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ABSTRACT

Microandyss of submicron patides in the Scanning Electron Microscope (SEM) is only
possble by usng low incdent dectron beam energies due to smdler interaction volume
and suppressed beam induced charging. Such low beam energies must use L- and M-
lines raher than the familir K-lines The information about the fundamentd parameters
of Xray emisson and trangport & low energies is limited, so the use of L- and M- linesis
problemetic. The rate of generation of Xrays from an dement irradiated a some energy
E depends on the product of the ionization crosssection s(E) and the fluorescent yidd w
Unfortunatdly neither of these quantities is well established independently, especidly
outdde of the K-series of lines. Therefore the abosolute X-ray generation efficiencies
(photons /electron) were directly measured and parameterized for a wide range of K, L,
and M lines from different dements. It is anticipated that a complete st of such data
would be of great vdue in goplications such as spectrum sSmulaion and Standardless
andyss.

Secondary eectron spectra have been collected from both pure dements and from
compounds examined under conditions agpproximeting those found in a scanning dectron
microscope. Despite the presence of subgtantial surface contamination these spectra are
found to be reproducible and characterisic of the underlying materid. Typicdly the pesk
in such spectra is found to be a an energy of about 5 eV, and 50% of the tota secondary
eectron emisson fdls within the range 0-12 €V. Thee data may be of vdue for the
desgn of deectors for scaning microscopy and  might have  goplications  for

microandyss.
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INTRODUCTION

The scaning eectron microscope (SEM) has edablished itsdf in the semiconductor
industry as the mogt widdy used tool for metrology, wafer ingpection and defect review.
It is estimated that two out of every three SEMs manufactured go to some part or other of
the semiconductor industry, accounting for about three out of every four of the dollars
spent in this area. However, over the next decade the SEM faces some ®vere chalenges
to its pogtion because the continued extrapolation of Moore€'s law, as quantified by the
SIA Roadmap', cdls for spatid resolution of the order of 1 nanometer (nm) while
continuing to operate under conditions desgned to maximize the throughput rate. The
quet for higher gpatid resolution is dso of importance in the microandyticad
goplications of the SEM. As the sze of devices is reduced the sze of defects tha ae
important is dso reduced. There is thus a requirement for the microandlyss of particles
which may now be less than 0.5 pm in 9ze, within a few years may be 0.1y m. Because of
the finite Sze of the beam interaction volume, an unambiguous andyss of such a smdl
volume free from the effects of the subdrate is only possble by reducing the energy of
the incident beam to a suitably low vaue,

A dggnificant fraction of dl scanning eectron micrographs ae now teken a beam
energies of 5 keV or beow and, because many SEMs will mostly be operaed in this low-
voltage regime, there is thus a growing interest in performing x-ray microandyss a low
energy. Since such operation will, of necessty, rdy on the use of L- and M-lines rather
than the more familiar K-lines, there is a need for information about the properties of

such emissons. Unfortunately even such badc daa as the x-ray count rate is hard to



predict because the fluorescent yidds for L- and M-lines are poorly documented, and
because there are few rdiable theoreticad or experimenta vaues for the ionization cross
sections of L- and M-line emissons a low enegies’. We have therefore set out to
directly messure and paandeize the aolute X-ray generdtion efficencies
(photong/dectron) for a wide range of K, L, and M lines for different dements which will
be the topic for Part-1 of my dissertation under low energy X-ray spectroscopy.

One chdlenge of X-ray microandyss a ultralow beam energies is the reduced count
rates which makes it a dow process. For some types of gpplication, such as defect review,
a ful chemicd andyss is more detaled then is needed and that what is actudly required
is a dmple dasdfication of suspect or foreign objects which could be performed a high
seed. The use of secondary dectron spectra could be a means to this end if a
spectrometer incorporating high efficiency and modest resolution could be developed.

Part-2 of the dissertation tests whether or not the secondary dectron spectra are
influenced by the contaminating surface layers, and determine the nature, and the
possble utility, of the secondary eectron spectra that might be encountered in a SEM

environment.



PART -1

Low Energy X-Ray Spectroscopy



CHAPTER 1

1.1 Background

In 1948, Raymond Cadtaing, then a student of A. Guinier, presented to the Universty of
Paris a doctord thess entitled: “Application of Electron Beams to a Method of Locd
Chemicd and Cryddlogrgphic Andyss” The indrument he described had  been
produced by modifying an eectron microscope. An dectron beam focused to a diameter
of less than a micrometer (Jum = 10%m) was used to excite Xrays within a microscopic
region on the specimen surface. Spectrd andyss of these X-rays provided information
concening the compostion of the exdted region® Cadtaing's electron probe
microanayzer has become the most important tool for dementd microandyss. The
sgnificant characteridics of Cadaing's technique ae its high gpdid resolution, its
nondestructive naure, the posshility of quantitative application, the wide range of
dements that can be determined, and the variety of specimensthat can be andyzed'

The physcd foundations of eectron probe microandyss were known for years before
the work of Castaing. Electron optics of high perfection had been developed for the
electron microscope; the bads of X-ray gpectrochemicd andyds was described in grest
detal, eg., in the books of Siegbshn® and Von Hevesy®. Castaing's hrilliant contribution
was the skillful combingtion of known princples in a device which fulfilled an entirdy
new function. He dso edablished principles for quantitative andyss which ae dill
bascdly vdid and used today. While many peasons have snce made vduadle
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contributions to the at of eectron probe microandyss Cadang is the originator and the
mog prominent investigator of this technique.

In a wide variety of cases whether the examples are drawn from fidds as diverse as
biology or maerids science, the macroscopic propeties and behavior of the substance
are often controlled by chemica dructures and processes that teke place on the spdid
scde of micrometers to nanometers. Electron beam basaed tools are very useful for such
aoplications as they permit the obsarvation and characterization of materids on such
scdes. In these ingruments the area to be examined o the microvolume to be andyzed is
irradiated with afinely focused eectron beam which may be static or svept in araster

across the surface of the specimen. The versatility of scanning dectron microscopy and
x-ray microandyss is derived in large measure from the rich variety of interactions that
the beam dectrons undergo in a oecimen. These interactions can reved information on
the specimen’'s compogtion, topogrephy, cyddlogrephy, dectric  potentid, locd
magnetic field, and other properties.

Chemicd andyss in the scanning dectron microscope (SEM) and éectron  microprobe
(EPMA) is peformed by messuring the energy and intensty didribution of the x-ray
dgnd generated by a focused dectron beam. The mgor advantage of the Xx-ray
quantitative technique in the SEM and EPMA is that the andlyss is obtained from a very
andl volume of materid. The x-rays can be generated, depending on the initid eectron
beam energy and aomic number, from volumes with linear dimendons as smdl as 1
micrometer. This means that, typicdly, a volume as smdl as 10%? cm® can be andyzed.
Asuming a typicd density of 7 glent for a transtion metd, the composition of 7 * 102
g of maeid can be deermined. From this amdl mass of the sample sdected by the

5



gectron - X ray inteaction volume dementd condituents can be deermined to
concentrations  ranging as low as 001% (100 ppm), which corresponds to limits of
detection in terms of mass of 10°%° to 10'° g. Such sendtivities are required because most
naurd or atificdd solid substances are chemicdly heterogeneous on the microscopic
scde”’.

One of the mogt important contribution of Prof. Raymond Cagtaing to the technique d X-
ray microandyss was his ingght tha quantitative microandyss could only effectivdy
be caried out by procedures which relied on measurements relaive to a suitéble standard
because, in this way, it is the fuxtiond variaion, rather than the absolute vaue, of most
quantities that had to be known or goproximated. At the time this was seen to be a
necessary sep because the knowledge of the fundamentd parameters of eectron-solid
interactions was regarded as poor. Regrettably, this dtuaion has not changed much. Even
more unfortunately, the kinds of problems to which dectron beam microandyss is now
agoplied — such as the andyds of highly inhomogeneous or very smdl samples — are of
such anature that quantitative methods based on sandardization are no longer feasible.
Consequently, there is a grester need than before to know dbsolute vaues of the

parameters involved S0 thet ab initio quantification can be attempted.

1.2 X-ray production

During indastic scattering of the beam eectrons, where there is a trandfer of energy from
the beam dectrons to the atoms of the specimen, x-rays can be formed by two didinctly

different processes.



1 the bremsstrahlung, or continuous xray process, and
2 the inner-shdl ionization process, which can lead to the emisson of characterisic
X-rays.

The production of characterigtic x-rays by the bombardment of an a@om by an dectron
can be treated as a twodep process fird, the ionization of the inner shel by the dectron;
and second, the emisson of a characteridic x-ray as the inner-shel vacancy is filled by
the trangtion of an aomic dectron from an outer to the inner shell. The fird process is
characterized by a totd cross section for the inner-shel ionization s ; the second process
by the fluorescence yield ?, which is defined as the raio of the rate of xray emisson to
the sum of dl possble aomic deexcitation processes. Hence the totd x-ray production
Cross section §, can be written as s, = Sy ?, , where n designates the particular inner shell

in question®.

1.3 X-ray lonization Cross-sections

X-ray ionization cross-sections were firgd cdculaed in the 1920s, and an initid atempt a
meesuring an absolute experimental value was made soon afterwards by Clarke °. For the
purpose of quantification, it is dedrable to know both the absolute megnitude of the
crosssection and its functional varigtion with energy s0 that the various theoretica
modds of ionization can be teted and improved. Unfortunatdy, the number of
measurements that have been reported in the past 60 years, for the energy range of

interes, issmdl.



1.3.1K shdls

The best avalable measurements of ionization cross-sections have been made for the K-
shells of the low aomic number gases nitrogen, oxygen, and neon. Figure (1.1) showsa
compilation of the data for nitrogen (in units of barns where 1 ban = 10%* cnm/aom),
incorporating two distinct published data sets tabulated by Joy'°.The composte plot
shows that the various messurements for a given ges typicdly agree to within a few
percent a dl energies establishing the crosssections for these gases, to a high degree of
precison and accurecy.

For solids, the amount of data is less, and the agreement between the various avalable
data sets is much worse. As an example, figure (1.2 shows a compogte plot from the
four published sts of daa avaldble for the copper K-a line Mogt of these s
concentrate on the region immediately above the excdtation edge, and here the agreement
is seen to be good but a the higher energies, a clear bresk between the various results is
seen. This is perhaps to be expected because the cross-section can only be extracted after
the dectron beam interaction with the solid and the subsequent escgpe of the X-rays,
have been cdculated in deal. This, in turn, demands knowledge of the dectron stopping
power and the mass absorption coefficients. The apparent differences between different
data sets for the same dement therefore likely reflect different assumptions about these
other parameters and different ways of handling the necessary corrections. In those cases
where multiple data sets for the same dement have been published, it is quite common to
encounter variations of as much as 30 to 50% in absolute crosssection vaues, even
though the generd form of the variaion with energy is quite dmilar in each <.

Conseguently, the absolute value of the cross-section is only known with poor precison.
8
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On the bads of wha evidence is avalable it gppears that the functiond variation of K
crosssctions with energy is different to that suggested by the usud andytica
formulae®. Since K shells ionizations are the prefered choice for microandyss, it is
catanly surprisng thet only about hdf of the dements with K lines in the energy region
of interet have been measured, and in only haf of those cases are there more than a
gngle independent st of data points for a given dement. Clearly the Stuaion could be

described as serious.

1.32L shels

Measured L shel ionization crosssections are avalable for few elements suchas S, P,
S d, Ti, W, Pt and Au — and only in the case of gold are there multiple data sets which
can be compared™®. The reasons for this lack of data are twofold. Historicaly, L lines
have been only used as a last resort in quantitative micraandyss and so have been
regarded as being of lesser interest. More practicdly, in order to derive a vdue for the
absolute cross-section, it is necessary to know the fluorescent yidd for the line In the
case of K lines as discussed beow, this is not a sgnificant problem because good vaues
ae avaladle for mogt of the dements of intere, dthough the fluorescent yidd may not
be grictly congtant, but vary with the chemica bonding of the dement**. But for L lines,
there ae some difficult issues to resolve. Frdly, fluorescent yidd vadues ae only

tabulated for a smdl number of the dements of interest. Secondly, mgor corrections
have been agpplied to the messured vdue to account for Cogter-Kronig trangtions and 0

the find result is of poor precison. Such problemsin determining the fluorescent yield



have therefore probably inhibited any mgor effort on messuring ionizetion cross
sctions Figure (1.3) shows a sdection of four of the avalable L line data sets™®,
indicating tha in addition to these vaues being unique, and therefore of unknown
precison, they only cover a limited energy range which mekes it difficult to check the

functiond variation of the cross-section againg theory.

1.3.3M Shdls

There ae no published vdues of M el ionization vaues for ay dement with an
excitation within the 50 keV energy range. The reasons for this are presumably the same
as those discussed as limiting the number of L shel vaues. In paticular, the problem of
determining a meaningful vaue for the M shel fluorescent yidds ? is complex because
of mutiple non-rediaive trangtions and so few serious atempts a messurements are
made. Additiondly, there is a lack of tested theoreticd modds agang which to
benchmark results. With the increesed interest in low voltage microandyds and the
imminent avallahility of high-resolution spectrometers, however, the need for M shell

data will increese dramdicdly and thus some initid experimentad work is urgently
required.

In summary, measured X-ray ionizetion crosssections are only avalddle for a gmdl
fraction of the lines of current interest in X-ray microandysis. Even in mogt of the cases

where data has been published, only a dngle s&t of experimenta vaues exids s0 the
accuracy and precison ae unknown. Consequently, neither the absolute vadue nor the

functiond variation with energy can be satisfactorily established and thus theoretica



Bx10° >
1 o
100 3
@ ; 3
i
m = [n]
2 ax10° a
© : 2
= ; " :
o :
W 31074 o
i a
& o
| R .
- w A& i
210° 7 4 wow OO0 T e x z "
w & -
w e st
—1 SO— — — o
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

Energy (keV)

Figurel.3 Measured L <hdl ionization crosssections for dlicon (S), phosphorus (P),

aulfur (S), and chlorine (Cl)



modds cannot be refined. In this Studtion, it is dear that dandardless andyss in any

formis, and will remain, ahighly incorrect process evenfor K lines.

1.4 Fluorescent Yidds

The fluorescent yidd ? is the fraction of ionization that results in the production of an %
ray photon. The parameter has not received a great ded of atention because of the
assumption that in any andyticd method based on  dandards, the vaue would not play
any pat other than in the characteridic fluorescence correction. However, with the
increesed use of quantification procedures that do not rey on classcd dandardization
methods, and the fact that for L and M lines the fluorescent yidd is not necessarily a

condtant, there is now aneed to know this quantity with some precision.

1.4.1 K Shell Values

The fluorescent yidlds associgted with K shdl X-—ray production have been sudied
intensvely by many workers. Additiondly, many authors have exhaudively andyzed this
data for rogue vaues and systematic errors™ °. Figure (1.4) shows a composite plot of
their data vaues covering the atomic number range from 11 to 94 and induding dl but
about haf a dozen of the possble dements. The curve is seen to be smooth and
monotonic, and the daa points have a reaive precison etimaed to be better than 5%.
Given that the measurement of fluorescent yidds is a difficult procedure often involving
a comparison of two techniques, such as Auger and X-ray excitations, eech of which has

sgnificant counting error associated with it, this is a remarkable achievement. In fact, as

14



1.0

. whi E““#’v *
= *Yii o
+n§“ﬁd"“
Hh
0.8+ o B,
b

z e
= 0.6
- Y’%;
c A8
@
2 o
@ 0.4 X
= +5
= ¥
E akw
L

0.2 .‘q.

- )
e
Fy
0.0 nm.ﬂf , . , . , . : .
1] 20 40 G0 a0 100

Atomic Number Z

Figurel4. A compodte plot of published data for the fluorescent yidd of K shl

ionizations as afunction of atomic number



a result of this effort, the K-shdl fluorescent yidds are probably the best documented of

al the congtants required for microandysis.

1.4.2L Shdl Values

The dtuation for L-shels is less satifactory as shown in figure (1.5). Sgnificatly less
data has been published, and these vaues have not been as carefully refined. Yiddsfor

elements from aomic number 40 through to 94 have been published but there are severd
gaps and the reative scatter in the data is much higher than for the K shells. This can be
atributed to the different corrections that authors have made for Coger-Kronig
trandtions in each case’®. Since this correction is typicdly about equa in magnitude to
the fluorescent yidd itsdf, the eror introduced by this gep is obvioudy high. Changes in
the chemicd bonding of the dement of interet may dso dter the corrections that have to

be gpplied, s0 leading to further imprecison in the result.

1.43 M Shdl Values

The problems that are evident with the L shels are even more pronounced for the M
shdls as shown in figure (1.6). Daa has only been published for five dementst?, dl of
high aomic number, and the magnitude of the corrections that have to be applied for non
radiaive trangtions is much higher than the find derived vaue of ?, o the precison of
the result can be expected to be poor. The evidence aso shows that the effective variaion
of ? with chemidry is lage and unpredicteble o0 that the published vdues can only
safdy be taken to gpply to the dement in the form in which it was measured.

In summary, fluorescent yidd data is of varidble qudity and quantity. In addition to the

obviousimpect on firg principle caculations of the shortcomings of the data, problemsin
16
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our ghility to accuratdy define vaues for the L and M shdls fluorescent yidds, ?, means
that atempts to determine ionization cross-section vaues, s, will dso be compromised if
X-ray-based messurement methods are employed since the production of photons varies
as s?. When the s and ? vaues are later recombined in a caculaion, the dready large

errors in each of the quantities are further increased.

1.5 Better Approach

A more useful gpproach is to abandon the effort to separate these variables and to work
indead with the absolute X-ray generation efficiency (photons per Steradian per eectron)
dgnce this is what determines detectable X-ray production. Severd sets of messurements
of X-ray generation efficiency have been reported and these results show that for K, L,

and M lines, the yield s, can be expressed in the form 718

x-ray (U) = 20 (U-1)"

where ?p is a condant for eech dement and line, U is the over-voltage ratio, and the
exponent n has avaue between 1.55 and 1.67.
A mgor pat of the work desxribed in this thess seeks to extend and improve our

knowledge of the magnitude and functiond variation of the absolute X-ray yidd.



CHAPTER 2

2.1 The Generation of Characteristic Primary X-rays

The intendty of X-ray emisson from a target bombarded by eectrons depends on the
interrlationship of the processes of eectron decderation and scattering and ionization.
The ionization of an inner shel which is required for the emisson of an Xray photon is a
relaively rae event. Mog of the eéectron energy is spent in interactions with outer,
weskly bound orbitd dectrons. The primary eectron thus suffers a large number of smdl
energy losses which are usudly described as a quasi-continuous decderation. Only a
amdl fraction of the primary eectrons produce an X-ray photon.

The probability of ionization of an inner shell depends on the energy of the peneraing
eectron, which diminishes dong its path within the specimen. After the energy of the
primary eectron has dropped beow the critical exctation potentid of a given inner shel,
no further ionization of this shel can occur. Therefore, the X-ay lines produced by this
shdl can no longer be excited. Interactions of the beam dectrons with an @om dso
incdude large changes in direction of the dectron (large-angle scatering). Some of the
scattered eectrons reemerge from the specimen surface, before their energy has dropped
beow the critical excitation potentid. The backscattering of eectrons reduces the number
of inner-shdl ionizations with respect to thet which would be obsarved if dl primay

dectrons had remained within the target (see Figure 2.1)*.



Figure2.1. Schematic representation of collisons within the target.

The first electron at the left (at ‘a’) shows large-angle scattering at the second collision
and subsequent backscattering. The dark circle at the path at the right represents an
ionization in an inner orbit which may cause the emission of a characteristic Xray
photon. Note (second path from left [at ‘b’]) that the path from the surface to point A is
larger than the depth of penetration, z. Dotted paths correspond to electrons which do

not have sufficient kinetic energy left to produce ionization of the inner orbit of interest.



In order to cdculae the average number of primary chaacterigic photons of a line
produced by one dectron dong its trgectory within the specimen, we mug therefore
quantitatively describe:
a thelossof energy of the eectron dong its path in the target (stopping power);
b the probability of ionization of the inner shells of target atoms, as a function of the
energy of the ionizing aom (ionization cross section);
¢ the loss of X-ray production caused by dectron backscatter (electron backscatter
correction factor);
d the probability of photon emisson of the line of interest subsequent to ionization

of the corresponding shell (fluorescent yidd, weight of X-ray line).

2.1.1 Electron Stopping Power

If we regad the decderation of the beam dectron within the target as a continuous

process, we can express the average rate of energy loss by means of the equation:

-dE =Sds 2.1)

The symbol E denotes the energy of the dectron a any point of the pah. For a smdl
energy loss, the energy diminishes proportiondly to the number of atoms in the way of

the dectron, and thus to the mass thickness, ds (g/on?). The proportiondity factor, S, is
cdled stopping power (eVglcn? or eV per angstrom). Equation (2.1) relates energy loss

to the actud length of path, s, rather than to depth beneath the surface, z This disinction



is necessary, since, due to scatering, the path of the dectron is larger than the depth z
(Figure 2.2).

The magnitude and vaidion of the stopping power (SP) determines the range of the
incident electron, as wel as the laterd and depth didribution of the X-ray ionization.
Hence it is an important factor in determining the spatid resolution of the andyss as
well as the magnitude of the absorption, fluorescence, and backscattering corrections.
Despite the importance of SP in any quantification procedure, microandysts have
generdly been content to derive edimaes of megnitude from the equetion given by

Bethe (1930)*° :

%€ - 785007 r Lo v nE-100EQ

2.2)
ds AE & J g

where E is the energy of the dectron (in keV), Z and A ae, repectivey, the atomic
number and atomic weight of the target, ? is the dendty of the target, and s is the distance
measured dong the eectron trgectory. J, which has units of keV, is the mean ionization
potentid and represents the effective average energy loss per ionization. Vdues of  J
have been obtained from high energy beta paticle experiments (ICRU, 1983)?° and for a
pure dement of aomic number Z are often represented by the agpproximation of Berger

and Sdtzer®!

U
58.5, -3
ngg* 10 "(keV) (23

u

J =8€.76Z +

: CD>(8) ([N
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The main attraction of the Bethe mode is that the behavior of the materid is represented
by a sngle parange, J. However, the Bethe equation is only likdy to be vaid for
energies E greater than at least the K shdll excitation energy of the materid. For dl lower

energies, J is vaiable and the equation itsdf becomes non-physicd for E< 0.85J. Many
atempts have been made to overcome these limitations, for example rewriting equation

(2.2) in the form (Joy and Luo, 1989)?2 :

9E _ g5+ 2 *Ingé.l%(E+O.85J)9
ds AE & J

(29
extends the range of gpplication of the equaion and provides improved low energy
behavior'®. Experimentd SP profiles have been obtained by direct measurements of
energy lossss in thin foils (Garber et d., 1971)%, by cdorimetry (Al-Ahmad and Watt,
1983)%*, and by extracting the energy loss function from electron energy loss spectra
(EELS?. More experimenta stopping power curves can be found in our datebase™® and

Joy et.al., 1996°.

2.1.2 lonization Cross section

If athin layer of an dementd target materid is crossed perpendicularly by i éectrons, the
number of ionizations n, of dectrons in the shdl g, of the target aoms is proportiond to
the number of aoms present, N, to that of the dectrons which cross the layer, and

inversdly proportiond to the area a over which the N aoms are uniformly distributed:

24



n=QyNia* (25)
The aomic ionization cross section, Qq , for the shel q has the dimengons of an area If
we condder a layer of materid of thickness dx (g / cn¥), the number of aoms in this

layer isequd to
N
—* a* dx 26
A (26)

90 that the number of ionizations occurring when i eectrons crossthe layer isequd to

N
dn=Q,i Aa" dx 27

Most experimenta and theoreticd invedtigations of ionization cross sections concern K-
shell. This subject has been discussed in detail in Green's thesis?’, and by Powel'?. As
discussed by Powdl, Bethe provided a theoreticd formula which can be brought into

agreement with experimentd data:

QE2 =651 10"* 7, * b * cm? eV 2 (28)

In(cq*U)
U

The tem Zz; denotes the number of orbita eectrons present in the filled shel — or
ubshdl — @, the ionization of which leads to the emisson of the line of interest. The
values of z, for the shells of main interest are given in Table 2.1

5



Table 2.1 Number of Electronsin the Filled Shell*

Leved Important Lines Zq
K Ka1,2, Kaa 2
L» L3 2
L Le1 2
L Lai,2 4
My Ma 6

The overvoltage, U = E / Ey, is the ratio of the indantaneous energy of the electron at
each point of the trgectory to that required to ionize the level . The vaues of By, ky, and
Cq ae condants which presumably are indgpendent of the target. Powell fitted equetion
(2.8) to the experimentad and caculated cross sections for overvoltages above five from
sved invesigators. He obtained fits for pars of vaues of by and ¢, for the K- and L-

shdls which are, in generd, within the following limits

by Cq
K-shell 07-10 0610
L-shell 0510 0509

A dmplified equation is given by Green and Cosdett?®, and derived from the work of

Worthington and Tomlin?®:



InU
— - -20 -2
Q=79 10E -~ (29

Powdl®® in a review of expressons for the ionization cross section recommends, for

overvoltages from 1.5 to 25, amodification by Fabre®of the Bethe equation:

65110z, *In(U, )

Q *E?= cmeV ? (2.10)
T a,U, +b,)

in which ax = 118 and by = 1.32. Moreover, empiricd and semi-empiricad cross section

formulae have aso been proposed and are widely used in gpplied worké?: 33

2.1.3 Simple Approximationsfor Primary X-ray I ntengties

Whiddington®* proposed the following model for the energy of a penetrating electron:

S =- dE/ds= constant/E 211)

Hence,

EZ- E*=c*s (212

with s given in grams per square centimeter. It was later found that the congtant ¢ changes

dowly with the energy of the penetrating electron as shown in table 2.2.
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Table2.2. Vaues of casafunction of electron energy®

E (keV) c (keV2cnfg?)
1 1*10°
2 13410°
5 18+10°
10 23+10°
20 29+10°
50 44+10°




Combining eguation (212) with Behes law far ionization cross sections (eguation 2.7)

and conddering that the number of ionizations per eectron isequd to

Eo

<N ds
n. =- RO—XxQx—dE 213
a e xQ E (213

Eq

we obtain the following expression®®
. , 4 R
n,(direct) =9.54" 10 E[Uolnuo- U,-1) 214)

for the generation of K-lines. In addition to the direct contribution, Green and Cosdett®®
cdculated the following contribution due to indirect excitation, which is caused by the X-

ray continuum:
n (indirect) =1.46" 10°%(z- 2°4uU, InU, - (U, - 1)] (219

The direct and indirect contributions to core shdl ionization were then combined and

multiplied by the fluorescent yidd W, to give the following expresson for the totd X-

ray yidd:

N
4p

w5 104%+1.46’ 102(z- 2°2% [u, U, - (U,-1)] (216
e (4]



Furthermore, incorporation of the approximation

U,InU, - (U, - 1) »0.365U, - 1)"* 217)
proposed by Duncumb® gjves
Ne =W, &2.80" 105 R+ 4.27° 10°(z- 2222 [(u0 - 1)1-67] (218)
4o é Ac [7]

It is a this point that one sees the theoreticd judtification for the 1.67 power dependence
commonly used to support some experimentd observations. However, equation (218) is
applied only to the X-ray 9gnd as generated within a specimen. Further corrections for

Specimen  obsarvaion ae required, to reae this expresson to wha is actudly

obsarved'®.

2.2 The Absorption of Primary X-rays

The primary absorption factor fy, is the fraction of the rediation directed toward the X-ray
detector which remains after emergence from the surface. It is strongly affected by the
penetration of the dectron beam, which in turn depends on the operating potentid, Vo,
the angle of observation of the X-rays (X-ray emergence angle ?), and the compostion of

the target which determines its X-ray absorption coefficient. The absorption loss can be



gndl (f, ~ 1), or, depending on the above mentioned parameters, it can be severe, and
thus introduce serious uncertainty in the andytica result. Errors in the estimate of f, are,
in fact, the mogt ggnificant cause for inaccuracy of the andyss. For this reason, the
accurate determination of the primary X-ray absorption factor is of grest importance.
Figure 22 shows schemdicdly the emergence of the primary X-rays which, are emitted
from a roughly sphericd region. The intendty didribution of the generation of primary
X-rays as a function of depth z is shown & the left Sde of the figure. The function which
expreses this depth didribution is cdled ? (2). Depth is usudly measured in linear units
such as micrometers. z (mg/cnf) denotes mass thickness.

The chaacteristic X-rays generaied within the specimen propagae isotropicdly in dl
directions. Hence, if the energy-dispersive spectrometer subtended an angle O, then a
fraction of primary X-rays generated & any given point, equa to (O/4?)1, (where I is
the average number of characteridic primary X-ray photons of the line of interest
produced within the specdmen by one impinging €ectron), moves toward the detector.
The mean angle of emergence of the X-rays is ?, but in redity the emergence angles

cover arange which is determined by the aperture of the detector.

2.2.1 Determining the absorption factor, f (?)

Snce the X-rays produced by the primary beam are cregted a some nonzero depth in the
specimen (see figure 2.3), they mus pass through the specimen on ther way to the
detector. On this journey, some of the X-rays undergo photodectric dbsorption because
of interactions with the aoms of the various dements in the sample. Following the initid

formulation of Castaing (1951)°, theintensity dl; of characteristic radiation, without
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Figure 2.2 Didribution in depth of generation of primary X-ray photons. The X-rays
emeging & an angle ? from the specimen surface, and contained within a smdl olid
angle, O, reech the detector. On their path within the target (from A to B), some photons

are absorbed.
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absorption, generated from dement i in a layer of thickness dz having dendty ? & some

depth z below the specimen surface is
d, =1,(Drzf,(r2)d(rz) (219)

where ?i(?2) is defined as the didribution of characteridic X-ray production of dement i
with depth and |; (?7?2) is the X-ray intengty of an isolated thin film. In the absence of

absorption, the totd flux generated for dement i, ligen, is

oo =1, (02 )Es.( 2)d(r 2 e

Congdering aosorption of the generated X-rays, the tota flux l;em emitted is

=1,(Dr 2)8 (rz)exp- [(m/r ) esoy (rz)d(r 2) (221)

where (W?)' is the X-ray mass atenuation coefficent of the specimen for the
characterigtic X-ray line of dement i and ? is the take-off angle the angle between the
direction of the measured X-ray and the sample surface (figure 2.2).

The quantity (/7' cc ?is caled 2 Philibert (1963)° referred to the generated
intengty ligen @ F(0), when ? is zero. He aso referred to the emitted intensity liem as F(?).

Using these terms, theratio F(?)/ F(0) iscdled f(?), which is equivaent to



¥

g‘ji (rz)exp- [(m/r) csoy (r2)]d(r2)

f(c)=

22)

3. (r2)(r2)

Theratiof(?) is caled the standard absorption terny®.
For the determination of the absorption correction A; for any dement i in a composite

Specimen, we use the eguation

A — f (C)std

- fchpec

229

The absorption correction factor f(7?) of a specific characteridtic line of dement i depends
on the respective mass absorption coefficient W?, the X-ray emergence angle ?, the
initid energy of the dectron beam E,, the criticd excitation energy Ec for K, L, or M
radiation from dement |, and the mean atomic number and mean atomic weight of the

specimen. Hence we can write

f(c)= f[(m/r)csy ,E,, E,.,Z, Al 22

Themost commonly used aosorption correction, thet of Philibert-Duncumb-Heinrich,

was developed by using an empirica expression for A22)*".



CHAPTER 3

3.1 Current gate

Electron bombardment of a solid target is the mos important practicd method of
generating characteristic X-rays, but, until recently, few measurements of the efficiency
of this process had been made, especidly a low beam energies. The rate of generation of
X-rays from an dement irradiated a some energy E depends on the product of the
ionization crosssection s(E) and the fluorescent yidd w. Unfortunatdly neither of these
quantities is well esablished independently, especidly outsde of the K-series of lines
(Fr a complee lisging of expaimentd s ad w vdues e
http://pciserver.bio.utk.edu/metrology). Even such basc data as the X-ray count rate is
hard to predict because the fluorescent yields for L and M lines are poorly documented,
and because there are few rdiable theoretica or experimentd vaues for the ionizaion
crosssections of L and M line emissons This poses a chdlenge especidly when
peforming X-ray microandyss a low energies snce such operation will rdy on the use
of L ad M lines rather than the more familiar K lines’. A search of the literature has
reveded no early L and M series measurements athough absolute L-shel ionization cross
sections have been reported for a few dements such as Art® 39 K8, xe® 40, Ayt 4243 44
and W* (See dso Refs. 2, 46, 47 ). Inspection of the currently available experimentd
data reveds that they are dill scarce for many eements and, when they are available, one

usudly finds ggnificant discrepancies between data from different authors, which are
b



often much larger than the stated experimental uncertainties'® “8. The Studion is even
worse for M shdls for which experimental data are extremely rare. New, accurate
expeimentd measurements of L- and M- dhdl ionization cosssections by dectron

impact are therefore urgently needed.

3.2 Challengesin determining inner-shell ionization cr oss-sections

The determination of absolute values of the cross-section for L and M shells, however,
poses numerous difficulties due to the fact that vacancies in a given subshel can be
produced not only by ectron impact but aso by nonradiative (Coster-Kronig) trangtions

between the subshdls. As a consequence, the intendsty of a given x-ray line depends on
the ionization cross sections of dl the subshdls, weghted by the corresponding Coger-
Kronig coefficients Consequently, to determine subshdl ionization cross sections we
have to messure the intendties of a number of x-ray lines some of which may not be
dealy redlved or may have vay low intensties Moreover, Coger-kronig coefficients
ae generdly affected by large uncertainties, which would propegate to the derived

joni zation cross sections.

3.3 Advantages of measuring absolute X-ray generation efficiencies

Conddering these difficulties, it is advissble to report the generdtion efficiency of X-rays

usudly for the mogt intense lines, rather than the cross-section for inner-shel ionization.
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By procesding in this way, Coder-Kronig coefficients, fluorescence yidds, and fractiond
emisson rates do not affect the reported experimenta data It should aso be noted that
for many applications, induding dectron probe microandyss, the god is to cdculae X-
ray intendties from irradisted samples, which can be obtained from knowledge of the
cross section for X-ray production’®. We have therefore set out to directly measure and
paameerize the absolute X-ray generdtion efficiencies (photons /eectron) for a wide
range of K, L, and M lines from different dements. All of these lines, with the exception
of the Cu K, have a criticd excitaion @ergy Ecit lower than 2.6 keV and are thus suitable
for low-energy microandyss. A complete set of such data would be of grest vadue in
goplications such as spectrum smulation and dandardiess andysis.

During the firg haf of the present century a small number of workers induding Wisshak
(1930)*°, Braxton et al. (1945)°° and Kirkpatrick and Baez (1947)°!, Dyson (1959)*
Daby (1960)*, Campbdl (1963)**, Mechnk and Tomlin (1963)°°, Hink (1964)* and
Brown and Oglivie (1964)°" have published experimenta efficiency vaues for the K
series. Hink (1965)°® and Green and Cosdett (1969)'7 have reported efficiency
measurement for the L series. The accuracy of the measurements described was limited
by the choice of the detection schemes then avalable namey, proportiond counters or
Ross filters used in combination with scintillation counters. Specificdly, data reduction
problems arose from uncertainties encountered in the determination of the shgpe and

megnitude of the x-ray continuum background. It is this quantity that must be subtracted
from the measured pesk vaue in order to give characteridic line intendties. If an ided
detection sysem (one with energy resolution better than the line width and 100%
efficency for dl measured enegies) were avalable then  pesk-to-background

3



messurements would be draghtforward, Even a low ovevoltages the pesk-to
background raio would be high and backgrounds could be determined by interpolating
between points a few eectron volts above and below the pesk vdue Energy dispersve
goectroscopy  has excdlent potentid  for such measurements because the method is
characterized by a high collection efficiency (gpproaching 100% in the 2 to 20 keV
range) and good energy resolution, and the solid angle subtended by the detector can be

accurately determined.

3.4 Ener gy-Disper sive Spectroscopy

An EDS sysem is comprised of three basc components that must be designed to work
together to achieve optimum results.

X-ray Detector: Detects and converts X-rays into dectronic Sgnas

Pulse Processor: Measures the eectronic sgnds to determine the energy of each X-ray
detected

Andyzer: Displays and interprets the X-ray data

The EDS detector converts the energy of each individud X-ray into a voltage sgnd of
proportiond sSze. This is achieved through a three Sage process. Firdly the X-ray is
converted into a charge by the ionization of aoms in the semiconductor crystd. When an
incident X-ray drikes the detector diode (usudly a S P-I-N device), its energy is
absorbed by a saies of ionizations within the semiconductor to creste a number of

electron-hole pars. The dectrons are rased into conduction band of the semiconductor



and ae free to move within the crysd latticee When an dectron is rased into the
conduction band it leaves behind a ‘hole, which behaves like a free podtive charge
within the cydd. A high bias voltage, applied between dectricd contacts on the front
face and back of the crydd, then sweeps the dectrons and holes to these opposte
electrodes, producing a charge sgnd, the sze of which is directly proportiond to the

enargy of the incident X-ray. The converson of an Xray to a charge occurs very quickly
S0 many X-rays can be measured each second™.

Secondly this charge is converted into the voltage sgnd by the Fed Effect Tranagtor
(FET) preamplifier (see figure 3.1). The output of the FET is a ‘staircase’ in which the
height of each dep is proportiond to the energy of the last X-ray detected. The daircase
is differentiated and shgped to give a Gaussan pulse whose area represents the X-ray
enagy. The more time spent shaping the pulse, the more accurate the energy
measurement. At the same time dectronic noise must be minimized to dlow detection of
the lowest X-ray energies. The darcase is resst from time to time to prevent overload.
Fndly the pulses from the preamplifier ae digitized by the ADC (Andog-Digita
Converter) where the number output is used as an address (0:1024). One count is then
added to the channd with that address and the higogram of counts versus channd

number is plotted periodicaly to produce the spectrum

3.4.1 Resolution

The performance of the EDS detector is measured by its resolution — the full width of the

pesk a hdf its maximum height (FWHM). The resolution is a property of the detector
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Figure 3.1. Charge-to-voltage conversion process.

(Courtesy:  Goldgtein et al., Scanning Electron Microscopy and %ray Microanalysis, 2
edition, p297.)
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but the actud vaue depends on the energy of the Xray measured. The specified vdue a
Mn K-a photons (5.9keV) for the detector used is 139 eV. The resolution depends on

detector dze but is dso limited by how wdl the pulses have been shgped by the
processor. Accurae shaping takes a long time so we must compromise between count

rate and resolution. Longer times give better pesk to background ratios.

3.4.2 Deadtime

The process time t sets the resolution. If it is set to be long then because Multi-Channd
Andyzers only handle one pulse & a time some pulses will be missed. This ‘deed time is
dlowed for by increasing the time dlowed for the andyds Based on the dead time the
meachine computes how much red time must be taken to collect for agiven live time.

If N pulsesare processed /sec and each takest then

Dead time = Nt

Fractional loss=1— Nt

Livetime= Clock time/ (1- Nt)

For the experiment the dead time was maintaned & 25% so we lose (1:0.25) = 0.75 of
the incoming X-rays and a 100sec (Live time) andyds took 133 sec (clock time) on the

dock. Deadtime increases with count rate (beam current and energy) and processtime.

3.5 Experimental Procedure

The measurements and the subsequent andyss of the data are a development of the
goproach first described in dassic papers by Campbel®® | Green & Cosdett'” and Lifshin
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et a'®. The experiment conssts of a messurement of the emisson rate in counts per
picoampere of beam current per second. The mgority of the dements examined were part
of a microprobe standards block. The block contains fragments of each of a number of
dements embedded in epoxy and finished with highly polished fla surfaces and Faraday
cup for the beam current messurements. The microscope was a Hitachi S3500
thermionic emisson gun SEM (Hitachi High Technologies America, Pleasanton: CA)
equipped with a Gresham EDS detector (4 P Inc: Radegh, NC) with an energy resolution
of 139 eV. The multichannd andyzer was an Apple Macintosh based system controlled
by the N.I.ST software package DTSA — Desktop Spectrum Andyzer® ( Fiori e 4.,
1992).

The SEM was equipped with a Deben ‘ Sorite automated stage which meade it possble to
move rgpidly between different dement aress on the block and the Faraday cup location
to check the beam current, and dso made it possble to mantan precisdy the geometry
of the experiment to ensure that the detector take-off angle (35°) and the solid angle
subtended by the detector a the sanple were hed congtant (figure 3.2).Measurements
were made for livetime period of 100 s and severa such measurements were averaged a
eech energy. The beam current was measured immediatdy before and after each run
usng a Kethley 414A picoanmmeer and was adjused over the range 80pA to 1.2nA to
mantan an approximatdy condant count rate with energy. This current was enough to

generate 20,000 — 100,000 counts for each pesak to ensure good Satistics except for very
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low overvoltages The net intendgty of the chosen X-ray line was obtained by usng a
DTSA background subtraction routine which uses a "Free Quadratic' moded, a second

degree energy polynomid that has extra freedom to cause a "good" fit over a wide energy

range

3.5.1 Background correction

Two or more "Background ROI's (regions of interest)" are required to be judicioudy set-
up in pesk and atifact free regions of the spectrum for which it is desired to remove the
background. The ROI's were chosen to be near the peak (eg., one ROl on each sde of
the pesk). Since incomplete charge collection can cause a digortion on the low energy
dde of a pesk, eypecdly in the 35 keV range the low energy ROl was placed
asymmetricdly further from the pesk than the high energy ROI (that can be placed quite
close to the pesk). Then a linear background subtraction method was used to get the net
intengty of the pesk. Figure 33 illudrates this method for a tungsen (W) Ma line a an
incident beam energy of 5keV (U =5/ 1.775= 282). Asshown in figure,

The pesk intensity (169 — 194 eV channd) = 131142 counts

Left ROI (160— 165 eV channel) = 4077 counts

Right ROI (195 — 200 eV chanrd) = 2864 counts

Netintensity = 131142 — 25(4077 + 2864)/ 10 = 1137895

Since the measurements were done for pure dements, the effect of absorption edges (sdf-
absorption) on the background continuum is not expected to be Sgnificant. For eech of
the dements examined the energy windows over which integration was performed were

those suggested by the DTSA software for the specified detector resolution. For the K-
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lines this window induded only the Ka contribution; for the L-lines the mgor component

in the window was Laz lines, and for the M-lines the mgor component was Mau lines

3.5.2 Count rate variation results

Since the live time correction is variable, depending on the count rate, one method of
checking its accuracy was to check and see if the yidd (which is on a per-electron basis)
was independent of the beam current. There was essentidly no vaiaion in the yied
determingtion & various count rates in spite of the varigble live time correction. Fgure
(34) shows a typicd experimentd curve of X-ray count rate in units of photons per
picoampere of current per second as a function of beam energy. To avoid dutter only few
representative vaues are plotted, but the overdl form of the count rate is the same for
every dement regardiess of the shell type.

At energies just aove the criticd energy for the line the count rate is very low but it rises
rapidy as the overvoltage increeses and by 20 keV it is typicdly between 1 and 10
photons pA™? s'. The asolute magnitude of the counts depends on the collection
efficiency of the EDS detector employed, and 0 is specific to a paticular dectron beam
column and andyzer, but the shape of the curve is deperdent only on the detals of the
generation and subsequent escape of fluorescent X-rays from the target®. For andyticd
purposes, the generation efficiency will be plotted as a function of the overvoltage U = E
| Bt (Where E is the éectron beam energy and Egi; is the criticd excditation energy for

theline).
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3.6 Data Analysis

Collected data were fird background-subtracted as described above and illustrated in
figure 3.3. Converson of the number of messured counts per second (Ny) to the yidd
(Nk/4?), expressed in photons /incident electron /geradian, was then performed by use of

equaion 3.1

= m_ (3.)

where

f(c) = absorption factor (Heinrich's value)®*

O = s0lid angle subtended by the detector

D = detector absorption correction (for window, contact, and deed layer)
i = measured beam current

C = conversion from measured current to €ectrons/'second.

3.6.1 Absorption correction

Following Green & Cosdett (1968) and Lifshin et al.(1980), let the number of X-ray
quanta per sterad per incident electron observed a an angle ? to the surface be N(?)/4p
and let the number of quanta generated per derad per incident eectron within the target

be N/4p. Then using the notation of Castaing & Descamps®?



N(?/4p = f(c).N/p (3.2

where f(c) is the correction factor for sdf-absorption in the sample of the generated X-
rays, ¢ is (U/? cosc? and (U/?) is the mass absorption coefficient of the target materid
for a given characterigic line. At the teke-off angle of g = 3° used for these
measurements the f(c) correction for sdf-absorption is generdly not a mgor factor with
f(c) typicdly >095. For the andyss performed here the vaues of the mass absorption
coefficients were taken from the tebles in Goldstein e al.”, which are based on the data
sets prepared by Henrich e al a NIST. The appropriate vaues of f(c) were then
computed from a Monte Calo dmulaion (for example gold M-line absorption correction
in figure 35). Because the samples were not cleaned in'stu and the surface is

contaminated, dlowance is made by induding the effect of a carbon contaminant layer

(~1nm) on the result for the take-off angle of g = 35°53

3.6.2 Detector Quantum Efficiency

The observed count rate is related to N(?) by the efficiency ? of the EDS detector which
depends in turn on the solid angle subtended by the detector a the specimen, and by the
transmisson efficiency of the window in front of the detector diode.

The efficency of a detector is specified in terms of its detective quantum efficiency

(DQE) defined from the relationship®

DQE = (gN)Zexp/ (QN)Ztheory (3-3)
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where (SN)ep is the experimertaly obtaned sgnd-to-noise ratio (SNR) from a detector,
and (S'N)theory is the predicted SNR from a pefect detector under the same conditions.
The DQE is thus dways less than unity and is a measure of how efficiently the detector
makes use of the radation reeching it.

To find the DQE of an energy-dispersve x+ay (EDS) detector, the god is to be ddle to
deduce the geometric collection efficiency of the detector, so the messurement was done
a an x-ray energy where the quantum efficiency of the detector diode itsdf is unity and

where the tranamisson of the window in front of the detector is dso unity. Both of these
conditions can be satidfied for al detectors by performing the measurement at the copper
K-line (8.0keV). Smulaions peaformed usng the NIST-NIH program DTSA show tha,
for norma incidence on a pure copper target a a beam energy of 20keV, the emitted flux
of Cu K-ine radiation is condant to much better than 1% for any teke-off angle > about
5°. The emisson therefore closely approcimates an ided hemisphericd pattern and
experimenta measurements can then be peformed for any detector geometry (azimuthd
position and take-off angle) without changes to the form of the calculation.

The geomeric efficiency teem  (which depends only on the solid angle and S0 is energy
independent) was cdculated both by direct esimaion from the geometry of the detector
collimator and diode and by messuring the detector quantum efficiency (DQE) of the

detector which was obtained by comparing the messured yidd for the Cu Ka line a 18
keV with an average of published vdues for the efficiency of Cu Ka production & an

overvoltage ratio U=2 (18 keV).These measurements give avaue of 0.003® (figure 3.6).

These conditions were used because the detection efficiency of Cu Ka linea U=2is
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dmog unity due to negligible absorption in the detector window and there are severd
independent sets of data for the generation efficiency of Cu K lines a U=2. Errorsin the
geometricd  efficency term will not effect the rdative yidd efficdencies found for

different dements but will change their absolute magnitude.

3.6.3 Window transmission correction

The radigion emitted from the specimen must pass through severd layers of “window"
materid before it arives in the "active' pat of the detector. The nomind purpose of the
fird window materid is to protect the cooled detector chip from the rdaively poor
vacuum in the specimen chamber which can be high in water vapor and organic
components because of frequent exchanges of the specimen. It is very important that
these components do not condense on the cooled detector. Even with a protective
window, ice will build up, over a period of time which will asorb lower energy x-rays.
Modern detectors have specid heaters to remove this ice buildup, some of which actudly
originates from the detector assembly and cryodtat a the time of manufacture. This
problem can be overcome by the use of high vacuum condruction practices. Since many
modern  scanning and  trangmisson  eectron  microscopes  themsdves  are  ultra-high
vacuum devices, the purpose of the window is actudly to protect the microscope vacuum
from that of the detector®®.

The protective window maerids are condructed of thin films on a support grid having
agoproximady 85% open space. Low energy x-rays, such as oxygen or carbon, will only
pass through the un-backed portions of the film, while more energetic x-rays (>8 keV)

can pass both through the film and the support grid. The grid is usudly pure dlicon or a

4



metad such as nickd and the window maerids are dther boron nitride, slicon nitride,
diamond, or ae polymeric. Snce thin films of these materids are transparent and the
detector is dso sendtive to vighble light, it is @ther necessary to diminate possble light
sources or to goply an opticaly opaque layer to the protective window. Light sources
indude microscope  illumingtion  sysems, viewing ports, and  light leeks however,
gpecimen  cathodoluminescence is rarely intense enough to cause a serious problem. The
second window layer is an dectrica contact (about 10-20 nm and usudly gold). Gold hes
been observed to form “idads' during the evgporaion process and hence is not uniform
in thickness. The third window layer congsts of inactive p-type slicon extending 100
200 nm or less into the detector. This layer is dso not uniform and is often cdled the
"dead laye” or "dlicon dead zone'. The combined effect of these Au and S layers is
often overlooked. In redity, their effect is as great, or greater, than that of any of the new
"thin" window materias

During passsge of x-rays through dl of the window layers, absorption occurs. It is
important to recal that photoeectric absorption refers to a process in which x-rays are
diminished in number, but not in energy, thus the energies of the observed spectrd lines
are not dtered by the effects. Absorption by the gold and dglicon layers is much less
sgnificant because of the smdl mass thickness of these layers. However, a noticegble
change in the xray continuum is obsarved a the absorption edge of dlicon and to a lesser
degree a gold. Just aove the energy of the absorption edge the mass absorption
coefficient increeses doruptly, resulting in a decreese in the measured continuum X-
radiation. The heght of the resulting step is an indication of the thickness of the layer.
Note that the action of the broadening effect of the detection process causes the

%



absorption edge, which in redity is a shap change of absorption over a range of about |
eV, to be smeared over a much broader range, typicdly 100 eV for the slicon absorption
edge.

The window tranamisson, which deperds on the energy of the Xray line was computed
by making a bes fit to an expeimenta cabon (Highly Ordered Pyralitic Grgphite)
continuum spectrum by iteratively refining the paameters defining the detector like
window maeid (eg., Au layer, dead layer, Al, ice etc) and thickness by usng the
DTSA gspectrum smulaion tool over the energy range 5006V to 20keV. Errors in the
computed window &bsorption will affect both the redaive vaues between different
edements and the absolute magnitudes. However, because the detector window is of the
amospheric thin window (ATW) type the window trangmisson efficiency exceeds 85%
for dmost &l eements and as a result absorption will not to be a significant problent.

The efficiency of the detector as a function of photon energy is shown in figure 3.7.
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CHAPTER 4

4.1 Discussion

By knowing the efficency of the EDS detector and the necessary f(?) correction, the
measured yield in counts per picoampere per second were corrected to give N / 4? — the
generation efficiency of Xrays within the target in photons per seradian per dectron. As
firg shown by Compton & Allisorf’, the magnitude of N / 2 for K lines hes a functiond

vaidion with the overvoltage U of the form

N/4? = No/4?x (U-1)" = A (U-1)" 4.)

The measured data are therefore plotted (figure 4.1) on the logarithmic axes as a function
of (U-1). It can be seen tha the agreement between the proposed power law behavior and
the experimentd data is generdly good. For the eight K lines messured (S, Sc, Ti, V, Cr,
Fe Co and Cu), the magnitude of the exponent ‘N’ determined by a fitting procedure
vaies from 1.21 for S to 1.83 for Fe to 2.0 for Cu. These vaues are in good agreement
with those quoted by other authors®. The efficdiency pre-factor A in equation (4.1) varies
from 6.0 x 10° for S t0 1.0 x 10 for Cu.

The efficiency data for the Sc, Ti, V, Cr, Fe, Co, Cu, Ge, Zr, S, S, Hf, W, Ir, P, Au ad
Pb L- lines cdculated from the messured count rate data as discussed above were aso

plotted againgt the (U-1) on the logarithmic axes. The datafor sdected ementsis shown
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in figure 4.2 to avoid excessive overlgp of plots It can be seen tha the Compton and
Allison equation dso gpplies to the L data The vaue of the corresponding pre-factor A
vaies from 50 x 107 for Scto 90 x 10° for Ir and again curves generdly incresse with
atomic number. The vadue of the exponent ‘N’ Ao rises with aomic number and shows a
wider range than for the K lines varying from 033 for Ti to as high as 249 for Au.
Fgure 4.3 shows the vaidion of X-ray generdtion efficiency for the M-lines of Hf, W,
Ir, Pt, Au and Pb plotted as a function of (U-1) as before. The shape of the generation
effidency profile when plotted on the logaithmic axes agan agrees wdl with the
Compton & Allison eguation. For M shdls, ‘n’ varies from 0.85 for Hf to 1.31 for Pb
ranging intermediate between the K and L values where A varies from 80 x 10° for W to
3.0 x10*for Ir.

Table 4.1 shows the prefactor and exponent vaues of X-ray yidds Note tha the
efficiency a U = 2 is equd to A. The exponent vaues of L and M lines quoted are those
determined a higher overvoltages (U>2) because the datistics of daa collection a low
overvoltages were not good enough to be representative of the behavior of the pure
edement. Figure 4.4 shows the vaiaion of the generaion pre-constant A in the efficiency
equation as a function of aomic number. It is interesting to note that A is higher for K
lines and M-ines than for L lines This reult is not immediady obvious from an
examinaion of cross-section and fluorescent yidd data The dependence of generation
efficiency on the overvoltage as well as aomic number is shown in figure 45. As can be
sen from the plot, the X-ray yidd increases with both overvoltage and atomic number.

Also at higher overvoltages, the generation efficiency of K linesisgreater than L lines
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Table 4.1 Efficiency and exponent vaues of X-ray yidds.

Element Shell Exponent ‘n’ Pre-factor ‘A’_
(efficiency at U=2)
S K 121 6.11E-05
K 1.65 6.18E-05
L 0.97 A82E-07
Ti K 1.70 6.63E-05
L 033 159E-05
v K 1.65 7.78E-05
L 0.63 104E-05
Cr K 177 7.12E-05
L 0.65 161E-05
Fe K 1.83 704E-05
L 0.80 1.33E-05
Co K 1.77 8.34E-05
L 0.68 368E-05
Cu K 2.00 1.00E-04
L 0.78 1135-04
Ge L 1.36 219E-05
Zr L 1.33 472E-05
Sn L 162 3.30E-05
So L 1.32 417E-05
Hf L 2.06 647E-05
M 0.86 1.13E-04
w L 1.82 6.39E-05
M 111 803E-05
Ir L 2.06 946E-05
M 073 290E-04
Pt L 2.44 6.19E-05
M 1.07 807E-05
Au L 2.49 757E-05
M 0.85 1.70E-04
Pb L 2.20 7.55E-05
M 131 806E-05
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which are in turn grester than the M lines. But as the overvoltage drops to 2 i.e, (U-1) =
1, the generation of M lines become more efficient than that of L lines. Figure 4.6 shows
the variation of exponent ‘n with atomic number. It can be seen that the dope of the
curves decreases from K sdl to L shell to M sl

While theoretica cross-section data may not be accurate enough to predict an absolute
yidd €fidency, it is indructive to compare rdative yidds from these modds agang a
dandard such as Cu Ka. To undestand the behavior it is necessxy to compare
experimenta and theoreticd vadues. The compaison between the generaion efficiency
of K-lines a (U-1)=1 for the experiment and the Smulated data using WINCASINO®
and the Casati , Brown-Powdl and Gryzinky cross-section modds is shown in figure
47. The experimenta data were corrected for the detector efficiency, solid angle and
absorption while the smulated data is only corrected for absorption. This does not affect
the relative trend of the profiles and it can be seen there is a monaotonic variation of X-ray
generdtion efficiency with aomic number for K- shdls. Also dl the three modds seem to
predict reaive K-shdl efficency wdl within 5 percent eror.  Smilaly, data was plotted
for L-lines in figure 48 and here dso a monotonic vaiaion of X-ray generdion
efficency with aomic number can be seen dthough the modds consdered are off by 30

percent error.

In figure 4.9, comparison between experimentd and smulated data for M-lines is shown
and it is interesing to note that the experimenta curve follows the Casnati modd within
30 percent eror. The erors in the experimentd data of L- and M-lines could be due to

poor satistics a low overvoltages and pesk overlgp making the background correction
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inaccurate. Also the discrepancies in mass absorption coefficient data used in f(c)

correction could add to the errors.

The comparison confirms that both the experimenta and theoreticd X-ray yidd daa hes
a dmple functiond variaion with a@omic number a a fixed overvoltage unlike the
complex variaion of the ionization cross-section. The monotonic behavior of the
efficiency, and of the ‘A’ and ‘n’ variables which describe it, implies that the data can be
successfully  parameterized. This makes it possble to predict efficencies essly and
accuraedy for any chosen enegy. In addition this knowledge of efficdency can be
employed to edimae cross-section for dements where no direct measurement is feasble.
This requires a knowledge of the fluorescent yidd and for L- and M- shels such data is
scace and unreliable because of the correction required to account for Coger-Kronig
trandtions and in addition ? may vary with bonding. However, as shown by Eades e d.
(to be published) fluorescent yidds of K, L and M lines fdl on a universal curve when
plotted agang their exctation energy. Although a rigorous theoreticd explandion is dill
missng for Eades hypothess, it suggests that missng ? vaues for L and M lines can be
edimated with good rdiability. Comparing these vadues to the fitted generation efficiency

then dlow sto be derived as a arting point for further theoretica studies.



PART 2

Secondary Electron Spectroscopy



CHAPTER 5

5.1 Background

When the surface of a solid is bombarded with charged particdles of sufficient kinetic
enagy, emisson of dedrons by the s0lid may be obsaved. This phenomenon of
secondary eectron emisson was discovered by Augin and Starke in 1902 in a dudy of
the reflection of eectrons by metas they observed tha under certain circumstances more
dectrons were emitted than were incident, indicaing tha the bombarding primary
dlectrons liberate eectrons from the solid®®.
When a beam of primary dectrons drikes the surface of a solid, a cetan fraction is
eadticdly reflected and the remainder penetrates into the solid. The primaries that enter
the solid will lose energy by exciting lattice dectrons into higher energy levels. The latter
may then move toward the surface and a certain fraction will escgpe from the solid as
secondaries. It is ds0 possble that a primary dectron, which has log pat of its energy
ingde the solid, returns to and escapes from the surface as a result of Rutherford
scatering; such dectrons ae cdled indadicdly reflected primaries. The dectrons
leaving the surface are therefore distinguished between three categories’®:

a) Eladticdly reflected primaries

b) Indadticaly reflected primaries

) “True’ secondaries



This is better explaned by reference to figure 51, which shows a typicd energy
digribution of the eectrons emitted from a meta surface. The dectrons in region Il
correspond to dadicaly scattered dectrons and dectrons which have collided  with
phonons losng energy of the order of a few hundredths of an eV. Electrons which lost
more energy gopear in region Il. This region is chaacterized by cetan pesks
correponding to indadic collisons of the incdent (primary) dectron with plasmons
(collective ostillations of the dectrons) and with other eectrons The energy of these
pesks is fixed reative to the primary energy (they lie between 2 and 50 €V bdow it) and
is determined by the excitaion energy of plasmons and of interband dectronic
transactions. Region | congsts of the true secondary dectrons which are generated by the
cascade process’’. Because of a series of (random) collisons that (presumably) occur
between the initid one (involving the incdent dectron) and the find evert, ie the
ecape of the secondary dectron from the metd, the later retains very little information
about the incident eectron. Consequently the shape of the energy and angular digtribution
of the emitted secondary eectrons should be practicaly independent of the energy E, and
of the direction of the incident dectron beam, provided Ep is sufficiently large It is
imposshle to drav a shap didinction between true secondaries and indadticdly
reflected dectrons, in fact, from figure 5.1 it is evident that the flat region of the curve
condds of mixture of the two categories Somewha abitrarily, the term “true
secondaries’ uaudly refas to dl those dectrons with an energy beow about 50 eV.
Following ther discovery a the beginning of the twentieth century SE were the subject

of intense experimenta study for a period of 20 years or more from the early 1930s,

A
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resulting in the publication of hdf a dozen books (see for example Bruining, 1942) on the
topic.SE emisson has been reviewed by Bruining (1954)"%, Kollah (1956)”, Ardenne
(1956)4, Jonker (1957)™, Dekker (1958)7¢, Hachenberg and Brauer (1959)”7, Whetten
(1961)"®, and Bronshtein and Framen (1969)’°. Expeimentd and theoreticdl work is
described by Kanter (1961)%°, Jehrreiss (1965)%', Wity (1966)%, Mayer and Holz
(1966)%3, Sdler (1967, 19682 &, Applet (1968)%°, Smon and William (1968)%7, Seeh
(1969)%8, Drescher et. al. (1970)°, Shimizu and Murata (1971)%, Kanaya and Kawakatsu
(1972)%*, Muraa (1973)%, Shimizu (1974)%, Fting (1974, 1980)°*%°, Willis and
Feuerbach (1975)%°, Voreades (1976)°, Fillon et al. (1976)°®, Chung and Everhat
(1977)%°, Remer and Drescher (1977)'%°, Kanaya and Ono (1978)'°%, Alig and Bloom
(1978)'%?, Ono and Kanaya (1979)*°°, Ganachaud and Caller (1979)'%, Chase et al.
(1980)1%°, Roder and Brauer (1981)1%, Cailler et al.(1981)'%7, Sdler (1983)!8, Halbritter
(1982)'° to name a few. This research effort did not, however, produce as much
fundamenta data as might have been expected because the usud god of this early work
was to demondrae tha the vaiaion of the SE yidd with incident dectron energy
folowed a ‘universd lav (Sdler, 1983)!%, and to find the parameters describing this
profile The advent of the scanning dectron microscope (SEM), which rdies on
secondary dectrons for its mogt popular mode of imaging, ensured continuing interest in
the properties of SE dthough again most experimentd work has been concentrated on the
yidd vaidion with energy because of its importance in undersanding the charging
behavior of insulaing samples'®*!! | However, many users of SEM have begun to

recognize that a knowledge of the energy spectrum of the secondaries would be of vaue



in interpreting images and in desgning more efficdent and contrast gpecific  detector
Syg:e,nsllZ, 113, 114.

Unfortunately athough there are many papers that refer to SE spectroscopy (Whetten &
Leponsky'™®; Modinos; Keneko'®; Seka et al''®) these are often of limited vaue for
usrs of the SEM because the data have been recorded in an ultrahigh — vacuum (UHV)
environment from dean sample surfaces. By contras, most SEMs only provide a
relatively poor vacuum in the specimen chamber, and s0 sample surfaces are invariably
covered with films of hydrocarbon, oxide and water. The maximum depth from which
secondary eectrons can escgpe to the vacuum is generdly taken to be the order of 5
10nm (Seler’®; Alig & Bloom!%% Gras & Bastawros'!’). This distance is of the same
scae as the expected thickness of the contaminaing surface layers, and thus it is usud to
assume that the spectrum of secondary dectrons measured under such conditions would
be quite diffeeent to tha messured from a dean sample and might indeed be
representative only of the surface films themsdves. The purpose of this sudy is to test

whether or not that assartion is correct, and to determine the nature, and the possble

utility, of the SE spectra that might be encountered in an SEM environment.

5.2 Experimental Procedure

Secondary dectron gpectra were recorded in a Schottky fiedld emisson gun PHI mode
680 scanning auger nanoprobe (SAN) (Physcd Electronics, Eden Prairiee MN, U.SA)),

equipped with a cylindricd mirror andyzer (CMA) with an energy resolution better than



1 eV. Although the specimen chamber vacuum of the PHI SAN can gpproach 107 Pa no
attempt was made to gpproach that leve during these experiments. A totd of 32 different
materids were examined, the mgority of these beng taken from a multi-dement
dandard block (Energy Beam Sciences, Agawam, MA, U.SA)) desgned for X-ray
microandyss. The surface of the standard was prepared by mechanicad polishing so as to
produce a mecroscopicdly flat, and microscopicdly smooth, surface. Regardless of thelr
origin or hidory dl samples are examined ‘as receved with no additiond deaning of
any kind. For compardive purposes, however, some samples were dso ion Sputter
cleaned in gtu in the SAM &fter the initid examination ad then remeasured in a clean
condition.

The spectra were recorded digitaly usng the software of the PHI 680, which was
operated in the range 1-10 keV with beam currents of the order of 10nA. The dwdl time
per channel was about 0.1 s and Six to eght were acquired and then averaged to yield the
find gpectrum. Because the detector responds to both the energy and the number of
electrons recaived the spectrum recorded represents the quantity E.N(E), where N(E) is
the number of dectrons emitted within the 1 eV- wide acceptance energy window of the
CMA a the energy E, as a function of E. The sample was oriented normd to the beam
and to the entrance axis of the CMA, which accepts dectrons over an angular range of 42
+ 6 integrated around the full 360° azimuth. The anayzer was operated a a resolution of
1 eV intervds from zero upto the incident beam energy (typicdly 1 or 3 keV). The
kinetic energy Exin of dectron leaving a sample which has a work function ? is measured

by the dectrostatic energy analyzer as E kin (Oechsner, 1993)8 where



E kin = Ban + 2— 24 ()]

and ?, is the ‘andyzer work function’ and a congtant of the gpparatus. The andyzer is
initidly cdibrated, and ?, is determined, from a reference copper sample adjusted 0 that
the characteristic Auger edges occur a their correct energies. When measurements are
meade from specimens that have a different locd work function the resultant shift in the
spectrum is compensated by changing the bias U applied to the sample so that Eyin is
zero when Eyn is aso zero This occurs when eU = ? - ?4 where e is the dectronic
charge. This ensures that Auger pesks dways show a ther expected energies, but masks
the shifts in the onsat energy of the true secondaries that occur as a result of work
function variations™®, The complete emisson spectra in most cases displayed the
expected Auger pesks from the maerid under observation, together with carbon, oxygen

and sulphur pesks from the surface confirming the contaminated nature of these samples.

5.3 Reaults

5.3.1. From pure elements

Fgure 5.2 shows the E.N(E) againg E spectra recorded from ten dements — Al, Ag, Cr,
Hf, Pd, Rh, Sb, S, Sh and Zn — a 1 keV beam enegy usng the conditions described
above. The beam current and cdibration conditions were mantaned condant through
this series of measurements so the relaive heights of the profiles are directly proportiond

to their SE yidd coefficient at 1 keV. Although there is a definite generic shape to the
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spectra it is evident that there is a condgderable degree of varidion between them. In
evary cae there is an initid rgpid rise in the sgnd amplitude to a pesk vdue. This pesk
is then followed by a region over which the d9gnd again fdls with increesng dectron
energy. For light dements, such as duminum and slicon, the pesk occurs a about 56 eV
and is quite pronounced. For heavier dements the energy & which the pesk sgnd
amplitude is observed seems to rise, reeching 15 eV for Pd, and the pesk becomes less
well defined and broader. Beyond the pesk pogtion in the spectrum the sgnd amplitude
fdls rgpidly for the low atomic number dements such as Al and S, but more dowly for
heavier dements such as Pd and Rh. In most cases the SE spectra were found to be quite
reproducible, as demondrated in figure 5.3, which compares data from randomly sdected
pieces of dlicon wafer. The ‘dd spectrum, recorded on a PHI 660 SAM, was taken 2
years before the ‘new’ dda derived from the PHI 680 used for the mgority of the work in
this sudy. The spectra have been normdized to the same maximum heght, and show
very close agreement in ther shape and profile. A camparison of data from other samples
recorded & time intervas varying from a few months to a year or more dso showed little
or no change.

The form of the EN(E) SE spectra were examined as a function of beam energy, as
illugrated in figure 5.4, which compares slicon SE spectra recorded a 1, 1.3, 2 and 3
keV. The shgpe of each of the spectra is seen to be quite smilar a dl energies, but the
magnitude of the yidd is scded in vaue by the seedy fdl in SE yidd as the beam energy
is increesed. For dl of the specimens used in this work it was confirmed thet the form of

the gpectrum was, to a good gpproximetion, independent of the incident beam energy.
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Fgure 55 shows the same data as figure 5.2, but now replotted in the N(E) vs. E format.
In this representation the amilarities in the generd gppearance of the spectra from the ten
eements are more evident, because each congsts of a wel-defined pesk followed by a
more or less rgpid fdl in intendgty. In two cases (Pd, Rh) there is dso evidence of a
subsdiary shoulder, or minor pesk, & a higher energy than the man pesk. There ae
clearly differences in the energy a which the highes sgnd intensty occurs, and in the
width of the pesk, but these are less evident than the variations observed in the E. N(E)
representation. When seeking to understand the processes that influence the details of SE
imaging in the SEM the N(E) profile is dearly the more rdevant form in which to present
the daa However, for the purposes of discusson the EN(E) spectrum is more
convenient because it not only makes differences between spectra from various materids
more evident, but it dso compreses the dynamic range of the data, which dlows the
shgpe of the spectrd profile to be more conveniently viewed across the full 50-eV

window.

5.3.2 From compounds

For comparison, figure 5.6(a b) show sdected SE spectra, again obtained a 1 keV and
under the same conditions as for the previous samples, from a group of compounds rather
than pure dements. Four of the maerids shown here are compound semiconductors —
CdTe, GaAs, GaSh and InP — and the fifth is the widdy used polymeric ress materid
poly methyl methacrylate (PMMA). As before dl of the data were recorded with congtant
gan cdibration s0 the relative height of the profiles scaes directly with the SE yidd of

the material. The E.N(E) spectra (figure 5.6a) look smilar to the examples from dements

&
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shown in figure 5.2, but each contans a didinct shoulder on the high-energy sde of the
man peek. It is not yet possble to say definitdy whether such shoulders — are which are
vigble in both the EN(E) and the N(E) spectra — are dways to be expected when
examining a multi-eement target, or whether this phenomenon is specific to the materids
that were chosen for this examinaion. However, spectra obtained from more chemicdly
complex materids, such as 166 danless ged E.N(E) shown in figure 5.6( c), as wel as
from bronze and severd other photoress materids, do usudly show evidence of a

second pesk, suggedting that this festure is indeed characterigic of  muticomponent

systems.

5.3.3 Effect of cleaning

In mogt cases samples were dso deaned in Stu in the chamber after the initid
measurement and then re-examined. The deaning was peaformed by sputtering the
sample area with a low-energy ion flood gun for a period of aout 2 min. This was
generdly sufficient to diminate any trace of contaminants from the spectrum as deduced
from the Auger spectrum. Figure 5.7 shows the before- and after- cleaning N(E) spectra

for Ag, Cr, Al, and InP. For convenience the as-received and ion-sputtered spectra have
been normdized to the same maximum height to faclitate comparison because the SE

yidd dfter the ion deaning was typicdly 30-50% higher than that measured in the as
received condition.
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The SE yidd is reduced when the surface is dirty because the contamination layer
charges pogtively, recollecting some of the emitted SE Sgnd. The differences between
the asrecaved and ionsputtered spectra are mostly minor in nature. In each case the
pesk energy shifts upwards by aout 1 eV after ceaning, but the width and shepe of the
profile remains essentidly unchanged. The differences are larger in the cases of Ag and
Cr then for the Al and InP samples but this may be the result of the previous higory of
these paticular specimens or the nature of the contaminants that are present in these
gpecific cases rather than any fundamentd effect. Overdl it is clear that the ‘as-recaived
soectra ae very close in form to those that can be obtained after removd of surface
contaminants, implying that a large fraction of the emitted secondaries pass through these

layers with only minima disturbance.

5.4 Discussion

5.4.1 Characterigtics of the spectra

The shapes of the EN(E) spectra are too diverse to permit a useful @scription of them to
be given in tems of a few smple vaiadles The N(E) spectra, however, have a
aufficiently generic form that can be described in terms of a few parameters. The two
mogt ingtructive have been found to be the most probeble energy (Seiler, 1983)!%8, ie the
energy of the mgor pesk in the N(E) spectrum, and the energy window (darting from the
zero channd) within which 50% of the tota emitted secondary eectron sgnd occurs
Table 51 ligs the vdues of these quantities for the 32 dements and compounds

examined so far, and for 1 keV beam energy. It can be seen that the pesk energy is

A



Table 5.1*° Pesk energy and vaue a which 50% of the total emitted SE signdl occurs
(both vauesin eV)

Materia 50% width Pegk energy
Al 8 5
Ag 10 6
Au 11 5
C (assHOPG) 6.5 5
Cd 10 5
Co 8 5
Cr 10 4
Fe 9 5
Ge 10 5
Hf 9 5
Mo 9 5
Nb 9 5
Ni 9 5
Po 10 5
Pt 11 5
Rh 9 5
Ru 13 11
D 5 115
S| 6.5 4
S1 10 5
Ta 9 5
W 10 5
Zn 8 5
zZr 9 5
CdTe 9 6
GaAs 10 6
Gash 11 6
InP 9 6
Bronze 10 6
Sed 10 6
PMMA resst 11 6
ZEPress 18 8




typicdly about 56 €V, with the lowest being for dlicon (4 €V) and the highest (11 €V)
for Rh and Sb. These vadues are significantly higher than the 23 eV typicdly measured
for dean samples under UHV conditions (Modinos, 19857, from partidly desned
samples examined a UHV (Whetten & Laponsky'™®; Blelocht'?), and from insulators
examined usng a low duty-cyde pulsed beam to diminate charging (Yong & Thong,
2000) 4. Because a thin layer of surface contamination acquires a positive charge during
irradiation in the microscope the lowest energy secondaries passng through the film will
be those most drongly retarded, leading to an upward dhift in the gpparent pesk pogtion.
However, the fact that the pesk energy of the samples increased ill further rather than
decreased dfter being cleaned in Stu is anomdous. This may be evidence that ion
cleaning causss surface roughening on the nanometer scde comparable with the SE
exape digance. Such an effect would tend to enhance the emisson of higher energy
secondaries because the indagtic mean free path fdls dgnificantly as the energy is
increased from1to 20 eV.

The energy window within which 50% of the SE sgnd is emitted is a measure of both
the rdative width of the main pesk, and of the rdative weighting of the lower and upper
portions of the spectrum. The mean vaue is typicdly 10-11 eV, indicating the dominance
of the lowest energy dectronsin the sgnd, with alow of 5 eV for antimony and 6.5 eV

for dlicon and highly ordered pyrdlitic grgphite (HOPG), and a high of 18 eV for ZEP
photoress and 13 eV for ruthenium. The vaue is highet for maerids such as

compound samiconductors and polymers, which are poor dectricad conductors. With the



exception of antimony, which digplays both the highest pesk energy and the smdles 50%
window width, there does not seem to be any corrdaion between pesk and width
parameters.

It is evident, from the data presented above for a wide range of materids, that the SE
soectra in ather ther EN(E) or N(E) format are not homogenized by the presence of
aurface films but digolay pronounced differences. Furthermore, the spectra obtained
under these conditions seem to be property of the underlying materia because they do not
greetly vay when the contaminant layers are removed in Situ. This is further confirmed
by the reproducibility of the spectra obtained from different samples of the same materid,
or recorded a different times from the same specimen. This is not the same as
demondrating that these differences in some way are a characteridic expresson of the
chemigry of the target materid rather than of the overlying contaminant surface layer. To
prove this would require some indication that spectra acquired from other, smilaly
prepared, materid but from quite independent sources show the same characterigtics.
Vey few other SE spectra taken under ‘SEM’ conditions have been published, but some
vauable comparative data have been given by Seka et.al. (1998)*'3. Figure 5.8 compares
examples of the EN(E) spectra derived from the data of Seka et.al. for Cu, Ag and Au
with the corresponding spectra from the in Situ deaned samples used in this work. (Note
that, dthough not specified as such by the authors, the Seka et.al. gectra are dearly in
E.N(E) vs E forma.) For convenience the data were normaized to the same maximum
vaue. It can be seen tha the agreement between the two is no better than suggestive for
Cu, but is very dose for Ag. The data for Au are very smilar in form in the two examples
but the spectra show alaterd offset of about 5 eV.
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(Note, however, tha if these gpectra are compared in the N(E) vs. E format these
differences are minimized and visudly the level of agreement is excelent in al cases)
The differences that exist between these two sets of data, and between the spectra
presented here and the examples shown by other authors*? % 15 can probably be
atributed to environmentd factors, but dso to the fact that different spectrometers and
collection geometries were employed in each case. The energy spectra of SE emisson is
different at different teke-off angles from the surface because of the effects of SE
tranamisson and reflection a the suface potentid barrier*'®Thus two spectrometers
collecting secondaries over a different range of angles would be expected to show
somewhat different spectra In addition the trangmisson efficiency of spectrometers of
different desgn can ds0 vay subganttidly over the energy range from 1 to 50 eV and
this will influence the gopearance of the spectrum over this wide rage In summary, this
comparison with the Seka et.al. spectra confirms that the SE spectra measured under the
conditions used in this work are not artefactud but are properly representative of the

meaterids examined, and that these spectra are somewhat reproducible.

5.4.2 Comparison with predicted spectra

It is ds0 indructive to compare these experimentd spectra with the theoreticd modds
that are avalable Firg principles cdculations of SE spectra have been made (eg.
Keneko''®; Luo & Joy*?%), but the computations required are so complex that adapting
them to mach the practicd detals of a given expeimentd arangement is not practica.
However, Chung & Everhat (1974)'*' have derived an expresson for the totd secondary

electron spectrum in the form
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= x (5.2

where d(E) is the SE yidd a the emitted energy E measured with respect to the Fermi
levd of the sample, k is a normdizaion condant, and ? is the work function. Although
this modd only drictly gpplies to a free dectron metd, the fact that the result is given in
an andyticd form with only one free parameter makes it a convenient template for the
evauation of spectra (Nickles et.al.'??; Yong & Thong'%). Figure 5.9ac) compare the
N(E) spectra for Al, Ge and a bronze dloy, respectivdy, with the Chung and Everhart
expresson (Equaion.5.2). Although there is a dear generic resemblance between the
data and the mode the agreement in detail is poor, even for Al, which should represent
the best example for this gpproach. Because, from equation.5.2, the energy of the pesk in
the spectrum occurs a ? / 3 the andyticd profile was fitted in each case by setting ? to
be equa to 3Enax, Where Enax Was the experimental value of the pesk in the SE spectrum.
Because for current data Emax is typicdly 5 €V the corresponding vaues of the work
function ? are of the order of 15 eV, which is certainly higher than the expected vadue for
any of these maerids (see for example Kollah®™). It should be noted that a comparison
of equation 5.2 with experimenta spectra from clean samples shows a better qudity of fit

and results in fitted vaues for ? that are doser to those expected (Nickles et.al'??),

demongrating that the modd itsdf does have vdidity.
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& Everhart (1974) modd fitted to the measured pesk energy
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5.5 Application to microanalysis

The origind impetus of this study was to learn more about the nature of the SE spectrum
in a typicd SEM environment so tha images could be interpreted more rdiably and the
design of detectors could be improved. However, the fact that SE spectra from different
materids do show some characteristic features might suggest that SE spectroscopy could
adso be consdered as a technique for microandyss. The mog atractive feature of such a
cgpability would be its efficiency. Whereas the yidd of fluorescent X-rays under eectron
irradiation is of the order of 10° photong/steradian/electront®®, the SE yidd is usudly in
the range 0.1-1 dectrongseradiavelectron. Such an enhancement would permit  useful
andyses to be peformed in fractions of a second rather than tens of seconds. In addition,
because the SE spectrum is not dependent on the incident energy, and because the SE
yield increases as that energy is reduced, the technique would be ided for use on dectron
beam tools that operate at low energy.

On the bass of the data shown here it is clear that it might be possble to identify pure
dements from their soectra but such a cgpability, dthough interesting, is not very useful.
However, it seems unlikdy that the presence of individud éements in a compound could
be deduced because there is no evidence that the spectrum of a compound bears any
sample reationship to the spectra of its condituents. However, even given this redriction
SE microandyss could dill have some utility. Fgure 510 compares the EIN(E) spectra

of arepresentative metal, semiconductor and insulator, and it can be seen that these three
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types of materid produce spectra with pesks of sgnificantly different width, broad for an
inaulator and narrow for a metd. A compaison of spectra might therefore permit a
‘triage  microandyss, which separated materids into one of these three classes. If such
an andyds could be paformed in a few millissconds it would be of vdue for example,
in the defect andyss of semiconductor devices. Currently ‘defects (i.e. sub micrometer-
sdzed paticles and debris on a wafer or device) are classfied by ther shgpe and sze
With the use of SE gpectroscopy an additional dassfication into metal, semiconductor
and insulaor could be mede, which would be of grest vdue | potetidly identifying the
origin of the defect. Furthermore, within a group of materids it might even be feasble to
deduce the specific compound from the characteridic features of its spectrum. Figure
511 compares the E.N(E) spectra from dglicon and four compound semiconductors.
Although dl five maerids show a pesk of smilar width dlowing them to be cdassed as
semiconductors, each of the compound materids displays an additiond shoulder and a
didginctive profile Usng gppropriste methods it should thus be possble to use this
informetion to perform the next level of identification.

The use of neurd networks for this purpose usng the back propagation neurad network
package avalable fa MathCad has been investigated 124, After training the neurd net on
a library of 200 assorted gectra it is possble t peform triage with a success rate in
excess of 90% on an unknown spectrum, and to identify a specific materid with a success
rate of about 80%. As an dterndive we have dso invedtigated the possihility of finding a
compact andyticd fit to experimentad SE pectra so that they can be described uniquely

by asmdl number of numerica coefficients. Spectrafrom unknowns could then be
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identified by comparing the parameters obtaned from a fitted profile to those from a
library of standards.
This method, which can be implemented rapidy with smple software, dso shows

promise and mugt be investigated further.
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CONCLUSON

The Xray generation efficiencies for K-, L- and M-lines of various dements panning the
periodic table have been experimentdly determined and the parameters in the Compton
& Allison equation describing these results have been determined. The functiond form of
the vaiaion in the rdative X-ray genaation efficdency with atomic number is predicted
quite wdl by common cosssection modds and confirms their gpplicability to low
enagy microandyss. It is shown tha Compton & Allison equation is vdid not only for
K-lines but ds0 for L- and M-lines The monotonic vaiaion of X-ray generdion
efficiency with a@omic number and overvoltage can be used to edimate the unknown
values from afew data sets.

Despite the presence of subgtantia surface contamination, the spectra from pure dements
and compounds are found to be reproducible and characterigtic of the underlying materid
when examined under conditions typica in a scanning eectron microscope. These data
may be of vaue for the design of detectors for scanning microscopy and might have

goplications for microandyss.
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