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Chapter Sx

The Energy Discriminating X-ray Detector

6. Introduction

The previous chapter presented the fundamentd principles that condtitute the basis for
quantitative chemicd andysis by EPMA techniques. Use of the Bragg equation to discriminate
(separate) x-rays with a focusing x-ray spectrometer and direct a specific xray wavelength to a
proportiona detector, has a long and successful history. The advantages of WDS andys's
include high resolution (in terms of wavelength separation) and rdlatively high peek to background
ratios for a wide range atomic numbers.  Care should be used when determining locations to
measure WDS background, but once the proper locations are determined, background
measurement and subtraction is generdly sraightforward.  The disadvantage of WDS andlysisis
that it is rdativdy dow, primarily because the number of dements tha can be anayzed
smultaneoudly is redtricted to the number of WDS spectrometers that can be placed around the
electron column.

Our previous discussion of gas proportiona detectors demonstrated that the detector
itsedf has some capability of separating x-ray photons into discrete eectronic pulses based on the
energy of the x-ray photon. The energy discriminating capability of a gas detector is not very
good, and is used mainly in conjunction with the PHA to resolve gross energy differences of noise
and photon sgndls, with some possibility for separating higher order reflections with their resultant
higher energies. It does, however, a least indicate the possibility of separating x-rays solely on the
basis of their energy -- thereby diminating the need for crystd (i.e., Bragg) diffraction atogether.
The idea hereisthat if adetector and its associated eectronics could be made sengitive enough, it
should be possible to callect al x-rays smultaneoudy and sort them according to the energy of
the eectronic pulses they credte in the detector. This is the fundamentd bass for an Energy
Dispersive Spectrometer (EDS).

The key component of an EDS system is obvioudy the detector itsdf and more
specificaly, the character of the "active' charge-producing materid within the detector. The
problem with inert gases such as argon is that ionization requires a reatively large amount of
energy (i.e., 27 eV) and hence the detector's energy resolution is relatively poor. The search for
a more efficient charge-producing detector materid coincided with the technologica revolution
resulting from the remarkable properties of semiconductors. Indeed, the properties of solid
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semiconductors such as slicon or germanium are ided charge-producing, detector materids.
They areided for detecting not only x-rays but so high-energy backscattered el ectrons.

WDSis generdly the technique of choice for quantitative andyss, especialy minor and
trace dement quantitation, but what if we do not require a quantitative anayss, but only need to
know which dements are present? Or, maybe we only need to know which dements are
present, and the approximate weight fractions. The EDS technique is the tool of choice for
gualitative determinations because it is nearly ingantaneous. An additiona problem with WDS is
the requirement to know a priori which dementsto measure. EDS, on the other hand, can either
quditatively determine the dements that should be measured by displaying them, or it can
quditetively identify the phase (minerd) thereby leading the andys toward which dements
(maor, minor and trace) should be measured. While a high resolution WDS wavelength scan can
take up to 30 minutes to complete, the EDS spectrum is acquired in afew seconds. That is, the
andys can watch the whole spectrum accumulate and therefore determine al mgor dements and
perhaps identify the phase in a matter of seconds; qualitative determination of minor eements can
be accomplished in amatter of minutes.

Since the solid-gtate EDS detector was firgt introduced in 1968 it has been improved
consderably. Resolution has improved from 500eV to 150eV* to less than 115eV today, thus
meking interferences (peak overlaps) easier to correct. Computers have come a long way as
well, and this has grestly incressed the speed in resolving pesk interferences and background
modeling. EDS can be quantitative. Its spectrum is not straightforward and is fraught with
artifacts, but it can be as quantitative as WDS if greet care is taken. Hopefully, rather than
dogmaticdly influencing you to choose WDS over EDS for quantitative andysis, by the end of
this section you will have an gppreciation and the knowledge for how to properly evauae EDS
gpectra, quantitatively and quditatively. EDS systems (the detector and its associated computing
hardware and software) are sold today with every promise of being as quantitative (and sengtive)
as WDS. For many dements and some specimens this can be true, however the technique
demands more attention from the analyst and is not likely be as generdly applicable to Al
gpecimens or as many dements. Regardless of one technique's capabilities over the other, a
student should expect he or she will become involved with an SEM/EDS facility. Hopefully, the
facility might have been able to afford a least one WDS spectrometer. However, even with
avalable WDS it is sometimes unavoidable to use the EDS quantitatively.

6.1 TheEDSdetector

The most important criterion for any x-ray detector (as we saw with the gas filled
detector for WDY) is that the output pulse should be a measure of the input pulsg, i.e., the voltage

' EDS resolution has been standardized for the FWHM of Mn Ka or an Fe™ source (5.9 keV).
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pulse out of the detector and into an x-ray counter, should be a measure of the energy of the
incoming photons. The proportiondity between energy of the incident photon and the number of
charges produced must be considerably better than is the case with gas counters. Reduced to its
smplest components, and EDS detector works on the same principles as a gas proportiona
detector, but it must be capable of better energy resolution. We can summarize the mgor
requirements of an EDS detector asfollows:

(a) The detector must absorb x-rays efficiently and yet be of small size s0 it can be placed close
to the x-ray source. A solid, rather than agas or aliquid detector is indicated.

(b) It must produce alarge number of charge carriers each time a photon is absorbed so that the
sgnd is reasonably strong prior to amplification (which adways broadens the energy ditribution).
To give you some appreciation for the choice of solid semiconductors consider that the ionization
energy for argon is 27 eV. This means, for example, that 64 (1740/27) pieces of information go
into composing a 1.74 keV S Ka peak for the WDS single-channel anadlyzer. In contrast, a
slicon solid-state detector requires only 3.7 €V for charge production and a germanium detector
requires only 2.9 eV. Therefore an EDS S Ka peak can be composed of 470 (1740/3.7) or
600 (1740/2.9) pieces of information when collected with a slicon or germanium detector
respectively. In the end, just how well a pesk is defined (good resolution) is based on how much
information was used to congtruct it.

() The detector and pulse processing dectronics must be cagpable of very high count rates
because the EDS detector receives all x-rays directed toward it, rather than only those diffracted
toit by acrysta spectrometer.

The only materias with these
specia properties are semiconducting
cydds of dlicon and germanium. Conduction band
The dectricd  conductivity  of _—
semiconductor  crystds  is  best T Poner

explained in terms of the energy levels Egergy Impurity
available for dectrons as indicated in ap /

Figure 6-1. Normdly, mogt of the l __Acceptor

electrons in the semiconductor are at

an energy level that corresponds to Valence band

the vadence band (covaent).
However, a certain fraction can be  rigure6-1. Energy levelsfor electronsin asemiconductor.
excited to the leve of the conduction

band by therma excitation (undesirable for our purposes), or by excitation from incident x-ray
photons. The energy gap is 1.09 eV in glicon and 0.60 €V in gemanium. Electrons in the
conduction band are reaively free to move under the influence of an imposed eectric fied
gradient, and thisis what gives semiconductors their conductivity.
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When an x-ray photon strikes a semiconductor detector it raises some dectrons to the
conduction band and leaves an electron hole in the valence band. Because the presence of an
electron hole in the vaence band is ungtable, it attracts an eectron from the vaence band of a
neighboring atom, leaving an eectron hole in that atom which is filled from the vaence band of its
neighbor and so on.  If an eectric gradient is applied across the detector, the net result is a
migration of the conduction band eectrons toward the anode and migration of the electron holes
toward the cathode. The latter mode of describing this type of conduction is usudly adopted and
the eectron hole is designated as (+). It turns out that the valence band eectron holes are nearly
as mobile as the dectrons in the conduction band. Therefore both are efficient charge carriers

under the influence of an applied fidd (contrast this situation with a gas counter where the Art is
much less mobile than the eectrons). The combination of e/(+) pairs in the semiconductor

crystd isthe equivaent of Art/e- pairs in the gas detector.  Although the energy gap in silicon is
only 1.09 eV the average energy loss suffered by an x-ray photon while creating an e-/(+) pair is
3.7 eV because some of the energy is dso spent in increasing crystd lattice vibrations (a process
not encountered in a gas detector). The number of e-/(+) pairs created per photon is given by the
energy of the x-ray photon/3.7 eV for asilicon detector. For example, an Mg Ka photon has an
energy of 1,250 V. When this photon strikes a silicon detector it will produce 338 e/(+) pairs,

compared to 46 Art/e- pairsin a gas detector.

The use of a semiconducting crystd as an x-ray detector is based on the fundamenta
property thet the crystal has a well-defined, uniform energy gap between the vaence band and
the conduction band. To be “wel-defined” (i.e., with a known and constant production of e/(+)
pairs per photon energy) the crystd must be "perfect” without any impurities, and can thus be
characterized by its intrinsic energy gap. Until very recently, it has not been possble to grow
perfectly pure crysds and nearly al commercid crystas contain smdl but finite amounts of
chemica impurities. A contaminant aom may have more vaence dectrons than slicon or

germanium. For example, P, As, Sb usudly contribute 5 e to chemical bonds as P, AstS,

and Sb*>. When such an atom is substituted for S+ in the silicon lattice, four of the valence
electrons form the usua tetrahedral bond, but the "extra’ eectron is more loosdly hdd and is
consequently more like a conduction band dectron than a vaence band dectron. In terms of
band theory, the presence of these donor impurities is said to create a localized donor energy
levd just below the conduction band level (c.f., Fig. 6-1). Since dectrons a that energy leve
need very little extra energy to jump to the conduction band, crystas with such impurities will be
more conductive (i.e., create more e-/(+) pairs) than the pure semiconductor crysta. A region of
a semiconductor crystal with donor impurities is know as an n-type region because negdive
electrons are the main charge carriers in such regions. In essence such regions of the crystd are
characterized by an increased eectron dengty relative to the pure crystal.

A contaminant atom may aso have fewer vaence eectrons that the pure semiconductor.
For example, B (a common contaminant in slicon) usudly contributes only 3 e to chemicd

bonds. When such an atom is substituted for S4* in the silicon lattice, there is a missing electron
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in the bond of B*3 with its four neighbors. In terms of band theory, the presence of these
acceptor impuritiesis said to create alocalized acceptor energy leve just above the vaence band
level. Since eectrons in the vaence band need very little energy to jump into the acceptor level
and create an dectron hole in the vaence band, crystas with such impurities will dso be more
conductive than the pure semiconductor. A region of a semiconductor crysta with donor
impurities is know as an p-type region because pogtive dectron holes are the man charge
carriers in such regions. In essence, such a region of the crystal can be considered to have a
lower eectron dengty than the pure crystd.

So how do we ever get

aound the inherent problems 0.1pm p-type ragion
associated  with  “red-world" wix (doemloven)
impurities?  Clever chemistry g 200A A > <

comes to our rescue.  If was i

recognized farly ealy on in _E 2

detector technology that if a near- EF —a
perfect compensation between Eiﬂ :

acceptors and donors could be Ea : FET ?’“p“ﬁ“““"
brought about, the impure crystal ~ x-rays Ei :1 trinslc (Ll arfted) rﬂgiﬂz: _
would regain the dectricd entering & K -

. S BmmBe &
properties of those intrinsctothe |, indow l ik
pure crystal. This is done by -1000V ~

compensating for the excess B*3
by doping the crystd with Li.

Such a doped slicon crysd is
labeled as Si(Li) (a"slly" crysd

). Li is highly mobile and can be diffused or "drifted” into a p-type region of aslicon crysd. Itis
a good dectron donor because it has only one "loosaly” held vaence dectron. By diffusng Li
into the p-type region it is possible to "neutrdize’ dl of the dectron holes and diminate dl of the
(+) charge carriers. Thus purged of its (+) charge carriers, the zone of "Li-drifted’ slicon regains
its intrinsic properties and "behaves' as if it were pure. The doping/drifting process is done
electrochemicdly at elevated temperatures just after the crystd has been manufactured. After Li
has diffused through the crystal and an electrical gradient is applied to the crystd, athin region of

ntype materiad will form a theanode. In thisregion Li isoxidized to Lit + e-. A thin layer next
to the cathode remains a p-type region, and the bulk of the crystd in the middle is rendered
intringc. This is schematicdly illusrated in Figure 6-2. The semi-conductor is sandwiched
between two conductive layers of gold and a high voltage potentid is placed on these layers. The
HV is necessary in order to attract the electrons to the anode and the eectron holes to the
cathode.

Figure 6-2. Details of a solid-state, semiconductor x-ray detector.

Thereisno way that e-/+ pairs can be amplified by a process such as gas amplification
as in the gasilled detector. Therefore the EDS detector relies instead on an intimately bonded
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field-effect transistor (FET) to amplify the pulse linearly and to pass it on to the preamplifier
which isadso part of the EDS detector assembly.

Prior to 1993, dl x-ray detectors were lithium-drifted slicon, Si(Li). Germanium as a
detector materia had previoudy been ruled out because of poor resolution for lighter eements,
(keV < 2; thought to be inherent a the time) and were ingtead used only for measuring high
energy radiaion such as gammarays. In 1993, however, Oxford Instruments introduced, a new
germanium EDS detector which ddivers resolution for Mn Ka of 110eV and better for lighter
elements. Today, S and Ge can be manufactured pure enough to reduce the need for the lithium
donor. The excdlent resolution which is evident in the newest detectorsis aresult of an extremdy
consstent energy band which definesits semi-conductivity. In any case, both our JEOL SEM and
CAMECA EPMA have the more standard Si(Li) detector. The main advantage is thet the Si(Li)
detector does not have to be kept at liquid nitrogen temperatures dl the time. It can be warmed
up S0 long as the bias voltage is turned off, without being destroyed. This has advantages in a
shared user facility, where mistakes are part of the learning process.

The main components of an EDS
detector are shown in Figure 6-3. The ‘
detector is enclosed in its own vacuum, |
isolated from the specimen chamber with a i
detector window, and maintained at liquid |
nitrogen temperatures with a cold finger Si(Lil DETECTOR

|
|

e BEAM
OBJECTIVE LENS

and liquid nitrogen dewar. The crysal
itsdf is quite smal - typicdly a wafer with

i+, POLE PIECE

an area of approximately 10mm? and a e .
thickness of 1mm. Examingion of the [/ 2N e
diagram shows tha an x-ray has to pass ot ANk / ",ED"JUSC{‘}/ K ADAPTER
through three layers before given the HORIZONTAL
opportunity to generate its pulse within the T bstaple oo
intrinsic region of the detector. If the x-ray (CONCEALE D)

isn't absorbed by the specimen, it may be a

absorbed by the detector window, which SH{LI DETECTORy

is typicdly 5 to 10um of beryllium or
auminum coated polypropylene in the case
or more kodern detectors. It might dso
be absorbed by the 200A gold conductive
layer or the 1000A deed layer on the - loun eweee TR
detector surface. The gold is a component b

of the HV sandwich, and the dead layer is  Figure 6-3. (a) Magjor components of a typical EDS
an inactive layer within the crystd, the detector system. (b) Details of the detector itself.
thickness of which is atributable to the

manufacturing procedure used to make the detector intrindc and, to some degree, aso

attributable to the care given the detector and its age. All three of these layers can contribute
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something of their own to the x-ray spectrum. These artifacts will be taken up later in this
chapter.

The crystd and FET are operated and maintained at liquid nitrogen temperature in order
to 1) decrease the number of dectronsin the conduction band produced by therma agitation, and
thereby reduce "dectronic noise"; 2) decrease the noise from the FET-preamplifier; and 3)

prevent the diffusion of Li* which would be rapid a room temperature under the influence of the
high potential across the crystad. If the crystd is ever alowed to heat up (to room temperature)
while the high voltage across it is on, it will be serioudy damaged or ruined (a an expense of
about $15K). If the high voltage bias is disabled, then occasionaly (once a year) it is generaly
beneficia to take the detector through a controlled warm-up cycle to dlow any ice-build-up to be
pumped off. Obvioudy thisis not true for Ge based detectors, which should never be alowed to
warm up.

It should aso be mentioned here that the window which isolates the detector from the
specimen and possble contamination is not necessary if the SEM's vacuum chamber is very
clean. Ultra-thin windows and windowless detectors have been developed in order for low
energy x-rays (B, O, N, C) to be counted. These detectors are usudly provided with a window
turret, that offers the analyst a choice of two (e.g., window in or out), or three (eg., thick, thin,
none) modes of operation. In any case, windowed, turreted or otherwise, great care must be
taken to ensure that the detector itsdf is never exposed to atmospheric pressures and
contamination, and that its protective window is never damaged. Care should dso be taken in
cleaning the detector's window. Oilsand atimospheric water will condense on its cold surface and
it should be cleaned often enough so that x-rays are not dso absorbed inconsgtently. Care
should aso be taken while cleaning so as not to damage the window’ s vacuum sedl.

The sgnd from aWDS spectrometer gas detector after amplification is sent to the PHA,
which relects pulses outsde a pre-defined "window”. Only pulses fdling within this window are
sent to the "counter” for processng. In this sense, the PHA sarves as a single channel
analyzer, only recording pulses in a sngle voltage range (or a single window, or a single
"channd"). In contragt, the EDS output is stored in multiple channels of pre-determined width
corresponding to a particular range of energy. An EDS detector system is therefore directly
coupled to a multi-channel analyzer (MCA). The purpose of the MCA is to accumulate the
number of pulses produced by the detector that fall within a pre-determined energy range.

It is important not to be midead by the seemingly high energy resolution (eg., 110 &V)
avalable on dae-of-theat EDS detectors.  Although impressve, this resolution is dill
consderably less than that of a wdl-tuned WDS system. WDS can resolve x-ray lines with a
full width at half maximum (FWHM) less than 20eV, which alows for few pesk interferences
and for background intensties to be smply measured. For example, dthough Mn K13
(E=6.492keV, =1.909A) isvery near Fe Ka (E=6.400keV, =1.937A), the interference is very,
very smadl (~0.2%), i.e., Mn KI3 counts will not contribute to Fe Ka in atypical WDS andyss.
On the other hand, the pesk width of the Fe Ka as measured by an EDS detector is
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gpproximately 160eV. Practicaly spesking, Mn K3 is right on top of the Fe peak and interferes
ggnificantly in the EDS detector.

WDS doesn't demand particularly good resolution of the gas filled detector because the
Bragg crystad geometry alows only the x-ray wavedength of interest, or integral multiples of a
competing x-ray, to pass into the detection electronics and counter. The EDS detector doesn't
have this luxury, and hence many eements might confuse, or hide, the presence of others if pesk
overlap is sgnificant. All of the processes occurring in a gas or solid-state detector produce
pesks of finite width, even though an incoming x-ray photon is essentiadly monochromatic. Thus
inaSi(Li) detector, even though the band-gap is only 1.09eV, the average expenditure of energy
in creating an e-/(+) pair is 3.7eV. Some events expend more than 3.7 eV and others less, thus
resulting in a soread in energy of the resulting pulse. For quantitative andysis we would have to
consder the area under a given peak, and this involves consderation of pesk height, width and
shape. Figure 6-4 illugtrates these potentid problems in more detail. This figure shows an EDS
x-ray spectrum for KCI. Note that the chlorine Ka "peek” is not resolved from the K3 peak.
Although the separation is better for the potassum peaks, the two peaks cannot be considered to
be separate. Y ou should also notice that the peaks have ether unique shapes or are recognized
aspars. Inthecaseof L and M lines, we often see awhole "family" of overlapping pesks. Any
attempt to obtain quantitative andyses from an EDS spectrum must necessarily ded with
integration of pesk areas. Obvioudy this integration must dso include modding of the ided
spectrum by subtracting (separating) overlapping peeks. This procedure is computer intensve
and dso not perfectly exact. Reference to Figure 6-4 should aso convince you thet it is often not
possble in a typicd EDS spectrum to unambiguoudy recognize where to measure the
background. In practice, the computer software ends up modeling the complete background in
an iterative fashion and then subtracting this "synthetic" background from the pesks of interedt.
For these reasons and including the degree of difficulty of providing any confidence or an error
associated with peak deconvolution and background subtraction, WDS remains the choice for
quantitative anayses.

Cl K, o
30K 135K 100K

6.2 Characterigicsof

EDS pedtra KCI
E =15keV

A gas detector in conjunction o
with a PHA on a WDS sysem
effectivdy isolated the "pesk" of
interest, and the andys can typicdly
ignore dl of the other processes that
produce "artifacts' (eg., Ar escape
peaks). EDS andyss, however, 0 75 30 %
requires attention to everything taking xcray energy (eV)
place within the detector. It is Figure 6-4. The EDS spectrum of potassium chloride. The K

therefore necessary for us to describe peaks are apparent but are not resolved. Also note the low-
energy "shelves' which are due to incomplete charge collection.

Cl Kﬁ
K KB

counts

10K
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some of these processes and their resulting artifacts.

6.2.1 Incompletecharge collection

Incomplete charge collection might be consdered the result of one of Murphy's
corollaries stating that "nothing happens as perfectly as you might like', or "no process is 100
percent efficient”. The gasHilled detector is example of this rule; dthough incoming x-rays are
virtuadly monochromatic, the detector aways produces a satistica digtribution of voltages which
is skewed toward lower voltages. This is an indication that the charge-producing process is

ineffident. This ineffeciency may be attributable to having fluoresced Ar x-rays or Ar™ ions not

recombining quickly enough to keep up with high input rates. In ether case, the number of charge
carriers assumed to be representative of the

incoming Xx-ray's energy is actudly &
somewhat less than the theoreticd vaue. 0
This ineffidency within the gas detector is :
andogous to what, in EDS terminology, is N
referred to as incomplete charge
collection. The result is pretty much the
same, x-ray energy didributions that are
skewed towards lower energy and an
indication the number of charge cariers
produced by an incoming x-ray is not quite
up to 100% efficiency.

* 00 o6

Figure 6-5 shows an actud energy 8 030
digribution and a cdculated (ideal) m;}' Y
Gaussan digribution.  The skewness is RS K
apparent as a shelf of hlgher-thm-|CJ!Gd Figure 6-5. Illustration of incomplete charge collection.
background counts on the low energy Sde  Filled circles correspond to a calculated Gaussian

of the pesk. These counts are indicative of distribution. Open circles are actual data. Note low-
inefficient photoelectron production and  €nergy shoulder onthe peak.

incomplete charge collection. The degree of

efficency isafunction of x-ray energy and is

more pronounced for low Z dements (e.g., Nato K). The actua processwhich is assumed to be
responsible is an x-ray such entering the intringc region, but being absorbed by the photo-
electron-producing process early enough that some of the photo-electrons enter the detectors
dead region and are not able to be included in the dectron migration and counted as part of the
pulse. Energetic x-rays (from higher Z dements), on the other hand, penetrate far enough into the
intringc region that the photo-electron producing processis amost 100% efficient.

At firg glance, the problems associated with incomplete charge collection might seem
minor. Unfortunately they are not. Although eements are gl quite easily identified and there is

69



CHAPTER SI1X

THE ENERGY DISCRIMINATING X-RAY DETECTOR

no significant loss of energy resolution, there are significant problems associated with quantifying
or integrating the peaks precisaly. For example, x-ray counts which should be associated with
and found within the energy range which defines the window for that pesk may now be found
outsde the window and the integration is inaccurately too low. Second, if the computer
integration agorithm assumes a Gaussian shape for the peak of interest, the integration will not be
accurate because of the ingppropriate peak-shape assumption. Lastly, the x-ray pesk's low
energy "shdf" which is the result of incomplete charge collection does not represent true
background and would be one of the wrong places to evauate the background continuum. Very
few computer agorithms can account for this phenomenon accurately. Since this problem isnot a
function of count rates, the best way is to integrate an incomplete pesk with a modd or
assumptions based on the shape of ared peak rather than assuming a symmetrica digtribution.

6.2.2 The Slicon escape peak

We saw earlier that for ionization within an argon-filled gas detector the possibility exists
for generating an argon K x-ray and then having that x-ray escape from the detector. This event
results in aloss of energy to the counting system (i.e., less than complete energy conversion), and
production of an "artifact” Ar-escape peak in the spectrum. The same possibility exists for x-rays
entering a solid State detector with an energy exceeding the critica excitation energy of dlicon
(1.838keV). Thet isdlicon Ka x-rays will be generated, rather than only eectron/hole pairs.
Idedlly, this x-ray will remain in the semiconducting crystd and ionize other dectron/hole pairs il
in kegping with consarvation of energy. However, there is a finite possibility that the x-ray will
escape the detector. If this does occur then there will be pulse measured from the detector that
represents the energy of the incoming x-ray minus the energy of the "escgped” S Ka photon
(1.74keV). The table below lists S escape peaks for elements of interest and the possible
confusion they might cause.

eement (2) Energy of Energy of intengty of escape  other Ka peaks close
Ka peak escape peak peak (%) to escape peak
P (15) 2.013 0.274 1.40 B (185eV), C (282eV)
S(16) 2.307 0.568 1.30 0O (523eV)
Cl (17) 2.622 0.882 1.20 none
K (19) 3.313 1573 0.91 Al (1.487 keV)
Ca(20) 3.690 1.951 0.78 P (2.013)
Sc (21) 4,089 2.349 0.67 S(2.307)
Ti (22 4,509 2.769 0.57 none

> Wewill use asilicon detector for this discussion. It should be apparent that the same process will produce
a germanium-escape peak if a germanium detector is used, at it's own corresponding
distance (for GeKa) from the element of interest’s peak energy.
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V (23) 4.950 3.210 048 none
Cr (24) 5.412 3.672 0.40 Ca(3.690)
Mn (25) 5.895 4.155 0.33 Sc (4.089)
Fe (26) 6.400 4.659 0.28 none
Co (27) 6.925 5.185 0.23 none
Ni (28) 7.472 5.732 0.19 none
Cu (29) 8.041 6.301 0.16 Fe (6.400)
Zn (30) 8.631 6.891 0.13 Co (6.925)

Note in particular that a minera containing both K and Al, will exhibit a Si-escape peak
caused by K Ka x-ray that will overlgp with the Al Ka peak. Similar interferences exist for Cr -
Ca, Cu - Fe and others as noted in the table. The fourth column, which ligts the intengity of the
escape peak relative to the peak to which it should belong, shows a decreasing significance of the
artifact with increesng atomic number. This, as you might suspect, is because higher energy x-
rays ionize deeper within the detector and the probability of escape is decreased. In spite of
reduced sgnificance, locations of possible escape pesks are no place to be evauating the
background continuum. Most computers provided with EDS systems are cgpable of anticipating
and/or displaying escape pesks. Those computer systems claiming quantitative EDS capabilities,
deal with escape-peak - analytical peak overlaps by subtracting the escape-pesk counts from
those corresponding to the pesk of interest (e.g., the K{Si-escape peak} from the Al pesk).
Edimation of the intengty of the escape peak is based on the empiricd intengty ratios liged in
column four of the table. Unfortunately, these ratios depend on the individua detector, and hence
are very imprecise to sart with and unfortunately change as the detector "ages'.

6.2.3 TheSlicon
fluor escence peak

One of the more oK

intereting  and  enigmdic
atifacts present in  EDS
Spectra is the presence of a
pesk for Slicon even in spectra
collected on samples known to
be completely devoid of Si. 5K
Figure 6-6 illudtrates such a
feature -- generaly known as
the silicon fluorescence
peak. The figure shows a

SpeCtrum_CO”eCtgj _from pure Figure 6-6. EDS spectrum collected on sample of pure carbon (dots)
carbon with a Si(Li) detector  and a calcul ated background spectrum indicating absorption edges.
and a Be window. The Be

10K

1K 2K 3K
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window effectively absorbs dl C Ka x-rays, and hence we do not see a peak for C. What is
perplexing is the fact that the spectrum shows a definite pesk for Si. Superimposed on the high-
count-rate, low-energy continuum is what is known as the S fluorescence pesk. What is
generating a S peak in a gpecimen composed of pure carbon? The S peak cannot be the result
of excitationof S Ka x-rays in the detector by C Ka x-rays entering the detector because the
energy of aC Ka x-ray isless than Ec for S. The only reasonable explanation for this pesk is

that it must be smilar to the slicon-escape-peak phenomenon, except the S Ka x-ray is
fluoresced entirdly within the dead layer of the detector thus yidding no dectrorvhole pairs.
However, theresulting S Ka x-ray then enters the intringc region of the detector where it creates
the requisite number of dectron/hole pairs. If we accept this explanation, we are dill left with the
question of what excited the S photons.  Textbooks give two possible causes: 1) lonization of
inner-shell S Ka x-rays by the continuum (background or Bremstrahlung); and 2) lonization of
inner-shell S Ka x-rays by high-energy backscattered dectrons entering the detector. Figure 6-
6 illudrates that a the low-energy end of the spectrum, the intendty of the continuum is
consderable and it can indeed cause ionization of S Ka x-rays in the detector. Furthermore,
reference to Chapter 2 indicates that backscattered eectrons also have sufficient energy to excite
S x-rays in the near-surface layers of the detector. We believe “fast” BSEs are actudly the most
likely culprit in producing this phenomenon.

The carbon spectrum exaggerates this phenomenon by indicating asgnificant S peak. In
practice this artifact probably contributes only about 0.2% to atypicd S andyds. This might be
consdered well within the technique's error, but should give you reason to suspect any EDS
messurements of dlicon & trace amounts in minerds such as oxides, sulfides or other non-
dlicates. For example, minimum detection levels are cdculated daidticaly and are rardy
checked againgt ared specimen. Statidtically spesking, a WDS andyst might cdculate aredigtic
detection limit for slicon of near 500ppm, and therefore fed comfortable in reporting S a
1500ppm in aminerd such spind. A knowledgesble anayst should be suspect of such cams
based on EDS andlysis.

6.24 Absorption edges

The spectrum of carbon (Figure 6-6) dso show a computer-caculated modd for the
continuum (background) which accounts for absorption of x-rays (characteristic and continuous)
by the gold conductive layer as well as the silicon dead layer, and shows the absorption edges as
sharp and well defined contributions to the spectrum. Accurate background modding must so
account for these edges. In practice, the edge heights vary, as a function of detector dead-layer
thickness, depending on both detector fabrication and to some degree on the age of the detector.

For the sake of accurate background measurement, and minor and trace € ement measurements,
the EDS andys should know how to account for artifacts such as internd slicon fluorescence
and absorption effects.  Such subtle effects, which might adso include contamination precipitating
on the detector window, can sometimes be accounted for by measuring the spectrum from pure
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diamond. Software is usudly provided such that if it has a good carbon spectrum to work with, it
can caculate parameters that can be used to modd regions of complexity in the x-ray continuum.

6.2.5 Pulsepile-up

A solid-gtate, semiconducting
detector differs ggnificantly from gas
proportiona detector in terms of its " dead-
time". Owing to the fact that eectron (or
electron hole) transfer from atom to atom

B
A ﬂ
is significantly faster in solids as opposed A |
to gases, a solid-state detector itself has J QL

Counts

B+B
negligible dead-time (in the strict sense). f,f”# i

Effectivdy the dead-time of an EDS
detector is equa to, or shorter than, the
rise ime.  This means that two x-ray Figure 6-7. Spurious "sum peaks" caused by pulse pile-
photons entering the detector separated by up.

atime interva less than the rise time will

not regiser as separate pulses but will

combine to create a number of e/(+) pairs proportiona to their combined energies. In contrast
to the gas detector, the energy of the second photon is not "lost”. Ingtead, it is added to the
energy of the initid photon. The resultant pulse sent to the amplifier and MCA is therefore
representative of the sum of the energies of the two photons. The end-result is that a pulse is
gtored in an MCA channel that is not representative of the energy of ether photon. Hence we
have two potentia problems caused by multiple incidences of x-ray photons into an EDS
detector. 1) Counts are lost because they are not stored in their proper energy channels, and 2)
extra counts are registered in energy channels representing the combined energy of the nearly
coincident x-ray photons. The result in the x-ray spectrum display is an artifact peek at the energy
location E, + E_. A number of such sum pulses stored in a particular energy channel condtitute a

spurious "sum peak”. The phenomenon is referred to as pulse pile-up and can be reduced to nil
if the counting electronics are properly adjusted and you stay below user-definable count rates
(see section on ectronics). The problem would be impossible to account for if two x-rays did
actudly arrive at the same time, but that is not probable given the speed of today's eectronics
technology.

Energy

Where previous spectra artifacts are attributable to detector "defects’, pulse pile-up can
be remedied with eectronic processng. In order to compensate for a double event, the data
must be recognized as "bad,” and not counted. This is accomplished by placing a secondary
amplifier with a very short time condant (t) in pardld with the main amplifier. If this second
amplifier detects two pulses separated by less than a set time intervad it deactivates the ADC for
the duration of the sum pulse and prevents the pulse from being counted in the MCA.
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Furthermore, the time it took to andyze the bad events must be added to the acquisition time.
This subject leads this text into the next section that describes the andydt's influence on spectra
acquisgtion.

In the case of a gas proportional detector, we saw that artifacts such as Ar-escape peaks
could be removed from the find signd by eectronic devices such as a PHA. The previous
discussion illugrates that an EDS spectrum contains awide variety of artifacts. Some of these are
summarized in Figure 6-8 -- an EDS spectrum collected from a specimen composed of pure
titanium metd.

Tike [ |[] TiKeg
1382K 186K
50K titanium metal
E, =20keV
o SiK Ti K {esc)
c
S5
S Ti K g(esc)
:‘
-f;
jl
/ CuKa 27TiKg
0 / TiKatKg
0 x-ray energy (keV) 10

Figure 6-8 Electron -excited EDS spectrum of titanium. The Ti K and K, silicon x-ray escape peaks, and the 2K
and (K+K) sum peaks are noted. Extraneous peaks from the specimen chamber are also observed

In principle, a pure Ti gpectrum ought to be smple and Sraightforward. Figure 6-8
certainly does not fit that description!  The artifacts are both numerous and complicated. The
logicd question is"can any or all of these artifacts be removed by electronic processing after
the signal has been generated in the solid-state detector”. The answer is largely no, athough
gpectral processing can be used to improve the Ssgna considerably.
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6.3 EDSdectronicsand spectral processng

After an x-ray photon has created €/(+) pairs, the electrons are attracted to the anode
and the dectron holes are attracted to the cathode. As with gas detectors, when electrons strike
the anode a momentary drop in the gpplied potentid occurs. This is the sgnd that is ultimately
measured. The fundamentd principle is that the voltage of the initid signd is proportiond to the
energy of the x-ray photon creating it. Owing to the fact that a solid-state detector cannot amplify
the dgnd by itsdf (as can the gas detector), the initid pulse is extremdy wesk and must be
amplified. We bascdly need a very sengtive dectronic device that can amplify the origind sgnd
without destroying the proportiondity or introducing unwanted noise.  The most suitable device
for this critical fird-stage of amplification is known as a fidd-effect trangstor (FET). As a
tranggtor, the FET consgts of three dectrodes. a"source’, a"gate' and a"drain”. By including a
fixed-resgtor circuit in the FET, the device remains "charge sengtive" such that the output remains
proportiona to the charge of the incoming pulse. The output pulses have a sharp leading edge
with arise time of less than 100ns and an exponentid tail.

After further amplification by a preamplifier and a linear amplifier, the EDS dectronics

analog to
digltal
converter

linear
amplifier

pile-up
rejector &

live-time
corrector

multi-channel
analyzing
computer

FET >

Si(L)) pulse processor

/ detector
/
[ ]
sample multi-channel 56V
displa '
terminal ﬁgxone count
Ve
N7
PAIN
7Y
AT, SAY
AYAY AYL
energy

Figure 6-9. Block diagram illustrating the main components of an EDS x-ray detection system.
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must be cgpable of 1) measuring the drength of the pulse (this gives us E for photon
identification), and 2) counting it as a contribution to the intengity, | (cps), of the peak. These two
seps are carried out in what is known as a multichannel analyzer (MCA). In order to
determine pulse height (i.e,, srength of the pulse) the sgnd is passed through an analog-to-
digital converter (ADC). This device converts the voltage of a pulse (analog) to time periods
(digitl). The operation of an ADC is quite Smple; a capacitor is charged by an incoming pulse
and then the capacitor is alowed to discharge a a congtant rate. During the discharge period an
accurate eectronic clock counts intervals. The number of intervas is proportiond to the voltage
of the pulse. The output of the ADC is thus digital (O or 1), and the number of O-1 parsisa
measure of the voltage of the incoming pulse.

When the ADC is through measuring the pulse height and converting the voltage to a
digita sgnd it is sent to the MCA.  Nowadays the MCA is smply a portion of computer
memory reserved for data acquisition. The MCA consigts of a number of "channdls' -- older
instruments were limited to 512 channels, the current standard is 1024 (219) or 2048 (2'), and
some systems are even cgpable of 4096 channels. The andyst has the option of defining the
voltage range corresponding to asingle channel. For example, if the MCA has a fixed number of
1024 channels and we are interested in collecting an x-ray spectrum spanning the range from 0 to
10 keV, we would define the MCA channd width to be 10.0 eV per channd. When apulseis
processed by the ADC, it is sent as a "packet” of "hits' to the MCA. The MCA then places that
packet into the gppropriate energy channe (memory address) defined by the number of bitsin the
packet. With time, each packet is placed into its appropriate memory register of the MCA
reserved for pulses in that particular energy range. One by one the pulses are added into the
proper energy "channels' of the MCA. The resulting energy histogram (number of pulses vs.
energy) can then be displayed in red time on a CRT while the actua data are stored for future
numerica processng within the computer.

The most important aspect of spectra processing is time. In a gas detector system, the
main contributor to dead-time is the gas detector itsdf. In contrast, in an EDS sysem the
detector is extremedy fast and the dead-time actudly results from the eectronic circuitry. Indeed
the pulse pile-up rejector purposdly creastes dead-time in order not to count spurious sum
pulses. The pile-up rejector processes only the leading edges of incoming events and detects
every pulse. If it detects two pulses separated by less than a set timeinterva, the time constant,
it deectivates the ADC for the duration of the sum pulse and prevents the pulse from being
counted in the MCA. In essence, the pile-up reector shuts the counting syssem down for the
periods of time corresponding to the arriva of piled-up pulses. The keyword is'time.

6.3.1 Dead time

In an EDS system " Dead-time" is the time it takes to measure a pulse plus any time it
takes to recognize bad pulses and not count them. Dead-time, and its conjugate, live-time, are
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usually reported as a percentage; i.e. the system isdive and counting 75% of thetime. The MCA
is connected to a precise eectronic clock that keeps track only of the "live-time' of the system
during counting. With this system, any pulse above the noise leved generates an "ADC is busy"
signal that stops the clock until the pulse has been processed. The clock is aso stopped during
the deactivation for pulse pile-up rgection. Thus it accumulates only live counting time.  This
featureis clearly visble in watching a spectrum develop inred time on aCRT. Even for rdatively
low count rates, the acquisition time (live time) is much greeter than red time. Dead-time can be
controlled to a certain extent with adjustment of the main amplifier's time congtant, but extremely
high count rates can not be exceeded because it is possible to shut down processing atogether.
Rejection logic takes over if pulses exceed certain rates. When this occurs the andyst has no
choice but to reduce the beam current and thereby decrease the number of x-rays entering the
detector.

The andyst should be aware of the capabilities of a paticular EDS system. The
opportunity exists to make the spectral acquisition from atarget's specific location quantitative, or
optimd for dementd mapping. Processng time constants can be sdected, usudly as one of
severd, ranging from 1 to 16 1 seconds. The andyst might have available 5 choices, from long to
short. Long time congtants are for improved energy resolution and quantitative andysis, and short
time congtants are best for increased count rates and improved Satistics for eemental mapping.
Professor Heisenberg dways wind

A caution should be raised with regard to high count rates, rgection logic and eementa
mapping. Thistype of acquigtion is usudly time consuming (severa hours) because x-rays must
be collected over a large area. Typicaly, the anayst will set up the indrument and then let it
acquire data unattended. Be aware, if you optimize your count rates by collecting x-rays on a
slicate minerd, the tota count rateislikely to be moderate to low since most of its compositionis
oxygen which doesn't contribute to the count rate. If during the course of the mapping, the beam
encounters a sulfide or native-meta minerd, the count rate will be so high that acquistion will
essentidly lock up (extremely high dead-time or low live-time).  Upon return to the instrument a
the time you anticipated it being finished, you may find that it hasn't progressed very far and youll
redlize wasted time.

The andyst does have some control over time. He or she can adjust time parameters that
improve the spectra resolution a the price of counting dtetistics, and vice versa  Improving
counting gtatistics comes at the expense of time. If you want a spectrum to have good resolution
you mugt give the processor enough time to andyze the pulse. Any impatience and desire for
increased count rates invites pulse pile-up. However, with fast eectronics, and a pile-up regjecter,
it is possble to diminate "bad events', and extend the acquisition time optimally.
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6.3.2 Jectral processng

Processing of EDS gpectra is problematic; not so much with regard to integrating and
measuring Xx-ray peeks, but rather, on the many assumptions that are associated with the
background continuum. Because of relaively poor energy resolution, for complex spectra an
EDS can not show the analyst accurate locations for background determinations. An EDS
computer will indead "moded” and caculate the entire background continuum. With regard to
minor dements and error evauation, thisisthe most important spectral processing job.

The entire x-ray spectrum is represented to the analyst as 1024 channds, each a
representation of the number of events of that energy per channd. Integration of an dement of
interest is defined as a window or a region of interest (ROI), the width of channels is user
determined.  Windows then define integration for quantifying an unknown's dementa
concentration relative to that of a sandard. Windows also define the pixe by pixe integration for
an element's x-ray dot map. If window integrations need to be corrected for spectrd interference
it will be caculated based on the offending dement's own window. Still, the most complex and
uncertain caculaion is the background continuum. Since background (i.e., the Bremstrdung) is
largely dependent on average atomic number, it will be most accurately modeled based on the
target's compadtion. Its modding is therefore an iterative process adong with cdculation of the
weight fraction of the dements present.
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