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Abstract

““As” in any field of spectrometry, the"data coliection

s

'and record1ng system of an Electron Energy Loss Spectrometer
plays . an 1mportant role in ,determlnlng the ultlmate

Mperformance7of,the system, In thiSf.paper tuo ‘different

detection methods in EELS (serial and parallel) have been
'revieweduand~eValuated,in terms of the ‘detection" quantumft

“efficiency and linear dynamic 'range; Para11el detectlon’“

systems u51ng a semiconductor array as a detector‘ have

s1gn1f1cant advantage' OVer tthe”.serlal detectlon systems
Important propertles of the - arrayv are presented together

with af descr1ptlon of the c1rcu1try needed for 1nterfac1ng

. s

the output to a multlchannel analyzer. The :.advantages and -
jproblems of dlrect and 1nd1rect exposure of an array to the
: electron beam are dlscussed Experlmental results on ;thé?
- damage to; a. photodlode array durlng d1rect 1rrad1atlon~are7

Upresented ~and ‘discussed. . Flnally, ‘ de51gns Cfor . a

- -post- spectrometer lens system whlch can be 1ncorporated 1nto

1the-parallel detéction system ,fn order jto increase ‘the

LY

energy ,resolution Care presented.‘ A design - for . a ;. ¥

. ser1al+parallel comb1nat1on detectlon system (which 'mayy7be-

2

”used to study the extra hlgh energy loss spectrum) is

. proposed,
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CHAPTER 1

METHODS OﬁvELECTRON DETECTION

N -
. )

1.1 INTRODUCTION //,"' A .

Electron- energy loss spectrometry (EELS) of high energy

electrons whioch hav§ passed through a. thin spec1men promises

13

;to provide a,powerful toel, in combinatioy with transm1551on.'

electron'. microscopy p for electronic,‘ micro- chemical

a

characterizations of materials. It is particularly de51rable

RN .

for micro chemical determinations because 1t complements the

already established . energy disper51ve ( x—ray . (EDxﬁ

v

.speCtroscopy by extending detectability from Na down to Li.‘Cjw

. “ “,‘

However, an effective -use of_ electron energy - loss .
spectroscopy for chemical characterization of selected areas .

in the electron microscope can only bev_achieved ‘with the f,

o

development of quantitative detectionlrcap%bilitiesl,;@hé-l

‘method.of‘detection is therefore a matter. of - importadce in". i’ -

EELS. T _

1.1.1 CHARACTERISTICS OF THE ELECTRON ENERGY LOSS SPECTRUM

In EELS, all the 1nformation that can be obtained about

’

‘the specimen is- contained in-'the angular and energy i

distribution of the electrons'that'have-paSSed through-it;.f

e

e
PYERFS

St T

as shown in Fig. 1.1. -

By -studying - these distributions, which resultffrom,‘

interactions between the electrons and - the spec1men,;,and.’

R

A

analyzing them in terms of an appropriate model;_'thejfb'




o - A . L g )
required information can be found’ The ‘most general way to |
characterize these 1nteractlons 1s to measure the momentum

changes suffered by the electrons as they pass’ through the

 sample. ThlS is ‘done by measuring both\thevangle B,through

which\an edectron.fs scattered, and-E, the-changenin energy
- relative to the incident‘.energy E,(Fig. 1: 1), Usualiy,
‘ hbwever;; it is sufficient .to.'collect all ‘transmitted
velectrohs. lyingvvuithin 'ah*cone 'of'some,Width a about the
incident%beam'direction, and to - analyze thesek‘for“ their
senergyb loss. Although< this approach destroys 1nformat1on
about‘the momentum transfer, 51nce-the spectrometer is  now
u‘lntegratlng 1nformat1on- from the who}e angular range whlch‘
it is acceptlng,;it‘iS’the one most- generally -used. The

1nformat10n produced can be readlly related to the 1mportantr

"propertles of the materlal by 51mple mathematlcal models nof oy

“the " interactions (Egerton 1978). The result ‘obtained from#l

such'an;expe??ment is an Electron‘Energy Loss, Spectrum‘ fn~
which - the_transm1tted 51gnal 1ntens1ty J(E) 1s plo;ted as a
functlon vof‘ythe energy loss"lE for all"then'electronsﬂ

”scattered Awlthin,.the5 angular cone' a }accepted by_ the‘ :

. spectrometer.’

-Typical electron energy loss spectra recorded from a;:f"

th1n f01l of carbon u51ng 80 keV 1nc1dent electrons and w1th

&}_ﬁ 100 mrad and a 10 mrad respectlvely, are shown 1nu

. Fig. lt 2, The 1mportant features of EEL spectra (Flg. ‘:'2)

are- as _follows. Flrst, there_ is ‘a,large maxxmum fn the”

',fntensity'centered.at_E ;AO,'yhich"is usually’ called ;the{



[ Incident
~ beam E;

‘Scattered .
.\ beam Ei-E- -

N

‘»Fig'ur'e’ 1. 1 The" g’gbmetry, of EELS in the eléFtron Amd_croscope,f‘ ;
‘illustrating the . scattering angle §6, tpe_. ‘spectrometer
.coliec;.tiori .angle a and the fi.ricilden‘t beam cofivergent angle B. .

e
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| 10-15;

10"

' 80kev ‘incident beam.and two values of .a..

'30nm carbon

| E,=80keV

Ly

 o:10 mrad

'Q}_Sf;iS :.166 }Q'ZEO'  ‘“560‘

:Figu:e 1.2 Energy_loSs spectra of carbon obtained with ‘an =

1



"zero-loss  peak". The - zero—loss peak contains ~both

unscattered electrons and electrons which have interacted

'wfth the sample ‘without losing significant amounts of

energy. In any specimen from which a useful EEL spectrum can

be Tobtained thiSnzero-loss.peak will -always be the largest
51ngle component Secondly, there are one.or more peaks in a~'

region extending from the edge of the zero- loss peak -out to

:aboutiSO-eV, which is conveniently called ‘the "low loss";

region. _The ,low-loss peaks are due to»the interaction’of

",transmitted electrons with valénce ‘or conduction'.electrons
of. thei‘sample,‘resultlng in plasmon and/or 51ngle electron
‘exc1tation. Thlrdly, the spectrum lying above 50 eV has the'

',general form of a rapidly falling "background" on wh1ch are’

superimposed edges with various features. The characteristlc

edges in ‘this high- loss region are “due to the 1nteractlon of

‘the transmltted electrons with ginner shell electrons,

'

"resulting in the -excitation of 1nner shell electrons to»;h:"
'various unoccupied states above the Ferml level The rlse 1n‘

‘1nten51ty (i.e. an’ edge-)~occurs jUSt above E =‘Eu,'where

E, is the appropriate bindimg energy or. 1onization' energy>n

“ffor' an atomic shell k(K representing the type of shell

L}_M etc.) Therefore, this portion of the EEL spectrum is

most important for chemical characterlzation of spec1mens,'.

as the binding energy or 1onizatlon energy of an edge is .a7'

'unlque property of the element from which 1t arosé Also}ra
:study of the edges .can yield electronic and structural .data -

ffabout the,sample However,\as shown in Fig 1;2; by the_time



an energy loss of 250 eV is reached (for this spec1men) the
51gnal has fal‘en by a factor of about 100 times. ;In fact
edge.‘slgnals in the h1gh loss reglon of a spectrum of a

specimen are several orders of magnltude lower than in" the

]

Tow- loss reglbn"ikbecausev St the —small cross:sécffons‘tn;;—
inner- shell exc1tatlons. Thls dramatic falld ln._intensity
"'after the zero- loss peak and the low-loss peaks is a feature
,of all energy loss spectrav Slnce quantltatlve chemlcal
-Lanaly51s 1nvolves fltt1ng, extrapolatlng and subtractlng the
fbackground at each\edge and the accuracy ‘of these operatlons
'ldepends, to a large degree, on the noise level in the
recorded spectrum, thlS large rangeS%f intefisities vpresents
,ndlff1cult1es~hi‘- both.the‘detectlng'and ‘the analysis of'thé”

. o b
spectra.

T

| 1 1. 2 BASIC REQUIREMENTS FOR {DETECTORS
. As mentloned above, the 51gnal to be detected 'in’ EELS
“isi‘an electron beam with an energy typlcally Jin the 60 to
:‘:;100 keV range; The - peak current 1s as hlgh .gs” 1000 plco
»ampS‘ Also, s1nce ‘the 51gnal 1nten51ty falls rapldly w1th
1ncrea51ng energy loss, 1t is ecessary for the detector to:n
be able to mon1tor currehtS\'as low‘as 4&; -p1co-amps in
dorder to resolve edge structureél In ‘the»VCaseb.ofwia_ hlgh~
.energy K edge, for example, the 5111con K- edge at 1839 eV va,iltr
dynamlc range of 10’ to 1 relatlve to the low loss reglon , T':

\

'may: be ,requ1red to observe edge structure above background ,

..

:'(Maher.1979). Furthermore, the beam atself is of- strongly



ionizing radiation and can inflict severe - damage on
" detectors. sensitive to- radiation effects. Therefore, K
" suitable detector must combine:high efficiency (i.e." highf

‘sensitivity with lcw~noise) a w1de 11 ear dynamic range and

an 1mmun1ty to beam 1nduced deterloratlon.
v 4The eff1c1ency of the detector can- be spec1f1ed in
terms of the Detectlve Quantum Eff1c1ency (DQE) (Jones 1959) -
which -is\\defined 'asahthef‘square _of_'the’rratio of',ther’
experimentallywobtainéd‘signal to noise ratio to,the.;signal
'ito noise ratio which would have been obtained‘withnalberfect‘~‘

detector: — ‘ : : ﬁan

; - 5é;f;'(S/N12ek§

s (1.1)
(S/N) “per S

| The. DQE‘_.which is always less‘than unity, 1s ‘a - measure of
the eff1c1ency w1th whlch the detector USES’_the electrons

'reachlng t. The perfect" detector would add no noise toi.

% the. 1nc1dent ‘beam and use every electron 1nc1dent upon it.

If “an average number _ﬁ' of electrons strlke th1s perfect:
’k_detegfor per unit t1me, then the actual number reachlng the.
Afdetector in' any glven 1nterval will follow' : 'Polssdnvn
hidlstrlbutlon w1th mean 7. The 51gnal to- n01se ratlo from the
dildeal detector would then be the number of 1nc1dent quanta n

d1v1ded by the 1nherent shot n01se of the beam Vn, thus

7. L. S -I . : .



g ¥
a result _often expressed by the statement that the detector ¥
. i s .
\i "shot noise 11m1ted" yw_'hp - . ¢
13. ' » . . ‘J\s . B 3 - .
It xs',sometlmes more convenient to .censider . the
. . . - . s

Fra

-4

~

G4

detector"aﬁd “its assoc1ated eﬂectrdnics'as a COmbinationj
mo '

~

’(Everhart et~al 1959). the andwidth ofthe™ compietej
"systemv'is B(Hz) then, the inherent beam noise’Iﬁ'for an

e el w e
incident current I, is:

I = 2!e-1i-B h S PP

where e is the electronic charge.;ThelSignal,to noise ratio

of the beam, as measured‘;hy ‘an  ideal detector of - this
bandwidthLB,fisfthen' ‘ UL

Co- R ' . o

s /x (1.4)

- /r2eB'

.

.The DQE w111 control the ultlmate sen51t1v1ty of a detector.

.The‘ dynamlc range depends on the lower dynamlc 11m1t

-Sm‘n and the upper dynamlc 11m1t Sm,. Thus- 7‘ o 7” . ’M
o C max ~ : - N
. . DR=g-— o S (1.8)
- . A ' m.n o L g

‘The.wiow. dynamlc 11mp"555‘ of en based on the study (Rose

11948) -of the ab111ty of observers to detect contrast between:
;two. polnts in a scanned TV image in the presence of noise.

"‘It was found that for the average observer to dlscern-vthe’

dlﬁferencer between two points, the change in the 51gnal p



[y

AS, nad“to-exoeed themnoise.by}a.factor'of 5 (Fig. 1.3):

"TAS 2 SN . S (1fé)i

Therefore,-the m1n1mum acceptab;e 51gna1/no1se, rafib F dm

the eoutpUt of EEL" spect*um in normally taken as 5, and-we

‘have:

. There are two pos&ible ways to reoord'the'EEL«Spectrum.

’Firstly; as a serial-operation,»by plaéiné.a} Hefiningf slit’
"in. theA 1mage plane followed by a detector -and scannlng the

‘;"dlsper51on across the Sllt Alternatlvely, the spectrum Tcan;

-

be . obta1ned ih .a parallel operatlon by putwlng a detector»f_

;with‘spatiaIV resolutlon 'in. the‘-lmage plane. 'In"e;ther
. _ : : .

;operation, 'the, detectron sen51t1v1ty of tbe spéctrdmeter.

Afsystem, for a glven set of electron optlcal parameters, will

min T . o . ,”,‘Z-;j_~ 3; - .(j;j)."

TN

be determlned by he‘ performance of the detector: and 1ts'

assoc1ated electronlcs, and 1ts eff1c1ency 'is« therefore 'a

-matter . ofr 1mportance. The: characterlstics 1of; detector

"Asystems in serlal and parallel operat1on w111 be__disopssed

in the followlng two sectlons



10

_ SIGNAL

 SCAN POSITION -

C Flgure 1 3 Illustratlon of multlple scans along the ,same’
11ne 1n the sample,rA and B represent two arbltrarlly chosen

p01nts of 1nterest
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" 1.2 SERIAL DéTECTIONv ' ¢

1,2.1 METHOD . s e

~

Mostl serial ' detection -of”nythe EEL. ‘spectrum s
accomplished——by——scann1ng——the—;energy-d1spersed_—electrons——————
.across~a deflnlng slit, elther by ramplng the spectrometer
‘ort through the'-use. of a separate set-of scan c01ls (Fig.

.4, Sometlmes, however, the system has_ been designedjlso
that “the energy is changed before the spectrometerr This 1Sj
‘achieved by a varratron_(between 0 and 1000 v) of the output
of an auxiliary’"programmable“lvoltage cal1brator (Trebb1a .

,_1977)- wh1ch modlfles the prlmary electron energy before the

o, 'spec1men as shown in Flg 5.0 . T
v 3 e S

, Although the spectrum can be recorded for ‘analysis}'by

"_dlsplaylng _1t on a chart recorde ';

', best technlque is to

store the spectrum 1n a: mult1 channel analyzer

'./~

becausev that the MCA can accommodate a- relatlvely w1de: S

dynamlc range,‘and'once the spectrum has been ’ollected it

{““'“can—be*processed—erther—drreetly or w1th a*computer.
' There are" several ways\to d1g1tls the detector loutputbj
1for_ storage in; MCA. Flrstly thehdetector can. be run. 1n a
pulse countlng , mode, wlth ;a’ su1table i ampllfler:_-andb
‘“.gd1scr1m1nator be1ng used to shape the pulses for acceptance
' by the MCA Alternat1vely, the detector can. be ‘used ”as ;an-t‘
yanalog' dev1ce and' its output dlgltlzed by the use: of. az
yoltagg to frequency V/F converter (Joy and Maher 1980) 'or"

through an analog_ to dlgltal A/D converter (Egerton and
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sweep op - | S
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1. 4 Serlal detectlon by electron countlng 'or_?via' a

Figure
a Tracor Northern 1710'

-voltage/frequency converter, u51ng

“-,»multlchannel analyser
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'.Figufe :1 5 Serlal detectlon by the varlatlon of the output
fofh an auxlllary programmable voltage ’callbrator, whlch

PRI

’modlfles the prlmary electron energy before the spec1men._f



Kenway 1979). 'In' pr1nc1ple the pulse counblng approach is ;o
supErior,because the result ;§ essentlally 1ndependent- of.‘.‘
the ‘gain of the detector,.and conta1ns no component due to

. dark.Current signals from theVdetector '(assuning,'-in. both

d1scrrmlnatoru—as——properly—set—up)u—mhls——_———_
aporoach therefore cﬁﬁ/EEtect very low 51gnals.“
. Dlrect dlgltlzatlon of the analog output of a detector
’:1s stralghtforWard but A/D convert&ts WIth greater thany 16~
b1t3 prec151on ;are‘ expen31ve and there 1s thus a limit . to
dboth accuracy (2 ~part 1n 10 ) ‘and - the dynamlc range of ‘the
result thatyz?? be' obtalned 'in th1s 'wayg Voltage ‘to.
"frequency ‘converters ‘are relat1vely 'cheap».and3l current
commerc1al _lOMHz unlts, :when‘ carefullyegsetl up, offer a-
aprec151on equlvalent to a 19 b1t A/D converter together w1th
':la dynam1c range in excess of 10’g Thus they can eas1ly cope‘
fwlth the zero loss reglon.,However such :unlts generate _aﬂ;
hsubstantlal dark-current, count whlch must be strlpped from ]”'y
futhe spectrum before analys1s. In e1ther case,_xthe_ accuracyu 3
off the result obtalned w1ll depend on the ga1n stablllty of
'thhe detector and 1ts assoc1ated electronlcs, and there';can.'

fbe 51gn1f1cant errors due to (even trans1ent) overloadlng of - .l¢‘

any part of the 51gnal cha1n. L 2;'“h'»*' .

.‘..

11 2 2 SEMICONDUCTOR DETECTORS

Several workers (e g Trebbla et ‘al¥7‘977) have'“used S
ﬁsemlconductor detectors in- serlal detectlon oﬁ EEL spectrum

"because of the1r compactness and eff1c1ency.,tA-;s;ngle;,lOO o

v
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-keV electron will produce in excess of g10‘f electron hole
: pa1rs. Also, if. the depletlon "depth .of a diode at this,.
-acceleratlng voltage is optxmally chosen, a large fraction
of these carr1ers can be collected by the action of the

internal;bias fiel/;_giving_the;device'a considerable"qain.

iEven hlgher collecthp eff1c1ency can be obtalned by b1a51ng‘
the d10de° but thlS also 1ncreases the dark current The DQE
,‘ot such a detector 1s DQE = 1/(1 + Em/E.),} where En, is the
'energy to create an electron hole ”pair, and ‘E. is the
'\incident‘beam‘ene y At beam energles in’ the keV range, the
DQE is- thus very close to unlty : The' comblnatlon. of the
| relat1vely hlgh 1mpedance and capac1tance represented by.the‘;J
detector can be nandled effectively by analogaampl1f1ers"t0'
.glve adequate "performanceﬁo under most m1croanalyt1cal‘

- conditions. However,  the pulse counting ‘performance-gis

r'.str1ct1y limited since the internal Capacitance broadens

r‘the pulse and substantlal shaping tlme 1s requ1red to ensure'
accurate dlscrlmlnatlon ‘and countlng. af typlcal‘maxlmum'
‘"count rate is only of- the order of 10 khz so, that -in{aany-
freasonably eff1c1ent spectrometer, countlng.operat1on Wlll
j_ only'be fea51ble at 'h1gh kenergy ~losses. The Lradlatlonb
5sen51t1v1ty ot- g solld state detector is also a problem 1n‘
'many cases. Rever51ble damage,.manlfested by a loss of ga1n
'r{and v- 1ncrease in dark current is often observed for. lowL‘

'radlat1on doses. H1gh rad1at10n dose ca %esult in a-

Lpermanent 16ss. of performance.‘

<



1.2.3 SCINTILLATOR DETECTORS

v ' :
Sc1nt1llator/photomultlpllers are the most used serial
4]
detectors 'because. they~ combine cheapness, speed and

‘efficiency.. The scintillator transforms the energy of the

pr1mary-electron beam “into pndfon' e‘"'n“ie“’r"‘g“y’_"—T1'1‘“e“’_’g‘ie“’ri‘e‘ra"t:“e‘:“ci‘““—_'~

light’ quanta are: detected by a sen51t1ve, spectrally adapted

o

photomult1pl1er ' The DQE of 'a sc1nt111ator detector is. thus‘

a function of both the photomultlpller and the sc1nt111ator
'ff, on average, each electron 1nc1dent on the sc1nt1llator

produces p.electrons_from the photocathode, then - p has a

Poisson ' distribution and- the DQE “of the combination is.

DOE(PM) = 1/(1 + (1/P)). The :efficiency of the scintillator,

its coupling. to the PMT'and'the QUantum‘efficiency of the

fphotocathode areé thus all s1gn1f1cant. In theory,~ a 81ngle -

100 xkeV electron could generate_‘thlrty thousand 3 3 eV
. "blue" photonSffrom, for- example, the. popular NE102 plastlc

phosphor. Howewer the actual convers1on eff1c1ency is only

i

about two percentb(Pawley 1974) so‘ only about' 600~ are

prcduced and of these only about a quarter are travelllng 1n

the rlght d1rectlon to- reach the‘ photocathode.- Since thls

»photocathode has 'a typlcal eff1c1ency vo.V7aboﬁt 'twenty _

;percent the flnal y1e1d 1s about 30 photoelectrons, to glve
a DQEvof 0. 97 At lower voltages however the P value and the

,result DQE can be much worse, andrComIns et al. (1978) have

reported. values as low as 0.1. .In pulse counting.the

[~

statistical fluctuations in p will mean that for a ' specific

~ discriminator setting some "real" events.will be ‘eliminated,



‘ leadingfto a<fall‘in the DQE.

-

The ch01ce of a sc1nt1llator 1nvolves 'requirements_ of
.speed radlatlon sen51t1v1ty and eff1c1ency For'analog

‘ sgstems, where only the radlatlon sens1t1v1ty and- eff1c1ency

more eff1c1ent than- glass SCintillators; JbUt they\ show

',are}~1mportant the most popular ch01ces Have™ been plaStICS,
'(e g. ’NE102) or. glasses,.such as CaF, doped w1th Europlum

'-Plastxc.'sc1ntlllators 'are7 a -factor-of‘two~or three‘tlmesv

. 51gn1f1cant damage w1th radlatlon dose, resultlng in a rapld"

loss in eff1c1encv ‘It has been reported (Otham et al 1971)‘

that -for' a plastlc sc1nt111ator NE102A at a radlatlon dose

v

of 100 kRads there-would be a reductlon of an order of

'magn1tude.~-n"eff1c1ency,' although some of-thendamagedis

-

rever51ble. Thé”glass sc1ntlllators,,by contrast display' a

"hlgh4 level of radlatlon re51stance w1th l1ttle fall off 1n?

: eff1c1ency for doses exceedlng ‘aj thousand MRads (W1gg1nsi

1

- 1978) and the damage 1s rever51ble on heatlng in air.
F" pulse ccuntlng all "the -.parameters_llof 5.the :
Kcintlllator must be cons1dered At- 100‘keV anf uhdamaged.n'
:_sc1nt1llator is capable _. produc1ng pulses sufficlently‘f
,plarge 'to;‘ensure a DQE Aafter dlscrlmlnatlon Which'should,i
ytheoretlcally be close to unlty The problem is then to flndi
‘the' 1dea1 : omblnatlon» of decay Vspeed and rad1at1ona

‘fre51stance. One sat1sfactory solutlon is .the"USe‘ of‘ hlghn.d

e

eff1c1ency yttrrum alumlnlum garnet (YAG) phosphors doped 'f
‘ wlth rare earths (Blasse and Brlll 1967) ?Af commerc1al”

’example_bis' P 46 (cerlum doped YAG) whlch 1s avallable as a;

I
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powder. Th1s has a decay t1me of 20 nano seconds, allow1ng a

peak count rate of . about 20 MHz and an eff1c1ency wh1ch ‘is

about twice’ that _for NE102. - In. powdered form -the

radiation resistance'is good a dose~of some tensfof-M Rads~'

being requ1red to cause a flfty percent fall in eff1c1ency,

j»but the powder 1s not: stable on repeated exposure to alr._'

| Ith is worth mentlpnlng a recent 1mportant productlonl
- of lar%e 51ngle crystal sc1nt1llators obtalned }by llqu1d
phas doping of - YAG ™ substrates 'wlth Cer1um, ‘or mixed‘:

rare¥earthsﬂ to”produce an act1ve' reglon ,tentvto twenty '

7

_mlcronSv deep ’The eff1c1ency O such sc1nt111ators is very.”
dhlgh and a good spatial resolution. . and unlformlty_" an beiv.
'“dpredlcted -asfﬂa ‘result’”'tf"the. complete‘ crystallinityy i
h'compared to the case of polycrystalllne and powder phosphors:.f"
‘where l1ght‘xls: refleoted at 1nternal faces resultlng in at‘
[‘*7loss of optlcal resolutlon and eff1c1ency More 1mportant
| they have been found to be exceptlonally radlatlon re51stant

'(Autrata et al 1978) Therefore,fﬂthelr- development offers’

'h'hope of enhanced performance.f."- ,.f_f;;x'

The photomultlpller 1s an excellent component 'iﬁl.fﬁéia -
7measurement ,ofﬂ,electron—beamr 1nten51ty, fhav~ veryigOOdf )
!llnearlty, w1de dynamlc range,.hlgh sen51t1v1ty and direCtt
’.:electron output .”‘ B L SRR R
In summary the photomult1p11er sc1nt111ator combrnatlon'-

hoffers good /all round performance _for;vserlal detectlon.'

[

o However, no matter what klnd oF detector 1s- used jthe DQE“f

for any form of serlal detectlon 1s llmlted ThlS 1s because .



o R = L a9

of the spectrum of N-chanhels;.only‘one is being sampled at
any time..'If the ihtehsity/channel were cohstaht ‘the .

.slgnal/n01se ratio of the entire spectrum would be reduced

by a factor'1//N (from equ&tlon.:v 2) So ‘the DQE for .a‘:’

’.

'perfectv serfal' detector;' compared 'to_ that for a- perfect

/

hparallel detector,_must satlsfy the 1nequal1ty

~ DQE

©(serial) % l/N DQE

(parallel) R r(138).ﬂi

,Therefore the serial mode of detection in'which'informatiom. _
Tis wasted is at a cdki;derable dlsadvantage compared to any

'nform of parallel colleckion.

1;3'PARALLEL.DETLCT10N-' S

1.3.1 ADVANTAGES OF PARALLEL DETECTION

: In‘EEL. spectrum ,the} beam; of‘ electrons 'trahamittedd
",throuéh fthe_:ahalyaer.'iea:Spatially"disperSed in7the.image |
'prlane Parallel readout 'of':the; spectrum' ;é,, thereforefiu
'p0551ble 1f an’ array of detectors,'or a s1ngle detector W1th;
uispatral,resolutron, is placed 1p thlS plane._Over ‘the past‘:‘
5fewL,Yeareifthere fhas been.mcon51derable‘ anterestr 1n’thevt
LdevelopEmehtmr 0f:1 parallel '.readouts because'jléf_{'thé“"
‘fundamentally poor DQE of a serlal readout of the spectrpm,l
'as mentloned 1n the prev1ous sectlon.; T | h |
.ff& A comparlson between parallel and serlal detec(Non cahli

be made as follows. :If'—the ;w1dth‘eo§ ’theg sl;t-,of_”the,_



ffff__“‘“ an— be lmproved by‘an—Tncrease—1n_the*w1dth—of~sllt, AKX A

[

"“z'lThen applylng equat1on (1 8) We have L

’_Ax/(d me). The collection efficiency of . the detector;end,

20

spectrometer in ser1al detectlon is 'Axy',' the dispersivef.
power of the spectrometer 1s d and the energy range recorded

is Emx» then the_fractlon of electrons,_recorded‘ is ny =

\

/

'only iat[ the expense of a- degradatlon AEd.: Ax/d in ener'y

resolutlon. For llght element mlcroanaly51s, Ed #iS ev -and

Eﬁ‘ = v1000., - are typlcal values, and - yleld a detectlon’n

‘llefficiencyhna = 0 5 % . A parallel detector recelves all _theil
'electrons | 51multaneously _lfu_ab typlcal value‘ ofv'the_'
" backscatterlng coeff1c1ent -lsi. assumed :jad' detectlonl.~
'.eff1c1°ncy of at least 50 % should be, p0551ble (Egerton 19817
fﬂa); The recorded s1gnal is therefore larger by a*hfactor »ofh
:about f100 compared to serlal detectlon. If the n01se levelﬂf

in the recorded spectrum is assumed to be' 1ncreased malnly’

s

‘ythrough 901sson StatlSthST of the arr1v1ng electrons, thef'
:'51gnal/n01se ratlo w1ll be therefore 1mproved by a factor ofc"

V(100)‘ 10 in’ thlS case,;i.e;:f_” ,".s-l’,-.'5 o fafC’d

(S/N) arall l—’10 (S/N)serlal

¢

._DQE’(par_ail';el_)f’ 2 1oo DQE(Serlal) B (1 .’-,9 )' e

'('. ‘. . . L <

'GThis 1mprovement will in Aturn-‘make-l weak vlnner shell’,'“
: _1onlzatlon edges, more v151ble above jthef background andgd"‘

‘vblmprove the accuracy of quantltatlve analys1s.
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1 3 2 PHOTOGRAPHIC PLATE

L u,h‘r

oy

‘A photographlc plate placed in the ex1t focal plane of

the spectrometer was the earllest method used to record he

.

-electron, d1spers;on., In th1s method the whole spectrum 1sN

‘recorded_ln*parallel_“For“TO0——kev electronS‘—the—“DQE——for—r——

“su1table emuls1ons is very close to unlty (Farnell and Flint

1975) and the plate is nearly an '1deal¢ shot—no;se limitedf

detector._"

The - attenuatlon of llght by a developed“emu151on laYer?

;ls :expressed quantxtat1vely as the den51ty D. It is deflnedp

 as the logarlthm to the base 10 of h_l rec1procal lof_“the“
jtransm1551on T} iye.ﬂvp'”% log,o(1/T) Exposure E. 1svthe
2; product of exposure t1me ‘and electron den51ty at the surface‘f
o ofjp';he emuls1on layer; d'expressed :for example,r inh
lielectrons/m2 The usual shape of the D/E, curve for electron*
-exposure is shown 1n Flg .§} and . | | ‘

'Amay be . represented approx1mately by the relatlon

-

"i_QhEre-;D;‘ islvthe saturatlon den51ty, and K relates to the o
'f51ze and sen51t1v1ty characterlstlcs of the emu151on gra1ns

3 rFor small values of E‘, expre551on (1 10) reduced to “( -

(1 1)
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"DENSITY

“3

‘:Figpre“1;691Géﬁeral,nforh  quf£he5ldénsify/ekboSuré‘;(D/E})*,f

= ‘relation for electron exposure in an-emulsion layer. -



‘p‘correspondlng to development of all the gra1ns i
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The exlstence of an rn1t1al reglon to theD/Et curve’ as
' 1nd1cated by expre551on (1 11) 1s ea51ly apprec1ated when it
Iis_ recalled that t e usual sltuatlon is that .one or more
gralns can be rendere developable by -a s1ngle electron hlt.

Slnce‘_den51ty—_‘s_‘proport1onal“”to_the_number—of—electrons

1nc1dent per un1t area, it follows that D .:WIIl . be -7
-;proportlonal E‘. As exposure 1s 1ncreased the slope;of.

~ the D/E, plot Wlll dlmlnlsh because the, numberu~of grains h

”already rendered developable _is] such that an 1ncreased

1‘fractlon of the exposure is wasted r such gralns.“An‘

,asympotot1c approach 1s made to the saturat1on den51ty level

or, ,alternatlvely . of " those gralns 1n the laye

"to electrons j(if_ the electron _range ‘is‘ less »than" hef‘f

fhh}emulszon thlckness) In general terms, the l1near reglon of

: the D/E‘ curve extends up to about D /4 ~ Emulslons~ typlcal

U of . those used Ain: electron mlcrography may have ‘a D 'of about

‘:8 0 for exposure to electrons of 50 keV. energy or’ more, _and;
| V,hence__wlll exh1b1t proportlonallty between D and E. up to:

S }_densities ”of7 about 2 0. fI practlce,_ 1t isv v1rtually

¥1mp0551ble w1th photographllc plate to record hpth the

he‘ layer '

'jlow loss and the core- loss reg1ons of the spectrum -in _the”

-same exposure.

acce551ble T

Photographlc technlques also suffer from the fact thati“"

.3

subsequent proce551ng ;ish requ1red before the data can be

Jranalyzedc and because. thlS. PfOCeSSlng tdéﬁ' 1tself greatly

'=faffect A_thef' llnear1ty of .ftheaV 1nformatlon transfer._p

v
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Furthermore, numerical 'data. can only ‘be;‘obtained- by
. performing micro-densitometryb on' the plate, “which - is

difficult to combine with computer storage.. .

) . ’ . B -

T 17373 _PARALLEL‘“RECORD I NG SEM I CONDUCTOR DETECTORS
-l

 The parallel recordlng detector u51ng a semlconductor

-dev1ce represents an attempt to retaln the advantages of PMT
and; also achleve 51multaneous spectral measurement -In. this
?._lsystem, the equ1valent of an: ex1t Sllt PMT 'comblnatlon is .
"mounted at;'each p01nt inﬂ the ex1t focal plane of the”
ﬁSpectrometer. Such systems prov1de 51multaneous detectlon of
a con51derab1e range of the spectrum.f
Two main demlce types ‘have’ been employed _in:'electron
"mlcroscopy ':'.t charge coupled dev1ce (CCD) array (e.g.=
VlChapman et al 1982 Downlng et al 1980 Roberts et al 1982)
= andy _he; self- scanned photod1ode (SSD) array (e g. Jones et

:'7yalyﬂ977"'Jenk1ns et al 1980 Egerton 1981 Shuman *et‘ al,

.1981). Although both dev1ces ely on: the generat1on of o k

‘electron hole palrs by the 1ncom1ng electron or photon, they
ydlffer “in the way that thls 1nformat10n 1s readout from the't
ydetector. B N | o _ § - _‘ | . ..
vg[_Thev CCD or SSD could e1ther be used . dlrectly to detect
”ielectrons or, alternatlvely,.be exposed i1nd1rectly,“ where
‘the electrons‘rare converted 1nto photons at a transm15s1on'
'Sor reflectlon phosphor. Slnce the spectrum is dlspersed in a )
gstralght llne,v a 11near array detector can be used But 1f

‘v,eqylvalent.performanceg,can:_be. obtalned, there"a good



~ reasons'forTUSing a tnoédimensional (image) array since.this~t
will bermit 'direct inspeotion of'the'aberratign.figure;,ﬁ,
the."spectrometeri ;and;'d-with. ‘the"Vaddition Cof . a'
Ipost spectrometer‘ lens, alionbvthef‘observation of energy

ffiltered—imageS‘and dlffraction‘patterns (Shuman~andJ~Somlyo-—7~4&

1981)
The detectlon eff1c1ency, dynam1c range and .th f-other-d*
';performances of CCD, and SSD both exposed d1rectly or.

1nd1rectly, w1ll be dlscussed in detall in the next chapter..

Y

}It w1ll be seen that the use of parallel rather than serlal
'readout has replaced one set of problems and 11m1tatlons, by
o another.n However, the parallel detectlon schemes do offer a.

.signiﬁicant though not yet overwhelmlng, beneflt.vr

il
sl



CHAPTER II

PARALLEL RECORDING PHOTODIODE ARRAY DETECTION SYSTEMS IN

EELS . "f e ‘-;v

T

Several types of diode arrays have _been“‘developeo fas

:de5cr1bed in_,rev1ew' artlcles. by Fry_j1975) and Lowrance._“

R‘y(1979). These dlode arrays have been . 1ncorporated ;ntot“

. optical: :spectroscopy (Horlick . 1976) .and _x:ray yemlssion

fispectroscopy (Gamble et al 1979) Among~‘these;'arrays;.=two'

_ PR a ,
types whlch have» been 1nvestlgated =in._thel context.qu‘;lg

;‘mlcroscopy are the self scannlng photodlode (SSD) array ‘ “a

V_the charge coup%ed d1ode (CCD) array (1 3 3) Both types aregvl'

’.avallable as llnear.hor utwo-drmensronal arrays.v And both‘f‘

| types comblne three basicﬁ-fUnctional elements (v'i;ei’

,radlatlon sensor, charge storage and scannlng c1rcu1try forf

'readout) -1nto a s1ngle 1ntegrated c1rcu1t. The d1scu551onsva'

..1n the follow1ng sectlons: w1ll focus on; ghe‘_¢§év‘§ff.a

5:-1arge aperture : SSD array,_.'nn particular,,fth S serlesﬂ.”"‘

-»dev1ces contalnlng 128 256"5 Yy ‘or 1024 elements ava1lable'

'-5:from Retlcon, Corporatlon' (EG & G Retlcon,' 345-Potrero

;;ﬁjAvenUe, Sunnyvale, CA 94086 U S A ) Howeverfﬁtheﬂ general

‘Vargument WIll apply QUalltatlvely CCD arrays '51nc€ltﬁt

:'-although they have a somewhat dlfferent 1nternal operatlon R

wand reQulre a dlfferent control c1rcu1t,-the1r output 51gna11,.“

et

,1s of 51m11ar form.
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2. 1. 1 PRINCIPLE OF OPERATION
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" '2.1 PROPERTIES OF A SELF-SCANNING PHOTODIODE (SSD)' ARRAY

PR

~The 'operatlon of a SSD array 1nvolves the operatlon of,f

of 1ts V1deo~ output 51gnals.-: - f f” i »-',lﬁ “55; L

i?f' The SSD. array 1tself 1s'Aa"single ihtegrated circuit

_ conta1n1ng funct1ons of radlatlon sensor, charge storage and;-

readout. A 51mpl1f1ed schematlc of the' 1ntegrat1on c;rcult

fofg N element jarray h shown '1n Flg Its_working";':'

pr1nc1ple 1s aS' follows Each dlode, whlch .” haaét;b&-

S

| dlffu51ng a -pftYPQ ,lmpurlty 1nto ;the, n- type silicon'

bn'substrate, :sf'connected in serles with a fleld effectu"

hu;is;' shlfted through ;5’ N b1t, Shlft reglster.- Whlle."alf'o

tran51stor (FET) sw1tch The FET SW1tChes are connected toa .

"i common output llne and are controlled by a 51ngle b1t thatif*°'

partlcular FET SWItCh is closed by he b1t iﬂ‘[ﬁhéx shlft;ﬂjh-
. reglster, Athe; dlode 1s charged up to 1ts full reverse b1as;4”'u
potent1al.(5 v for a Retlcon 1024 element array) Dur1ng .anb‘.‘
1ntegrat10n perlod r,‘electron hole pa1rs w111 be generatedi?“j

,Qdue.tOtthermal exc1tat10n ‘(thermal leakage current) '_dlf"

L 4

radfatlon (photons kord charged part1cles) The dlode thus'uy7:

d1scharges -at,fa rate wh1ch depends LOn";fitsh 1nternalf_

‘capac1tance Iandlfon.'the 1rrad1atlon recezved After the_][b

1ntegratlon perlod the 51gna1 necessary to reestabl1sh bhe'lnﬁa
e e

B reverse' blas ”o the d1ode 1s thus a measure of the sum of”

the electron beam generatlon and the thermal leakage currentff,'




28

' kﬂock —
~pulses—>  SHIFT REGISTER
start >4 o

— " DUMMY‘*dummyvuko
'q-DIODES |

>subs(+5v)
‘ﬁyv1deo out

"i“'f\~\ DRAIN
Y ELECTRODE

ACTIVE
—bio D,E_S

T __.

.i?l::fff{._ :ﬁ§?$Ub$£québ :x"”

R S

o :-Flgure 2 1 A Slmpllfled schemat1c of the lntegratlon Clrcu1t _ .

;, of a N—element SSD array '



29

“:ihtegrated over the integration ".period. Readout “is

‘aCCOmplished’ by ‘an ekternalx'controlbcircuit; through the

‘ R Ry
shxft register. In this way, a b1as~"51gnal is applled

sequentlally to each photodlode, and recharge pulses appear

ser1ally“at——the—“OUtput as—a v1deo"——s1gnal~——wh1ch——1s

subsequently ampllfled and processed

In practice, adjacent diodes (numbered odd and"even)“‘w
are dfive“ by two different shift registers and are

connected to separate output 11nes, ‘but the two"outputs ican,

o be~ subsequently ‘comblned 1n the external c1rcu1try Also,
"dummy dlodes 1ncorporated along ‘the - array produce thelr

(odd ,and even) outputs,' whlch are comblned w1th ‘the

~
¥

".output of the actlve d1odes in such a. way as to reduce

sw1tch1ng tran51ents due to para51t1c coupl1ng

The control c1rcu1t contalns an OSC1llator, runnlng at -

o

fbetween 10kHz. and JOMHz; and an 1ntegrat1on counter ‘The

osc1llator drlves the integratlon»:counter -whose 1n1tial‘

.:pulse restarts the f1rst b1t of the Shlft reglster and so 1s

' g.called the*"start pulse The osc1llator also supplles clock

'-pulses Whlch after the start pulse has been applled cycles

bhe b1t through the shlft reglster readlng 'outf the array.
'The 1ntegrat1on t1me i's controlled by the t1me between start-"'

'.pulses, whlch depends on the clock frequency and the .SWItCh.

. settlng at’ the 1ntegrat10n counter..Once a scan 1s 1n1t1ated

:jby a start pulse, the complete earray must be scanned

yAnother pulse ‘may be applled 1mmed1ately after. the-array has'

_ beenycompletely scanned.or_the_start pulse can‘ be ‘delayed .|
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~ -
—

for up to'many Seconds (if the array ls‘cooled) in order to.

LN

detector. -

A—photograph of—the—Retlcon~4024 element array_w1th irs

increase the integration fime and so the sensitivity of the

control c1rcu1t board is shown in flg .2, For"thef actual

readout " of the array, four’ properly phased clocklng 51gnals

and a start pulse are. generated The ampllfler connected to’

the. v1deo output ‘llne of the array contalns a sample and

* hold. c1rcu1t which produces clean output pulses.}.‘f

The, video output of an array can be viewed d1rectly on

o

antoscilloscope“ But for permanent storage orf accumulatlon.

analyser (MCA) For electron1c storage, the ”output‘ voltage

. be done u51ng elther an analog to- dlgltal (A/D) converter or

. memory. -

\pulse) obtalned from

o

by. . a voltage to frequency (V/F) converter. However it 1s

7

Vne%essary to ensure that the 1nformat10n obtalned from;‘each

@

'w1th the»__arrayp; readout dne' way fo;- a&hrev1ng thlS

synchronlzatlon is to feed a beglnnlng on llne pulse (start

-

frequency whlch is: one quarter of the osc1llator frequency

de51red number of array readouts can. be superlmposed in MCA

‘of‘ data; the output should be fed into a multrchannel

levels have to be converted 1nto d1g1tal 51gnals, wh1ch can

diode 1n theﬁﬁrray 1s placed in the correct ‘MCA channel In

.other words, the MCA channel uaccess' must _be~ synchronlzed -

‘fthe ‘array’ c1rcu1t to start the MCA

scan followed by channel advance: pulses ‘at “the clock.df

for 4- phase clocklng Wlth the correct synchronlzatlon,"any o



.

/

Figuré‘H2;2;f§.'ph6;og;aph‘of:the RétiCon

with_the cont;oL cifcuit board.

1024-éiemen€'array‘
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v

2.1.2 READOUT NOISE AND DYNAMIC RANGE

~In _addltlon to the de51red 51gnal ‘the array output -
contafns a certainzamounttof readout noise. ' Exgressed\ in
*“——“—terms———of—éan4~equ1va‘ent——number——oﬁ—~electron hole——palrs'

»generated by the 1nc1dent ,radlatlon; the root mean square

noise'amplitude N}.is“giYen»byi

I

-

iy

. 1979) by

N = [2xT(cgtey) /e’ ]

)

where k 1s Boltzman s constant, T 1s ahsolute"'temperature,

Cd- is dlode capac1tance, Cv'1s the v1deo llne capac1tanceff

'and e 1s the electronlc charge..fj

‘:~Nd- represents shot n01se due to. the thermal leakageu

current (1 e. dark current) Id ”off each dlode durlng'»the_’-

:1ntegrat1on perlod T and is. glven by

o L h;‘g i%
Ny = ('.Id\r-/e)-.

‘*,Néu

ampllflcatlon.

Values of readout n01se as. functlon of 1ntegratlon t1me

B are glven in Flg .3i u51ng data approprlate tocthe Retlconr

‘ﬂ,sfseries array (Retlcon 19782 It is seen from Eqs (2 )‘7

Nc represents dlode reset nozse, and is glven' (Simpson.

C(2.2)

R

represents noise'Vintroduced"duringl'subsequent[
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(2 2) ‘and (2 3) that Nr 1ncreases'with T butvdecreases with

T due to the shot n01se and the dlode reset n01se term.

The maxlmum detectable outpUt, 51gnal corresponds hto

,tomplete—-drscharge—oﬁ—a~dlode dur1ng—theA¢ntegratlon—per1od
r;nandylsﬂg1ven by: . | L .
| | R '.lI Y, Lo (2.4)"
Smax - (;_Qsa-t SaTE TN

- Where thls dlode saturatlon charge and I,7m 'represents,-the

Veffect of. thermal leakage | From Eqs.( .5) and (1 7) the

"

y

-gdynamiC'range shouldrbe:

ThlS quantlty is also plotted for Réticon' S~series ,array

'}nv:Flg{’ 2.3. In: ther case'fo -an array operatlng at room
'temperature,_the thermal leakage'_urrent severely degrades
‘3the dynamlc range for T > 1 s,»wher :s 1ntegrat10n tlmes up
to at least 100 ‘s can be used if the dev1ce 1s cooled to -30
e, - ':f:"" T o | | B

, The n01se flgure a1d dynamxc range deflned in ch(' ) a8
to Eq (2 5) apply to a 51ngle readout of data. In order to
1ncrease the dynamlc range, multlple readouts can' be used'
» ThlS is ~ach1eved by 1nterfac1ng the array to .an electronrc

:‘storage dev’ce (such as a’ MCa), 1ncrea51ng the clock rate by

(2.5) ..

han’ approprlate vamount, thereby d1v1d1ng _l glven_‘total =

exposure tlmeyr;into’m per;ods,.and_comblnrng theimvseparate,’
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readouts electronlcally The accumulated readOutlrnolse is .
~then glven by jw

o

2 .

«

- . = . + N + mN- Ny .
S owS= (gr/e v aN TamNT 0 (2.6)
_Hereﬂthe "setup tlme requlred between readouts is ignored

'heing typlcally 20 “us 'or; less.' Comparlng Eq (2 6) wlth o

lEgs.(Z. ), (2 2). and (2 3) it is seenhthat the" dlode' shot \,h‘

' noise 'remalns the‘ same for a: 'gle readout 51nce 1t

. ydepends only on the total exposure tlme,‘but the accumulated'

j;r-set~ n01se and amollfler noise are bogﬁ 1ncreased because'-
these n01se -components 'contrlbute ‘Lto;, every readout

-'Consequently, Nr and Sm,n ;are; larger than for a 51ngle?

:_readout but bv a factor somewhat less than vm, On the otherﬁfh

:hand Smx 1ncreases by a facto? of m and the dynamlc range

‘f_:wlll ther efore be larger by a factor of at least ym comparedu

tofvthe case of ‘a 51ngle readout. The cynamlc range and the

rjfn01se flgure for m £'10 1s also plotted Uf Flg 'A3yﬁ_Thed o

"fdynamlc range (DR) as ‘a funct1on of m.is shown in Flg 2;4s','5~

'5'for a total acqulsltlon tlme of 10 5. at -30 °C A lzmltatlon':"

'onh;th dynamlc range jof :the; stored data_ could be the'

::fresolutlonfjoffithe{ dlgltlzatlon dev1ce'jore7thegl storageﬁ;'
-ficapac1ty vf _each MCA ~channel | However,. 1000 scans,ga
14 b1t A/D converter could permlt.a dynamlc range 'é ié-JQ?'

';(see Flg 2 4;.- hy ffﬂfp ::sy:gji.

. . . . N X .o - e
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2.2 DIRECT EXPOSURE TO ELECTRONS

Although .currently avallable dlode arrays are de51gned

N

as photon detectors, they also respond to 1nc1dent electronsr._“

"off su1table energy. . However, ;-there- aref 1mportant.

d1fferences. Frrst, each electron w1ll generate several,.'

bthousand electron—hole palrs.‘Electrons of energy below 20A
,keV are largely absorbed 1n .the pa551vat1ng SlOz surface =
‘ulayer. Those ‘of. energy above. 100 keV have a range (1n'

%s1l1con) whlch exceeds the hole d1ffus1on length (about 50,f

'b:um),. and would therefore be detected less eff1c1ently For'“‘

-

”fenerglesv'in‘ the Trange 30 t ]00 keV electron hole7

',fproductlon‘ results 1n one electronlc charge belng lost by a .

"photodlode ‘forg each f 3. 7 .u,,of ‘ energy d1551pated.f7

"fconéequently,_ a: 51ngle 80 keV electron w1ll produce a d1ode”

.“51gnal of about 2. 2-10‘:‘e1ectrons. ~if=~éhe~ dlode:7ft fnot,f'
‘"yemptled at suff1c1ently frequent 1ntervals, problems can bei:n
'yexperlenced w1th the dlodev-saturatlng . On the other hand
;s1nce ;the. output s1gnal vlS well above the readout n01se,;

Q‘partlcularly for a dev1ce cooled below room temperature, 'a"F

'f““dlrectly exposed array 'is' capable :ofs‘51ngle electron,

‘T~;sen51t1v1ty Secondly, 51nce the output 51gnal per: electronpf*

.is. 'so large ' the domlnant source of n01se 1n the output 1srf;ff*:

‘f;electron beam ShOt nolse_ Thlrdly, Under the bombardment Tof

. glbhlgh-energy electrons, the dlode and the per1pheral c1rcu1ty;lf‘i“

’nare at rlsk There 1s a problem of radlatlon damage,, whlcthV'

»1ncreases w1th the radlatlon dose rece1vedl Th1s problem 1s

".the major drawback of d1rect exposure to electrons,_.andv_af]'f
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detalled dlscu551on wlll be glven 1n Cnapter 3.

-~

The dynamlc range and hef sens1t1v1ty' for.\an':array

A . - . L ' .
. vooe P o - . .
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dlrectly exposed to electrons are con51dered as}foilowsr'The‘:

et

;;o;al;gn;put norge.N‘ i's. q1ven by-*q“

o > e R o P
S » o '. . 2 o 2 2 o ,QV . '
-

‘ Here, Nb is the electron beam shot n01se, equal to n/n wherep
';n 1s the total number of 1nc1dent electrons recorded per:l“~*

dlodef_and,‘n'_ls the number of dlode electrons produced per'vﬁ

’:incident“eleCtron (n = 22000 at 80 keV 1n¢1dent energy)

’The 1ower dynamlc l1m1t Sm.; accordlng to Eq (1$J)_f§

e e A EN. (5.8)
‘Sminn* nfnminrf E_Ntf I S

e

. where;F-isf;heoRose‘factor'(l.TQZ). Ffoﬁ¢EQs§(2.73“ahd,(z.8)'

we have " -

o h,piQi.zvﬁ{ril.nun";l‘ -; L
no. = F°[0s5 + /6,25-*(Nr/ﬂF) Too .‘r ’(2ﬂ9Qf5f

- min. . PR
- A S . . ' /'\-h .

P

y '»-'where Nr is glven by Eq. (2 ) |

(2.7)

[}

The upper dynamlc“llmlt 1s set by dlode saturat1on TheTf:jﬂ"

maxzmum 51gnal Sm,.wh1ch can. be accumulated in'”m[ readoutS'

over a total tlme Tm 1s

“max ‘sat.

N R
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N'The dynamlc range DRE for dlrect electron exposure 15' shown-”
;inﬁ Flg 2. 4 as-a functlon of m, - the number of readouts in a
g1ven t ime Tm ( 10 s in thls case) at —30 °C For' m = 1,

DRE__ls__only__about_J00_4assumlng_a_cooled_array,_otherwise

the . leakage current saturates the dev1ce in less than 10 s),

‘but ‘increases almost llnearly 'w1th m SO that values_1n.

-ekcess of 16’*,be¢ome..poss;ble ‘with "a ‘large vnumbe; of .

readouts. ;;

, The DQE can be calculated accord1ng to Eq (1 ), and we

l‘.jhaue : o ) _1»_ RN
(nn/N,) o ST
R ST e L @A

‘At full output i;e._n Sm,/n,_ Eq (2 )' glves DQE"Very;

'_lclose to unlty At the lowen dynamlc l1m1tv, ive. nlélnm,n[ o

. DQEAfallsvw1th 1ncreasmng m; as theQreadout noiSe;increases,_A"'

’.HoweVer, under‘_typlcal condltlons (Flg 2. 4) DQE‘remains;*f”

4 ~;_ above 0 3 even- for a m1n1mum detectable 51gnal so the array :
" can behave.fasl an: almost 1deal electron detector 1n the E
o "dlrect exposure mode o
o "»2 3 INDIREC‘I‘ EXPOSURE TO ELECTR NS _ Lo o

In_-1nd1rectly exposed dev1ces, "~ the . electrons ‘are_
thOnvertedlnlnto_ photons -?t; a transm1551on 'or reflect1on

"'phosphorplFig;Z,S) These photons are then 1maged onto fthe:
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‘array by means of a lens or coherent flbre optlcs. The use:
of flbre OpthS 1nvolves less llght loss and is a relatlvely
.compact optlcal system, whlch requlres no focu551ng and is.

relatlvely 1nsens;t1xe_to mechanrcal_y;brat1ons.

“The use_;_ja_;;a__;
PR lens opt1cs has the advantage that the amount of transmltted |
. ‘ llght can be ea51ly controlled by the- yuse;‘of Aan, aperture&'

h‘stop, Both 'coupllng OpthS mentloned above can be used to
provide '?greater,' d;sperslon * by :ylncorporatrng _ 11mageA
‘b'lmagnification; L | B | | ' |
l v..USUally :the. energy ‘resolution _ln ‘1nd1rect exposure
method w111 be" reduced 51nce an eff1c1ent phosphor (1 e.-Oneg'
that absorbs and converts all the electrons) w1ll produce a’
broadened 1mage p01nt However, the energy resolytlon 1n,theh
A1nd1rect exposure- method can‘ be' 'comparable'i'with‘ fthel
d1rect exposure f method ' prov1ded the*l phosphor ; igt
suff1c1ently th1n or flne gralned Th1s 1s true' espec1ally
- when magn1fy1ng opt1cs are used between the phosphor and theﬂf'
'_ array There is' also p0551b111ty of knsertlng | ‘ half plane}e
fllter r1nto the ‘11ght optlcal path 1n order to extend the B
dynam1c range of the recorded electron :1ntens1t1es. More'
b.1mportant w1th exlstlng vcommerc1al arrays hav1ng been -
de51gned ’kbg':.respond f.t§" VlSlblé:i. phOtons,“t-:the’tV
1nd1rect exposure array 1s free from problems of radlatlon'
damage._”The‘ array ; also'l protected - from,v_posslble'
beam 1nduced ' hydrocarbon - contamlnatlonlf'ahd’r (ifravthe
, .

factory sealed protectlng quartz or fzbre optlc window' is 7f'7

left ~in  place) from dust partlcles,fwhlch could result in
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'non un1form1t1es in- the recorded output.
However, all these‘_advantages_ are - obta1ned ‘atv,the

\expense :of.‘reduced efficiency'*because of the 1nev1tab1eflu

'losses of eff1c1ency at each 1nterface in the system.» Wlthfdt
!f an: eff1C1ent 'phosphor and f1bre optlc coupllng, the numberl
of dlode electrons (or electron hole palr) produced at 'ther'
array :v.i.ofh the order of 1000 per 1nc1dent electron. ThlS‘

.:\,

'1mp11es that the detector 1s therefore less sen51t1ve, by a. .

'ffactorrof-at least 20 than 1n dlrect exposure mode. Dynamlcf;'i

ixrange DRE and Detectlon Quantum Eff1c1ency DQE ~can ,be

,recalculated ﬁor the case of 1nd1rect exposure, using‘Eqs.f”"

_(2 9) (2 10) and (2 11) but w1th a: lower value of n.v>-1000"

_ and n 20 .are for 1nd1rect exposure,'us1ng a P4 and: NE102 -

‘screen, respectlvely.,For these cases,_the dynamlc range DREu .

»and the- detect1on quantum eff1c1ency DQE are’ also shown in _

‘f~F1g ,It ;s seenwthat_thefDQEivis typlcally less than S

“o.._3.

Th1s value‘} a 5”be 1moroved by .'u51ng n_‘ 1mage?_:"

.

ﬂlnten51f1er e1ther 1ntegral w1th the target (Shuman 1981) or;“'f,r_::

*:'closely coupled to 1t (Egerton 1981 b Johnson et al 1981 ﬂafffpf,?ﬁ'

b) SUCh dev1ces 1mprove hthef DQE by lncrea51ng lthé,ff;

hfeff1c1ency of llght transfer and by multlplylng photon1-f‘-l-7

'lfgflux reachlng the array Slnce optlcal ga1ns of the order off’

lf10000 are 90551ble, a ga1n of an order of magnltude .may bef-"“')

fp0551ble i the DQE One llmltatlon of such an 1nten51f1ed;-

“;:,detector 1s that ;the_ 1ntenszf1er contrlbutes addltlonall‘

‘.varlatlons in sen51t1v1ty along the array (Egerton 1981a) gv”.7“



“Also, the,'optical"intensifiers -are ea51ly damaged by

overload and. generate a certain amount v.of_ geometrlc

dlstortlon. Such dlstortlon will result In. the energy- loss

'scale being non llnear, part1cular1y towards both ' ends of

|

the f;eld, b

In summary, -indirect-exposure systems present 'more

;de51gn : problems " but 'allow control over the »detector\
sen51t1v1ty and therefore an 'eitension 'of, dynamlc range._
However,, th DQE is txplcally less than 0.3, a_51tuation',

whlch can only be 1mproved by us1ng an' optlcal ‘intensifier'

between the phosphor and the array

e et o i g e St e A e o
T -
. R .-



CHAPTER 111 RN

. RADIATION EAMAGE TO THE PHOTODIODE ARRA.I

\
N\

3.1 INTRODUCTION S _ IR

©

!.the photodlodes are ea51ly damaged (Jones et al 1977) Thls]‘

o
g'be grotected by(’ metal mask Dlaced .close’ enough to.;the
: surface :_ prevent backscattered electrons reaéhlng the
«tran51stors fand thlck enough nto' absorb f only j thei'

j a;féy ‘is' greatlyr decreased but 1s Stlll observed (Johnson>

ff1977; Shuman 1981). Shuman reported’that the-thermal'leakagef'

__after suff1c1ent exposure, the radlatlon damage could be so‘v'”

direot;eleotron exposure relates to the . possibility(

‘radiatién damage *to' the Qarray by the electron

One of - the_;mbre 1mportant quest1ons assoo%a ed w1th

)

Obviously,- under {the 5bombardment.ﬂof ,thev‘.high'vbenergy

eleotronstlnot: only the "diodes but“also__the‘peripheral:
c1rcu1try arelvat rlsk Espeéially, the ° field-effect

tran51stors (FET) used in- the scannlng c1rcu1try adjacent to‘f

~J

-
-

~may be _the».reason that early attempts to use a: photodlode

:fallure.: Fortunately, the assoc1ated readout c1rcu1try can-'

-

Welettééns but also the resultlng hlgh energy x rays (Jones

et'al 1980) With: su1table masklng, radlatlon damage "o’ an

acurrent I4 of ;thef.diodeS' (when 1rrad1at10n 1s removed)v
1ncreased monotonlcally with total dose. recelvedg durlng
‘,exposure ofi. an l array at room 'temperature},‘and was

Llndependent of the dose rate. Shumanv also reported that

2 - .
.0 - o

44

arrays d1rectly 1n the beam -often. resulted in catastroph1C"
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"« serious, thaq é thermal leakage . current saturated the
output, renae g the dev1ce useless. B .

Fortunately, ‘there appear to be a number ’ok‘ ways of
;¥—ff——fdea11ng~w1th—the effect of—4rrad4ateon damage~ One_way—45~to~______
‘, cool the array belou room temperature, which greatly reduces -

‘thermal leakage current (Jones et al 1977 and 1980 bownlno.
1980). An alternatlve one is anneallng, which ‘iS' effect1ve
in‘grestorlng an array that has suffered rrradlatlon damage_\f"hi
y (Snowve‘t-'._’al 1967) RN e / \\
In’.bthe de51gn ;or"fuseg' of a dlrectly .expdsed' S

photodlode arraygdetectlon system for EELS rad1at10n”damage
““s

thus certalnly one 1mportant factor to be con51dered f_VIU
&Also, the 11fet1me of the dlrectly exposed photodlode ‘array

needs ‘to be def1ned ‘in vorder to evaluate the degree of"y};‘

) Lradlatlon damage... .f - ',;:- . | |
'-;ln the follﬁﬁlng sectlons,va convenlent deflnltlon'of"L

'_theu operational llfetrme ;of dlrectly exposed array j isyh fg3

lproposed and _measurements"related to thlS quantlty (for{?.

'100keV 1nc1dent electrons) are. presenteéﬂand dlscussed

W
Cea o
I

3.2 EXPERIMENTAL =~ . - L e A

3 2. 1  PHOTOR ODEY

AA “Reticon ™ 1024~ element llnear array was obtalned from

'“_Retlcon Corporatlon, : 91( Bcthla " Avenue, ’ Sunnyvale,‘*

L&

Callfornla 94086 The apertur «1dth of thewarray:ls 2,5;mm:
'7the_length 1s-26;01_mmu\The dete;tor elements are on'25;4‘hm"

/\ -'~_
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?~Qspac1ng,'wh1ch results 1n a den51ty of 39 4, dlode/mm.f,The

n

' _arrays were operated us1ng the RC 1024SA evaluatlon board
o ;the v1deo output be1ng v1ewed on an’ osc1lloscope. .Only the
_;__“_mcentral_mi_“mm“_of__the__za5 mm dee_array was_utlllzed Fthe_a;n —

qﬁﬁ’ﬂvfedges of the dlodes and the perlpheral MOS c1rcu1ts belng-
F'_-fprotected from the 1nc1dent 100 keV electron beam by meansfﬁfﬂ

v »,“fof a. rectangular mask (Flg 3 )} Tﬂ f!;_fllf‘half { »'wp?‘:f

a3, 2 coormc nvacz

L .‘if? A refrlgerator u@s, used”‘”' :cool n" array and vits E
C . '.,._ﬁ L

f'bcontrol board 1n the range from room temperature to -20 C

in order to measure the leakage curheﬁt ‘as“iaJ functlon of

N3 “

;Qj“’" temperature. .Th results are shown in. Flg .5, Because«tt
"itook t1me to transfer the array from the refrlgerator to the“«

'j)jifmeasurement area,'jth temperature -of the array probably

"gfgwn'changed a-llttle during transfer. ThlS change was _mlnlmlzed
Ve mgﬁby performlng hé’“ transfer qUICkIY 90551b1e'
R e PN . o . w L T e e

partlcularly at temperatures below —10 C-_i};fw”_ .

_.‘“:fhlﬁén arrangement ‘shown ﬁln E1g.-, l was used to cool an : ipi~
R : ; -
;¥“. array durlng 1rrad1a&1on. The copper str1p 1n contagt wlthpi;
- jt' backs1de' of fihef array 'wa5’ connected by braldlng to ’

o~n ‘/"

l1qu1d N2' The lquId Nz leveI’should be kept fatfﬂthe samef-f"'

level* for a_ stable temperature. A photodlode array was

.‘.

,axexposed to the electron beam for more than oné hour u51ng;'

e _~ . ~ -]

,oollng arrangement 1ts~leakage current was. measured‘

'

both before and after returnlng the photodlode array back tgf

‘eroom tempgrature.g U51ng lthe temperature dependence of;ﬂ B

.

. . X Lo .»",' . . 'S - . U el L
W R . . S e
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7,'-copper' strlp
connected by
Ay T.brakdlng to

cket -

44 soc
'L},R-‘?‘1.°2" SA board

. +incident - -
- ... electrons. o f

“array .0

,‘/.

'ijjkﬁetdrfncékﬂjf‘ N L

_;vacuum seal\_ik &RL-HJZLS

e

Flgure 3 1 The aruangement used to’ cocl* an R§EHQ24§,}a?fayjk1:l;:f

durlng exposure to 100 keV electrons



fleakagea;ourrent shown in Flg 3 5 the actual tempetature o

oﬁ‘the'diodes' (durang 1rrad1at10n) was . eetlmated t,» ‘be -
Sm30°%C. T T s e
! R ‘ - L @ ' e R o o oy o
S 2.3 ANNEALING DEVICE A,L?~?’ i ,ﬁ.‘¥' | | -
. b . S e et g,

r._,.."J

- The dev1ce arranged for anneallng is shown 1n Rgg 3.2.

:The array to be annealed was hung 1n bhe cenbre.fof tube‘[;bw
.through whlgh Qxygen or. argon (pur1ty 2 99%) was passed The:~«
dtupe was. heated electrlcally Its temperature '.s measured _’Qf“
"eand‘ conErolle;- fbg?uZa thermocouple 'andﬁ ';_commerc1al- |
'thnace contrql unlt (an% 1nd1cat1ng Whndh7 controlllng G
potentlometer, VERSA lRONIK type- R7T61B)Nf;§%;' T
AT . - ' ' e

- 0 ‘.

3 3 PROPOSED DEFINITIOﬁ OF THE OPERATIONAL LIFETIME OF A

_ DIRECTLY EXPOSED ARRAY

9W1th th£}1nc1dent beam 1nten51ty adjusted so' that thef

- v1deo output amounted tq half the max1mum (saturatlon) value

":_under the 1rrad1at10n condltions 1n 3 2 1 ' h' operatlonal

K S

';llfet1me of a d1rectly exposed array was deflned as the t1mei?;f
xul_taken for “the output voltage @toi saturate, fdué hfdh thei*h‘x"

"1ncrease,1n leakage current,

fThe 11fet1me,oas de?lned 1s a parameter Wthh depends

.5h only on - the d1ode ,array, and not on the 1ntegratlon tlme

'%*guhichJWe choose. If the 1ntegrat1on tlme is” 1ncreased by

e [N

';factor kof,_k thé 1nc1dent beam 1ntens1ty h s to be reduced

-,0‘

' 'by a factor of: & 1n order to restore the out ut to half thepf-;"

7fb maxlmum (saturatlo ) Experlments (Downlng 1980 Shuman' 'ff“

“
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1981) have shown that the 1nduced leakage current 1s roughlyf,
S ' .
proportlonal to the Q electron beam : dose, *‘whlch

proportlonal to the product of 1nc1dent beam '1nten51ty~ nd"

_______exposurew_tlme.

Therefore__the__lncrease in- leakage current,' -

':w1ll be reduced by a factor of k vafter bthe.-same 'exposure-"‘

t1me' but because the 1ntegrat1on tlme 1s now k: t1mes longer
‘-1 than~before, the total 1ncrease 1n leakage current w1ll betr;
'.the"same” asr ln;_the f1rst ‘case 1 Thls means\ that :ourd
deflnltlon of 11fet1me 1s 1ndependent of he_ value:'ofT_k;

“5'i;e.'”that‘ _he- lrfetlmef'1s 1ndependent of the 1ntegrat1on

time..

k-‘ N ‘,"_"
) S

'3¢4JREsﬁtT51AND.btscussxon-",”

o b}

3 4 1 THE LIFETIME OF AN ARRAY AT ROOM TEMPERATURE

. v'--v ( .

1rrad1atlon by 100 keV electrons nat; room temperature.,fAn'

Flgure _353 .1llustrates the observed behav1our durlngfg.u‘

;easeiiln leakage current is observable after only a few, .

mlnutes, but 1f elther the 1nc1dent beam or the_ d c. power':“'"

'.}?to:rjthewf,array f;isd turned fjﬁ&t dev1ce recovers

::substantlally, such that hb permanently 1nduced leakage;ghf~

f>gcurrent ]iSf]and order of magnltude smaller.:Because of thls}':iff -

'igdrecovery effect operat1onal llfetlme Jatf room temperaturefff'”

e WOUld ‘be hlgherv'ff; -an. array were used 1nterm1ttentlY. asfhiﬂid”

”}opposed belng contlnuously 1rrad1ated Assumlng ‘the5glw

;excess:’ leakage current toi be roughly proportlonal

sfelectron exposure (Down1ng 1980 Shuman 1981) the pro:ected b
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. l1fet1me can be est1mated from F1g 3 3 to beﬁr (2. 5/0 *10

| ’fg 250 m1nutesz 4 hrs.v(2 Sv 1s half of saturatlon voltage)

~ The .above‘ observatlons eah‘ be explalned by ’:thef

"".,radlatlon 1nduced space charge . bu1ldup in rthe‘ Slozl‘"i*“

pa551vat1ng layer (Snow et al 1967) The upper part of Flg.-‘v

- 3. 4 presents he"cross sectlon of a 5111con dlode before.
lrradiation,‘where 5102 has the ‘normal»'thlckness ‘of Jum.

- .During '.electron ;'1rrad1atlon, | theﬂ_¢incoming .electrons 3

v‘penetrate the S1Oz barrler layert and enter-'the sallcon' :

}substrate, where electron hole pa1rs are. generated Howeverpf}

”1t is belleved that electron hole pa1rs are 'also generated.f}’

”1n the SlOz pa551vat1ng layer. The electrons w1th1n the SlOz

&glayer and part1cularly w1th1n the i1reg1on.1yof‘; 1mpact= L

‘1onlzat1on are qu1te mobxle. These electrons can, therefore,
dddpart1c1pate 1n recomblnatlon events 1n the' 5111con beneath':
'RV the 5102 layer. But the holes w1th1n the S1Oz layer are- not_r7
.p’moblle. Thus, a p051t1ve charge w1ll bu11d up s electrons;'
,:arei_removed from the oxlde 1ayer-‘consequently, the surface;

K';of the P type sxllcon 1s 1nverted to n.-iAs“'a' result "the_"

>'°3unCt1°n ~area iS: extended and addltlonal tran51tlonf3? ;

‘freg1on of very small w1dth 1s created as, shown in the lowerfv;n'v7

”L"Part of, Flg- 3 4 Belng electrlcally 1n parallel w1th thejd

”..orlglnal junctlon, thas addltlonal narrow t ‘rtlonf'reglonf.i'

'l‘rlcan~ greatly 1ncrease hthv leakage current. Sw1tch1ng ofﬁcf

’*opower to the array, even 1f the electron beam ”§~ left on. ...

”(Flg 3. 3) ;means that the electrlcal b1as 1s removed Thus*};kfflﬂ

“ielectrons mlght be expected to dr1£t back 1nto:,p,wﬁd§ro¢
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excess f
. leakagel -

age . _.‘..-.‘a'...;wbe‘am

— beam.

'von, array on
on, array off
" off, array on
off, array off

-;O,'Jj 200 1.0 ; 4 11.0 %80 1dc1y

elapsed tlme (m1nutes)————~;~*

valgure f3;3f InchEEp in the 1eakage current of dlodes in an Apf.ia

':5Tat 27 °C The beam 1nten51ty corresponded to 50% saturatlon

:_;" ‘7’

'“:_QRL 10245 array Whlch was exposed to a 100 keV electron beam‘ .
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passivating layer, neutrallzlng the space charge. Therefore

a radlatlon 1nduced 1ncrease 1n leakage current Id graduallyL

‘ dlsappears (1 e, the dev1ce "recovers )

”:_'measured by operatlng the array

3.4, 2 EFFECT OF TEMPERATURE

Whlle :the llfetlme of an array at room temperature 1sA;

.')'
ovement upon cool;ng

'only 4 hrs (3. 4, 1)

‘theg array 'would be fr'

temperature dependencg R, : eakageywcurrent»'after;

'the: array has suffered.]. o "‘atlon“adamage. ThlS wasf,

A'W.

"ana. c1rcu1t board) at

"fseveral temperatures. The results show that (l1ke the normal

1

‘athermal leakage current) e radlatlon 1nduced ‘ leakage

[N

7current» l’ strongly temperature dependent decreas1ng by a .
factor of two for every 10 °C of coollng. Th1s is;ibecause;
g"the number v‘o_"chérge carrlers (electrons and holes)'

R generated by thermal excrtat1on decreases exponent1ally ;as;.

'&emperature decreases (as descrlbed by Boltzmann s law)

ﬁ’fadd1tlon, the gen@tat1on of space' charge by kthelvlnC1dentLp7

'beam mlght be expected to be a thermallv actlvated process

3;5,{presentS'3the7

To test the latter hypothe51s, the s1mple arrangement shown}.*'

in Fzg 3 1 was used to cool an array to about -30 °C durlng[fV‘Trf‘f
1-1rrad1atzon..At thlS temperature, leakage current rema1ned o

Tunmeasurable after‘;one' hour of contlnuous 1rrad1atlon (s [Snns

’ ZmV) Upon return1ng the dev1ce to room temperature,' excess;fl
f'dlode leakage in: the 1rrad1atlon reglon amounted ‘to only 1%f'

'f-of saturated output (SOmV) Slnce the l1fet1me of an' arrayivpx-
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at room temperature is74‘hrs.‘the”leakage'current would‘haVe.

‘_, been 50%*(1/4) -12 5% of . saturated output (625mV) aftera.oneh'

"hour of continuous '1rrad1at1on at’ room temperature. This

i pconflrms that theV‘rate ‘of: space charge . burldupr was.

r"mlnutes (1 to 3 mlnutes)

_ substantlally reduced by coollng

Based on’ these measurements, the commerc1ally avallable

'farrays l;are Iestlmated hto‘ have' aj useful 11fet1me \J 1

h°”f*(259°mV/2mV° 1250 hrs. 1f operated at or below —30'°Cf"‘L”'

"“(Egerton and Cheng 1982) In support of" thlS, Jones et al"

hS

(1982)have reported no. 51gn1f1cant degradatlon of an' arraydifh“h

'_ﬁ1rrad1ated 'at.'—40 °C byf;100 keV electrons, prov1ded the-faﬂhl

'»scannlng c1rcu1try adjacent to the photodlode 15 masked from

B ;the beam and the 1nc1dent current den51ty 1s kept bolow JO"h@"

g

had to be topped up frequently) Kh alternat1ve method 1s to
"5use a. two-.or three-stage ithermoelectrlc (Peltler effect)t_

":deV1ce, in whlch.a temperature below.v30 °C to‘—70 °C can bejii'_.*'

|
. ..’

B
"achleved (see 4 2 2)

P

'"3 4 3-ANNEAL1NG OF AN ARRAY

Thermal annealrng was performed u51ng the dev1ce,'shown C

in F1g. ;3 2 It was found that thermal annealrng for a fewf

R

As to the coollng_dev1ce, the arrangement shown 1n Flg;f.l.

:;~3 1 1s 51mple but not conven1ent (the 11qu1d nltrogen level;”'

reduced h leakage,'fi~

‘current :50% and 30 to 60”m1nutes at’SOO °C reduced the;:;_da

:.;zleakage current by 95% Thls 1mp11es that thermal anneallngpfru

i

"5’4*.‘.'.' -
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w1ll be effectlve in restorlng ‘an. array;@hlch has vsuffered

- 1;rad1at10n damage, and thus w111 extend the: llﬁetlme of the .

array._‘-

 .This result is in_ aqreement with ‘the  result of

57‘

SR

}?anneallng CCD 'fs. (Roberts ret :al 1982)'“ Thed anneallng~

_mechanlsm ’isﬂ that .under thermal condltlons electrons are'V’

=”:1njected from the 5111con 1nto the 5102' passxvatlng layer[

',hence reduc1ng:thevpos;tlve‘space charge@(Snow etbal_T967 ).

3.5 concws:ons Lo e
R (A . . oL . .
Rad1at10n . damagé”- is a, ¢ majot “drawback. A‘of

o dlrectly exposed photodlqdé a:rays. However operat1on of 'am“

”array th low

U)\

" Sl R e o
fl1fet1me, and ‘is -thus. very encouraglng._'Ah[:even lower

Y

Jtemperature

v'llfetlme. Also, varlous forms of anneallng could restore'-an

‘-array ~wh1ch has shffered 1rrad1at10n damage.»Probably anf“

77ult1mate solutlon 1s"“Je

e : .
“to electron 1rrad1atlon damage : The p0551b111t1es 1ncludei

"optlmlzatlon .of dev1ce geometry, m1n1m121ng ~the ’ oxlde

B o

“thlckness 'and use of an alternat;ve dlelectrlc materlal at.

hfthe surface (K;lllany 1978)

"\4.

'ould ..be' expected ttOe further exténa“theff-

~'f,,productlon of future dev1ces 1mmuneq7

K : -
( 30 '°C) greatly extends 1ts:l.
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CHAPTER IV
‘. . \ v . s
Sz SOME DESIGNS FOR A PHOTODIODE ARRAY DE&CTION SYSTEM ~
N ) ..’a"
: . .
o R
o Wy T B T S e
f In- this chapter, two de51gns for a SSD array parallel e
LT P
' detﬁctlon system w1ll be presented One 1s the des1ﬂ ‘of a .
post spectrometer lens “system' 1n order,ct‘ 1ncrease the 3 =5
S )
energy resolutlon of the spectrmmuawhlch is .1mportant for .;
. parallel recordlng Another 1s ‘a8’ serlal parallel comblnatlon 'if
Lot detectlon system de51gned to .record _the spectrum ,over "a»";
. , . b
oD range whlch 1nc&mdes zero and 1ow energy losses, as uell as: .1

* ;Q‘;ffhe need for a‘post spectrometer lens syste? is; based

ek Ll
:‘,?\¢ﬁ“fthe“ requ1rement for good energy ‘resolut1op ,pthefpﬁ&””{_T

;;péétfam.f Usu%llynln ser1al detectlon one is able to choose

r' E ]

Sllt as_ as compromlse between

‘v . .4..

the w1dth»of the detectory

11m1ts 1n %nergy Spﬁfad lmposed by the eleotronfv

L ZiaE L

~7b,at Although tﬁe eaergy dlsper51on in EELS Cahr :
AN VRS- LN

"by'appIylng\to thf'transmltted beam a tra*

Cwei U e
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: : . o a =
.o :‘electrlc fleld or a: comb1nat1on=of the ‘two, ‘the type of

e
r‘r

spectrpmeter, con51deredf’ here‘ w1ll be' the magnetic 7

':specﬂgometer' whlch is"more popular for .the. ,fpiloning"

a' magnetlc .spectrometer is. simple. and
’ . T N SN e T

5-"in%xpenszgﬁyto construct an hlgh voltages are'not'involved

VS WP,
r\\a,. e T

‘" operation Also) mtf ~spect5$m-ﬂls formed along a

. : d‘ﬁ o ”
,‘1ght l1ne, llow1ng»a%%aral eL{detector Sllt or'a¥11neart

'_'-u/

.In addltlon, the dlspers1we"

ity 'fl;,?;;ri' up to’ hlgh energy . loss,

[N
t

P

The ba51c designwmslshown in ‘Fig;“fnf}' “th& magnetic | .

» e

ngangie"o with a’

o ~w’ , f1eldxﬁbends the eLectron beam JtHrouébwa

»

. Z'radluS"of curvature . R and “has 'aj'focuss1ng action‘ on ..
’ . . ‘) . . "

electrbns travelilng ;fn' tne‘dx plane. Focu551ng in the

Lo y dlrectlon is achleved by t11t1ng he' entrance. and ex1t -
T et e R I

edges otffthe'» "hrOLgh angle eJ .and €;. For ¢ =

l90°; equal focussing 1n the x and Y d;rectlons ~occurs when

AL

S a{';fez 26 5°, g1V1ng a 51ngle (p01nt) focus at a dlstance -

<}

‘fV 2R from the‘exlt face for p01nt ob]ect Logated,;

dlstance u = ZR from the entrance.;‘fa/iiV”‘
¢ p", P The energy dlsperere pﬁ%er, _ for such "tsymmetric;'p'.
double focu851ng spectrometer 1@ glven by f-nf;’-” =

S (g (D

: "“*.-.
. Wthere E; Js -the;'electron rest energy (Egerton 1980) For

SR typlcal values E 511 kev, Ea 80 keV and R = 20 cm Dd';‘

dgﬁ '1su about §{4 gﬁ/ev A%}hough S@me spectrometers depart fnom 'g“




a YV'max1mum scatter1ng ang]e contr1but1ng to
'fw* tilt of. spectrometer plane-of- focus, Z< et
oy maximum spectrometer entrance ang]e,. N

Jcoff “bend . ang]e of e]ectron beam 1n spectrometer

L 4

- /

b aer, — o -—-_ -

4

*
{;.l v

» . d ,‘,,v "\t

the energy-loss spectrum’ (radiansy .

&

o

'surelatlve to the x-gxis : (rad1ans) NIRRT ;,.”;ug,j,»?-
;. relative to the centra) beam {radians) S

(rad1ans) B R j:er=f‘

s
. - .

. 1

N d
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: D R
th1s symmetrlc geometry, thelr performance iis not fgreatlyl
affected '.Eor | example, thej-spectrometer used.*in‘ ouri
laboratory, connected to a JEM100B g1ves a D value hof -S'T

—_um/eV_at_ e, _20___and__e2 _BO_l_Iherefore_lt_mlght_be_______l;
« (‘\- :

reasonable to say that most magnetlc spectrometers glve' a -

dlsper51ve power (for 80 or. 100 keV electrons) of 5 um/ev or ti
A47f less. SR 7:7 L ;:h“
‘, L However; the spac1ng betWeen actlve dlodes in a.lfnearri;léfhr
lgériiphﬁtodiode array (e. g. 1024 héhnel Retlcon array) - is‘:r""iwrj‘;“‘;"j

typlcally 25 um. In addltlon, 80 keV 1nc1dent electrons WIll
»'b. penetrate by about 40 um and thus spread laterally by aboutv
| up to 30 um (Cosslett ‘and Thomas 1964) cau51ng s0- called? Arya
.?gross-talk" between d1odes.h‘As' a',result fofg the f1n1te .
hchannel w1dth of the dlode and the' cross talk" between the;:

\ 4
dlodes, the spatlal resolutlon of an array for the detectlonég'

~

ﬁf.lbf- 80.0r 100 keV electrons w1ll be not better than about 50,

CEn Therefore,'when such a 11near photodlode array 1s placedf?

‘the focus ~p1ane of a magnetlc spectrometer hav1ng a D”

_value of 5 um/eV the energy resolutlon 1s expected to be

,'A AX/D o~ 50um/(5um/eV)

Thzs value is large compared w1th the% spread -pf*felectron"

energy caused by :the thermal spread:;oJi the source and.7*

- . 4

‘“‘1nstab3§yt1es of the hlgh rens§§nv*suppiy;, whlch is ,onlyfl'

o about i eV (Hall 1966) :,j; fh f?~ k ‘,_",f'e j;,g_.jl;“

ﬁ;*:_f..*v?;,_‘

The 51mplest way of 1ncrea51ng the energy resolutlon 15;:
] ; ,
to tllt the array away from normal 1nc1dence (Egerton 1981) iy

R An altergat1ve way 1s to’ add an electron lens to"1mage the“

. 3,



% - L ' AN

spectrum from the focus plane_ of tH‘j spectrometer to’_an“

~image” plane 'where ‘a detectBr kgs placed In thls way thel‘

T

b -

resolutlon can ea51ly be 1ncreased by ‘a factor'o£° 3 :isfw.

reachlng‘ about 2 ev. Howevery. the~*usﬁad type oiﬁﬁf'

- he »4

ax1ally symmetrlc magnetlc lens has ‘the property of rotatxng:

- the 1mage, resultlng in add1t10nal complexlty to: the system,'
-l ThlS problem can be solved by employlng.a double,: ymmetrlc 3

‘ec1 & lens de51gns;

1y
RE<)

lens,-,orb by a quadruoole lens,'or by “d
(Mulvey 1982) H"“"7;}7 R o ﬁf'.: r;-?-m ,5_,2"

-

‘-systems- a: double symmetrlc magnetlc lens, a 51ngle magnellc

quadrupom lens: andaa quadrupole doublet lens. One of them

been manufactured

0

"v

N

ﬁIt 1s well establ1shedl(Hall 1966)“that an approxlmatem
' £, v~f ite

: .i_s

l71:(4;2)i

nr

Here are: presented de51gns for _three rotatlon free lens o

4 ﬁ 2 THE DESIGN QF A DOUBLE synﬁrmhrc*ﬁﬁtscmaou MAGNETIC: ¢

b

© (without : .



SRR, ynae T g

(4.3)

;'v;can be calculated to a- good approxlmatlon as;;iff”'w‘

-e'is‘theleharge.of’the‘électroh;

g m:is the{rest mass. of the electron,o“

-:s.is;the:veloc1ty of llght

N '¢;lslthe-aqcelerat1ng-voltage;{

: H(i)[isfthe¥ﬁaghetic.;fleld ‘onththeslexls'foffteviroohqf(.or
”:thegnetlc lenS‘ | FRT CT

'Introduc1ng numer1cal values " for - the. constaﬁts ~in’  ‘these

,;equatrons,gye havev_;bgl”a

% = 9.022 J szdz em™t o (408) 0

S - B
i
oY
LY

[ =Y
L

o GF o_y_g :. J" H, di] radlans

EREEN R

et . .

where V 1s the acceleratlng voltage expressed in volts.:f

For 1ron free lenses made of c01ls w1th radlus R H(z)ﬂa%7

'where NI 1s the ampere-terﬂs—%a—%he c011—~—%£n~the.«coll ;fs:

y*'enclosed 1n magnetlc materlcal the fleld H(z) 1s 1ncreasedﬁ{‘;lﬁ3%

-

Coaew
b
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4 2 In thls case H(z) c¢an- be exprnssed w1th approxlmatlon,

o ey mmentisrg T

B = n secn?(2.63z/28) T T (4q)

o

Eq (4 4)‘ from Eq (4. 7) 'hdvf

. Subst1tut1ng -fdr

not1c1ng that H(z):satlsfles the followlng relat1on?

(Ampere—turns)
Volts

64

the‘

follow1ng leﬁ54 ;{{7f}
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strength dlstrlbutlons for an

1ron free lens, and for c01ls w1th an outer magnetlc ca51ng

KA



" where-

,.flﬁnnt) b is the 1mage dlstance, o

‘a is'the object distance,.:f;

S 1s the separatzon of the lenses,~

O

f,ﬁf, and fz are the focal length of the system, and off

atheﬂ:two- lenses, respectlvely Thus, when a, b and s are

L fixed accord1ng 'tom‘the requlred magnlflcatlon and the

?‘spectrometer) and the 1mage (where a detector 1s placed) f1vvf”h'

“and fz, (f,i“é. f;Y‘ can be calculated from Eqs (4f10) andi_ fhf*

dlstance-' between htfé- object (the focus plane of the;::f .

(4. ). Then,lsubstltutxng for f,jor"fzr in qu (4 9) the: .

pnumber of ampere turns, NI, for each lens can be.obta1ned;;:,

'7,‘(411,1)1_We]choose:,n

' s we have

oY

t Ina,thls de51gn, ‘the’”magnlf;catlonv requiredlyis 'fé'

CF e

"
-~
-

LT

k]

,'.: T(NI)‘

L‘»?‘

NI)z = 1943 Ampere turns

The cross sectlon of the lens system de51gned 1s shown SR

in Flg{ !4 3 The calculat1on of the power needed for thlsh‘

PR

ﬂwlre ;isk chosen asyo 85 mm, the requ1red power 1s 22 wattS“;

- thuS{afLambdajLDSHY-OZ_power;supply-;s employed,l,'v”'f'

lens system is stralghtforward When “the dlameter pof}ithe 2
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Eigure 4.4 is  the photograph of the rotationtfree'
felectron magnetlc lens system bu1lt by the’ workshop in the

L4

AgDepartment of Phy51cs, Unlver51ty of Alberta, accordlng to

_the_ deslgn 'glven above. Thef osc1lloscope- ffacet of‘thei”;?
spectrum of Al obtalned w1th the 1ncorporatlon of the above“'d
post spectrometer lens -system -and 5f SSD array parallel

- detector ls shown int F1g 4.5, Thej d15persxye power,c

-5.:calculated from the separatlon of the zero- loss peak and: the

-;

'fplasmon peaks shown in- Flg 54 1s 25 um/eV i.e. enlargedl‘
"by'd factor oﬁ%pbout 5 Thls 1s 1n satlsfactory agreement7
:“w1th the orlg1nal de51gn. “'f et ,fjé-?v C R

w

L »4 1 3 THE DESIGN OF ‘A SING%E MAGNETIC QUADRUPOLE LENS

In a quadrupole system electrons 1nc1dent ‘thefftwo*

-

' planes perpend1cularm‘to, each other w1ll follow quitéw"i“"‘”
o .

'dlfferent paths. Elect%ons w111 be con&ergent in one plane,}1;f¥,~fl

'A‘

‘ _whlle dlvergent 1n the perpendlcular dlrectlon, as shown 1nd{(

“Flg 4 6. If the converaent (x z) plane 1s'chosen to be fthgh

_h!..

. spectrometer bend plane,. convergence in. two d1rectlons 1s:ﬁ“”

1not strlctly necessary for a Retlcon 1024 photod1ode arrayy ’

'hav1ng an aperture w1dth of 2 5 mm,,prov1ded the d1vergencefzu

iangle 1s not too large (as WIll be seen later) ._5;T‘;;g'ft

-

For':short quadrupole lenses, the bell shaped model canf@

r-ibeaused for Aanalys1s (Hawkes 1970) ;n thls model h'“”‘”

; "ufunctaonigdefrn;ng the shape of the quadrupole potentlal 1sfu

.’ glven by -
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T K(z) L > e (4.12)
. ~‘ o lV . : ‘, ’I‘,":gj : ‘ {l + (z/l) } h B ' L. . ‘. ' b N . X ' ‘.l‘

'-.“ AN o B A . _ o

e

and the fleld— trength parameter, B, is'given by

S g o ' o

: : o .
c. . : ( ) . . Cs 2 - . . NI _ ) S ‘v. : - o : /‘
. o l B“AT A n X (l 322) - Voo i '(4fji}‘ '

S ,riy g R

‘where f'd'. _ f”'; R R R

o 1 denotes the effectlve length of ‘the quadrupoler f

AW

T denotes the bore rad1us ‘of' the; quadrupoles (Hardy

R
t

1977) ]y‘- SRR f~ g;p~.n_A“Q} ft ﬂ ‘}L;._} ;._j:/’_ igf’

R R

NI is. the amp turns c1rculat1ng 1n the c011 around eath -

-

pole plece,v f S
,//‘

“He and n are constants-(uon = -0, 3726) , ],f?_'awhh?fg'

‘v . . e, ]

i,(ra/(34=) s_og57,*,dgi;@-

1 -
I . .'- LR ]
”_Fo;‘afsho:t lens; 1n¢wh1eh r;i?f,H;

vawealet‘ij LF;i ; ZV‘ o o o .5 .: ‘.m

: a SO e -(ZF)‘ : (ZF) A _‘,e_tl““?“

i
Sle -
=
H
|
o

'f"‘#:-:;v————w Ay";‘juf———-—‘f.——z——t—-m cotmw " - o a fhﬁ
T ETEE L e . IR UA%»g, AT

J o e L e e L O = ‘© cotTrw ‘(4
o . v‘,"‘. ) ’ . s, - y ] »

hQ
ol Lo
e ve e
=
£
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- 'quadtupole lens L .




. k-3 - .
.where ’ R St ;'M
. i .

_;‘j'3 ihdenotes the aéymptotlc fd@%l length of the~ QUadrupole
. “. . .-.'v}’,'r' h y Q,- . N , . . i ' ' . ) v
oL in qhe X~z pla@e,fgi.i‘ > j;'k,\ . ‘
. s ot
g denoteé-thé‘agy ; gcal leggth of a quad%upole 1n

. . ‘ " .-A.f" JFJ .
—'————t,he—~y~ -~p,1_ ahf

' i""%f)o, (zf) "Mo‘>
B &x' : Fen

-and 1mage (1) foci . jfsuadrupole 1n the X<z plane.._ﬁ‘ 7*- ‘f'"

o .-_3.'_' .‘

-

L ﬁfl:‘ Zg)o, (Zg) are pos;glons of the aggmp;ot

o . and 1mage (1) f0c1\of the;qhia upole 1n~the y—
S LR i

Con
I8 N : ‘

A ,Assumln@ ‘the _diStagce from ihe~ objeCt

,m ‘-'i' AN

;fhlzlk‘ ﬁlg. 4 6) is IOO,jmm,f ‘the

oy - g

d‘|

;cxobject ‘&0)

' cqnverglng 63 z) plane 19 4 tHén;,

‘20
b | eo .

lens equatlons

. ‘,5"‘-"5".3- . L ‘_'; | .' AT -; ST »r‘.:‘_
“ b ‘]ﬁ : . ‘_ o . N . . . f :

o ;  pet f/! Wghw«gzlfj{’ﬂ S e

} ..

R IR . j*wﬂn,,Y7vfﬁV11¥T8'mm el T

14) and (4 15) we have f;;§~f'bf

FRERE = 0.85 mni“ DR

‘ »
B o

- _ijor 100 keV electrons, .e._-‘V‘f"= 10“ volts, 'ﬁhél'numbar\QOf”-“V’
e N . = S e S
ampere turns, Baandgf

NI can be calcula%ed by sub51tut1ng.fbr
v 1n Eq (4 N ' ' |

. f",
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P_ThlS' result shdws: tha{u‘ gignetf@ quadrupole leﬁé has a
- Z :\,,‘ @‘ -+ f‘ \ ‘
e small pdwer requ1rement ~,an tco%parlson 'w1tp . an axlally C

4 ."' - ) . S by

e 4 -

§ymmetr1c mag@gtlc lens(4. 1. 2)_! . ALJQV“" iT#n»“}‘.i-
- “’ g e o ) . .
T Now let us calculate the d1vewgence w1dth formed 1n the.- :'m_@

“i‘ ' - N AR - - . Lwl

.\*Er [ - * . .
. ;___xmage (L~ r—photod1ode a;@ay)_plane., a_;gA

a

o
. v ’

.Q";]:;, THe,focal length of the' quadruﬁble 1n xth“‘e_ devergent v,

Y - C ot v‘l ..

uf‘l'lgrz) plan§* cah:;be calculé&pd& by u51ng415ﬂs (4 14) and -
. o Pl 4 y L .
(4!15) we have ,f T Ly
Ry LENT L : i

.;;ii.,:‘;;:{g fl”;igf_ ,g ~-0 78 mm » e
;ﬁﬁnce-the ebject dlstance ié st111§ :xJ,f"
‘l ‘

L 3 B2 ER

PR L K i RV : e Ly
the 1mage dlstancemiwynn the‘.d1ver91ng, (y z;gzplane_ (qgg{

T 4 &)‘calculhfed us;ng the lens equat1on'¥§ » '~j; {5: I
» ’ - f : .”“"QJ%&? .b1 —“": .'%5‘ sﬁﬁmm\ L ~..; ."* o B .“.'v.,;' .- °‘:H - v . i_;_i“-

f“f 4The”fsﬁgu1af maﬁn1f1cat1onwdls equal o tHe 1nvense bf the

\ti. N - 4 ',"0

e b 3 p;

latefal magnlfacatmon when aWs are Small thqe .

1 .,3?‘ ) ‘ ‘ . . O . Rl ,E-"
~ﬁ,f'- ﬁ* e e

,ij The dlvergéhbe w1dth

Yoo ”‘b,erefore ).J B : ,’-‘::v‘ S _"‘-,',_\ -’," ; ’ , B ) 'zl

»

A,,.{ ‘; ' v " C
'\4\ - ) . < Lt -
o - ' R v kS t
AR e . 2 (4.16)
. e oo . . R Ve
L IRPAREEY O S . u o . .
/ : t TN ey : v _‘.°-'_ L "
) f L a SO s R
- s ., W s -
: E N y

Usuallj,fthe angle ao.ls“determlned by an apefturEf,in;}fnef‘

post spec1men lens or 1n the speCtrometer. For aowvalues of

5 mrad and 10 mrad whlch are typwcal values 1n EELS, L wal

e . . . S .' ,'« T



-t . T . " . ' w4 -
N . . . R
: : 19 - ) ) ) ) i . - . * . .:‘ 7 5 ) )
S . . . - ) . . "y
L . S . 2 ‘
e . .

be, aqcordlng to Eq (4~16)' 3 mm mand@w 6 . pm respectgvely
ot ot

"Thls“m&%hs that only 83% (for a0 =5 mrad) or: 41% for ao. =
. o it .

10 mrad) or the electrons‘ formlng the E°f wlll be P ;g.

collected by thé photodlode array*hav1ng ap\ rtie w1dth of

____m___zrs mm.—mhe iormer—ra_4o_4%_st1ll_sat4sfactocy_but_cettaLnly_;;;__

L v"notg the latﬂEr» ThlS sytuatlon can be greatly 1mproved 1f a’

3 ) ‘., . R ’J o ] . . . . . .

QUadrupole doublet 1s béed SN 2 ;«_“““' : . o

SUN R Lt e T s

. ‘!:} ~.,‘l~r“ : '_ . ""”‘. '-' - ’ .4-‘.‘,_.l'~l’l.‘1l‘:'7"‘:'&“. ) ‘_ . ; ,‘ )

R 14 4 THE DESIGN OF A QtlADRUPOLE DOUBLE'F LENS W e
"y R

- : kA

S In prder to- obtaln an optlcal system.that ;sléonvergant

. o oo LN e . ‘q@ ~ Y- -."L g o . e
A all dlrectlons, tWO crpssed quadrgzoles6 5- rQ, are, - ",
FR AV toe ' @' ol e Y - . L

comblned so that the convergent plane C- of Q1. COL
Lo, . R N K

,cxdes*wrthh

'x;gent plane o) ~Qz,_“thls yzelds a‘ﬁuadrupolg, )
IL ) & i . - '-'.. .
;J Fggure 4 7 shoms the partlcle trajectorles in~ﬁtwo e

Ll | by

of *a"qu?drupole doublet .'where ‘the j)f plane 1s

~referred to as the*

v )‘:‘.

verging plane (last le?s— coggerg?ng)

'.thlﬂe the y-z plane %he d1verg1ng plane 'j”. { S :-"“

The f1eld strength parameters B and Bz ;k\ glven' by
T : & Ty _ , _ N A -
'§“t%he follow1ng relatlon.H “'3 Tltff p' ‘b”'yﬁ‘ ,"1’“‘¢~

AT ol ‘:_‘ . '
o= p s (8.17)

fdtpe nd}bet of ampere turnS¥can be calc_
5 , T

ted by's graphfeal -

"'lf;i:?procedure (En9e 1959) lllustrated1as follows.~n.n17"

\'.,

”?fLet the magnlfzcatlon of‘the systemwbe 4 and héiflyAA

e L
. LR . <.

‘fhbetween object and 1mage (Flg )-be 100 mm, 1 e{_gﬁf”*

e ST ITURE a b + 21 fs = 100 mm,‘ C T e

o?z . o o P
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then from Fig. 4. 8 we ‘find S g,ﬁi S e

‘bp”Thus we - have £ & 6.9 mm W1th these values, the. f1eld strengg

parameters B; and Bz can be ﬁound from Flg. 4 9 (where k

-; and quadrupoles
“;»§ 7ti”7;f".dv (NI), = 483 Ampere turns

'-of ampere-turns and probably a- lower power requlrement

‘fa double symmbtr1c magnetlc lens.; i ST e
T T B S DO

L

'.9"-,

»(€£l)“4= 0 57

gﬂ 7 0 QS‘

hav1ng
‘Y.“_’?' . . . L

-, ‘ - o, R
N oo . o . ’

. ) jiji ;gggﬁmﬁ?
The values of NI can be ”Btaiﬁéé'

oy

- (NI)z # 407 Ampere turns*m;_
’It is seen that a. quadrupole doublet needs less total number
than

.;u.' .“-. . e

i) -

4 2 1 INTRODUCTIO

B .
-

'rthat one ba51c

‘2 A

It has been mentloned 'ﬁ7’¢h§s%§f?a

e
[h

requ1rement fo; detectors 1n EELS 1s to have a w1de dynamlc

range-'and usuarly'a d§Pamﬁc range 2 10s '{fﬁ

' from Eq (4. 17) They55t§§17"

R

e .
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-

B ©
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1record1ng the hlgh energy losses. However, 1f'one -wantStho

- »'
record and analyse. a spectrum w1th energy *10ss . as, hlgh as

2000 eV.}one may requare a detéctionnsystem hav1ng a dynamlc o

*range of 1@' and hav1ng a hlgh DQE in thls range, to resolve

the 1on1zat10n edqes:xas“lllustrated in E'g ‘1,2. These

80"

'.f acqu1@1tlon would be necessary, u51ng a very d'o (10’12 *555*

e

.
8 - Has the
- B A

:condensersa'

”?‘ahalyzed In ; the - Conventlonal Transm1§51one“

v . &. ‘.

requ1rements icanvi be fu1f1lled by ,elther serial or . -

parallel detectlon systems alone.vThls may be ffne'.dfffthef-

] . - .,&,,‘

reasons ;why studles 1n the extreme hlgh energy loss reg1on:

of the spéﬂxrum have rarely,been attempted

“It?
4 k)

Q}[%Hgt&fit V-2 most su;table for recordlng hlgh energy losses,

a“z‘-"x&@v

1nvolved To gecord the zero- and low loss peaks, a secondujV"

.a,,.

10"3 A) current 1nc1dent on the array,"”
However,van the electronf m1croscope

control fthe

. \'

.%" e . R
fUQdamental advantage of a hl;% DQE.» Thgs_ 1mpl1es:f~

':d}most needed and where 1rrad1atlon damage 1S§lessi N

;”ﬁg saturatlon.*f

dlfflcult toi‘-

>rtureﬁﬁould be 1nserted put thls would change;;'

v"am current n? this- range. @M“vefy smallf[ﬁ_

1s clear that a SSD array parallel recordlng systemy o

i:where tHe %1gh collecblon eff1c1ency of a_parallel recoﬁelnglﬁ’

probe :51ze- at the spec1men,_add hence the area belngQ:”“‘

- . L :‘*

|
ey

M1croScopy,_ a selected area aperture could bejemployed andﬁg-

jElectronmifff]

the second condenser lens used g: control the electronj;f*“'

ourrent reachlng fé detector. But 1f the*!nergy loss and:17§“'

collect1on apgle hlgh - chromatlc aberrat1on° of vhefff;1>

.

TR
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”_deflned.' t

‘§$

L e ' o e
o '_\«4" N A o ) . o n.

;Tﬁtevents the area of analy51s bew?;ﬁprecisely”

An alterhatlve SOlUthﬂ 1s to use «a serlal detector to

PO

grecord the,_spectrum 1n the zero and low loss reglon, where.

;________hxgh_collectlon eﬁf1cLencyﬂls_much_less__;mportant than__1n

S
e

":-? .

R'"

%ghereas a dlrect exposure sf@tem has the'advantages fo”,'

{;/ :f} The energy resolutlon of a .spectrum obta1ned w1th

the hlgh loss reg1on; In thlS system a serlal detector w1ll

.2

record the1mero and 1ow energy losses (up to . 300.or 500 eV)"'

'¥

N whlle a- parallel detector w1ll ‘record the hlgh energyg”ﬁ"

losses, w1th1n the range 300 or 500 eV to 2000 or. _4000 ~eV ”;ff%

‘-Thus the overall requ1rements for bothOdynamlc range and DQE

w111 be satusfled yi;‘ e g*{ff‘f'-7”}'_’d'gfa -

. S .
4 2 2 BASIC DESIGN

gFlgure 4 10 shows the baslt éﬁ.k“ a,serlal‘paraflel

detect1on,h system.",f' photomultipller/ sc1nt1llator

,.‘,.

comblnatlon 1s used as a serlal detector 51nce ;i:* offers

good alltaround performance (1 2 3) A SSD array 1s used as

S -

I

the parallel detector, exposed dlrectly.‘fTh ch01ce of ;afffff

dlrect exposure method 8 !based

/ ,_!;1!@ oA f@%ow:mg

on51defat1on§.wThe DQB 1n the 1hd1rec¢'exposure system‘ 1s
B T e

xy,plcally less than 0 1 'I‘h1s 51tuatlon ?an be 1mproved be

A * .
uq;ng an . optlcal Lnten51f1er between the ffgorescent screen

Loow 2

and' the array, but WEhlnggresents more de51gn problems,v_ﬂ_ﬁ

Ml

DQE and szmpllélty

.'

PN
parallel detector has




o e
- s

S ‘_,.Eou_mm.m‘ foﬁm“owu‘w.@;

coﬁ uwmcﬁsom :mu@m; :om

-

2.
.

A_.a 2 _b,.z_ _moc_tof h




;kf#r- R p’ o i '_.4334'
L -v‘v. ' v': . ' " - . \’ :‘ | .
‘”mentibned in. 4 1. whlle a SSD parallelxdetectlon system 1s‘

hf used the energy dlsper51on of th spectrum needS'-.o, be
’"fenlarged by a factor of 4 or 5. There are seVeral ways to d0'

thls. One way is. to use a post spectrometer lens system -as“tlf\if‘

v

pagsented ;3{n""4rl; However, “such® Na' system is veryu'

onvenlent for the present purpose, because the .1mage' of{

N

7"d'§ge spectrUm j.after the. post*spectrometeq electron lens,'lsvj'

'frjﬁi;verted A Sllt has-to be used for kserlal recordxng, 'and;_f' o
ihere IWIll Lnotl beb'enough rspace between ‘the 1mage ot theifﬁ.’ ~?
Jadopted here to 1ncrease the energy d;sper51on‘§1s to t11t _ ?f;
.‘f%the}n SSD array by ?700 , U51ng *thls method i~a5'§é6é?g§' ff§;5[
bﬁ'resolutlon of about 3 ev: has Seen ﬁeported (Egerton 1981);;a knxéhgq
"fi value whlch 1s acceptable in the present d9519n'?ghsz5ff‘5vf;Qtdi’%g}
%g: Coollng the SSD array is: 1mportantlii;a§. drscu55ed ‘iﬁ;pb?dyfx
"chapter 3'” Our experlments (Egerton and Cheng 1982) Hgye:d,]j‘
shown that a temperature of'-30 °C to*-40 °C 1ncreasés itheitf':;;sl

5_\«0‘5

-;~ v

lIfetlme :bﬁ' an array 51gn1f1cantly, as a résult of reduced LEXQ];

= N

'tff 1rrad1atlon damage.xA temperature lower, 5P3“ thlS“:mlght
: of 1rrad1at10n damage even furthef

-

"%areﬂ Eated‘
". veryhh;f:p

”'{_re 1n the electron m1cr65cope nght Lead to gésjftjs*%'“

isondenaatlon viand eventual :contamlnatlon of the ~arraY'bﬁdi

‘jaidghe vaccum. Therefore af w rklng;ff°*
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Ther worklng temperatureﬁ;of »an array,~ 'when rt s oo
e ) vy ' . . ’

’ﬁfttached ’torh coollng dev1ce, depends o both the power

6155153t1on,of the array and ‘the. . characterlst1cs . of _the“

L

’-coollng : devxce. ZfFor ffa Retlcon array,y- he &Dt 'power hr-'

~ . -

;jf e % "
;E';' thg;moelectrlc dev1ce 1nv%$?es the- requ1rements o worklng'“_

L. j;'-

DR

Wy

'?ftgi

: L % S
.,ils ’less than 0 1 W (Ret1con Corporat1on 1978), For coollng,'

5,’

-\fd1551pat1on 15 0. 001 W and the maxlmum AC power dissiﬁation'{ ~

a 3 ’W

»a. thermoelectrlc dev1ce 1s under con51deratlon 51nce 1t hasfﬁ.y

"ﬁh nxtrogen.l Tﬁ(; ch01ce of at."
w o o . ’ . @ I v

AN

?some‘g’i’ advantages ‘. over bl;;

( @ - b o R
temperature (such as: -70 in thls des1gn) ;the geometry and,nh'

the power Qf the cooler.,:lﬂ three spagea thermoeleqtrlé'g

8§

dev:.ce, model ML 3090 (MARLOW INDUSTRIES INC) 4.was flnally{‘{.-‘.f’

el

v

chosen. Its charadter@st)ﬁ curvés %fe glven 1n an@ 4 11.'It-(, :
&) }fﬁﬁv

1§ Seenn'from‘“Flg‘34 11 that when a current of 4 5 Amps 1s

sed,atbe workﬁﬁg temperatufe-achleved for 'anj array w1th .
power d1551patxon of 0 1 Watts 15 -70 s f Sl PR
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CHAPTER \V
I

CONCLUSIONS

R = _
| . '\\f

i

’

An. effectlve detectlon system in EELS must comblne hlgh

‘e

collectlon efficiency, a large linear dynamlc range’ and -am -
1mmun1ty to 'beam-induced deterloratron.wk serial detection

| method, no matter how'perfect the detector itself‘is,.has a

fundamentally . poor detection . quantum éfficiency (DQE)
o - . t-‘ . T . . .

because,'out of‘the total of N channels, only‘one is 'befng‘

sampled _at' any glven t1me. In a parallel detection method

the detector rece1ves all .the 1nformat1on 51multaneously
Therefore, —the DQE for a perfect parallel detector compared
with that for a perfect-serial_detéctor _(with;jN channels)

will be enhanced by .a"factor"of: N. 'Hence‘ a parallel

detéction system is. in principle superior to a serlal.“

Y

.detectlon system. R !

Parallel recordlng systems u51ng a semlcgnductor 'array

as the detector retaln the advantages oF a photomultlpller'
‘and achleve -s1mu1taneous spectral measurement ‘ ‘These
'semlconductor ‘array-’iSSD and CCD) can be exposed~to.an

electron beam elther dlrectly or 1nd1rectly via a'uphosphor,

3
scréen;

SSD arrays whlch are d1rectly exposed to electrons have

d::hlgh DQE At full output the DQE 1s very close to un1ty At
the lower dynamlc llmlt, DQE falls as the number of readoutsf

increases, ‘but, under typlcal cond;tlons, DQE‘remalns above

<

86



'0.3. Thérefore, in the direct—exposure'mode, the array can

RN

'behavef_as‘ an almost ideal electron detector. The dynamlc
range of a cooled array (-30 C) at a single readout 1s only
about 100, but increases almost l1nearly with readouts. With
a large. number of readouts, dynam1c range in excess' of 10*
becomes poss1b1e. The .major drawback of dlrect exposure to

electrons‘bis ‘the problem of 1rrad1atlon damage. ‘The
~peripheral» clrcuitry Aof an array ‘can be‘protected from -
exposure to the incident hloh-energy electrons tby a metal
mask . 'However, under the ‘bombardment .of the glectrons,
. radiationfinduced space"charge fbullds.lupA in the" array,
increasing uithathe.radiation dose~receivea, and.may‘finally
jsaturate.the'array‘ana,makéwit useless. However, the _effect.
of radiation damage“depenos ongthe‘temperature. It.is fbund-
'that'the'lifetlme'of-an(array, defineﬁ asjthe'time‘taken for
ethe"output voltage to saturate 'when.'the incident-beam.
'1ntens1ty is- adjusteduso tHat the v1deo output amounts"to

half ‘the maximum, uis about f hours .durlng continuous
»irradiation of 100 keV electrons ‘at room 'temperature, ;but"
ther_estlmated llfetlme of the same array operated at —30 C
is'in excess lof.‘1250 hours,_.wh1ch makes its’ operatlon
promiSing" Ah even lower temperature mlght further reduce
- the 1rrad1atlon damage and thus 1ncrease the 11fet1me of’ the

array._‘Also, thermal_anneallng could restore.an array whlch‘
. has“sufferea‘irradiation‘damage,' | < |

. The‘findirect-exposure SSD earray parallel detectlon
‘system allows control uoverﬂﬂthe_“detector sensitivity Cand



j 88
\.

therefore an extension of the  dynamic range, " More
importantly, it is frée of the problems of radiation damage.

:However; all these advantages_are obtained at;the expense.of
rednced h DQE, ‘yhich-uis typicallyf less than OQd. This Mh
situation’ can only . be improved by using an "optical i
'lntensifier betweenw the phosphor and the array) whiph will

|

'present more de51gn problems. B B \

1m1ts

-~ A parallel detectlon system should be de51gned o give‘
- as good an energy resolutlon as. p0551ble w1th1n R
e.

of~ the ' energy - spread 1mposed by the electron sourc The o

qlmplest way of 1ncrea51ng the energy resolutlon 1s to teilt
k1
the array, away from its normal’ 1nc1dence "An alternatlve_way

is' to -usé, a post spectrometer le\ system.’", double'
symmetrlc magnetlc lens glves a rotatlon free 1mage and the
energy dlsper51on of the spectrum thus obtalned is in falrly

\

good agreement WIth the de51gn. Calculatlons for a 51ngle
\

lquadrupole lens and a quadrupole double’ lens system 'show

'that they have a smaller power regu1rement compared w1th thev

double symmetr1c magnet1q lensr, \
Although a parallel':readout 'should.,allow a“dynamlckg
Jrange/ln the recorded data of at least 10? the range of‘\
.1nten51t1es wlthln an energy loss spectrum (from zero loss
up to”4000ev)‘isrlarger_-than. this. 'So'—a “serial- parallel

:‘combination' detecting-'system will probably be necessary

'.D1rect exposure parallel systems have a clear _advantage in

terms of . 31mp11c1ty and hlgh DQE and may be preferred for

.recording large .epergyw_loss,_ where 'hev high collectlon



/ s

efficiency of a paral1elfrecofdi§§/g;vice'is}most needed and

. . - . s o
~where irradiation damage ds less likely to be a serjous

, .

problem. This combination system will make possible the
‘study Of_high energy losses,.whichkshould make & significanﬁ

' contribution to the development of EELS. _
, ‘ ) ‘ _ N
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