure 10. Depth of field in the SI[M.

219g;e LO shows thg electron beam emerging from the ohjective aperture and
ncident on a specimen. Although the beam is focussed on the specimen, the
convergence angle {et) is small, and, assuming a point focus thé beam’diam t
defocusses by less than s over a vertical distance of I, whe;p r- e

s = Het 5

:; }g:ugefgﬁast;s n? qreater than a specimen pixel, then the image will remain
CUS, @ ws from equations 4 and 5 the distance H i reci

! and i 3 ' over which the i

will remain in focus, the depth of field, ts given by - shecimen

Ho= 0.1 mm 6
Mot

I'rom Tig. 10 we see that the convergenve angle o ol the beam 15 qiven by -



o = A 7
Z WD

Thus from equations 6 and 7, we find that the depth of field is :-

H = 0.2 WD mn 8
AM

5, THE ULTIMATE RLSOLUTION OF THE S[M

We saw in the last section that the best working resolution of the SEM, was the
specimen pixel size (p), given by equation 4, and that this depended on the
magnification of the instrument. lowever, this resolution is only achieved if
the diameter of the beam sampling volume is na larger than p. No matter how
good our microscope is, or how wel)l we adjust it, we cannot achieve a spatial
resolution which is better than this. Secomdary electrons have the smallest
sampling volfume, with a diameter littie larger than the probe diameter.

However, as the probe diameter is reduced, the beam current js decreased, and
ultimately the beam current will ve insufficient to generate a useable signal.
Thus we can define the ultimate resolution of the SCM as being that of the
smallest probe which can provide an adequate signal from the specimen.

5.1 The minimum attainable probe size.

The prabe size may be decreased by increasing the strength of the condenser
lens, and decreasing the working distance. As the latter occurs, the beam
convergence angle (ot} increases {fig. 10). Rays which are off the optic axis
are subject to spherical aberration, and instead of a point focus on the

specimen, we obtain a disc of diameter Ds, where :-

k|

Ds = (s A 9

Where Cs is the coefficient of spherical aberration of the lens.

There is also aberration introduced by diffraction at the aperture, which
produces a minimum spot size of :-

Dd = 1.22 M /et 10
Where o{is the electron wavelength.

If the microscope is adjusted so as to give a probe of theoretical diameter DOt,
according to equation 2, then this value will he increased by the aberrations Ds
and Dd. The real probe diameter (D) may be taken as -

2 2

p= /ot + 0%+ 04 1

The minimum value of D, corresponding to the case when Dt =0, is obtained by
minimising the aberrations, and is given by :-

Dmin = 1.29 N3/ ¢s 174 12

For a typical SEM, operating at 20 keV, with an objective lens of Cs = 20mm,
ODmin is 2.3nm, and o = 5.1 x 10-3 radians.}

As discussed in section 3, as the probe diameter (D) i5 decreased, so the
current (1) in the beam decreases. The relationship between these parameters is
given by Pease and Nixen, for a thermionic emission filament, as :-

9
o= bmin 7.920( 17} x 107+ 1] 38 13 h
-~
] B
Where T = filament temperature
J = current density at the filament surface
10,000 T T — T -
_ W FILAMENT
od
« 1,000
iy
aJ
3
o
(=]
w e
'lo'-' 100 :
H f'
[ 10 '
3 ;
30 s
10 wd + +
o' w" w" w0’ w?’
PROBE CURRENT (A}
Figure 11. Relation between probe current and diameter,
5.2 The minimum useable current ’
Iq urder to resolve two points on the specimen, there must be a giscernible '
d!fferenge between the signals from these two regions.
Flggrg I2a shows the intrinsic signal from the specimen might vary with scan
position. If we compare the signal Smax from one point of the specimen, with
the signal $ from an adjacent point, then the contrast from the specimen (L), :
sometimes called the natural contrast, is defined as :- i
Co(smaxs) = A 14 '5
Smax Smax |L

Now thq signal that is detected in the SEM is not a continuous signal, but for
each plxe] is derived from the number of secondary electrons {n} arriving at the
detector in a fixed time period. Because these events are randemly distributed
in time, simple statistical theory tells us that if the average number of
electrons detected from ijﬁarticular point on the specimen is i, then n will

yary by an amount up to 0 about the mean. The noise (N) is then defined as
.

As ::

Ideal Real

Figure 12. The effect ol noise on the signal.
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In a real situation therefere, the variation of signal with scan position will
be as shown in figure 12b, with the noise tending to obscure the natural
contrast of the specimen, Whether or not the ohserver can detect the two points
of interest, i.e¢. whether they can see the contrast, is a physiological problem.

Rose has determined that the human eye can only distinguish two points on a
c.r.t. if :-

S>5N or AS> 5[ 15

We can use this criterion to determine the winimum level of comtrast that can be
cbserved. Combining equations 14 and 1%, we find that the minimum Tevel of
contrast which can be observed is given by :-

¢ >5 /i 16

The minimum level of signal necessary for us to chserve a contrast level of C in
the specimen is :- .

7o (5/0)2 1

We can relate fi, Lhe mean number of electrons detected for each pixel to the
operating conditions of a microscope with a bean current [, and a frame scan
time F.

The time (t} that the beam dwells_.om a particular pixel is f x lO_ﬁ, if we
assume, as before that we have 107 pixels in a frame. The number of electrons
{of charge e) which enter the specimen in this time is therefore :-

ng=ltre=1Fx10"¢ 1B
The number of electrons actually detected {n] will depend on the beam - specimen
interaction, and the efficiency of the detector. We can write :-

n=ogqn 19

where q is the product of the detector officiency and the electron yield, For
secondary electrons, the former is approximately unity, and the latter is 0.1
- 0.7, giving a value for q of between 0.1 to 0.2 .19

iy combining equations 17, 18 and 19, and putting e = 1.6 % 10 coulombs,
we can now express the Rose criterion in terms of the critical current (Ic),
which is required to discern a contrast level U in the specimen ;-

e > 4 x 10717 Amps 20

qF C2

We can see frum this equation that for a given detection system, there 1s a
minimum beam current required to observe a particular contrast tevel, and that
this current increases as the frame scan Lime decreases.

[l we substitute I¢ obtained from equation ¢ into equation 13, then we can
predict the mininum probe size, and thevefore the bestresolution obtainable in
terms of a given contrast level in the specimen,  This is shown graphically in
figure 13, for a typical SLM using secandary electrons.  The effect of frame
scan time (1) i« also shown, for |7 varying between 10U secunds, which is a
realistic value for photographic recording, and 0.0¢ seconds, which is the TV
scan rate. {In constructing th}x qgraph, the following parameters have been
assumed - g = 0.2, 3= 4 Mew™, T = 2800, Cs = Z0wn, E = 20 keV,)

{A)

FProbe size required

10 i 1 M
o K 100

Contrast (%}
Figure 13. Minimum useable probe size as function of contrast and scan rate.

6.  TOPOGRAPIIC IMAGLS

One of the principal uses of the scenning electron micrascope is o study the
surface features, or topography of a sample. The discussion in the previous
sections has shown that in arder to obhtain an image in the microscope, we must
have have some variation in the signal obtained from different parts of the
specimen. Although topographic images may be obtained using most signals, we
will only consider the use of secondary and backscatltered electrons. The
backscattered electron coefficient (7 ) and the seconilary electron coefficient ({)

), are both a minimum when the surface of the specimen is perpendicular to the
etectron beam. This is because of the shape of the interaction volume and its
refationship to the surface of the spectmen, as shown schematically in figure
14.  As the specimen is tilted, electrons are increasingly likely ta be
scattered out of the specimen, rather than further into the specimen.

The secondary electron coefficient varies with the tilt of the specimen (0],
as f = do sec . Therefore, more secondaries are produced from tilted regicns
of the specimen. As the efficiency of the Everhart - Thornley detector is not
very sensitive to the trajectories of the secondary electrons, we expect the
numher of detected electrons to therefore increase with syrface tilt. It is for
this reason that specimens being studied for topegraphic contrast with the ET
detector are usually tilted some 20 - 40 degrees Lowards the detector (figure
6). Topographic images aobtained with secondary electrons Jook remarkably like
images of salid objects viewed with light. As we are accustomed to this sort of
irage, we find these topographic images casy to interpret.  This similarity
arises because of the very strong analogy hetween the twa imaging modes.

[n figure 15 light is arriving from alwost afi directions su that whatever the
orientation of each of the facets A, B and C some Tight is reflected towards the
eye. Figure ¢ shows the analoqgous situation for secondary electrons in Lhe SEM,

The anly major difference is thal the electrons ave travelling in the opposite
direction to the light rays. In fact there is a quantitative similarity betwecn
the two cases, as the intensity of diffusely reflected light is given by
Lamhert's taw as being proportional to the cosine of the scaltering angle.  This
1% Lhe inverse of the variation of § with tilt angle, and thes the analugy is
exact, The specipen in the SIM therefore appears as il we were looking at it
from abeve, when it is heing illuminated with diffuse fight, the detector being
the source of the c¢iffuse light.




Figure 14,

Effect of specimen tilt on interaction velume.

{u) {1

(e} ' ap

figure 15. The analogy between the eye and the S{M. a} Diffuse illumination ,
viewed by eye. b} direct illumination viewed by eye. ¢} secondary electrons. d)
backscattered electrons.

7. BACKSCATTERED LCLLCTRONS

7.1 Detecting backscattered electrons

Scintillator detectors. These detectors are of the scintillater -light pipe
-photomul tiplier type, and are designed to maximise the solid angle of
collection. A good example of this is the Robinson detector shown schematically
in tigure lha. The advantage of these detectars is their rapid response time,
which means thai, bike the Lverhart-Thornley deteclor, they may be used in
conjunction with rapid scan rates. However, they are bulky, and may restrict
the working distance of the microscope, and may need to be retracted if, for
example, it is necessary to detect x-rays.

Solid State NDetectors. When a high energy electron impinges on a semiconductlor,
it produces many electron-hote pairs. Norsally these will rapidly recombine,
but if a voltage is applied tu the semiconductor, for exanple, by the sclf-bias
qgenerated by a p-n junction, then Lhey may be separated, thus producing a
current, which can subsequently be amplificd, igure 17 §s a schematic diagram
of such a detector. The detector is usually in the form of a Uan flat plate
mounted on the objective polepiece, and dues not interfere with normal operation
of the microscope. the detector usually has four such elements. The main
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disadvantiage of such a detector is its relatively slow response Lime and its
unsuitability for rapid scan rates.

— 1D
PHOTOMA T R
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Figure 16. Scintillator backscattered detectors a) Robinson, b)Y multiple
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Figure 17. Solid state backscattered electrun detector.

7.2 Compositional imaqés
The sigaal from the specimen is capable of yielding information not only about
the surtace tapography, but also the composition.
The secondary electron coefficient does not depend very much on the compasition
of the sample, although it may be sensitive to the surface condition and
electronic structure of the material. However, the backscattered coefficient (q)
) varies monotonically with atomic number as shown in figure 18

is almost independent of accelerating voltage, and Heinrich has shown that it
may be expressed analytically as :-

M- - 0.254 4 0,016 - 1.86x107°7° 4 o ;1077 21

The backscattered coefficient from a compound or phase containing several
elements may generally be obtained from equation 2t by using a rule of

mixtures based on weight fraction, although there may be a small dependence of
on density.

the magnitude of the compositional or atomic number contrast from two
phases of backscatiered coefficients ql and Do wherol)lﬁ 72is readily
calculated using equation 13 as ‘
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Figure 18 Variation of backscattered coefficient with atomic number.

Table 1 gives some examptes of atomic number contrast calculated from equation
22 ‘

TABLE 1 ATOMIC NUMBER CONTRAST

Phase 71 Phase z2 1 ? Contrast Resolution
1 2 1 deqradation (nm)
Al 13 Mg 12 0.153 0.141 1.6 19
Al 13 Cu 29 0.153 0,304 49,4 5
M 13 Pt 78 0.153 0.485 68.4 4
Cu 29 Zn 30 0.304 0.310 2.3 17
brass 29.39 brass 29.15 0.305 0. 306 0.2 264

It may he seen from Table 1 that the contrast from adjacent eiements is quite
small, typically 1-5%, and that coentrast from different phases in an a[Tny may
be even less. Therefore, in many systems of interest, this is a relatively weak
form of contrast compared to topographic contrast which may approach IQO%.
Specimens for compositional maqing should thercfore preferably be polished
flat. For compositional imaging, the solid angle of the detector shmulq be as
large as possible, and therefore short working distances and large active
detector areas, either scintillator or solid state, are QPa1roahln_

Although we may be abie to detecl two phases ip a specimen, we may not h? ahle
to do so with very good spatial resolution, because, as we saw In sect1on}a, the
ultimate resotution of the instrument is dependent on the contrast. Hayinq
ralculated the atomic number contrast from equation 27, we can in§nrt this value
intn equations 13 and 20, and hence caleulate the patial resolution of @ho two
phases. This figure,shown in the last columre of table 1, should be considered
as a degradatian of the resolution, beyond that of 0. lum due to the ]
limitations of the sampling volume, 1t is very noliceable, Lthat for phases with
similar atomic nuntbers the resalutinon may he very poor. ]

It is passible to ohtaim quantitative campositional information by measuring
the intensity of the backscaltered signal from the phase of interest, comparing
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it with & standard element, and then using figure 18 to obtain the atomic number
ot the phase. Although this technique is potentiatly valuable for phases of low
atomic nuuber, as these are not easity determined using x-rays, great care must
be taken to exclude other forms of contrast, such as topographic or
crystallographic effects.

7.3 Crystallographic information from the StM

Timilar electron beam interactions to those used in the TEM enable us to obtain
crystallographic infuormation in the SEM.

Channelling contrast
The backscatfered slectron coefficient is dependent on the orientation of a
crystal with respect to the incident beam. This effect, known as electron
channelling arises from the effects of diffraction on the depth of penetration
of the primary beam into the specimen. The further the primary beam penetrates,
the less likely are backscattered electrons to escape, and therefore the lower
is the backscattered electron cuefficient. Channelling contrast is generally
much weaker than atomic number contrast, and may only be satisfactorily obtained
with 2 good backscattlered electron detector, a carefully prepared specimen which
must not have a deformed surface layer such as is introduced by mechanical
polishing, and optimisation of the microscope operating conditions. In
particular, the electron beam must be reasonably parallel, and have a large
current.

Diffraction patterns
ATthough we cannot obtain diffraction spot patterns in the SEM, as we can in the
TEM, we can make use of electron channelling from diffraction patterns. As
discussed above, the backscattered electron coefficient from a crystalline
specimen is dependent on crystallographic orientation. Therefore if we rock the
electron beam over a point on the specimen surface, as shown in figure 19, the
backscattered electron yield will vary. This signal may be used to modulate the
intensity of the c.r.t spot whose position is 2 distance from the centre of the
screen which is proportional to the rocking angle

Figure 19. Method of obtaining selected area channelling patterns.

g resulting pattern is known as a selected area channelling pattern
I iCP?. Although their methods of formatiun are not identical, the SACP is

1/

geometrically similar to a TEM Kikuchi line pattern, and it is analysed in the
same manner,

Although the beam in figure 19 is shown as being rocked over a point on the
specimen, the electron beam is tilted at an angle of up to  from the optic axis
during this process. Therefore, the beam suffers spherical aberration in
proportion to the cube of this angle according to equation 9. For a typical SEM
lens of Cs = 20um, and a rocking angle o of 10 degrees, this will mean that the
beam actually wanders over the specimen by —13 um during a réster, and this

therefore limits the spatia) resolution of this technique. Note that the B
objective lenses of hybrid TEM/SEM instruments, have much smaller values of Cs, ¢
and in these instruments, a spatial resolution of ~ lum way be achieved.
M . Llectran beam
®
Phosphor S,
Screen .
ar ‘.
Film =
. Lipecimen
=
. o b
Figure 20. Method of obtaining Electron backscatter patterns. 4

An alternative method of obtaining a similar diffraction patte-n is to keep the
beam stationary on the specimen, and to collect the backscattered electrons on a
film or phosphor viewing screen as shown in figure 20. [n order to obtain
adequate contrast in such an electron backscatter pattern, the specimen must

be tilted through a large angle (~~70 degrees). Although this technique
requires modification to a standard SEM for the detection system, it does have a
substantially better spatial resolution {-0.lum), and produce; patterns with a
much larger angle, and with more detail. Both types of diffraction pattern are
frequently used in conjunction with channelling contrast image;, to determine
the crystallographic orientation of features such as grains or subgrains in a
specimen.

8. THE USE OF OTIRER SIGNALS IN THE SLM

Fy

8.1 The charge collection mode
Every incident efectron generates hundreds or even thousands of "electron-hole
pairs" when it knocks electrons from the cuter shells of the atoms of the
specimen, giving rise to a free electron and a “hole® in the oiter shol]z
Normally the vast majority of of these pairs recombine within ahout 107

seconds - in other words the electrons jump back inte their places in the shells
extremely quickly. However, 1f the specimen is a semiconductor, and a voltaye
is applied across it, then the electrons and holes will be drajged apart before
they can recombine, and a currcnt will flow between the electroades,
Alternatively, recombination of the carriers may be prevented by an internal
field, such as that from a p-n junction. We can, using suitatile equipment
measure either the current generated in the specimen, in which case we obtain an
"EBICY, (electron beam induced current) signal, or we can measure the vo) Lage
induced by the beam - "LBIV® (clectron beam induced voltage). ’

Using either of these signals we can display an image which will represent the
variation of the semiconductor properties across the specimen. The current

yr—
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flowing from each point will depend on the conductivity of the specimen at that
point, the lifetime of electrons and holes, and their mobility (the drift speed
under unit potential gradient}.

A
Figure 21. Charge collection current mode.

8.2 Cathodoluminescence

Many materials emit light under electron bombardnent, and if this is detected,
we can display an image in the cathodoluminescent mode. We have already
encountered this effect in the phosphor used on the viewing screens of the
transmission electron microscope and c.r.t tube of the SEM, and in the
scintillator electron detectors used in the SEM, Cathodoluminescence varies in
Cn]qur and intensity as a function of the composition of many minerals, and in
semiconductors such as Gallium Arsenide. Cunsequently this mode of imaging is
of particutar importance in these fields of application. Cathodoluminescence s
alse observed in polymeric or biological material, although its use is less well
developed in these areas.

As light detectors are usually also sensitive to electron, CL detectors have to
be designed to remove the electrons.

Heam

Firsl Surlace Mirrpe
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Figure 22. [El1lipsoidal mirror for CL detection.
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€L appears as a band of wavelenqgths with a peak at a photon enerygy which is
related to the energy qap between the filled valence band and emhty conductlian
band of semiconducting and insulating materials. Any alteration in the enerqy
gap due to local changes of temperature, crystal structure or impurity level
will lead ta a change im emission. At temperatures at or near liquid helium
temperature, the €L emission bands qenerally become more intense and much
sharper, and the band may be vesolved into a line spectrum.  Analysis of such a
Spec tram cnables very low levels ol ampurity (<G.01ppm) to be tdentified. Note
tha; Lh|§ iﬁlsnvera] orders af maqnitude more sensitive than x-ray analysis.

CL is being increasingly being used to study the nature and distribution ot
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defects in opto-electronic materials and devices such as GaAs, and is capable of
providing detailed and important infarmation about the electronic effects of
these defects. However, interpretation of CL data is difficult, and requires a
gnod understanding of the solid-state physics of the material,

f.3 Magnetic contrast

Magnetic materials have their own contrast effects, because the magnetic field
of a specimen will interact with the secondary and backscattered clectrons. The
SLM may therefore be used Lo determine the magnetic domain structure of the

material,

8.1 Specimen_current

The specimen current, which is the current flowing to carth from the specimen

is sometimes used as a signal. As the specimen current is related to the number
of electrons impinging on the specimen, less the number emitted as backscattered
or secondary electrons, it gives a siqnal which is the inverse of the total
electraon emission., However, the advent of more efficient electran detectors has
meant that this signal is now no longer of great interest for imaging, althougi
it is usually monitored, because it enables the beam current to be measured,

fi.h STIM

The transmitted electron beam from a thin sample is, of course the hasis for
transmission wicroscopy. Using a scintillator detector below the specimen in an
SEM, or, alternatively, using a scanning system with a TEM, results in a
scanning transmission electron microscope or STEM.

The resultant image from a STEM is similar to that from the same specimen in a
TIM. The advantage of using STEM is that the image data is produced in serial
form, and may therefore be readily processed. Although this has found some
application with low contrast materials, and those which degrade rapidly under
the electron beam, this technique, when used in conjuntion with a standard TEM
or SEM is not widely used, However, purpose huilt, or dedicated scamning
transmission microscopes, with ultra high vacuum systems, and field emission
electron guns are powerful analytical intruments.

8.6 Scanring electron acoustic microscopy
SEAM is 3@ new technique. Acoustic waves aare gencrated in the sample by rapidly
modulaling the SEM beam. reflection and scattering cccurs from both surface and

subsurface features in the specimen.

S, IMAGE ACQUISTTION, PROCESSING AND STURARGE

One of the major differences hetween the TEM and the SEM, is that ¥n the latter,
we acgquire the data gradually, pixel by pixel, and line by line, whereas in the
former, all the picture etements are built up together. WUsing computer
terminology, we say that the SEM has serial data collection, and the TEM has
parallel data collection.

The imaging data for the S{M comes as a varying electrical signal from the
detector, and it is therefore easy to modify this signal with an amplifier.

9.1 On-line processing
The simplest on-Tine precessing involves the adjustment of image brightness
and contrast wsing a kincar amplifier., Conlrols fur this will be found on at)
microscopes.

Fhe amplifier allows the operator to “back-of(" the DC part of the signal, and
to expand the useful AC part.
In most circumstances this is all that is required to produce a good tmage an
the c.r.t., but sume microscopes affer other signal processing options which may
he of use in certain circumstances.
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Figure 23. Optimising a signal wsing contrast and brightness controls.

For example, if we wanted to emphasise the dark features X in the image, we
could use nonlinear amplification. [nstead of the anplifier output being
proportional to the input, as it would be in a linear amplifier, we might
arrange for Vout to be propartional to the square root of ¥in. This would then
amplify the dark features more than the light ones, as shown in figure 25. This
is called Gamma control, after the term used to specify the grey level
response of photographic film.
Another type of processing sometimes used is signal differentiation, in
which the output voltage of the amplifier is proportional to slope of the
voltage/time curve. This emphasises regions where the signal changes rapidly,
but flattens the contrast from a gradually changing background.

1t is also sometimes useful to add signals from different detectors or
subtract them from each other.

ouk

Vin

figure 24. Gamma processing.

{t is easy to manipulate the incoming signals in a variety of ways, and to
produce some very interesting results. However, the interpretation of the
images may not be straightforward, and any but the simpler methods of signal
processing should be used with caution.

9.2 Scan rates and data storage

The microscope operator will need not only to view the scanned image so as to
identify features of interest, focus and optimise the image, but also to obtain
a permanent record of the chasen image. These two requirements often conflict.
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We caw in section 5, that in order to produce a good quality, noise free image
from a given specimen, a minimum beam current is required, and that this is
inversely proportional to the time for a frame scan (F}Y. Figure 13 shows how
the minimun useable probe size, which is approximately egquivalent to the spatial
resolution for secondary electrons, varies with specimen contrast and frame scan
time,

The best quality images are needed for photagraphic recarding, which is carried
out with a cemera focussed on a high resolution ¢.r.t. The scan rate is slowed
right down so that one frame takes typically 50-100 seconds, waile the camera
shutter is open. .

If the scan is carried out at rate of 50 frames per second ther the display
appears sinply as a television image, This is very convenient if the operator
wants to move the specimen, focus the image, or simply to see what the specimwen

laoks like. Also under these conditions, the micruscope can b2 interfaced to a

TV monitor or videorecorder. lowever, as may be seen from figere 13, the price
that must be paid for such a fast scan rate is a dramatic loss of reselution.
For example, considering a specimen with a contrast level of 50%, we see that
although we might achieve a resolution af~5nm with a 100 second scan time
recorded on photographic film, with a TV scan rate, the resolution drops to
100nm. [f we further assume that a TV system has a resolution of 500 x 500
pixels, then, using the arguments of section 5, it can be scen that the maximum
useful magnification in these circumstances will be x3000.

1f it is necessary to work at higher magnifications, so as for example to focus
an image for photographic recording, then operator must compromise, and work
with a slower scan rate, perhaps one or two frames per second.

This problem is even more acute when a detector with a slow response time, such
as a solid state backscattered detector is used. In this case, fast scan rates
cannot be used at any magnification.

Some uf the problems and inconvenience associated with slow scan rates can be
avercume by the use of framestores, which are increasingly being used in
conjunction with scanning electron microscopes. The aperatior of the framestore
is most easily explained by referring back to figure Zb. In rormal operation,
as the beam scans the specimen, the corresponding pixels on the c.r.t are
momentarily illuminated. However, it is possibhle to transfer this transient
reading Lo a computer memory, and therefore after a complete scan, we will have
a diqitally recorded, or digitized the image. The comuputer will usually require
as many data storage locations or bytes of memory, as pixets, and each of these
will be able to store the intensity as a pumber belween O and 255 for an 8 bit
computer, or 0 and 65535 for a 16 hit computer. We saw earlier that a high
resolution c.r.t hasa resolulion cyuivalent to 1000 x 1000 pixels, and an
equivalent framestore would be one of 1024 x 1024 bytes, or one megabyte, The
framestore is designed to transfer its data rapidly to a monilor screen (vov),
so that the stored pixel data is represented as a point of the appropriate
intensity on the VOU, and therefore the frame which we have scanned once, is now
displayed permanently on a screen whilst the image on the c.r.t. disappears
almost imnediately,
This has an obvious advantage for slow scan rates, because we cam use a very
slow scan rate which would be very difficult te see on the c.r.t,, and then view
it on the VOU. This is also of application Lo beam sensitive materials, as
processing of the image may be carried out after acquisition, as discussed
below, rather than whilse the specimen is being viewed in the micrescope.
However, framestores are equally useful at rapid scan rates because they can
be used tor frame averaging. In this mode, Lhe data in the frame store is
updated to an average value after every frame, and therefore the noisc on lhe
VDU continually decreases as the number of f{rames increases. In terms of image
quality, a frame store which has run for 500 frames at a scan frequency of 40

9.3 Digital image storaqge
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per second is equivalent to a single scan of 10 second duration, but it has the
advaniages that the operator can see an tmage all the time, instead of waiting
for a film to be processed. The data in a framestore may be stored in the same
way as any other computer data, and it thus has the permanence of a {ilm.

9.4 Processing stored inages.
One of the advantages of a digitized image over a photograph is that the data
may be manipulated in a wide varicty of ways after it has been recorded,

A1l the basic on-line processing options such as contrast and brightness
optimisation, gamma contral and differentiation, which were discuyssed above, can
be carried out on a digitised image. ln addition, grey level contouring, in
which the number of grey fevels is reduced, so that ali regions of similar
contrast appear with the same grey level, is readily done. This is particularly
useful for identilying phases in a compasitional image.

With a digitized image, a whole variety of options are apen for obtaining
further quantitative data from it. These include measurement af phase volume
fractiens and the sizes and shapes of particles, diffraction pattern analysis,
image comparison, and pattern recognition,

This science of image analysis is a rapidly developing and exciting field,
but as the techniques are not specific to electron microscope images, further
discussion here is not warranted.

2.5 The lvigital SEM
We have discussed the advantage of adding a framestore to the micenscope in
order to collect and process dala. There are advantages to be gained from gning
further along these lines. Instead of Just collecting the signal at appropriate
intervals during the scan, we could actually control the scam with acomputer so
that instead of moving the beam in a scan raster as shown in figure 2a, we moved
the beam directly to the required pixel points of figure 2b, and allowed it to
dwell on each point for a predetermined time. We would, at the same time,
coltect not only one signal, but alt the available ones, including perhaps
several different types of x-ray signat,

This type of digital control of the microscope has been pioneered by the
manufacturers of x-ray analytical equipment for digital x-ray mapping.
However, before long, it is likely that digital scanning will be an integral
part of all scanning electron microscopes

INTRODUCT 10N

To Brlufajf duPax:-nv'u X - rad m-t..oanuhj:\-s

The development. over the last 1% vears, of the salid state energy

resolving Horay spectrometer has rﬂvnlutinn::ed‘ M=ray
mcroanal ysis. Due to 1t speer and simplicity the
energy-dispersive spectromegter, (ENS) ., is now the most common
H-rAay measurement inskrument to he found  on an electron
micrnscope. With EDS all elements precent in  the specimen ?t
concentrations of greater than 10 weight® can be 1dentified in

less than 10 seconds, minor constituente down to 0.5 wt? can be
analysed 1n 100 seconds. As well as identifying whhich elements are
present in the sample EDS can also tell how much and where the
elements are distributed.

tnderstanding and using an ED system brings one into contact with
several areas of interest:- the basic phvelcs of -ray grnduct1?n,
semiconductor theory with regards to the detector, the electronics
of siagnal amplification and wmeasurement 11 the proFessor. and
computer studies 1nvolved in handling the data. The aim Df these
notes is to give a brief background Fbnowledae opn each topic, and
more importantly to offer some basic guidelines on how to wuse an
ED system.

bihen an electron probe interacts with a materital :-ravs are
formed. The volume over which the incominag electrons pen@trate‘xs
nown as the interaction volume. The shape of this interaction
volume is shown in Figure 1.

The actual dimensions of the volume are dependent on:-

¥ Accelerating voltage, (i1e the energy of the
electrons)

andl

* Denstty of the material, {(nr mean atomic number)

AL high kY the electrons have a armater energy and  a  greater
ﬁEnDtr;tan power . For example, the depth o an material of denSIFf
of I at IO KV a1s approx I omcrons, bhot o oat 1o BN the penetration is
approximately 1 micron. The density of the material also affectg
the penetration depth. Both these @fects are shown schematically
1in Figure 2.
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Figure 11 Interaction Volume.
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Figure 2: Variation of the X-ray interaction volume

with Density and Operating Valtage.
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In low density materials  there aré
the atoms. Electron scattering 15
plectrons can travel further
theilr energy from
number ) materials
therefore Lncoming

relatively
therefore
into the material
collisions With atoms.

fow glectronsg 1n
raduced and the
hetore losing  all
Hiuher density (atomic
have more electrons per unit violume and
electrons lose their energy from collisions
over a much smaller depth. For example at 20 LV, a mater:ail of
density 3, penetrates to a depth of 3 microns, a material with
density of 10 at the same kV will have a penetration depth of
approzimately 0.8 microns.

X-rays generated over the whole of the electron interaction volume

can find their way into the x-ray detector. This has  an 1mportant

consequence with respect to the "wirdth” of the reqgion 1n the
sample that is being analysed, i.e. the SPATIAL. RESOLUTION. This
X~-ray spatial resolution is always larger, and essentially

independent of
illustrated

the diameter of
in Figure 1.
resolution is of

the
As an eiample,

electron
at 20kV the

beam. This 15
w—ray spatial

the order of 1-2  umy, irrespective of image
resclution.
The table in Appendix 1 gives a rough idea of different

penetration depths for varying operating voltagss and densities.
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X—RAY_ GENERATION

When electrons interact with a material, X-rays are produced. Ther
eneray range of the X-ruys 15 from zero up to the energy of the
incaming electrons. Two types of ¥X-rays are produced, background
radiation,and characteristic radiation. Each type of radiation 1=
produced by a different tLype of interaction.

aghkgroun agiati

Rackground radiation, {(also known as continuum, bremstraanlung and
white radiation), is generated as the i1ncoming electrons penetrate
the material and slow down in the magnetic field associated with
the atoms. Background X-rays cover the whole energy range from
zero up to the energy of the incoming electrons. They provide no
information on which specific atomns are present, only the mean
atomic number of the specimen. In simple terms, an X+=ray 1is
praoduced when the incoming electron collides with an atom and
loses some of its energy in the collision, (thereby "slowing
dawn"). The energy of the X-ray depends on the amount of energy
lost by the electron in the collision which in turn depends on the
collision angle. For estample 1n a direct collision the electron
may loose all its energy and the resultant X-ray would have an
energy equal to that of the incoming electron. This always
represents the maximum energy an X-ray can have. The energy
distribution of X-rays depenids on the LY and is  shown

schematically in Figure =

This figure shows the X-ray distributions generated when a piece
of Co is irradiated with electrons of increasing energy. Curve A

represents 3 kV electrons. The curve is smooth with a cut-off at =
eV, Curve B represents 5 kY elelctrons, again the curve is smaoth
but this time has a cut—off at 5 keV. When 10 &V slectrons are

used a peak appears on the curve at an eneryy af 4.7 keV, An X-ray
of this energy is generated when an incoming electron interacts
with the inner shell of a Co atom, and 15 known as Characteristic
radiation.
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Characteristic X—-ray Production

interact with the 1nner shell electrons
that an electron i1s ejected from it’s
The atom is left in an 1oni zed

An incoming electron can
af an atom, with the result
shell, as illustrated in Figure 4.
tand unstable) position.
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Figure 41 Production of Characteristic X-rays.

enerqy of the atom 1is reduced if an electron from
auter shells, falls to occupy the vacant
pesition in the lower energy inner shell. The reduction in
potential energy is released in the form of an x-ray. The enargy
of the x-ray produced is determined by .the difference in energy
between the sharply defined quantem energy levels 1in the atom.
Because energy levels in an atom are unique to each atomic number ,
the x-ray produced is characteristic of the atom from which it was
esmited, hence x-rays produced from interactions with the inner
shells of the atom are known as characteristic x-rays. It is this
type of radiation that is most useful in x-ray analysis.

The potential
one of the higher energy
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shell
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When an electron is ejected from the K shell, the
known a5 a K line, likewise ejection from the L or M
produces L and M lines respectively. The actual energy of
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resultant X-ray depends on evactly which transition, of the many
(possible transitions has occured. A broad outliqe of the different
names given to the different transitions is given in Figure 5.

N N
Ma
AomicEnergy M M
s la, |La [Lp
——————————— —t = - — ——— - — — — — Sublevels
L L
Ka K@
K K

Figure 5. Production of Characteristic X-rays from
different Energy Levels from within the Atom.

If the vacant ¥ shell position is occupied by an electron falling
from the L shell (Ka) the X-ray will obviously have a lower energy
than if the position was occupied by an electron falling from the
M shell (K@), where the energy DIFFERENCE is larger. As gach shell
is split into sub—levels, the number of possible transitions can
be large, especially as the atomic number of the atom increases.
Thus for Carbon, (I=4), with two K shell electrons, and four L
shell electrons, only Kx x-rays can be gener ated. Although the L
shell electrons in carbon can be ejected in a collision, there are
na M shell electrons to fill the vacancy. Sodium (Z=11) has aneg M
shell electron, so that baoth Ko and Kf x-rays can be emmited.
heavy element like lead, with its camplicated shell structure will

have a very extensive family of lines. Many of the transitions
that occur cannot be resol ved by an Energy Dispersive
spactrometer. :

As showr in Figure 3, when irradiating Mn, below a certain kV only
background radiation is produced. In this case the incoming
electrons do not have enpugh energy to remave an electron from its
shell.

Because the energy of
the minimum energy
has a specific value,
Kk=-ray absorption

each shell and subshell is sharply defined ,
necessary to remove an electron from a shell
the so-called critical ionization energy lor
energy). Each shell and sub~shell requires a
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wple Table 1 chowes
and M shells and

if ferant critacal tonication encora s s an e
the critical exitation enernles fom the .0,
sub-shells of Flatinum (Z=78},

Critical Jonization Energies for Ft

SHELL ENERGY (ke

[ 73,39

L1 17,88

L2 172.2

L.z 11.54

M1

M2

M=

M4

MS
Within a particular x-ray series, the line which will be most
efficiently excited is always dependent on the accelerating

voltage of the microscope. For erample, when  analy«=ing  Ft oat 20
bV, the major line 1n the spectrum is the M line at 3.7 Ley. The
line will not be present  at all. An accelerating voltage of at
least BO LV would be neederl 14 a tiahtly bound electron from the
shell is to be ejected. In fact. to effictently excite any z-ray
line the accelerating wvoltage used should be at least 7.%5: higher
than the energy of the ::-ray line. Consequently, wae can see from
the table above, that the Ft L. line will neth be efficiently
excited at accelerating voltaages of less than 70 EVY. The laws of
probability dictate that if the i1ncoming electron energy esceeds
the critical euxctitation emergy, then that transition wil! occur,
This fact 15 a useful aixd in identifving elements tn the spectrum,
(see section on qualitative anatysia).,

ficie of X~ Production

The efficiency of doray production, even ot conetant operating
vol tane varies witbth atomic number. UL imatealy  the probability of
Horay emmislon during slectron radiation te egueal Liv bthe product
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pt two probabilities, (1} inner-shell 1onization and i
production resulting from radiative transitions.

Horay

Th ni ion oss-~ }

The probability that an atom will be ionized by an Lncoming
electron of a particular voltage is given by the ionization cross
section. This parameter can be calculated and i1s a function of the
energy of the incident electron and the critical ionization energy
of the particular shell of the element concerned.

Ihe flupreceence vield (W),

Only some inner—-shell ionizations lead to the release of an x-ray.
The energy released during some transitions may be imparted to
eject an electron from an outer orbit, this is an Auger electron,
The x-ray
lead to x-ray emmision. The value of W is a function of atomic
number and approaches zerc fori- Be ¥ shell, Ca L shell, and LLa ™
shel} ionizations. These elements represent the limits of He-ray

production for their respective series. The relationship between
fluorescence yield and atomic number is shown in Figure 6.
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Figure &:Relationship between fluoreascence vield (W)
and Atomic Number (1),

fluorescence yield is the fraction of jonizations that .




HANDY FACTS:

spectrum  are elechron alrss This
electron Lravele . through @&
energy of 1 electron-vaolt

¥ The units of energy 1n the
dari1ves from the fact that when an
potential of 1 volt, 1t acguires an
(eV).

¥ The ma:imum X-ray eneragy generated i1s aequal to the eneray of the
incoming electron. Therefore the cut—off enerygy of the JX-rav
apectrum shows what the operating voltage was. This is wseful to
detect specimen charging in the. maoroscope. I+ the spectnen 14
charging then the effective bV s reduced by the amount of charoe
present on the specimen, and can be measured by looking at  the
cut—off energy. For example 1f a material 1s examined with 20 KV

electrons and the uz—-ray spectrum finishes at 15 feV, then the
specimen is charging by & V. This means the "effective™ KV 1s
only 1% and therefore the H-ray vencration efficiency will be
different from that at 20 k¥, particularly for the higher energy

lings. This has important consequences 1n quantitative analysis.

fCritical erxitation voltage 1% useful in gualitative analvsis. If
the oaperating voltage 1s less than the energy at which a
particular shell is lonizaed we will not see a line for that shell
in the spectrum. For exaaple when identifying Ft., we may look for

the M line at 2 +eV, and the L lines at 9 keV. However the
operating voltage is less then 10 KV Ft L lines will not be
ewcited.

¥ The u-ray interaction ~volume will alwavs be slightly smaller

than the electron interaction volume becauwse on the outer edges of
the electron range electrons do not have enough enerqy to nroduce
x-rays, especially x-rays with high critical ionization energies.
¥ Irrespective of image resolution, in 2 bullk sample, the
spatial resolution is ALWAYS of the order of 1-2 microns.

H-ray

T34

Touog
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The ENERGY DISFERSIVE SYSTEM

m can be broken down inta 4 hasic ub ts. As shawn 10

The ED syste ts
Figure 7 these comprise devices to detect the ®-rays, me:sure
their enerqgy, display the data, and a computer O carry ou any

further processing on the data.

" MCANDU
i DISPLAY
&"ﬂégﬂm Processor
Pre-Amp ADC
MEASURE
Compuler
DETECT
PROCESS
Figure 7. Block Diagram of an Energy Dispersive Sysktem.

To summarise the operations of an ED system: =

window into a cooled,

Silicon crywtal. The crystal
pulse of electrical charge. An
10-1% coulombs of charge-

1. X-rays pass through a thin Beryllium

reverse bias, Lithium drifted
converts the x-ray energy into a
individual x-ray liberates around

into a wvoltage pulse at the
ersion actually takes place at
The FET also acts as the first
amplifiers in
1 to be passed

2. The charge pulse is conver ted
PRE=AMP. This charge to vol tage conv
the FET, (Field Effect Transistor}. .
stage amplification, and 1in combinatxgn with other
the pre—amp raises the signal to a high enough leve
along cables to the pulse processor.

detector into the
energy of the

from the

been passed
prior tao the

3. Once the signal has
amplified

PROCEBBOR, it is further
pul se being measured.

is converted to

15 an analoygue signal. 't
This step | -

4. The amplified voltage ;
display.

a digital signal for measurement and

e L

gy W

oy



carried out by the Analogue to Dioaital Conwverter , (ADE) and the
digital signal is pubt 1nto a Mualti-Channel Analyser (MCA). It is
the contents of this MCA that we view in the spectrum on the video

moniter.

Ihs Detector

The Si(Li) u-ray detector uses the principle of the "photoelectric
effect". X-rays entering the crystal cause the movement of
electrons from the valence band into the conduction band, thus
generating a certain number of electron/hole pairs. The basis of
an ED system is that the number of electron hale pairs produced is
directly proportional to the energy of the incoming x-ray.

The detector is the most sensitive part of the whole system and
consists of 3 units; the crystal, the FET and pre-amp, and a
cryostat to cool the crystal and FET. A cross section of the

crystal and FET is shown in Figure 8.

COLUMATOR — - VACUUM
CARBON -
0AG T CHARGE
FREE
ET
DRIFTED v
SILICON ' L
BaWINDOW — ACTIVE AHEA
BIAS——

DEADLAYER

Figure 8. Schematic of the Crystal and FET.
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The Crystal

ap bype estrinsic asems oo borr, Tha manufacturing

The crvstal i1s
TFitirern wikh a minutea

process involves drifting high puraty
nquantity of Indium to give a makerial with an excess of “"holes”,
(1.e. p typel. This is then further dridted w1 th Lithium to "soalr
up* the holes. Lealage current, itrensitiones from valence &0

conduction band induced by thermal AT EN T AV B i lowar tn p o tvpe
semiconductors than in n type. Minimi mng Lo age cuwrrent 18 an
important step in producing a high resolubion det actor,

When an x~=ray enters the crystal a aspecifirc nunher of electron
hole pairs are produced. The formation  of an  electron hole pair
requires Aapproximately Z.8 eV, the number of pairs formed, ¢(and
thus the magnitude of the charge liherated? is directlwy
propor tionat to the energy of the entering x-rav., A bias of
apprazimately 500 V is applied across Lhee crystal which acts to
pull the negative electrons and positive holes apart, producing
the charge and also preventing recombination.

The magnitude of the charge involved i« erceptinnally small, £.9.
a5 keV x-ray phaton would produce a total of 1200 electrons, {and
holes), which is egquivalent to a charge ot 10—t

necessatry to

fFfor accurate amplificatieon and measurement it is
Thi< conversion

convert that charge pulse into a voltage pulee.
ocours at the FET.

The FET

an FET converts chanaes in charge to taroer chanaes an voltage. To
understand how an FET works we can use a =imple amalogy with water
flowing throuah a rubber tube. The tube has a peice of strinag tied
at the centre. This is shown schematically on Figure 9.

When the string 15 loose, wat ey Flows  throunh  the tube
unrestricted. If pressure is appliet bo the otring to tiahten ik
the diameter nf the tube decreases  and  the  water fiow will
decrease by an amount proportional to the precsore applied to the
ctring. If the pressure is increased on the «brina thoere wWwill he a
corresponding decrease in the flow  of vt far NDopending . o0 this
flewibility of the tube anid tha flow of waber a small pressare on
the =tring can result in a large chanam 1n ! he flow of walrer, 1.2.
signal amplificabion occours,



Source of water

String String
drain
When string is loose the When a forceis applied to the
water flow not restricted. string the water flow is restricted.

Figure %: Schematic af an FE

4 Drain

T, analagy with water flow.

FET gate \

SignalIN from crystal ) P
-vebias

Signal OUT of FET.

[~ =——1{* Depistion Layer.

The deplation layer varies in
size andis alunction of the

alectmns' l.:;umanl

charge onthe gate of the FET
coming FROM the crystal,

4 Source

Figure 10: Schematic of an FET.

p%‘?\ -

in the real si1tuwation, @lectrons t1ow through o pasgage 10 & piece

aof silicon. The "string” araund  the centre 1= a depletian laver
tormed at a p-n Junction, and the pPressuare  on fthe string is

provided by the si1gnal coming fron the crystal. This i ehown
schematically in Figure 10,

fi buret of cherge from the crystal, Ihiverated by an 1ncoming
i-ray), causes a depletion layer to bwe formed 1n the tube. This
restricts the flow of electrons. The sianal going tntn and cComing
out of the FET ig shown in Figure 10, If an erceptionally large
burst of charge is liberated trom the crystal, e.q. from a high
energy electron, the subsequent depletion layer form:d can block
completely the flow of eleckrons. If this happens the dead-tims
goes  to 100, and it may take several hours for the depletion
laver to die awavy.

The charge ogenerated at the crystal 15 estremely small and steps
must be taken to ensuwre that the pulse is not swamped by noise.
Two measures of interest used in the detector to leep noise to a
minimum ares;-

* Fulsed Optical Feedback
¥ Low temperatures

Fulsed Optical Feedback) Standard pre-amplifiers need resistive
feedback in the circuitry to return the systen to A conditiaon
where 1t can accept the next pulse. This tvpe of feedback
genarates  too much noise to be wused in and energy  disperaive
detector and the method of pulsed optical feedback 1% usead. In
this case, instead of the FET resctting after each pulse, tha
pulse 1s stored, i.e. the voltage level stavs constant untill the
nesit pulse arrives. The resulbtant output is  a step function., In
this way each pulse goes throunh  to be amplified without the
inteference of any feedback noise. Tho output from the FET/Fre—amp
is illustrated in Figure 11,

,%C?,

-

iy T



Maximum voltage level

- |

Voltage proportional
10 x-iay anergy

. f

—_—1 e — — — —— ——DBage-lina

Figure 11. Schematic of FPulsed Optical Feed-back.

The FET cannot carry

on

indefinately accepting pulses without

being reset, Eventually a voltage iw reached beyond which it
cannot accept any more pu
eventually becoming damaged.

is switched on which completes a circuit and allows the FET to
return back to baseline. All
pulses stops while the diode
the DEAD TIME in the system,

data.

Liquid Nitrogen Temperaturm
essential to keep noise to a
easily maintained by sealing the companents under vacuum, which
also has the advantage of reducing contamination on the crystal.
Low temperatures also reduce the mobility of the Li impurity ions

and helps maintain the

large

lses without losing linearity and
At this point a light emmiting d1iode

amplification and measurement of

is sSwitched on. This contributes to
always observed when acquiring x—ray

Cooling the crystal and FET is
minimum. Low temperatures are more

intrinsic, (active) region in the

crystal. A cross—section of the cryostat arrangement is shown in

Figure 12,

/"_—J
) Iﬁ/hﬁolecmar sieve

o (=
Y [ ]
L4 »
Inner vessel
Vacuum -— . Quter vesset
T Be window
Curod
. /
/ [ FET + CRYSTAL | 0

Figure 12. The Cryostat arrangement.

The liquid nitrogen 1is contained in a dawar which has a typical

capacity of S5 litres. This requires filling every few  days unless

fitted with an automatic feed system. The cryostat is evacuated to

better tham tO=®torr. Outgassing is dealt with by a molecul ar

sieve. The whole assembly must be kept under vacuum but still

allow X-rays to enter. This problem is solved by using a thin Ee

entrance window. The window must bhe capable of withstanding

atmospheric pressure but still be transparent to low enerqgy

x—rays. Windows of 25pm PBe give only 12% transmission at 1 keV, but
%0% transmission is obtainable with Bpm windows. Such a window will
block all ®—rays below energies of about 0.8 keV, limiting

analysis to elements of atomic number 11 and above.

Retector Resolution

The natural width of an x-ray peak 1s about I eV, measuring the
full width at half the maximum intensity (FWHM). The E.D. system

degrades the peak by a factor of about 100, For example, for Mn kK
a typical resolution would be 1475 eV. This degradation 1n width of
the peak occurs because, (1) there 15 a statistical distribution

in the number of electron-hole pairs gproduced by a monoenergetic




w—ray and (2) an uncertainbty 1s introduced tn the anply ficaliion
process. The distribution of nunbers of electron-hole pairs 1%
reasonably well described by a (Gaussian distrabution. The FWHM of
this distribution can be calculated from the two sources of nolze,
according te the equation:-—

FWHM o (C2E + p=)¥

where [ i1s a measure of the uncertainty in the numher ot
electron—-hole pairs produced., E is the energy ofi the 1ncoming
s-ray and N is the FWHM contribution from the electronic nolse af
the amplification process. The wvalue of C 15 dependent on the
material used in the crystal and incorporates a constant  EFnaown as
the Fano factor. Even 1f electronic nolse were bo be completely
elimnated, the statistical wncertainty 1n  the npunber of
electron-hole pairs, {(as represented by the Fano factor) will
limit the resnlution, For esxample the Lheoretical resolution for
Mn is of the order of %0 eV, From the above equation we can see
that the resolution decreases with the energy of the u-ray, 1.e.
the resolution as measured at Na will be lower than at Mn.

For a given detector the effect of noise can bhe minimiged by
correct selection of pulse shaping time constants 1n the main
processor. However at  high count rates, e.g. greakter than S000
cps, these time constants are reduced below their optimum value,
causing a decrease in resolution as the count rate 1ncreases. This

is one reason why H—ray analysis 1 not  performed at high count
rates.
External noise SOuUrces including wvibration and electrical

interference can cause loss of resolution, Susceptibility to
interference is minimised by aveiding ground loops. The detector
should also be isolated from the microscope and earthed only
through cables. Also, all the electronic units should preferably
be earthed at one point.

Resolution is alseo affected by the capacitance of the detector.
Detectors of small area and hence small capacitance give the beslt
performance. Therefore unless high collection efficiency 1< of
paramount importance crystals with an area of about 10mm®  are
generally used.

The +following section deals with the most common gquections asked
about detectors.

LONG

HIALEAN

INTRODUCTION TO TEM/STEM AND X-RAY MICRDANALYSIS

WHY USE TEM/STEM

High spatial resolution microanalysis correlated with snages

X-ray analysis 2-100nm Imaging down to 0 2mn
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TEM/STEM versus MICROPROBE

ADVANTAGES - DISADVANTAGLES

High spatial resolution Samiple Prep

EDS EELS SE.BS BF .DF Lo Sensilivity

Diffraction CBED microdiffraction 1.ow accuracy of qua itation
Quick qualitative analysis Yield

High vacuum High viscom

Low beam spreading Beamn damage

ELECTRON SOURCE CHARACTERISTICS

BRIGHTNESS
fseEg E@ beam energy
Maximum current limited by lens aberrations.
COMPARISON OF SOURCES
w Lalig, LG
Bs 3.16% 3100 109
stabifity 1% P 1-5%
SOurce size 50um ljun S5nin
energy eV leV 0.25eV
spread
probe dia for 40rm 20nim Lnen
1nA
Introduction to STEM microanalysis _Aa -
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STATISTICAL REQUIREMENTS
STATISTICAL LIMIT ON ACCURACY:

2N

95% confidlence - 20 Yaccimacy bon N cournts = N 100

3
9% " 3a " - ‘#100
i.e. for 2% accuracy at 96% level need  Ne1 o1
3% N=106

NB EDS "peak’ is real only i IH > 3 E'I:_;

See Trebbia: Ultramicroscopy, 1988, 24,399-408.
MINIMUM MASS FRACTION

3 e I; c
_—N e TA
Cp (MMF) - b k
bt AR
A A
C. = Concentration of A
LY = senshivity (acior

Implies need long counting times and low background
BEAM BROADENING

Previous seclion makes it templing to work in ticker parts of the specimen ta gel a higher
signal bul beam breadening due 10 scattering will deqrade spatial resalation.

A
ba
0
This assumes single scattering, and b« probe size containing 9% ol elecirons exciting
specimen
(See Loretto p 175)

b versust examples

t 50num 100nm S30nm
Al 3 8 a2
Cu 1.5 215 112
Au 17 - -

e.g. for 4nm incident probe on 100nm Cu foil spatial resnlution becomes:
Va5 4 21.5¢ = 22nm
Important to know foil thickness --> use CFLS or CRED.

Intraduction to STEM micrnanalysis 0

~4t

ARTEFACTS
Fouwr principle sowrces
Mumination System
Hale Count - x-rays, elecirons, fight.
Sample / Sample Holder
Specimen brehmsstrabihing, scaltered vlecthrons
X-ray - Specimen Interaciion
Absorption fimportance increases as separation al x 1ay energies increases)
Fluorescence {negligible Tor Z< 20, boportand fer elenwents of adjacent Z)
Coherent brehmssirahilung
Beam broadening
Electron channelling
Detector
Escape peaks, sum peaks, dead tiine, incomplele charge collection,detector effliciency.

SEM / microprobe
Low kV means hole count very low
No electrons transmitted through specimen
Large specimen chamber
MNormally zero tilt

'IDEAL' SPECIMEN

Crushed sample on holey carbon film on a beryllium gril.

Zero il and high take off angle.

Specimen fragments small thereflore absorption neghigille.
Specimens must be clean and minimal surface films aixl oxide Jayers.
Count rate approx 3000cps total.

Avoid strong diffraction conditions in alloys and carmpourls

CLEANING SPECIMENS

Make linal washes in very high purity solvent {e.g. Aristar grade),
Bake in air or clean vacuum to approx 100C,
Use cold stage at -70C Il contaniination is still a problen,

Intraduction to STEM microanalysis 4
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ELECTRON ENERGY LOSS SPECTROSCOPY (EELS)

Introduction
Spectrumn contains chermical, electroruc and structun al inlormaton,

Applications
Although much vaunted as a method of analvsing light elemems, the most common
applications are:- Identitying chiermcal states e.g. oxides, carbides, nirides
Stwecimen thickness determination
Elernental analysis when EDS may be ambiguous due to beam broadening and stray scattering
(e.g. when looking a1 thin lavers on a substrate and determining wether an element is present
in the layer which may be a major phase in the matrix).

Spectrum describing probability of interaction of primary beam with specimen as a function of energy
of interaction, NB descnbes the primary excitation process. The energye lost by mcident beam can be
divided into two parts. The first part corresponds 16 energy needed 10 take an electron from a iilled
electran state in the solid 10 the Fermi level E, and the second panl corresponds to the energy of the

electron in the continuum abowve the Fermi level, €

E=E . +¢
Thus 10 excite electrons from any given ¢nergy level a loss of at least E, is needed and the energy in
the continuum can take any value up to E-E. {E() being the incident beam energy).

EDS & Aucer (AES} are the result of the de-excitation processes in the atom.

QObserved spectrum is a function of scatlenng angles sampled.

Informanon chiained is a function of energy range, collection angle and energy resolution.

Ditierent processes have different anguiar distributions - experimental parameter under user's control
to large extent.

Advantages & Disadvantages
Fot:-
Deal with primary event
Scatiering angles are relatively sinall therefore almost 100% of signal can be recorded
Neot a function of fluorescence vield {w)
Beam broadening effects are very small
Very high energy and spatial resolution obrainable
Peak overlaps not generally a problem
Electronic and Chemical info - e g. valence state, bonding (NEXELFS)
Crystatlography - co-ordination from EXELFS
Energy filtered imaging
Quantiation may be absolute -> No. of atoms/cm 2.

Against:

Small signal on a high background
Detection cfficiency

Operator intensive

Specimen thickness limited
Contamnination Limited

EFLS and Inclastic Scisttering 1

Neib 0 Long 117100
T, T TTOTIOT I T
f L Dt
P S
um Ty ) A B ) e H
. P — . P / | i
: R * : / v -7
: \_/\ ‘ ? i / |
e If( I B ) ’ M |
£ ' nka. S i .
o | Lo 4
= i
| ¢
ENEAGY LOSL ———d= v w - U
Al owly Mumbir

2 ig I} E . -
A N O §
Be _]E. //‘i i Qj Y :
Boingiin :
. 'y M ¢ 3
k4 Eﬂ‘/ﬂ 0 4 I <

! ! {

1

Region 1 - The Zero Loss Peak

"Zero" loss chiefly unscatigred incider beam.  Peali shape unction of energy spread in source and

energy spread due 10 aberrations in spectrometer. Spechometer 1w ords @ § nite energy width due 10
Finite energy resclution of spectrometer {collection anaiv. fuces g )
Energy spread in electron source and HT instabilities

Elastic Scattering

Cross section for scatiering is probability that interscuon will accur as a function of scattering
angle or energy lost

do 4Z
de 117
[role7d
q-_‘le— 0= scattering angle A = wavelength
Asin 2]
a
0
p-¥ ag = Baohr radius Z = atormic number
z

do
Total cross-section, &, for elastic scattering into acceptance angle 3, - integrate - a8 ¥ 6 from
Otof

eq. lorSio= 1018 e 2 fatom st 100KV
Also consider mean free path between scattering even | L,

1

L= 2

no where n=aom densiy )
L=100nm for Si, i.e. in 100nm foil most electrons undergo at ivast one elastic scaliening event
Consider differences between amorphous and crystaline spaecitnens - Bragg diffraction
N8 lnelastically scattered electrons can be elastically scatiercd ouside of collection aperture.

FF1 € znd Inelactir Sratiorinn n
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For large collection angle (e AL

Cpane L '\[:’3
Phonon Scattering
Atornic bond vibration; collective lattice whrstion i crustals.
Energy losses very small = U TV bt scattenng distibubon a bread peak centred around each
Bragg reflection > again reduces number of inclastic electrons collected.

Importance and Use
Measure of spectrometer performance, stability and resolution
Used in alignment
Normalization factor {or absolute quantiiation

Region 2 - Low-Loss (0-100eV)
Zero Loss peak contains 80% of total signal, 0-50¢V contains a further &1 %
Low losses due 1o direct electrostatic mteractions with atoniic electrons.
Losses <15aV excitation of elecrans in molecular orbitals, »15eV mostly valence shell excitations
Peak shape and positions can change dramaticalle as,a function of valence state ¢f metals and oxides.
Merallic conductors generally have a stmple valerice band strucuare which can be described in terms of
a collective plasmon interaction.
Plasmon Losses
Free-electron metals and aliovs - = smple low loss spectrum - sharp gaussian peaks. Number
and intensity related to specimen tluckness, peak energy related 1o mean electron density in
canduction band.
Free electrons behave as ‘gec’ 1n couilibrium density due 1o coulomb repulsion. Incident
electron disturbs equilibrium = csilianon -> ‘collective excitation’.
Osciliation frequency wn, ¢4 \;'r.C ng = electron density
Energy to cause oscillation, By, = by,
Incident electron energy loss = kg, typical values wp = 101 rad/s; Ep = 20eV
Scatiering over large angular rance (-10m ad), then rapd fall off.
Plzsmon mean free path, Ly = 50- 10000 at 100kV

Thuck specimens give mulliple plzsinong

Specimen Thickness Determination

nglashc

1o+ inelastich
telog oy —
i Iy

g < 0.1 surface plasmons donunate
/>0 5 not hnear - 106 thick for nectoaniless

1f kniow Lp -~ t and e verso

Neil J Long 11/19/090

t can be measured 10 £10% (nrange L = 10- 150
{see Lgerton & Cheng, Ubiramicroscopy, 21, 1987 231)

Region 3 - Core Shell Losses
Above S0¢V spectrum consists of a rapidly decaving background due 10 single-electron valence shell
interactions with superimposed "core loss” edges arising fromm inclastic interactions with inner shell
electrons.
Thus to ionise an atom need to transfer a minimum amount of encrgy, Ly - ionisation’ or 'edge onset’
energy
i.e. E<Ey no ionisation, E>Ey thereis a finite probability for jonisation {cross-section).  Results in an
abrupt onset followed by gradual decay as for valence shell ionisation. Measurement of Ey often
sufficient for element identification.
Cross-section
As before the signal in the edge is a function of scattering angle, coflection angle and encrgy

lost.

da et

dodE = Em,vae++8.% GOS
™, = electron rest mass v = electron velocity

8 = ‘characteristic’ inelastic scattering angle = Ex/2Eg

GOS = generalised oscillator strength - represents cantribution of cach electron energy level
that takes part in the energy loss process.

For smal: 6 and small integration window above E. GOS 1 = constant, then:

angular distribution is of form (92*952}'1 with 2 maxtmum at b=0

For example, for a 300V loss @ 100kV we have 8p =15mrad and an average scanenng
angle of Sug.

As B (collection angle} increases from zero. signal increases but will saturate at angle = \.‘Z(iE
{about 30mrad for most elements}.

For the total cross-section again we musi integrate from Fy 1o a loss equal 1o Eg and jor all
values of 6.
Typically for light elements, e 9. C, Sy = 102 em?/atom - 2 orders of magnitude smialler
than elastic or plasman ¢ross-section .. edge very weak. Consequently the mean free path is
much longer : several microns . for 2 50nm fail only a few clecrrens will ionise an inner core
electron, although many more will be ‘diffracted’ or interact wnth valence shell electrons,
NB In practise spectrometer works over finite range (3} of E & J§ -, need 10 cakulate partial
cross-section o{f.A).

Background Modelling
Experimentally it has been found that the signal decavs exponentially and can be fitted to a
power low over small energy ranges, ie.

| = AETwith r in range (3-5}

Thus it is possible to make a log-log plot and determine the slope and intercent. Most typically
a least squares fit routine is applied {of vannng sophistication} or a simple graphical technique
{especially when the spectrum is very neisy).
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qu‘l _ 53]"
Intensity in edge, Iy = 13- A]————

r
where:
|
2]ogw[ i_i]
e E,
logm[E‘
1
and
[{I]+12](l—r)]
Ae—t——
IEBI- ) El. 1- r]
typical fitting windows 30% of Ei. eq CE,  =284eV, 5= 100eV.
Quantitation

j
!
Wl a6
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AL ey, T

vy i, £

Modelled
Detected count rate, R, of edge loss events
R= [N
I=incident electron flux (es'm?) Nenumber of aloms contributing to edge, under beam
Assuming collection from 0 to 2x and losses from Eg to Eg ti.e. (Eg-Ey) 10 OeV).
In practise finite collection angle, B and practical energy integration window, A.

Ikp.a)
-
p.21%p.4)
}j =intensity in low loss region for same energy window
If know parhal eross-section (calculation or expenument) can obtain N
Normally want to know ratio of element wrt another element, in this case it is sim,

N, la %
Ng " lo ® lg

where A and B identify the elemnent and | denates number of counts.
difficult 10 calculate 10 very high accuracy {10% is considered very good).

Standards

i know composition of sirnilar matenal

ply

Cross-sections are

and keep same values for i and A, then ratio of edge
integrals for AB in unkjiown and standard gives o quick and accurate composition.

NB There are no absorption or flucrescence conections of detector comrections (in serial
spectrometers but not in case of PEELS),

EELS and Inelastic Scattening 5
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Plural Scattering

As sample thickness inacases so o does 1he probabiliy ol clecirons beny scallered more
than once. The basic quantitation melhods usstine single scaltennig.  The cffecr of phual
scatlering s 10 1e-distribute the counts awau hom the edye onset. For a large enRrgy inegral
the counts will be the sanse but visibility of the edye is reduced tard hence accuracy 1n fiting
the background, eic ). Ldges at lugh losses are niwre 1apidiy affected than edges at low losses.
Spectrum is the convolutkon of single scatlering spectrum wath low Jass region. Deconvolution
methods can be applied but in general all tend (o acceniuate any statistical noise in spectrum
@ nd weak edges will become lost in the noise. Quantitation equaticn is then modified 1o

kip.a)
looip.a)

where Ig is the inadent beam integral without specimen present.

ia} [L1) le)

OR3ERVID EOOL DAL EDGE LOW LOSS PiCALg
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LIGHT ELEMENT ANALYSIS

What are the “Light clements™
H.He.LiBe B.C.NOF NeNauMgALSE ...
What is experunental abjective?

Drewection Quantitation  Valence stale
EDS
Detection
Fluorescence Yiekl
Element w
| B 0.0006
[ 0.0027
N 0.0047
O 0.0065

i.e. for oxygen only 0.7% of jonisation everts will result in the emission of an x-ray, the rest will give
Auger electrons. Compare 10 Al (4%), Ti {209, Zn (S0%).

Why are any detected at all?

Answer:- larae icrusation cross section {cl. EELS)

Detector desian -> nre of wandow and SiLi crystal construction.

'Y

LSctae b ase

yoeavs

v
P

Quantitation
Imporiant patarmeist s
backgrourdl subtraction
peak overien
detecior response
absorption
mass joss

EELS
Detection of primary excitation process - therefare all ionisation events can contribute 10 LELS
spectrum (x-ray and Auger vansitions are the de-excitation processes).
Detection
See EELS notes.
Noite detectability is a function of other elements present.
Quantitation
Important parameters:-
background subtraction
mass lass

Beam Induced Decomposition

Many tight elements can be lost due 1o clectron beam interactions -> result s a decreasing
composition s a function of dose rate and \otal dose. Accelerating voltage or temperature
dependences. May be very signilicant for oxides, carbides and nitrides and is very rapid fo Na and Li
containing allovs.
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