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A simple model 1s described for calculating the relative intensities of
photoelectron peaks for the different elements in a homogeneous solid
sample. Using photoelectron cross cections of Scofield for Al and Mg Ka
X rays, we have determined the relative intensities of photoelectron peaks
for various core subshells of all the elements from Z = 3 to 92. The cal-
culated values are compared with experimental values for both gases and
solids, and agreement is found to be satisfactory. Some of the special
problems in quantitative analysis using x-ray nhotoelectron spectroscopy
are discussed. In particular, it is shown how information regarding sur-
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face inhomogeneity may be obtained from comparison of intensities of photo-
electron peaks.

INTRODUCTION

The use of x-ray photoelectron spectroscopy has developed in recent
years into an important analytical tool. It is frequently known by the
acronym ESCA (electron spectroscopy for chemical analysis). By the use of
monochromatic x rays (for example, Al and Mg Ko x rays of respectively 1487
and 1254 eV) photoelectrons can be ejected from the core shells of atoms.
An electron spectrometer may be used to determine the kinetic energy of
these photoelectrons, from which measurement the binding energies can be

evaluated. Since the core binding energies are characteristic of the atom,
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ESCA has three important properties: (1) It can measure any element that
has a core shell, which is to say all elements of Z > 2. (2) The ejected
photoelectrons have a small mean-free-path in solids, the order of 10 to

20 K, and thus the analysis deals with the surface and near surface layers
of solids. (3) Changes in the chemical environment cause slight shifts in
the binding energy of the core shell electrons. These shifts can be inter-
preted in terms of the electrostatic potential that surrounds each atom,
which in turn is related to the oxidation state and nature of the chemical
bonding.

Though much attentfon has been paid to the photoelectron energies and
their use in qualitative analysis, there has been relatively only a small
effort expended in using the intensities of the photoelectron peaks for
quantitative analysis [1,2,3]. By means of a simple model we have employed
recent calculations of Scofield [4] on atomic photoelectron cross sections
to determine the retative atomic percent from photoelectron spectra of a
homogeneous solid. This has been carried out for all elements from Z = 3
to 92 for both Al Ka and Mg Ka x rays.

DISCUSSION AND RESULTS

Simple model for quantitative analysis

Figure 1 shows schematically the basic problems involved in the use of
Xx-ray photoelectron spectroscopy for quantitative analysis. First, it must
be realized that the mean-free-path for kilovolt x rays in matter is sever-
al orders of magnitude greater than for the ejected photoelectrons. Thus,
the depth to which the sample is studied is determined by the probability
for an electron escaping without inelastic collisions, and the x-ray beam
is essentiaily unattenuated over the escape depth. The probability for
photoejecting an electron from a given subshell per unit volume is

N0 = gnf (1)

where o is the photoelectron cross section for a given subshell of a given
element, F is the x-ray flux and n is the concentraticn of the element in

terms of atoms per unit volume.
Second, the angular distribution of the photoelectron needs to be con-

sidered. This is given by

N(8) = 1+ 8/2 (3/2 sin® & - 1) (2)

where 6 is the angle between the direction of the photon beam and the
-2~
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Some Considerations in the ESCA Study of Solids.

Fig. 1. Schematic representation of problems involved in quantftatfive
evaluaticn of x-ray photoelectron spectroscopy of solids. See text for de-
scription of symbols. If sample is homogeneous without contamination
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direction of the ejected photscelectron. The angular parameter, 2, can vary
from -1 to +2 and is dependent on the photoelectron energy and the nature
of the atomic orbital. Manson (5] has made comprehensive calculations of 2
as a function of element. At higher photoelectron erergies this value ap-
proaches an asymptotic value for a given angular momentum, and corrections
for relative intensities measured at a fixed angle are not large. for ex-
ample, the total integrated intensities to that measured at 90° is about
10% higher for p orbitals than for s orbitals. In solids the angular cor-
rection is reduced by the leveling effect of elastic coilisions. To remove
the angular effect, one may measure the intensity at 54.7°, at which angle
the intensity is independent of 8. Our simple mode) assumes that any
problem related to angular distribution has been corrected.

Third, the probability for escape of the electron from the material must
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be considered. I: reguires that the photoelectron emerges without any
energy 10ss due to an inelastic collision, passes through the spectroreter

and is detected. The intensity fs thus equal to

dH = K, e X} dx.s (3)

where 1/) is the reciprocal of the mean-free-path or the cross section for
inelastic scattering, x is the distance below the surface, and S is the
spectrometer factor. The total signal integrated from the surface to an

infinite depth is

N = I. N, e ¥} 4.5 = r.gnF.S. (8)
0

The retative intensity for two different photoelectron peaks from the same

sample is
Moamh S (s)
N, o, 00, S,

The mean-free-path, X, for inelastic scattering is a monotonic function of
the kinetic energy, €, of the ejected photoelectrens. The details are com-
ptex and depend on such parameters as the plasmon frequency of the material
through which the electron travels. However, over the range of interest to
ESCA (100 to 1500 eV) A can be approximately fitted to the dependence

A« B

both from theory [6] and from experiment [7].

For a given spectroimeter the spectrometer factor will be the same except
for a possible dependence an the kinetic energy of the 2jected electron.
This energy dependence can usually be determined. In our spectrometer,
which is an electrostatic amalyzer without predecelleration, the intensi-
ties need only be corrected by dividing by the window width, €. OQur simple
medel for quantitative analysis in ESCA assumes that the energy dependence
of the spectrometer coefficient has been accounted for, and S] = 52. The
object of the calculation is to obtain the expected intensities in the
photoelectron spectra for equal atomic concentration, so that Ny = o0, The
choice of element and subshell for a standard is arbitrary and we have
chosen the C(ls) peak. The final form of the calculation thus becomes

-4-
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Hg.ns _ Oz,ng vhv - EglZn2

i (6)
C,ls % s /hv - 285

where MZ.nﬁ is the integrated intensity of the phatoeiectron peak associ-
ated with subshell n2 of element Z, hv is the x-ray energy, and E8 is the
binding energy of the atomic orbital which has been taken from an experi-
mental collation of Siegbahn (8].

The photoelectron cross sections used in £q. (6), 92 nz’ have been cal-
culated by Scofield [5]. His calculations are based cn relativistic
Hartree-Fock-Slater wave functions and have been carried out for each sub-
shell of each atom. The values should be reliable so long as one is not
too close to the threshold for photoionization, a condition which has been
avoided in the use of £q. (6)}. The calculated cross sections were checked
by studying the relative intensities of photoelectric peaks observed in the
gas phase of some simple molecules; and agreement between experiment and
theory was found to be satisfactory.

Results of calculations for guantitative analysis

Using £q. (&) we have calculated the relative intensities expected for
photoelectron peaks for at least one subshell of every element from Z = 3
to 92 for both Al Ka and Mg Ka x rays. For example, Fig. 2 gives the
ratios for Al Ka radiation. The subshells chosen for calculations are
those most likely to be used in ESCA. This frequently means that the sub-
shells have the highest angular momentum for a given principal quantum
number. This is so because vacancies in such orbitals cannot be filled by
Coster-Kronig transitions, which can drastically shorten the half life of
such states and thus broaden the photoelectron peak. To effect a quantita-
tive analysis, the measured photoelectron intensities for different ele-
ments in a homogeneous sample need only be divided by ratios such as those

given in Fig. 2.

In Table 1 are listed the relative intensities for elements in different
solid compounds as determired from experimentally determined ratios of
photoelectron intensities for known compounds, together with ratios calcu-
lated from Eq. (6). Although some scattering occurs amongst the different
data, agreement between theory and experiment is quite satisfactory.

Chemical effects and inhomogeneity

The simple model as seen above would appear to give a reasonable basis
-5-
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Fig. 2. Calculated intensities of photoelectron peaks from x-ray phote-
electron spectra of solid. Results given are relative to the C()s) peak
for equal atomic concentrations. Calculations are for studies made with
Al Ka x rays, hv = 1487 eV. Values are given for each element for differ-

ent atomic subshells.

for quantitative analysis. [In the future, improvements in both theory an”
experiment ought to be obtainable, but there are intrinsic difficulties
which will prevent ultimate agreement of better than about 5%. For example,
it has been noted that the intensities of photoelectron peaks of the same
element separated by chemical shifts do not always follow the ctoichio-
metric formula. This has sometimes been attributed to differences in the
degree of electron shake up and shake off [9] faor the different atoms of
the molecule.

More important are the problems of inhomogeneity. Sometimes variation
from expected behavior for a homogeneous material can be of help in charac-
terizing the nature of the surface of a material. For exampie, if a homo-
geneous material containing two elements of known concentration lies below
the surface of a contaminant layer the observed intensity will be

2

d(1/3; - 1/a3)
e 2 1 (7)

z! _.2

where Ni/Né is the ratin of intensities expected for a homogerieous
-6~
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Table 1

ﬁompar;son of relative intensities for photoelectron peaks in solids
v = Al Ko

Experiment Theorzd
Ratio Luaner?  Tcarmer®  InereDov®  Average

c(1s)/F(1s) 0.2¢ 0.29 0.24 0.25  0.277
C(1s)/Na(1s) 0.61 0.53 0.35 0.50  0.522
Na(1s)/F(1s) 2.09 1.44 1.89 .80 1.32
$1(2p5,,)/F(15) 0.17 0.23 0.15 0.18  0.161
P(2p5,,)/Na(15) 0.26 0.18 0.12 9.19  0.167
$(2p5,,)/Ma(1s) 0.33 0.30 0.18 0.27  0.232
C1(2pyp)/Ma(ls)  0.46 0.43 0.25 0.38  0.312
K(2p3,,)/F(15) 0.85 1.03 0.83 0.0  0.723
Ca(2py,,)/F(15) 1.01 1.06 0.98 1.02  0.903
Pb(4f, ,,)/F(1s) 4.10 4.12 --- a1 374
Na(2s}/Na(ls) 0.065 0.145 0.077 0.096 0.0919
3Ref. 1.

bData from this report. Spectrometer coefficient has been corrected by
dividing by the window width, E.

CRef. 2.
dCalculated from Eq. (6).

substance which can be obtained with the aid of Eq. (6). The mean-free-
paths Ai and Aé are those for electrons of energy E] and E2 in the contami-
nation layer. If I/Aé - I/Aé is known or can be estimated, the thickness,
d, of the contamination layer may be obtained. This method is suitable
when the contamination layer is at least as thick as the smaller of the
mean-free-paths. It is also desirable that the energy of the phnto-
electrons being observed differ as much as possible.

For the study of thinner layers it is advisable to measure elements in
the contamination layer as well as the substraie. A frujtful area of re-
search is the measurement of a metal and its oxide, since the chemical shift
is often sufficient to easily identify the two species, and the photo-
electron cross sections can be assumed to be identical. In this case the
relative intensities of photoelectrons from the metal to those from the
oxide should be for a uniform layer of contamination of thickness d
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where A] and Aé are respectively the mean-free-paths for electrons moving
in the metal and in the oxide. For example, a tungsten-tungsten oxide sys-
tem was studied [10] whereby the thickness of the oxide layer was varied by
a series of anodization experiments. The thicknesses of the oxide layers
were determined in separate experiments using radiochemical techniques.

The experimental ratios of thie photoelectron intensities were compared to
the oxide thicknesses, and the plot which stretched over three orders of
magnitude could be fitted to a single parameter. The excellence of the
overall fit gave good evidence that the assumption of a uniform film of wo3
was correct. This method of examining a two-component system by XPS can
thus be used to ascertain the depth of the surface film (if AI and 12 are
known) and its uniformity.

CONCLUSIONS

A simple model has been developed with the help of photoelectron cross
sections from Scofield to enable one to convert x-ray photcelectron spec-
troscopy of solids into a quantitative technique. This model can be used
with effectiveness over the whole periodic table. Though accurate to cnly
abeut 10% it means that the usefulness of x-ray photoelectron spectroscopy
to surface analysis and chemical shifts can be supplemented with quantita-
tive evaluation of the relative intensities of the elements present. The
model is based on a homogeneous distribution of sample. Deviation from ex- ‘
pectations may be used to evaluate the inhomogeneity of the surface layers.
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