5. Data Interpretation

AL THE NATURE OF THE SPECTRUM damental to the technique, and are always

{(11General Features. The spectrum is displayed
as a plot of electron binding energy versus the
number of electrons in a fixed, small energy
interval. The position on the kinetic energy
scale egual to the pholon energy minus the
spectrometer work function corresponds {o a
binding energy of zero with reference o the
Fermi level (equation 1). Therefore, a binding
energy scale beginning at that point and in-
creasing to the left is customarily used.

The spectra in this Handbook are typical for
the various elements, The well-defined peaks
are due to electrons that have not lost energy
in emerging from the sample. Electrons that
have lost energy form the raised background
at binding energies higher than the peaks.
The background is continuous because the
energy loss processes are random and
multinle.

The “noise” in the spectrum is not instrumen-
tal, but is the consequence of the collection
of single electrons as counts randomly
spaced in fime. The standard deviation for
counts collected in any channel is agual o
the sguare root of the counts, so that the per-
cent standard deviation is 100/ (counts)'®. The
signal/noise ratio is then proportiona! to the
square root of the counting time. The
background leve! upon which the peak is
superimposed is a characteristic of the
specimen and the transmission charac-
teristics of the instrument.

(2yKinds of Lines. Several types of peaks are
observed in ESCA spectra. Some are fun-

PHYSICAL ELECTROMNICS

observed. Others are dependent upon the ex-
act physical and chemical nature of the sam-
ple. The following describes the various spec-
tral features that are likely to be encountered.

i.Photoelectron Lines, The most intense of
the photoelectron lines are usually relative-
ly symmetrical and are typically the nar-
rowest lines observed in the spectrum.
Photoelectron lines of pure metals can,
however, exhibit considerable asymmetry
due to coupling with conduction electrons,
Peak width is a convolution of the natural
line width, the width of the x-fay line and
the instrumental contribution 1o the line
width, Less intense photoelectron lines at
higher binding energies are usually wider
by 1-4 eV than the lines at loweyr binding
energies. All of the photoelectron lines of
insulating solids are of the order of 0.5 eV
wider than photoelectron lines of conduc-
tors. The approximate binding energies of
all photosiectron lines detectable are
catalogued in Tables 1-4 of the Appendix.

ii. Auger Lines. These are, more properly,
groups of lines in rather complex patterns.
There are four main Auger series obser-
vable in ESCA. Thay are the KLL, LMM,
MHNN, and NOO series, identified by speci-
fying the initial and final vacancies in the
Auger transition. The KLL series, for exam-
nle, inciudes those processes with an in-
itial vacancy in the K shell and final double
vacancy in the L shell. The symbol V, e.g.
KVV, indicates that the final vacancies ara
in valence levels. The KLL serigs has,
theoretically, nine lines and others have



still more. Since Auger lines have Kinellc
energies that are independent of the ioniz-
ing radiation they appear on a binding
energy plot to be in different positions
when ionizing photons of different ensrgy
(i.e. different x-ray sources) are used. Core-
type Auger lines (with final vacancies
deeper than the valence levels) usually
have at ieast one component of intensity
and width similar to the most inlense
photoelectron line. Positions of the more
grominent Auger componenis are
catalogued along with the pholoslectron
peaks in Tables 1 through 4 in the
Appendix.

i. X-ray Satellites. The x-ray emission spec-

trum used for irradiation exhibits not only
the characteristic x-ray, bul some minor
x-fay components at higher photon
energies. For each photoelectron peak that
results from the Ke x-ray photons, there is a
family of minor peaks at lower binding
energies, with intensity and spacing
characteristic of the x-ray anocde material.
The pattern of such satellites for Mg and Al
is shown in Figure 6 and Table 1.

IMTENSITY (COUNTS PER SECOND
PER UNIT ENERGY INTERVAL)

280 280 2?i§ 260 750 240 736 220 210 260

308
RINDING ENERGY, oV
Figure 8. Mg x-ray sateliites (Cls graphite spectrum).

Table 1 — X-ray satelliie energies and intensities
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iv. X-ray_“Ghosts”. Occasionally x-radiation

from an element other than the x.ray
source anode material impinges upon the
sample, resuiting in small peaks cor-
responding to the most intense spectral
peaks, but displaced by a characteristic
energy interval. These lines can be due to
Mg impurity in the Al anods, or vice versa,
Cu from the anode base structure or
generation of x-ray photons in the
aluminum foll wray window. On occasion,
such lines can originate via generation of
x-rays within the sample itself. This last
possibility is rare, because the probability
of x-ray emission is low relative to the
Auger transition. Nevertheless, such minor
tines can be puzziing. Table 2 indicales
where such peaks are most likely 1o occur,
relative to the most intense photoelectron
lines. Since the appearance of “ghost”
lines is a rare ocourrence, they should not
be considered in line identification until all
other possibilities are excluded.

Tabie 2 — Displacements of xray “ghost” lings
tApparent binding energy of the “ghost” line minus that of the
parent photogleciron line)

Anode Material

Contaminating Hadiation Mg Al
O {Kay 7287 861.7
Cu (Lo} 3239 556.9
Mg (Ka) 2330

Af {Ka} -2330 e
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v. Shake-Up Lines. Not all photoelectric pro-
cesses are simple ones, leading to the for-
mation of ions in the ground state. Rather
often, there is a finite propability that the
ion will be feft ih an expited state, a fow
electron voits above the ground state. In
thig event, the kinetic energy of the emittad
pshotoelectron is reduced, with the dif-
farence cofresponding to'the energy qif-
ference between the ground state and the
excited state. This results in the formation
of a satellite peak a few glectron volis
iower in kipetic energy (higher in binding
energy) than the main peak. As an example,
the characteristic shake-up line for carbon
in unsaturated compounds, a shake-up pro-
cess involving the energy of the s tran-
sition, is shown in Figure 7.
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Figure 7. The nbond shake-up safellite for ihe Cis line in
polysiyreng.
in some cases, most often with

paramagnetic compounds, the intensity of
the shake-up sateliile may approach that of
the main line. More than one sateliite of a
principal photoeiectron fine can also be
observed, as shown in Figure 8. The occur-
rence of such lines is sometimes more ap-
parent in Augsr spactral contours, of which

14 prySICAL ELECTAONICS

i
I 1
L Zpurpy !
o !
Lo t
L z
Lo |
; 1
:
: |
1 I
? i
' =
| |
|
| i
|
|
I
!
.
| |
: i
-
| !
| |
P 3
| .
|
%
!
i
. E
Lo : | ; N
579 969 850 a4
i BINDING ENERGY, 8V |
1
Figure 8. Examples of shake-up tines cbserved with the
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copper, 2p spectrum.

an example is presented in Figure 9. The
displacements and relative intensities of
shake-up saleliiles can sometimes be
useful in identifying the chemical state of
an element, as discussed in Saction 1.5.C.,
p. 20,

‘Multiplet Splitting. Emission of an electron

sttt

from a core level of an atorn that itself has
a spin (unpaired electrons in valence levels)




Qe vaf"‘ﬁ»
-
Hi
L@ e e
1 e
RN
, /‘1‘\ -
S N Hid

575 5es i EiS g5 475 458 435 415 38 815
BiMOING BNERRY, oV
Figurs 8. Some elfects of chemical state on Auger line

shapas.

can create a vacancy in two of more ways.
The coupling of the new unpaired electron
left after photoemission from an s-type or
bital with other unpaired electrons in the
atom can create an ion with either of two
configurations and two energies. This
results in a photoelectron line that is spiit
asymmetrically into two componenis
similar to the one shown in Figure 10.

Splitting also occurs in the ionization of p
levels, but the result is more complex and
subtle. In favorable cases, it results in an
apparent slight increase in the spin doublet
separation, evidenced in the separation of
the 2p,, and 2pg, lines in first row fransi-
tion metals, and the generation of a less
easily noticed asymmetry in the line shape
of the components. Often such effects on
the p doublet are obscured by shake-up
lines.

Cr METAL

w ws 82z w8 78 76 74 72 70 68

BINDING ENERGY, 8V

[

Figure 10.

Multiplet splitting in the Cr 3s line.

vii. Energy_Loss Lines. With some materials,

there is an enhanced probability for loss of
a specific amount of energy due 10 interac-
tion betwesn the photoelectron and other
electrons in the surface region of the sam-
ple. An example of this is shown in Figure
11. The enhanced probability of energy loss
produced a distinct and rather sharp hump
at an energy about 21 eV above the binding
energy of the parent line. Undsr certain
conditions of spectral display, energy 10ss

lines can cause confusion. Such
phenomena in insulators are rarely sharper

than that shown in Figure 11, and are

usually much more muted. They are, of

course, different in each solid medium.

With metals, the effect is often much more
dramatic, as indicated by the 1088 lines for

PERKIN ELMER 10
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Figure 11. Energy loss envelope from the Ols line in 810,

aluminum shown in Figure 12, Energy loss
to the conduction electrons occurs in well-
defined quanta characteristic of each
metal. The photoelectron line, or the Auger
line, is successively mirrored at intervals of
nigher binding energy, with reduced inten-
sity., The energy interval between the
primary peak and the loss peak is called
the plasmon energy. The so-called “bulk

. HIEY
E
) PR
190 182 174 186 158 150 142 134 12 118 110
BINDING ENERGY, eV
Figure 12. Energy loss (plasmon) lines associated with the

2s line of aluminum (g8 = 15.3eV; note surface
plasmon at bl
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plasmons’ are the more prominent of
these lines. A second series, the “surface
nlasmons’, exists at energy intervals deter-
mined by dividing the bulk plasmon energy
by /2. The effect is not sasily observable
in non-conductors, nor is it prominentin all
conductors,

viil. Valence Lines and Bands. Lines of low in-
tensity occur in the low binding energy
region of the spectrum between the Fermi
level and about 10-15 &V binding energy.
These lines are produced by photoelectron
emission from molecular orbitals and from
solid state energy bands. Differences be-
tween insulators and conductors are
especially noted by the absence or
presence of electrons from conduction
bands at the Fermi level.

B, LINE IDENTIFICATION

irn general, interpretation of the ESCA spectrum
is most readily accomplished by first identifying
the lines that are. almost always present,
specifically those of carbon and oxygen, then
identifying maijor lines and associaled weaker
lines and, lastly, identifying the remaining weak
lines. The following step-by-step procedure
generally simplifies the data interpretation task
and minimizes data ambiguities,

Step 1. The Cts, O1s, CKLL) and O(KLL) lines
are ysually prominent in any spectrum, {den-
tify these lines first along with all derived
x-ray satsllites and energy l0ss envelopes.

Step 2. Identify other intense lines (cf Appen-
dix Tables) present in the specirum. Then
tabe!l any related satellites and other less in-
tense spectral lines associated with those
glements. Keep in mind that some lines may
be interfered with by more intense, overlap-
ping lines from other elements. The most



serious interferences by the carbon and oxy-
gen lines, for example, are Ruld by Cis, V2p
and 5b3d by Ofs, {MNN) and Cr{LMM) by
G{KLLY, and Ru{(MNN) by C(KLLL

Step 3. identify any remaining minor lines. In
doing this, assume they are the most intense
lines of an unknown element. if not, they
should already have been identified in
previous steps. Again, possible line in-
terferences should be kept in mind, Small
fines that ssem unidentifiable can be ghost
lines. This possibility can be checked for the
more intense parent photoelectron lines us-
ing Table 2 {p. 13L

Step 4. Check the conclusions by noting the
spin doublets for p, d, and f lines. They should
have the right separation (cf Appendix Tables
1and 2, pp. 182 and 184) and should be in the
correct intensity ratic. The ratio for p lines
shouid be about 1:2, d lines 2:3, and f lines 34
except that p lines, especially 4p lines, may
be less than T2

C. CHEMICAL STATE IDENTIFICATION

The identification of chemical states depends
primarily upon the accurate determination of
ling energies. To determine line energies ac-
curately, the volitage scale of the instrument
must be precisely calibrated {cf Section L4.8,,
u. 10}, a line with a narrow sweep range must be
recorded with good statistics (of the order of
several thousand counts per channel above
background), and accurate comrection must be
made for stalic charge if the sample is an
insulator.

{1yDetermination of Static Charge on Insulators.
During analysis, insulating samples tend to
acquire a steady-siate charge of as much as
several volis. This sleady-state charge is a
balance between electron loss from the sur

face by emission and electron gain by con-
duction or by acquisition of slow or thermal
electrons from the vacuum space. The steady-
state charge, usually positive, can be
minimized by adding slow slectrons {o the
vacuum space with an adjacent neutralizer or
flood gun. it is often advantageous to do this
to reduce differential charging and to sharpen
the spectral lines,

A serious problem is the exact determination
of the extent of charging. Any positive charg-
ing adds 1o the retardation and tends to make
the peaks appesr at higher binding enargy,
whereas excessive compensation can make
the peaks shift {o lower binding energy. The
following ‘are five methods that are usually
valid for charge correction on insulating
sampies:

i.Measurement of the position of the Cis
fine from adventitious hydrocarbon nearly
always present on sampies introduced
from the laboratory environment or from a
glove box. This line, on unsputtered inert
metals such as gold or copper, appears at
284.6 eV, so any shift from thisvalus can be
taken as a measure of the stalic charge.
{(Much of the literature uses the more ap-
proximate value of 285, At this time, it is
not known whether a reproducible line
position exists for carbon remaining o the
surface alter ion beamn eiching.

iy

iEvaporation of a trace of gold onto the
sarmple atter the spectra have besn record-
ed. The Audf doublet is then recorded as
well as a repetition of the most important
lineg in the sample spectrum. It is then
assumed that the potential of the gold
islands refiects the new steady-state
charge of the surface of the sample. Care
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rmust be taken to ensure that the gold is
present in trace qzsan’( ies s0 that the
original spectrum is | ?tze affected. iIn this
procedure there may well be a double cor-
rection. The steady-state potential after
geld is deposited may well be different
from the steady-stale potential in the
original sample before gold deposition,

The use of an internal standard, such as a
hydrocarbon moiety in the sample. The
value of 28486 eV for the Cis tine is
recommendead,

iv.The use of an insulating sample so thin
that it effectively does not insulate. This
can be assumed I the spectrum of the
underlying conductor appears in good in-
tensity and line positions are not affected
by changes in electron flux from the charge
neutralizer.

v.For the study of supported catalysts or
similar materials, one can adopt a suitable
value for a constituent of the support and
use that to interrelate binding energies of
ditferent samples. One must be certain that
treatments of the various samples are not
s0 different that the inherent binding
energies of support constituents are
changed.

Some precautions should be borne in mind. if
the sample is heterogeneous on even a
micrometer scale, particles of different
materials can charge to different extents, and
interpretation of the spectrum is complicated
accordingly. One Qaﬂﬂ{}‘? physically mix a con-
ducting standard like gold or graphita of
micron dimensions with a powder and validly
use the gold or graphite line in order to cor-
rect for static charge.
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(2iPhotoelectron Line Chemical Shifts and

Separations. An important advantage of
ESCA is the ability to obtain information on
chemical states from the variations in binding
energies, or chemical shifts, of the photosiec-
tron lings, This has been extremely useful in
many studies. While many attempts have
been made to calculate chemical shifts and
absolute b%ﬁ?‘ng pﬁéfgées the factors in-
volved, especially in the solid state, are im-
perfectly understood and one must rely on ex-
perimental data on standard materials. The
tables accompanying the spectra in this
Handbook record considerable data from the
literature as well as data obtained specifically
for this Handbook. All {Herature data have
been carefully evaluated and corrected, and
are believed reliable.¥ These data have been
adiusted fo the instrumental calibration and
static charge reference values given above,
and are, therefore, directly comparable.

Since occasional line interferences do occur,
it is sometlimes necessary to use a line other
than the most intense one in the spectrum.
Chemical shifts are very uniform among the
photoelectron lines of an slement, so that line
separations rarely vary by maore than 0.2 aV.
However, exceptional separations can ocour
in paramagnetic materials because of
multiplet splitting. Separations of photoslec-
tron lines can be determined approximately
from Tables 1 and 2 in the Appendix (pp. 182
and 184),

(3)Auger Line Chemical Shifts and the Auger

Parameter. Core-type Auger lines (transitions

(a} In some cases, different binding energy values appearing in
the Hierature for the same material could not be reconcilad,
and no grounds could be found for choosing one over the
other. in such cases, more than one value is includsd io
indicale the degree of uncertainty,



ending with doubie vacancies below the
valence levels) usually have al least one com-
ponent that is narrow and intense, often near-
ly as intense as the strongest photoslectron
line (cf. spectra for F, Na, As, In, Te, and Pbl
There are four core Auger groups that can be
generated by Mg or Al xerays: the KLL (Na,
Mgl the LMM (Cu, Zn, Ga, Ge, As, amf Se); the
MRMN (Ag, Cd, In, 8n, 8b, Te, |, Xe, Cs, and Ba);
and the NOO (Au, Mg, TI, Pb, gs‘s{é Bit The
MNN lines in the rare earths, while accessi-
bie, are very broad because of multiplet split-
ting and shake-up phenomena with most of
the compounds. Valence-type Auger lines
{final states with vacancies in valence levels),
such as those for O and F (KLL); Mn, Fe, Co,
and Ni (LMM); and Ru, Rh, and Pd (MNN), can
be intense and are, thersfore, aisc useful
Chemical shifts occur with Auger lines as
well as with photoeleciron lines. The
chemical shifts are different from those of the
photoelectron lines, however, and usually are
considerably more pronounced. This can be
very useful for identification of chemical
states, especially in Ggrﬁi};ﬁa%'e% with
photoslectron chemical shift data. if data for
the various chemical states of an ege"nem are
piotied, with the kinetic energy of the
photosliectron line on the abscissa and that of
the Auger line on the ordinale, a two-
dimensional chemical state plot is obtained.
Such plots accompany the specira for F, Na,
Cu, Zn, As, Ag, Cd, In, and Te.

With chemical stales displayed in two dimen-
sions, the method becomes more powerful as
a tool for identifying the chemical com-
ponenis. in the format adopted for the 5“‘8}‘1{%
book, the kinetic energy of the Auger | ife is
plotted against the binding energy of ’é%’%e
photoeleciron ling, with the latter p aiieé
the -x direction (kinetic energy is sf. i, im-

,'
/
/

plicitly, +xj. the kinetic enargy of the Auger
electron, referred to the Fermi level, is sasily
calculated by subtracting from the photon
energy the position of the Auger line on the
binding energy scals,

With this arran ”’z% it A:::% diagonal line
represents all values of equal sums of Auger
kinstic enefg}s and opho sﬁsﬁcifm bindin g
energy. A aﬁaaéﬁ } cailed the Auge

parameter, o, is defined as,
o = KE, — KE, = BE, — BE, (2
or, the difference in binding energy between

.

the photoelectron and Auger lines, This dif-
ference can be accurately determined
because static charge corrections cancel,
Then, with all kKinetic energies and binding
anergies referenced 1o the Fermi level,

KEp, = hv — BE, 3
KE, + BE, =tw + @ 4

or, the sum of the kinetic energy of the éggsgf
iine and the binding energy of the photoelec
tron line equals the Auger parameter plus the
photon energy. A plot showing Auger kinetic
enargy versus pholosiectron binding ener g
then becomes independent of the energy o
the photon.

in general, polarizable materials, especially
conductive materials, have a high Auger
parameter, while insulating compounds fall
iower on the grid. The points on the two-
dimensional plot are drawn as rectangular
boxes at 45°, refiecting the expected error of
measurement in the two perpendicular direc-
tions. At present, sufficlent data for the two-
dimensional chemical siate plots are
available only for the nine elemeants listed
above.
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(4)Chemical nformation From Satellite Lines

i.Shake-up Lines. These satellite lines have
intensities and separations from the parent
photoelectron line that are unigue 1o gach
chemical state (Figure 8). Some Auger lines
also exhibii radical changes with chemical
state i%faa% reflect these processes (Figure
9). With'transition elements and rare earths
the absence of shake-up satellites is usual-
ly characteristic of the elemental or

diamagnetic states. Prominent shake-up
patterns typically occur with paramagnetic
states. Table 3 has been included as a
guide to some expected paramagnetic
states.

iLMultiplet Splitting. C%ﬂ occasion, the

multiplet splitting phenomenon can also
be helpful in identifying chemical states.
The 3s lines in the first series of transition
metals, for example, exhibit separations
characteristic of eagh paramagnelic

Tahle 3 - General guide to paramagnetic species
#ultiptet splitting and shake-up lines are generally expected in the paramagnetic states below.

tomic No. Paramagnetic States Diamagnetic States
22 Tt Tit® Tith
23 v+2g g‘g+3’v+d \;Mi
24 Cr+2 crtd ortt orts crt®
2 Mnt2 Mnt 2 M4 Mn T8 Mn*7
26 Fet? Fet? K, Fe (CN)g, Fe (CO)Br,
27 Co*? Cco*® CoB, Co(NO)s(NHz), KzCo(CN)g, Co(NHzjeCla
28 Nj*? KoNi(CN),, square planar complexes
24 Cu*? Cut?
42 Mot4 Mo*® Mo+ 8 MoS,, KyMo{CNg
44 Ru*% Rut® Rut® Ru*?
47 Ag*t? Agt!
58 ce*? ce*?
59-70 Pr. Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb compounds
74 wHiwts W*E, WO,, WG, WC, KsW(CN)g
75 Re*2Re*3Re"*Re* 5 Re"® Re*’, ReOs,
76 0s*t30s*4 0875 0s*20s*%0s"®
77 fr+é fr+3
g2 i}*g.i}’“" U+~S
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chemical state. The 3s line, howsver, s
weak and, therefore is not often useful
analytically. The 2p doublet separation is
also affected by multiplet splitting and the
lines are more intense. The effect becomes
very evident with cobalt compounds where
the separation varies up to one electron
volt. Little. utilization of this effect has yet
heen made. However, when first row transt-
tion metal compounds are under study, it
may prove useful to record accurately
these line separations and make come
parisons with model compounds.

iii. Auger Line Shape. Valence type Auger tran-
sitions form final-state ions with vacancies
in molecular orbitals. The distribution of
the group of lines is strongly affected,
therefore, by the nature of the molecular or-
pitals in the different chemical stales.
Although little has yet been published on
this subject, the spectroscopist should
bear in mind the possible utility of Auger
line shapes of oxygen, fluorine, the first
row transition metals (Sc-Nij, and Ru, Rh,
and Pd.

D. QUANTITATIVE ANALYSIS

For many ESCA investigations, it is important to
determine the relative concentrations of the
various constituents., Methods for quantifying
the ESCA measurement utilizing peak area sen-
sitivity factors and peak height sensitivity fac-
tors have been developed. The method which
utilizes peak area sensitivity factors typioally is
the more accurate and is discussed below. The
method for determining peak height and peak
area is shown in Figure 13. This approach 5
satisfactory for quantitative work except with
transition metal spectra with prominent shake-
up lines. For these, it is often better 1o include
the entire 20 region when measuring peak ared.

YERTIGAL HEIGHT,
BEAK TO BASELINE

WITH PARALLEL T8

o BASELINE AT HALF THE HEIGHT

f 1 e - e
TAHGENTIAL BASEUINE
DELINEATING AREA

Figure 13. Wethod for determining height, width, and area

of 5 photoslectron paak.

For a sample that is homogenecus in the
analysis volume, the number of photoelectrons
per second in a specific spectral peak is given
by:

| = nfoByrAT 5

where n is the number of atoms of the element
per cm?® of sample, f is the x-ray flux in
photons/cm?-sec, o is the photoelectric cross-
section for the atomic orbital of interest in cm?,
g is an angular efficiency factor for the in-
strumental arrangement based on the angle bet-
ween the photon path and detected electron, y is
the efficiency in the photoelectric process for
formation of photoelectrons of the normal
photoelectron energy, 4 is the mean free path of
the photoelectrons in the sample, A is the area
of the sample from which photoeiectrons are
detacted, and T is the detection efficiency for
slectrons emitted from the sample. From ()

n o= HioByrAT {6

[
b
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The denominator in equation 6 can be assigned
the symbol S, defined as the atomic sensitivity
factor. If we consider a strong line from each of
two elements, then:

n Lis
. (7)
rn, LIS

2 2

z

This expression may be used for all
homogeneous samples if the ratio 5,/8, s matrix
independent for all materials. It is certainly true
that such quantities as o and 1 vary somewhat
from material to malerial {especially 1), but the
ratio of each of the two quantities o/o, and A J/h,,
remains nearly constant. Thus, for any spec-
trometer, we may develop a set of relative valuss
of § for all of the elements.

A generalized expression for determination of

the atom fraction of any constiiuent in a sample,
C,, can be written as an extension of equation 7:

= = 8)

Values of 8 based on peak area measurements
are indicated in Table 5 of the Appendix. These
values are presentedrelative to the Fis intensity,
which has been used as a standard. The values
ot 5 in the Appendix are based upon calculated
vaiues of ¢ which have been corrected for the
kinetic energy dependence of the spectrometer
detection efficiency and an average value for the
dependence of A on kinetic energy of E°7 (Figure
3). The values in the Appendix are only valid for,
and should only be applied, when the slectron
energy analyzer used has the transmission

a; J. H. Scofield, J. Elect. Spectr, 8, 128 (14781
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characteristics of the double pass cylindrical-
mirror type analyzer supplied by Physical Elec-
tronics. An example of the application of equa-
tion 8 fo analysis of a nearly ideal sample,
polytetrafiuoroethylene, is shown in Figure 14,

COMPOSITION: ATOMIL PERCENT
THEGRETICAL  EXPERIMENTAL

¢ 33.3 3z2.2
F 66.7 67.7

F AUGER
5

£1s
o i Fs

1500 800 800 400 200
BINDING ENERGY, oV

iy

Figure 14. Guantitative analysis of polytetrafluoroethylene

{by peak area of Fis and Cis).

he use of atomic sensitivity factors in the man-
ner described will normally furnish semigquan-
titative results (within 10-20%) except in the
following situations.

(1) The technigue cannot be applied rigorously 1o
heterogensous samples. it can be useful with
heterogeneous samples in oblaining results
in terms of the relative number of atoms
detected, but one must be conscious that the
microscopic character of the heterogensous
system influences the quantitative resulls.
Moreover, an overlying contamination layer
has the effect of diminishing high binding
gnergy peaks more than those with low
binding energies.

(2)Transition metals, especially of the first
series, have widely varying and low values of
v, whereas v for the other elements is rather



uniform at about 0.8. Thus, a value of 5 deter-
mined on one chemical state for a transition
metal may not be valid for another chemical
state.

SWhen peak interferences occur, alternative
lines must sometimes be used. The ratics of
spin doublsis {except 4p) are rather uniform
and the weaker of the pair can often be
substituted. Flgure 15 is a general guide to
the relative peak height of the minor lines,
However, with the minor lines, there is much
variation in relative peak heights and widths,
s0 the figure should be regarded as a semi-
guantitative guide, of the order of £ 30%. The
sample specira of the slements may also be
consulted, but caution must be exercised,
since the spacira of the elements themselves
can be somewhal different, quantitatively,
from the specira of their compounds.

Occasionally an x-rav satellite from an in-
tense photoelectron line interferes with
measurement of a weak component, A
mathematical approach can then be used (o
subtract the x-ray sateilite before the
measurement.

Eor quantitative work it is advisable to check the
spectrometer operation frequently to ensurs
that analyzer response is constant and op-
timum. A useful test is the recording of the three
widely-spaced spectral lines from copper.
Measurement of peak height in countis per se-
cond should be made on 20 volt wide scans of
the 2p.,, LMM Auger, and 3p lines, and the peak
width of the 2p,, line should be measured as
shown in Figure 13. Maintenance of such
records makes it easily noticeable if an in-
strumental change occurs that would affect
qguantitative analysis.

E. DETERMINATION OF ELEMENT LOCATION

{(11Depth. There are four methods of obtaining in-
formation on the depth of an element in the
sampie. The first two methods below utilize
the characteristics of the spectrum iiself, but
provide limited information. The third, depth
profiiing by erosion of the surface, provides
more detalled information but is atiended by
certain problems. The fourth utiiizes
measurements at two or more electron
escape angles.

i.The presence or absence of an energy loss
seak or envelope indicates whether the
ermitting atoms are in the bulk or at the sur-
tace. Since electrons from surface atoms
do not traverse the bulk, peaks due to the
surface atoms are symmetrical above level
basealines on both sides and the energy
oss peak is absent.

ii.Elemenis whoss specira exhibit pholo-
eiectron lines widely spaced in kinetic
energy can be approximately located by
noting the intensity ratio of the lines. In the
energy range above approximately 100 sV,
electrons moving through a solid with
lower kinetic energy are atlenuated morg
strongly than those with higher kinstic
energy. Thus, for a surface species, the low
kinetic energy component will be relatively
stronger than the high kinetic energy com-
ponent, compared to that observed in the
pure material. The data in Figure 15 for
nomogenecus bulk solids can be com-
pared with intensity ratios observed on
unknowns to determine qualitatively the
distribution of the element in the sample.
Suitable slements include Na and Mg {1s
and 2sk Zn, Ga, Ge, and As (2p,, and 3dj
and Cd, In, Sn, 8b, Te, |, Cs, and Ba {@py,
and 4d, or 3d,, and 4d).
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For the situation where the element is in a
bulk homogeneous layer beneath a ;.%*m
contaminating laver the characteristic in-
tensity ratio is modified in the opposite
direction. Thus, for a pair of lines due fo
subsurface species, the low kinetic energy
line will be attenuated more than the high

kinetic energy line, distorting the
characteristic intensity ratic. By si’;snm;ﬁg
such intensity ratios and comparing them

with %%’ze values for pure bulk elements
(Figure 15), it is possible to deduce whether
the observed lines are due to predominant-
Iy surface, subsurface, or homogeneously
distributed material

iii.Depth profiling can be accomplished by

controiled erosion of the surface by ion
sputtering. in Table 4 are presented some
data on sputter rates as a general guide.
One can use this technique on organic
materials, but few data are avaliable for
calibration. Chemical states are usually
changed by the sputter technigue, bul
useful information on elemental distribu-
tion still can be oblained,

Table 4 — Some representative sputler rales

(2 keV argon jon beam with 100 pyampsiom?® impinging on

sample)

Targst | Spulter Rate, & jmins
Tas0s 100

Si 50

510, 85

Pt 220

Cr 140

Al g5

Au 410

ap = 20%.

(Ziinsul

Another msthod of controlled erosion tha
is useful, especially with organic materials
is reaction with oxvgen atoms from
plasma. This technique may also change
the chemical states in the affected surface
Fz;;‘ii;@f, since the slements differ in thei
rates of reaction with oxygen atoms, the
rate of {f«smmaz of surface materials will b
somewhat sample dependent.

iv.One may alter the angle between the plane

of the sample surface and the angle of en
trance o the 3?‘%3§?ZE§" AL 90°, with respec
to the surface plane, the signal from the
buik is maximized re a‘zz@e to that from the
surface layer. At small angles, the signa
from the surface becomes greatly en
hanced, relative to that from the bulk, The
focation of an element can thus be deduc
ed by noling how the magnitude of s
-hange with sample orien

spectral peaks ¢
tation in relation 1o those from other
elements.

The electron energy analyzer used in the
=SCA/SAM incorporates a special aperture
arrangement that permits angular resolved
studies. An example of the information that
can be gained through the use of this
capability is shown in Figure 18. Data were
oblained at high {(near 90% and low (near
15%) exit angles from a silicon sample with
a thin silicon oxide overlayer. The obhserved
intensity ratic of oxidized to elemental
silicon is much grealer at the small exit
angie.

1. The oc

ating Domains on a Conducto

currence of steady-state charging s? an in-

sulator during analysis sometimes has usefu!

consequences.

Microscopic insuiating do

mains on a conguctor reach thelr own steady

-
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Figure 18

1

Use of different eleciron escape angles to deter
mine depth distribulion (Si 2p line from silicon
sample with approximately one monoiaver 8i0,
overlayer). Angles indicated are electron take-off
angles refative to specimen surface.

state charge, while the conductor remains at
spectrometer potential. Thus, an slemeant in
the same chemical state in both phases will
exhibit two peaks. If a change is made in the
supply of low energy electrons which stabllize
the charge, as from the neutralizer filament,
or i¥ a bias is applied to the conductor, the
spectral peaks from the insulating phase will
move relative to those from the conducling
phase, as shown in Figure 17. For such
neterogeneous sysiems, this is an extremely
useful technique. It makes it possible 1o
determine whether the elements that con-
tribute to the overall spectrum are in the con-
ducting or the insulating phase, or in both
phases.

i R £ EOTRONICS
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Figure 17. Use of specimen neulralizer 10 shift the partial

spectrum from insulating domains (Al s finag
from AL, on aluminum sample).

(3ySurface Distribution. ESCA is not ordinarily
used to obtain information on XY distribution
because a large analysis area is required for
good signal intensity. With the PHI double
pass cylindrical-mirror analyzer used in the
ESCAISAM, however, & circular area of 25
mm diameter can be imaged, depending upon
the apertures in use and the retarding condi-




tiors. This area is expressed as the full width
at half maximum of the photoelectron intensi-
ty observed as a function of distance from the
center of the imaged area. Thus, the effective

Full utilization of this Handbook can best be ac-
complished by {ollowing these procedurss.

A FOR QUALITATIVE ANALYSIS
The slemental and chemical identification of
sample constituents can be performed most
readily by combining the information in the stan-
dard survey specira in Section 1§ with the
binding energy tables (Tables 1-4) presented in
the Appendix

(1) First identify all major photoelectron peaks
tilizing the line position tables (Tables 1-4,
pages 182-187).

{2} Check to see that the determinations made in
step 1 are consistent with the standard survey
spectrg

(3} identify the Auger electron peaks by the
line positions listed in Tables 1-4 in the Ap
pendix (these are different for Mg and Al x-ray
sources) and the expanded specira provided
for many of the elements in Section 1L

4y Review section 1L.5.A. (p. 12) to account for
fine structure such as energy loss iines,
shake-up paaks, satsllite lines, ete. not identi-
fied in Handbook spectra or energy tables.

sampie area is not %as‘ge ltis often possible to
analyze different positions on the same sam-
ple when the surface is heterogeneous on a
scale larger than two millimeters.

(5}identify any remaining small peaks, assumin ng
they are intense ;}%9:3@ ectron or ;%gs&r ines
of minor constituents using Tables 3 and 4.

hemic
i

als ai identification can be ée{iijceﬁ
gh ergy resolution (E__ £ 25 eV)

spectra of i%‘if& simagea? ﬁh{}i{;giec&en lines
and sharpest Auger lines.

i,Review Section

L5.C. (p. 17y to correct
binding energies for static charging of in-
sulators. When applicable, charge
reference the binding energy scale to the
hydrocarbon Cis photoel ectron peak
(BE =284.6 eV).

.Use the tabulated experimental data and

standard high energy resolution spectra to
determine the chemical state from
measured shifts in the photoslactron
binding energles (¢f section 1.5.C, p. 18.

.For the elements F, Na, Cu, Zn, As, Cd, in,

and Te, convert corrected Auger line posi
tions to kinetic energies by subtracting
from the photon energy (Mg = 12536, Al=
1486.6 eV). Note the location of the points
for Auger kinetic energy and photoslectron
i}iﬁéi?‘eg energy on the respective elemental
plot. Proximity of experimental poinis to
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