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Critical Reviews in Analytical Chemistry, 22( 1,2):567-635 (1991) 

Advances in the Application of X-Ray 
Photoelectron Spectroscopy (ESCA) Part 1. 
Foundation and Established Methods 

Tery L. Barr 
Department of Materials, Laboratory for Surface Studies, University of Wisconsin-Milwaukee, 
Milwaukee, WI 53201. 

ABSTRACT: X-ray photoelectron spectroscopy (XPS or ESCA) has reached a state of maturity in which some 
of its common uses may be considered routine. There is a danger, however, in the possible over-interpretation 
of this status. (Consider, for example, the hundreds of incorrect ESCA analyses in high T, superconductivity.) 
Thus, although recent advances in instrumentation have simplified general operations, they have also clearly 
identified a variety of previously undetected or misunderstood features in the technique that seem to suggest the 
potential of a more powerful analysis tool. These new areas require a much more sophisticated understanding 
of the photoelectron process and its potential uses. In the present article we provide a description of the 
background, present status, and possible future uses of some of these features of photoemission spectroscopy, 
including: (1) the charging shift and Fermi edge referencing, (2) valence band analysis, (3) XPS induced loss 
spectroscopy, (4) surface-to-bulk chemical shifts, ( 5 )  small cluster analysis, (6) photoelectron microscopy, (7) 
inverse photoemission, (8) resonance photoemission, (9) photoemission of adsorbed xenon, (10) photoelectron 
diffraction, and (1 1) liquid phase photoemission. (Some prejudicial discretion has been exercised in the degree 
of emphasis on each of these topics.) Novel analyses are described of various oxides (including zeolites and 
high T, superconductors), inert hydrocarbon polymers, carbon filled metal ceramics, supported metals catalysts, 
unique structures, and a variety of other systems. This review is divided into two parts. The first part treats the 
developmental and theoretical background of ESCA in detail, including established ESCA procedures (up to 
recent studies of the causes and uses of loss spectroscopy in ESCA), laying the basis for the description and 
elaboration of promising new directions in ESCA given in part two of this review. This two-part work is intended 
to serve as a useful treatise defining the underlying characteristics and broad capabilities of the ESCA technique. 

* Written, in part, while the author was associated with The Faculty Research Participation Program in the Chemistry 
Division, Argonne National Laboratory, under the following Federal Grant US DOE BES-Materials Sciences, under 
contract W-31-109-Eng 38. 

KEY WORDS: X-ray photoelectron spectroscopy, ESCA. 

1. INTRODUCTION 

A. Introductory Statement 

The following is intended as a review of re- 
cent advances in the science of photoelectron 
spectroscopy, particularly the branch now com- 
monly labeled as X-ray Photoelectron Spectros- 
copy (XPS) or Electron Spectroscopy for 
Chemical Analysis (ESCA). The review is pri- 
marily aimed at the analytical user (or potential 
user) of the spectroscopy, and not the ESCA ex- 
pert in either the instrumental or theoretical areas. 
Although the presentation is primarily focused 

on descriptions of the more recent advances, it 
was felt that the proper perspective for the 
nonexpert would be aided by also reviewing the 
history, methods of practice, basic equipment, 
and fundamental theory involved. Thus, in the 
present review, the latter topics are used to set 
the stage for the principal themes to follow. Some 
emphasis is placed on several of the problems 
inherent in the methodology, particularly as rui- 
sons d’etre for some of the recent developments. 
This discussion of problems should not be con- 
strued as criticisms of the spectroscopy. The 
nearly 1000 ESCA units in operation throughout 
the world are obvious testimony to the viable 

1O40-8347/9 1/$. 50 
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utility of the spectroscopy as the premier method 
for chemical analyses of surfaces. 

B. Historical Perspective 

The photoelectron effect had its birth in con- 
troversy. Discovered by Heinrich Hertz, in 1887,’ 
as part of his monumental attempt to experimen- 
tally verify the implications of Maxwell’s rela- 
tions, the production of photoelectrons did the 
opposite, demonstrating that the (then) theory of 
radiation was incomplete. Numerous scientists 
tried diligently to mend this crack in the foun- 
dation of classical physics, but all of the good 
experiments merely reinforced Hertz’s initial ob- 
servation.* The theoretical explanation of the 
photoelectron effect awaited “The Dawn Of A 
New Light” as Hoffmann3 has described the year 
1905, and the contributions therein by Albert Ein- 
stein. In one of Einstein’s major  achievement^,^ 
he brilliantly employed the new quantum of en- 
ergy concept of Planck5 to explain how radiation 
of low intensity, but high frequency, could eject 
electrons from metal foils, whereas the converse 
might fail to produce any electrons. As a result 
Einstein logically evolved a consistent, single re- 
lationship that (in slightly modified form) is still 
today the basis of photoelectron spectroscopy, 
i.e., 

hu = 1/2 mv: + E, + q@ (1) 

where u i the frequency of the incoming quanta 
(later dubbed as “photons” by Lewis6), h is 
Planck’s constant, 1/2 mv2 the kinetic energy of 
the outgoing “photoelectron” of mass m and 
velocity v,, q a reference charge, @ the work 
function of the emitting material, and the so- 
called ‘‘Binding Energy, ” expressed here against 
the Fermi level of the material. It is the latter 
feature, of course, that is the back-bone of the 
spectroscopy we describe in this review. Had 
Einstein left the argument at this point, his paper 
would have still been very famous, and perhaps 
not nearly so controversial. Unable, however, to 
accept the political view in place of the correct 
view (as he saw it), Einstein added a section to 
his paper challenging the totality of the Max- 
wellian wave theory of radiation, and suggested 

the possibility of a wave-particle d ~ a l i t y . ~  Even 
Planck hated these “alterations” of his original 
concepts, and the disputes over the latter half of 
Einstein’s paper (that ushered in the Quantum 
Theory of Radiation) were not completely re- 
solved until the advent of Quantum Mechanics 
in the mid 1 9 2 0 ~ ~  In fact, although Einstein’s 
1921 Nobel Prize was granted primarily for this 
paper, it specifically mentions only the frst 
half-the laws of the photoelectron effect. To the 
ever honest Einstein and his growing band of 
followers, the dispute was illogical, as you “can’t 
have one half of this paper without the other.” 
In any case, all attempts (pro and con) to chal- 
lenge the validity of Einstein’s interpretation of 
the photoelectron effect succeeded instead in ver- 
ifying it, culminating in the beautiful confirma- 
tion studies of Milliken.’ Following these studies, 
scientists turned to attempts to use this new phe- 
nomenon, particularly as a form of spectroscopy. 
Preeminent in these early studies were the in- 
vestigations of Robinson,’ who easily verified 
that an elemental spectrum could be realized, but 
found that so many difficulties were inherent to 
these measurements that the studies did as much 
to discourage the evolution of this spectroscopy 
as to promote it. The lack of availability of a 
continuous, high vacuum capability, the inability 
to control stray interfering fields, and the un- 
realized need for integrated, stable electronics 
caused most scientists of the 1930s and 1940s to 
ignore the prospect of a “useful” photoelectron 
spectroscopy. 

These problems were eventually rectified in 
the laboratories of Kai Siegbahn in Uppsala, 
S ~ e d e n . ~  Professor Siegbahn and his colleagues 
were initially attempting to develop a spectros- 
copy to examine f3 decay, but they soon realized 
that a similar version could be employed to ex- 
amine photoelectrons. Using giant Helmholtz 
coils to “deflect” all outside fields, they achieved 
their first spectrum in 1955. Soon thereafter they 
made a dramatic discovery. The binding energy, 
E,, detected for the C(1s) Iines in several different 
carbon containing systems was (reproducibly) 
found to exhibit different values. The same fea- 
ture was found for the two chemically different 
sulfurs in a thiosulfate. Thus, accurately mea- 
sured photoelectron spectroscopy was found to 
produce Chemical Shifts! Professor Siegbahn and 

570 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



his group were able to produce similar shifting 
effects for many other compounds, both in the 
gas state” and as solids.” They noted, as we 
now expect, that the photoelectrons from atoms 
in a more electropositive state are emitted with 
less kinetic energy (greater b), and vice versa 
for atoms that are made more negative. Thus, 
the use of photoemission to map changes in ox- 
idation state and other chemical details seemed 
to be a viable possibility. Realizing the potential 
impact of these observations, Siegbahn dubbed 
his new technique, Electron Spectroscopy for 
Chemical Analysis, or ESCA.I2 Some other sci- 
entists have preferred to identify the method with 
both the nature of the excitation source and the 
emitted particles, thus calling it various types of 
photoelectron spectroscopy (e.g., XPS, when X- 
rays are employed as the emitting photons, and 
Ultraviolet Photoelectron Spectroscopy, or UPS, 
when UV radiation is used). The latter process 
was developed as a companion technique soon 
after the Swedish development in a number of 
labs, particularly those of TurnerI3 and Price.14 

Obviously the choice of radiation frequency, 
u, is a matter that depends upon the experimental 
parameters (as long as hu exceeds the so-called 
threshold energy, E, + qQ,). In point of fact, it 
is often advantageous to have available the ability 
to employ variable energies, such as provided by 
many synchrotron radiation centers. In the fol- 
lowing, however, we will concentrate upon the 
area often reserved for the term ESCA (i.e., that 
employing X-ray emission, [XPS]). We do this 
for brevity, and to emphasize that area that has 
had, by far, the largest impact in analytical chem- 
istry, particularly in the applied (industrial) set- 
ting. We will, however, where warranted, refer 
to interconnects with other radiation sources. 

II. THE ESCA PROCESS 

A. Basic Principles and Procedures 

Although rather simple in appearance, it soon 
became apparent that certain difficulties pre- 
vented the ready, experimental implementation 
of Equation 1. One of the difficulties results from 

the fact that the threshold energy (1/2 mv,’ = 0) 
is defined with respect to a zero at the sample 
vacuum level. (The vacuum level may be defined 
as that point in energy space that if exceeded by 
an electron, the latter will be completely [ener- 
getically] disassociated from its origin materials 
system.) This is a useful energy point for a gas 
(for which Q, = 0), but for a solid (Q, # 0) this 
reference point provides sigdicant problems. The 
reason is that those features that define E, are 
expressions of the atomic* chemistry of the sys- 
tem (i.e., & = 0 in Equation (1) defines the 
Fermi edge [or in the case of certain wide band 
gapped systems, the pseudo Fermi edge] of that 
part of the solid material). The work function, 
@, on the other hand, may be totally independent 
of that original chemistry, but does depend upon 
certain influences of the surrounding material 
units. Thus, for example, different structural faces 
of a particular crystal may produce different val- 
ues of @. A figurative rendition of these prop- 
erties is presented in Figure 1. Unfortunately, 
although measurements of E, or Q, are relatively 
straight-forward, simultaneous measurements of 
both are not readily achieved. In order to cir- 
cumvent this difficulty, Siegbahn and his group 
noted a very interesting feature of many solid 
systems.12 If the sample to be examined is a con- 
ductor, then it can be placed in the ESCA spec- 
trometer such that the sample is conductively 
coupled (in thermal and electronic equilibrium) 
with the conductive probe of the spectrometer. 
An energetic expression of this situation is dis- 
played in Figure 1. In this arrangement the energy 
of the photoelectron detected by the p spectrom- 
eter may be measured against the vacuum level, 
E”P,, of the spectrometer. The work function of 
the latter, asp, is accurately predetermined by 
measuring the energy of photoelectrons emitted 
from a particular level in a reference sample with 
a well established E, (e.g., Au 4f,,2 = 83.96 
eV). Thus, this measurement determines the Fermi 
level of the spectrometer, ESP. If the spectrometer 
system is reasonably stable, this value may be 
retained for a substantial period of time, and reev- 
aluation, when needed, should be relatively sim- 
ple. Thus, the binding energies of all conductive 
samples may be measured, because of the Fermi 

* We refer herein to the basic unit site in the solid as atomic, although in reality this fundamental chemical component 
may be molecular or even a solid unit cell. 
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I Ek.e. 
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I 1  x-ray Photon Sample 
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112 108 I04 I00 96 92 

BINDING ENERGY cv 

b 

FIGURE 1. (a) ESCA binding energies and chemical shifts for conductive samples: energy level scheme (based 
on Siegbahn coupling of Fermi edges). (b) ESCA binding energies and chemical shifts for conductive samples: 
representative binding energies and chemical shifts. 

edge coupling relative to the spectrometer work 
function value, CP,,, see Figure 1. 

Viewed in terms of Figure lb, the afore- 
mentioned chemical shifts arise due to the small 
changes in that may often occur (even for core 
level peaks) as a result of changes in the chemical 
(electronic state) environment of an atom, des- 
ignated here as A, as registered by its jth state. 
Thus, the energy change, AEZO) (1 --j 2) from 
state 1 4 2, is given by 

B. Problems: Relaxation and Satellites 

All of this would appear to be very straight- 
forward, and indeed the measurement of these, 

so-called, chemical shifts, for many materials, is 
easily accomplished. Thus, we find ready pro- 
duction of chemical shift data, such as that re- 
ported in Table 1. The problem, however, is that 
any ready interpretation that AETOi, (1 + 2) is 
caused only be the chemical changes experienced 
by atom A in going from situation 1 to 2 may be 
incorrect. 

There are several reasons for the latter qual- 
ifying statement. All of these reasons obviously 
detract from the straightforward, simple analysis 
of ESCA results that many casual users would 
appreciate. Fortunately, it often turns out that 
even when such problems occur, they may be 
ignored. In addition, close scrutiny also reveals 
that an understanding of these problems may pro- 
duce auxillary benefits, and several of the new 
analytical methods, to be described next, are di- . 
rect offshoots of these observations. 
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TABLE 1 
Representative Chemical Shift Data 

Element 

Pd 

Ni 

c u  

Si 

Zr 

Mo 

S 

Probable 
oxidation 
state and 

compound 

Pd" 
PdO 
PdO, 
Pd(OH), 
PdSO, 
PdBr, 
Ni" 
NiO 
Ni,O, 
Ni(OH), 
NiSiO, 
NiF, 
CU" 
CUO 
cu,o 
CU(OH1, 
Si" 
SiO, 
Si(OH), 
Zr" 
ZrO, 
Zr(OH), 
Moo 
M W ,  
MOO, 
MoO,XH,O 
NiS 
Na,SO, 
cuso, 

BE and selected 
line width3 for 

PMEP 

335.45(1 .OO) 
336.9 
? 
338.55 
338.7" 
337.7" 
852.75 
854.6 
855.7 
856.45 
856.9" 
857.4" 
932.47(1.01) 
933.7 
932.5(1.2) 
934.75 
99.15 

102.5 
103.0 
179.6 
182.2 
183.6 
227.95 
231.6 
232.3 
232.6 
162.8* 
166.6" 
169.1d 

Oxide 
BE O(1s) 

530.1 
? 

530.0 
530.0 

530.3 

531.7 

529.9 

? 
530.5 
530.4 

Hydroxide 
BE O(1s) 

? 

531.7 
531.95 

531.7 

531.9 

531.2 

531.9 

a Principal metal ESCA peak. 
Line widths are enclosed in parentheses. 
Wagner, C. D., Gale, L. H., and Raymond, R. H., Anal. Chem., 51, 466, 1979. 
Wagner, C. D. and Taylor, J. A.,J. Electron Specfrosc., Relaf. Pbenom., 20, 83, 1980. 
Wagner, C. D. and Taylor, J. A,, J. Electron Spectrosc., Relat. Phenom., 28,211, 1982. 

Source: Except as footnoted, all values from: Barr, T. L.,J. Phys. Chem., 82, 1801, 1978. 
With permission. 

In order to understand these problems, it is 
important to note that the measured binding en- 
ergy, Cm, is, in fact, determined as an energy 

in question immediately before measurements , 
E,(N), and that for the state of the N - 1 electron 

system at the point of photoelectron detection, 
E,(N - l), i.e., 

difference between that for the N electron system Ezjtci,(l) = EFm - 1) - E,W) (3) 

where I is our designation for the appropriate 
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premeasurement, initial state, and F designates 
the corresponding post measurement, final state, 
for atom A, in chemical environment 1 as mea- 
sured (m). The measurement is accomplished us- 
ing the photoemission from the jth electronic state. 
Displayed in these terms, it is not hard to see 
where the chemical argument arises. If we as- 
sume that we can represent our atom by typical 
“chemical” arguments (quantum mechanically, 
this means electrons in specific orbitals for models 
calculated [perhaps] to the Hartree-Fock limit). 
Then, in order for this chemical (only) shift to 
be true, it is necessary that one is able to associate 
the energy difference in Equation 2 with differ- 
ences in specific, premeasurement, orbital ener- 
gies, E, i.e., 

where 1) refers to the jth (usually core level) 
orbital energy for atom A in chemical state 1. 
Thus, in this model the measured chemical shift 
defined in Equation 2 is given simply by the 
energy difference experienced by a particular or- 
bital state for atom A in two different chemical 
environments, i.e., 

Thus, the two E’S in Equation 5 may represent, 
for example, the C(1s) orbital energies for carbon 
in FeCO,,(l), and FeC,(2), etc. 

Those readers who are familiar with quantum 
mechanics will have already noted that this de- 
scription is flawed or limited by our choice of 
the “one-electron” or orbital energy argument. 
In so doing, we have ignored the correlation en- 
ergy,I5 but we have retained that feature labeled 
herein as the “chemical” environment. It turns 
out that this correlation deficiency is generally 
not very large, particularly when viewed from a 
qualitative perspective. l6 

Another feature is ignored in Equation 5 that 
is much more serious, at least from the standpoint 
of a fundamental understanding of ESCA. Close 
scrutiny of Equations 3 and 4 will show that 
inherent to these steps is the assumption that the 
N - 1 balance of electrons retained in the A sys- 
tem during, and following, photoelectron ejec- 
tion are unaffected by that process, at least insofar 

as the time frame of the measurement process of 
the photoelectrons is concerned. In terms of the 
orbital, or one-electron, model this is often re- 
ferred to as the Frozen Orbital Model (i.e., in 
this approach the orbital states of the N - 1 elec- 
trons remain frozen in their initial states during 
the photoelectron ejection and detection).” When 
the orbital picture has been “perfected” to the 
point of the Hartree-Fock limit this feature comes 
under the general heading of Koopman’s theorem 
(KT),I8 and therefore one will find the designation: 

often appearing in the literature. l6 Unfortunately 
this model is fundamentally flawed, as all pho- 
toelectron measurements suffer from some de- 
gree of energy relaxation and/or secondary 
electron, satellite emissions as a result of the 
response of the N-1 electron set to the photoem- 
ission of the electron in question. As a result of 
these (final state) effects, it should be obvious 
that the totally initial state, chemical (Koopman’s 
theorem) argument expressed in Equation 6 is 
incomplete. This complicates, to some degree, 
the interpretations of ESCA. In addition, these 
relaxation shifts and satellite peaks play an in- 
tegral role in some of the new auxillary tech- 
niques described later in this review. Further 
discussion of the implications of these effects 
requires quantum mechanical considerations, 
which are presented in Section IV. 

C. Problems: Introduction to Charging 
and Fermi Edge Coupling 

Another difficulty in the ESCA measurement 
process results from the previous assertion of 
conductivity as a property needed for samples in 
order to apply the Fermi edge coupling-binding 
energy measurement process. This would seem 
to restrict ESCA to studies of reasonably good 
conductors. Fortunately this is not the case. One 
should note that the measurement process refers 
to the Fermi edge (thermal and electronic equi- 
librium) coupling with the conductive part of the 
probe at room temperature. It appears that all 
reasonable conductors (in most physical environ- 
ments) and many narrow band gapped semicon- 
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ductors can generally be configured (as samples) 
to meet the latter criterion for ESCA. This is true 
because sufficient intrinsic conductivity and 
“stray” electrons are present in these materials 
to provide that coupling. In the case of wide band 
gapped semiconductors and insulators, however, 
the situation is different and energy measurement 
problems result. There is no obvious point where 
this differentiation of material-type occurs, ex- 
cept that the author has noted that he has been 
able to achieve Fermi edge coupling using a com- 
mercial ESCA system (Hewlett-Packard 5950A) 
for many configurations of elemental silicon (Si”), 
(E, - 1.1 eV), whereas slight Fermi edge de- 
couplings were found during similar ESCA in- 
vestigations of thin films of InN (Eg - 1.7 eV), 
in the same system. It is readily apparent that a 
variety of micro and macromorphological factors 
substantially influence these decoupling results. 
For example, a thick wafer of alumina, A1,0, 
(E, - 9.0 eV), behaves as an obvious insulator 
and produces substantial decoupling, l9 with its 
ensuing problems, whereas the space charge or 
Schottky Barrier flow of electrons from conduc- 
tor to nonconductor prevents decoupling in the 
first few monolayers of AIzO3 grown on top of 
conductive Al0.I9 All of this is considered later 
in more detail. 

The most obvious problem that occurs as a 
result of Fermi edge decoupling is charging, 1920 

(see Figure 2). This is a multifaceted process, by 
which many nonconductive samples subjected to 
photoelectron (and related electron) emission build 
up macroscopic (surface and near surface ori- 
ented) clusters of positive charges that produce 
a Volta potential that results in a “drag” on the 
outgoing photoelectrons. As a result, a charging 
shift upfield (to higher binding energy) occurs in 
the measured binding energy scale. Numerous 
factors, including macromorphology , chemistry , 
uniformity of microstructure, etc., influence the 
size of this charging shift, which has been found 
to vary from a few tenths of an eV, to more than 
100 eV. When significant charging occurs, it is 
never entirely uniform (i.e., there is always some 
form of differential charging across the sam- 
ple),20 and substantial (broadening-type) distor- 
tions of the ESCA peaks generally result (see 
Figure 3). Thus, the ESCA peaks may not only 
shift to an unrealistic, large, binding energy, they 

may also distort, sometimes beyond recognition. 
It is quite obvious that when the latter occurs 
some form of rectification is necessary. In fact, 
since the charging effect has varied, often non- 
chemical causes, there may be advantages in al- 
ways trying to remove it.20*21 This often may be 
(substantially) achieved using some form of low 
energy, electron source (e.g., an electron flood, 
or neutralization, gun). An example of this type 
of situation is presented in Figure 3. 

Unfortunately, it often goes unrecognized that 
removal of the charging shift, even when totally 
successful, generally does not produce a “valid” 
binding energy by the previously described con- 
ventional measurement procedure. 20*22 This oc- 
curs because, as explained above, precise binding 
energy measurements in the conventional ESCA 
spectrometer require the coupling of the Fermi 
edge of the sample involved with that of the spec- 
trometer. “Neutralization” of an insulating solid 
may leave its electronic energy scale still floating 
with respect to that of the spectrometer. In fact, 
it may be argued that an insulator does not even 
have a Fermi edge to use in this coupling process. 
(It is possible, however, to induce a Fermi edge 
into some insulators and promote the aforemen- 
tioned coupling, but the procedure for doing this 
generally alters the physical and chemical status 
of the sample).23 

The most common procedure for producing 
valid binding energies for nonconductive solids , 
therefore, has been to reference all binding ener- 
gies to that for a particular constituent (or dopant) 
with a purportedly fixed, easily reproduced set 
of binding energies. Often, in fact, the C(1s) bind- 
ing energy of the ubiquitous, adventitious car- 
bon, generally deposited on all air exposed 
surfaces, is employed for this purposez4 (see Sec- 
tion VI) . Although generally utilized (and often 
correctly so) this “reference” method is fraught 
with potential problems, since such features as 
morphology, degree of dispersion, and other 
variable parameters may significantly alter the 
basis for these measurement  procedure^.^^ As a 
result, a variety of alternative techniques for the 
removal of charging and establishing the valid 
Fermi edge have been developed. None of the 
techniques appear to be a panacea, while most 
have at least specialized merit. Some of these 
newer techniques are outlined later in this review. 
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FIGURE 2. Energy level scheme for nonconductive sample. 

Interestingly, in our own studies we have 
discovered that the variable presence of charging 
and decoupling (particularly of the differential 
type) actually provides an auxillary tool for ma- 
terials analysis by ESCA that, in some cases, 
produces unique results. 20.26~27 Hence these stud- 
ies are likewise described later in this review. 

D. Summary of the Pros and Cons of 
Conventional ESCA 

In summary, we have noted that the basic 
ESCA process provides a rather straightforward 
measurement procedure that generally produces 
readily identified peaks, particularly from core 
level emissions. Shifting patterns in the binding 
energies of these peaks were originally deter- 
mined by the Siegbahn group to indicate changes 
in chemistry. In order to fix a common repro- 
ducible scale for these binding energies, the Sieg- 
bahn group recommended Fermi edge coupling 

between the (conductive) sample and the 
spectrometer. j 2  

Unfortunately, several problems interfere with 
the total, ready use of these arguments and meth- 
ods for all systems. Thus, we have suggested that 
the measurement process itself interferes with the 
actual measured binding energy values by mixing 
relaxation andfor satellite peak effects into the 
chemical (initial state) arguments. The latter 
would be preferred by those seeking a simple 
“chemical” shift. We also have shown that non- 
conductive materials may be subjected to Fermi 
edge decoupling and a charging shift following 
photoelectron ejection. As stated earlier, these 
effects tend to complicate the measured results. 

Fortunately, as we have seen, it is often pos- 
sible to ignore or remove these difficulties. In 
addition, we describe in some detail how various 
aspects of these “problem” phenomena may be 
used as important auxillary tools. First, however, 
it will be useful to describe the basic rudiments 
of the experimental systems, and the quantum 
concepts, that are the basis of the ESCA process. 
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FIGURE 3. Representative charging case from ESCA: 
(a) SiO, film on Si”; (b) pressed wafer of SiO, powder. 

111. THE ESCA SPECTROMETER 

A. Introduction to the Basic System 

The conventional commercial ESCA exper- 
iment generally employs either Al,, (1486 eV) 
or Mgku (1254 eV) X-radiation. Whether utilized 
with direct “line of sight’’ from the X-ray anode, 
or a crystal monochromator, the incidence angle 
of the X-rays are typically in the range of 33 to 
90 degrees, with respect to the sample normal. 
The ejected photoelectrons are often collected 
along this sample normal, although almost all 
angles down to the specular are employed. Ini- 
tially, a variety of electron (or p) analyzers were 
employed to collect and energy sector the pho- 
toelectrons, with particular use of either hemi- 
spherical or cylindrical mirror systems. Many 
spectrometer manufacturers originally employed 

various arrangements of different sized slits to 
introduce and remove the photoelectrons from 
these analyzers. The lack of consistently satis- 
factory results also has generally led to the use 
of a variety of lens systems (electrostatic or mag- 
netic) that are employed (often with slits) to focus 
the photoelectrons properly inside the analyzer. 
Recently most manufacturers have realized the 
superiority of the hemispherical analyzer for the 
ESCA process.28 A typical arrangement of this 
type is displayed in Figure 4. A variety of de- 
tectors, often arranged into particular geometries, 
are employed to collect the final electron emis- 
sions. Successful detectors have included chan- 
neltrons, micro-channel plates, and resistive anode 
plates, often coupled with various arrangements 
of phosphor screens and high sensitivity TV 
cameras. 

B. Extensions and Improvements 

1. Monochromators-High Resolution 
and Acute Sensitivity 

As mentioned earlier, conventional ESCA is 
still often accomplished employing direct im- 
pingement of the relatively soft X-rays from their 
anode source onto the sample of interest. This 
approach is generally simple to operate and per- 
mits the maximum use of the photon density, and 
thus the maximum “flexibility” with the total 
electron output. Early in the use of ESCA, how- 
ever, the University of Uppsala group under Kai 
Siegbahn recognized that this simple approach 
often defeated some of the purported attributes 
of the ESCA t e c h n i q ~ e . ~ ~  To illustrate: (1) direct 
X-ray impingement with its accompanying ther- 
mal effects and additional “stray” particles (e.g., 
Bremsstrahlung, etc.) was sometimes found not 
to provide a “nondestructive” analytical method, 
as generally advertised (e.g., direct impingement 
ESCA cases were reported that beam reduced 
some samples [e.g., Cu+ + to CU+],~O and seri- 
ously chemically damaged various  polymer^);^ 
(2) the secondary electron continuum mentioned 
above was often so large that it produced a signal 
to background that sometimes interfered with the 
detection of weak peaks; (3) concepts of optics 
dictated that the maximum electron output res- 
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X-ray source 
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FIGURE 4. (a) Generalized schematic for ESCA 
spectrometer and typical results. (b) Figurative rendi- 
tion of older monochromator based ESCA. 

olution (minimum line width) could not exceed 
that of the input X-ray line; (4) all of the signif- 
icant satellites exhibited by the impinging X-ray 
line also produce photoelectron peaks, some- 
times in binding energy regions that screened the 
peaks of sparse species or interfered with chem- 
ical shift registration. 

Faced with these difficulties, the Siegbahn 
group demonstrated3* and brought to 
general practice the use of monochromatically 
scattered X-rays. This led to the development and 
dem~nstration~~ of the use of geometrically rear- 
ranged silica (quartz) crystals, bent to produce 
the proper Bragg angle, such that a Rowland 
circle arrangement will permit the focus on the 
sample of a diffracted segment of the principal 

Alk, X-ray peak. As a result, the beam damage 
is substantially curtailed,33 line widths may be 
reduced (often by several times), and the general 
background may be sufficiently reduced to re- 
alize an iinprovement in signal-to-background of 
several orders of magnitude. 

Unfortunately, however, the carefully worked 
out details of the Uppsala arguments were often 
not totally heeded. Thus, many manufacturers 
and practitioners failed to note that successful 
implementation of an X-ray monochromator often 
depends upon the care employed to couple it with 
the proper electron spectrometer (particularly, the 
right arrangement of lenses and hemispherical 
analyzer). Originally, for example, the Siegbahn 
group suggested a dispersion compensation ar- 
rangement for X-ray monochromator and elec- 
tron lense, which could, theoretically, completely 
decouple the output resolution from that of the 
input.'* This arrangement was successfully im- 
plemented in the Hewlett-Packard ESCA system 
marketed from 1971 to 1976.33 

Most manufacturers have finally realized the 
importance of providing a satisfactory mono- 
chromatic option to the conventional direct im- 
pingement system. It is now not uncommon for 
systems to be equipped with both procedures, 
permitting the use of the faster, high intensity, 
moderate resolution in cases where sensitivity or 
resolution is not critical, with relatively easy con- 
version to a high resolutiodacute sensitivity 
monochromatic mode. 

2. Other Developments - Spacial 
Resolution 

Several other recent improvements in ESCA 
technology deserve special mention. It is now 
possible to fine focus the X-ray beam before 
monochromatizating , thus permitting enhanced 
spacial resolution with further enhancement in 
energy res01ution.~~ It is also possible to adroitly 
employ the lens and slit system to segment the 
spacial aspects of the photoelectron output. Fo- 
cusing of the latter output would appear to permit 
even greater spacial resolution (1 pm or less is 
predicted) with ra~tering.~' Fine focus of the X- 
rays, however, also permits a much more intense 

578 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



(faster) small spot analysis. It should be apparent 
that all of these improvements have ushered in a 
period of intensive effort in spacial analysis, thus 
effectively removing one of the often mentioned 
shortcomings of ESCA - the statistical (rela- 
tively large x-y) nature of its With 
recent alterations, one may now routinely switch 
many systems from “large spot” (analysis gen- 
erally of the order of 1 to 5 mm in diameter) to 
small spot inside the same experiment, thus per- 
mitting the sequential realization of the advan- 
tages of both approaches. These small spot 
capabilities have naturally led to the successful 
beginnings of a form of “photoelectron micros- 
copy” (see Section VIII.) with the obvious goal 
of providing a replacement (or at least supple- 
ment) for modest electron microscopy andlor Au- 
ger microscopy, in a mode that will 
simultaneously provide detailed chemical, as well 
as qualitative analysis. 

C. The Present Performance Frontier 

Subsequent developments in resolution and 
sensitivity have recognized not only the need to 
optimize the separate features of ESCA systems 
(e.g., source, monochromator, sample presen- 
tation and treatment capability, lenses, slits, 
hemispherical analyzer, detector, and data sys- 
tem), but have also noted that this improvement 
will depend particularly upon the ability of the 
spectrometer manufacturer to optimize most (if 
not all) of these features into a simultaneous, 
cohesive package.37 On the commercial front this 
motivation is presently best represented by the 
new system being produced in Uppsala, Sweden 
by Scienta Instruments AB.38 This system (de- 
picted in Figure 5) begins with a fine focus elec- 
tron gun that is employed to eject Al, X-rays 
from an anode that is electroplated onto the cir- 
cumference of a high speed (-10,000 rpm) rotor 
(rotating anode). These X-rays are then focused 
onto 7 +  strategically bent and placed quartz 
crystals, aligned on an adjustable backing plate. 
The monochromatic, diffraction scattered output 
of the latter is further focused onto a sample 
strategically placed to form the optimal Rowland 
circle geometry with both the anode and silica 
crystals. A multistaged, high resolution, electro- 

static lens is employed to collect the photoelec- 
tron output, and channel it through a 650 mm 
diameter hemispherical analyzer using various 
intermediate slits. Final detection is achieved with 
a microchannel plate detector, phosphor and a 
computer interfaced CCD TV camera. The pre- 
liminary resolution achieved by this system (see 
Figure 6) exceeds that of any other commercial 
instrument, and the sensitivity enhancement ap- 
pears to be more than an order of magnitude 
better (see Figure 7). All of this is achieved with 
minimal sample damage while collecting data at 
a rate that not only exceeds that of all other com- 
mercial systems but also most synchroton radia- 
tion sites. Such improvements are not cheap, of 
course, and in the view of some practioners, may 
not be necessary, particularly if the desired re- 
sults fall into an area loosely labeled as “con- 
ventional” ESCA. It should be noted, however, 
that many of the more sophisticated techniques 
to be described later in this review (Sections VI 
to VIII) are substantially enhanced by technol- 
ogy, like that employed in the Scienta 300. Thus, 
the fact that both photons and electrons are fo- 
cused in the Scienta system produced the reso- 
lution and geometry needed for some applications 
in surface-to-bulk photoemission, photoelectron 
diffraction and photoelectron microscopy (see 
Section VIII). It is also possible with adroit plat- 
ing or rotor wheel choice to achieve reasonable 
monochromatic output h m  several X-ray sources 
at substantially different energies (e.g., Al,, and 
Crkp). Thus, a system configured similar to the 
Scienta may, for some purposes, function as a 
reasonable ‘ ‘in house” alternative to synchroton 
radiation. 

IV. QUANTUM MECHANICAL 
ARGUMENTS 

A. Introduction to the Total (Primarily 
Elastic) Process 

The quantum mechanics of the photoelectron 
process has been considered previously in detail 
by various researchers, particularly Feibelman and 
E a ~ t m a n , ~ ~  C e d e r b a ~ m , ~ ~  Penm4’ P e n d ~ y , ~ ~  and 
others.43 As stated above, due to our primary 
analytical goal, we are not herein concerned with 
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ESCA - FREE MOLECULES 

a 

b 

FIGURE 5. (a) Cutaway rendition of precursor to 
present commercial Scienta ESCA. (b) Pictorial rep- 
resentation of present day commercial Scienta ESCA. 
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FIGURE 6. Typical set of high resolution valence band 
and gas phase core level result achieved with Scienta 
precursor. 

these details; therefore, we present here only a 
cursory outline, paying particular attention only 
to those parts that deal specifically with several 
relatively new processes that are featured in this 
review (Sections VI to VIII). 

A number of years ago, Spicef4 developed 
a useful model of the photoelectron phenomenon 

as a three staged scattering process. In this review 
we follow the lead of Sunjic,"' who has presented 
a particularly succinct version of this model. The 
three steps include 

(1) In the first step we consider the electronic 
state of the solid material of interest to be de- 
scribed by a many-electron state function, IqJ, 
which we hope to adequately model as a properly 
symmetrized set of product functions of one elec- 
tron orbitals. Thus, this system is often described 
as an initial state in which correlation is being 
ignored.* The incoming (X-ray) photon that is 
nearing the surface of the solid may be described 
by a vector potential d (r,w). As pointed out by 
Sunjic, during stage 1 this potential is already 
being altered from its free form as it begins to 
interact with the solid system. 

(2) As the photon field enters the solid sys- 
tem, it interacts with the current density, J, of 
the material evolving a linear coupling and scat- 
tering a particular electron, i, of momentum P,. 
In the linear coupling form, the photon-material 
scattering potential assumes a symmetric form: 

where, as pointed out by Martin and Shirley46 
and Fadle~ ,~ '  if we consider the field of the vector 
potential only through the dipole approximation, 
then we need consider only the polarization part 
of d, labeled here as f . In this regard, F e ~ n m a n ~ ~  
and others49 have shown that to the level of the 
dipole approximation 

4 

P - +  
- a u r  
m 

When considering the radiation as a plane wave, 

where u is the frequency of radiation spreading 
into the material with wave numberx at?. Then, 
in the dipole approximation 

+ +  
V a A - P  
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FIGURE 7. ESCA results from Scienta precursor demonstrating extreme resolution and sensitivity; SiO,. 

Thus, the quantum development can be rep- 
resented at this point in terms of either a time- 
dependent or time-independent , many-body scat- 
tering relation. This has been described by 
Liebsch50 and reiterated by Fadle~,~’  i.e., 

++ 
= 1 d3r, * * . d3rNG( R , r )(V)l’PJ (12) 

where G is the exact many-body Green’s function 
that motivates the “evolution” of IVJ, the many- 
body initial state, to ITF), the corresponding 
many-body final state, as a result of the involve- 
ment of the potential V. 

This problem is obviously beyond exact so- 
lution, but it may be substantially simplified by 
evoking the previously mentioned dipole ap- 
proximation and the restriction mentioned in step 
1 above to approximate the various exact 19) by 

properly symmetrized products of one-body or- 
bitals, realized, at most, up to the Hartree-Fock 
limit. 

(3) With these restrictions the completion of 
the photoelectron process may be expressed as a 
V-perturbed one electron process evolving against 
a possible background of final-state interacting 
(excited) electron-hole pairs45 (i.e., for the scat- 
tering cross section, udipole), 

I11 
8(E - €hw - (13) 

where r.$ is a valid one-electron (perhaps H.F.) 
orbital from which the electron is to be scattered 
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(i.e., in this model +i is an orbital part of VI(N), 
and +Lr,k) is the outgoing photoelectron state of 
the scattered electrons). The term I is, thus, the 
rendition of the photon-induced electron scatter- 
ing into the photoelectron state, described to the 
level of the dipole approximation. The outgoing 
nature of this situation depends upon the appro- 
priate choice of the one electron state, +f. If the 
photoelectron proceeds to the detector without 
further interaction, it is reasonable to approxi- 
mate $f as a simple plane wave; however, if some 
form of intermediate (even elastic) scattering oc- 
curs between emission and detection, a more 
complex form may be necessary. Thus, as shown 
in detail by Fadle~ ,~’  if one considers the (ready 
prospect) of the photoelectron emitted by atom 
1 being diffracted by its neighbors, it may be 
necessary to consider \elf as, at least, a spherical 
wave. In addition, as we shall describe in the 
section on photoelectron diffraction, the question 
is still being considered as to whether this scat- 
tering may be adequately treated inside a single 
scattering, cluster (SSC) m ~ d e l , ~ ~ . ~ ’  or whether 
the arguments of multiple scattering are needed.52 

Outside of these elastic events the most im- 
portant secondary situations that can occur as part 
of stage 3 of the photoelectron process are the 
secondary inelastic scatterings resulting in relax- 
ations and satellite formation. The prospects for 
these events are carried in the scalar product in 
part I1 of Equation 13, arid their energetic de- 
velopment (or lack there of) will be reflected in 
the number of terms that appear in the delta func- 
tion of part I11 of Equation 13. 

B. Inelastic Scattering Processes 

1. Relaxations 

In this part of the process, we are trying to 
connect the final (deep hole) state (characterized 
by E,(N- 1) in Equation 2) back to the initial 
state (characterized by E,(N) in Equation 2). In 
order to attack this problem, we must introduce 
some additional quantum mechanical consider- 
ation. As suggested, the appropriate many body 
states may be reasonably expressed in terms of 
properly symmetrized products of one-electron 
orbitals. In these cases it is constructive to con- 

sider the behavior of the N- 1 balance of occupied 
orbitals during and after the photoelectron ejec- 
tion. As noted earlier in Section I1 it may be 
reasonable to consider that these N-1 electron 
orbital states are unaffected by the photoelectron 
ejection. When the V states are evolved to the 
Hartree-Fock level, this lack of change is referred 
to as the Frozen Orbit Approximation.” (Al- 
though more appropriate for molecular than for 
solid state systems, the loss arguments realized 
in the following discussions generally apply for 
either type of system.) 

a. Frozen Orbit Approximation 

We first consider the solution to the initial 
state, N electron Schrodinger equation: 

H(N)V$(N) = E$(N)Ve(N) (14) 

As an approximation we consider the follow- 
ing approximate Hamiltonian: 

Ho(N) = 2 Fi 115) 
i =  1 

where Fi is the ith Fock Hamiltonian, i.e., 

and where 

1 Ze2 
hdi) = - ( -Vf + -), and (17) 

2 Ti 

e2 v.. = - 
U 

‘ij 

This implies (1) that a possible (approximate) 
wave function, Q0, for Equation 14 may be con- 
structed from Slater determinants of the orbitals 
in a single particle (one electron, independent 
particle approximation) set {4n}; and (2) that each 
of these +,,’s are the ground state, Hartree-Fock 
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(HF) orbitals for our A system of N electrons 
(i.e., that they are the “best” basis set of one 
electron orbitals in terms of their ability to de- 
scribe [minimize] the energetics of the Ath sys- 
tem). Any improvement upon this Qo solution for 
the A system would require the introduction of 
the previously mentioned correlation (i.e., the 
explicit introduction of electron-electron inter- 
action), in place of the average self-consistent 
field generated in the HF approximation.” The 
restriction to the HF limit is thus one that is often 
imposed in ESCA to avoid these complications 
and, in turn, to retain the ability to say that an 
ejected photoelectron comes from a specific or- 
bital (e.g., Cu[2p3,J). 

Therefore, in this approximation, 

(i.e., a single Slater determinant for a closed shell 
system), where + is an HF (spin) orbital, and A 
is the appropriate (anti) symmetrizer and nor- 
malization function. Note that the subfix o as- 
sumes a ground state system. 

Returning now to Equation 3, we see that we 
have described (up to the HF limit) a solution to 
the second energy term on the right side of the 
equation, i . e . , 

where the E,’S are obtained from 

Thus, E, is the HF energy for the ith state 
described by the HF orbital +i .  Working through 
the details of this Independent Particle Approx- 
imation one finds that when the N-body wave 
function is a properly symmetrized product of the 
N single-electron orbitals, the N-body energy, 
E,, is a sum of these individual orbital energies 
(i.e., Equation 20). 

If we further suppose that the only thing ac- 
complished by the interjection of the (X-ray) pho- 
ton is the removal of the electron from.say the 
kth orbital (i-e., nothing else happens to the sys- 
tem A), then 

Ho(N - l)@Ck(N - 1) 
= EFk(N - l )@ik(N - 1) (22) 

where, @o-k(N- 1) differs from q0(N) only 
through the “disappearance” of orbital k. There- 
fore, if this “restriction” is logical, then 

‘P\I~(N - 1) = A{+,(l) * * * 

and 

and therefore from Equations 3 and 20 to this 
level of solution 

Thus, inside the bounds of this approximation, 
the measured photoelectron energy is equatable 
directly to the original (pre-photoelectron ex- 
periment) orbital energy, and its (k‘th electron) 
removal by the XPS experiment merely provides 
the means to measure that (initial state) property. 
Note that this “approximation” presupposes that 
the remaining N-1 orbitals will (1) either not 
change at all during the XPS experiment or (2) 
that any change they do experience will be “well 
after the fact,” and thus not “perceived by” the 
photoelectron. This supposition is often called 
the Frozen Orbital Approximation. It was orig- 
inally derived (theoretically) by Koopmans and 
is known to theoreticians as Koopmans’ theorem; 
thus, the superfix “KT” in Equation 24.’* 

If this approximation is reasonably valid, we 
may then consider a second molecular unit (B) 
that also contains the same element and easily 
describe the (Siegbahn) chemical shift, AEM, as 
the difference in orbital energy for these two 
chemical states (Equation 5). Thus, inside this 
approximation the measured difference between 
binding energies for two (or more) units is a true 
chemical shift (i.e., inherently a measure of only 
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the [initial state] chemical change experienced by 
the atom in question between these two systems). 

Unfortunately, the Koopmans’ theorem or 
Frozen Orbital Approximation is just that-an 
approximation, and it only applies (reasonably) 
to a few systems. Generally, there are substantial 
differences between the results realized one the 
left side of Equations 3 and 5 and those calculated 
employing Koopmans’ theorem. Also, there are 
numerous, often significant, secondary peaks or 
relaxations realized in the experimental spectra. 
None of these facts can be described inside the 
limits of Koopman’s theorem. This necessitates 
the documentation of final state effects that may 
lead to relaxations and secondary peaks, and thus 
remove some of the “chemical” from the (Sieg- 
bahn) chemical shift. It has been noted that the 
relaxation effects to be described are those for a 
particular orbital of a particular atom in two dif- 
ferent chemical states. Therefore, some have sug- 
gested that these relaxation effects may often 
cancel when one considers the chemical shift sub- 
traction (Equation 4). In fact, sometimes sub- 
stantial parts of this relaxation do cancel. How- 
ever, as demonstrated by Davis and Shirley, the 
relaxation to be described has both an interatomic 
and extraatomic part.53 The latter, which depends 
primarily upon the interaction of a particular atom 
with its neighbors, will often vary substantially 
when those neighbors are changed, making the 
relaxation effect quite different for states 1 and 
2 in a 1 -+ 2 chemical change. 

6. Modification of Koopman’s Theorem for 
Slow Electrons 

If the orbitals that remain in the N-1 electron 
system are “allowed” to relax following ejection 
of a photoelectron (from QJm]), then they may 
all evolve in time into a new set, such that: 

where the orbitals {&} differ from the initial state 
set {+i} in that the former have relaxed (following 
photoelectron ejection) in an attempt to compen- 

sate for the presence of the core hole. This prob- 
lem may be attacked directly, by trying to solve 
H,(N - 1) ‘PF = EF’PF. However, even SCF cal- 
culations are difficult for hole-ion systems, and, 
therefore, other forms of approximate treatments 
are often employed. One way to model this 
processs4 is by assuming a polarization of each 
(retained) +:, i.e., 

where x is a polarization correction to 4 as a 
result of the long time retention of a hole in the 
vicinity of state i, and 6 is the appropriate weight- 
ing. Now it should also be noted that, since our 
SCF H (X Fi) contains the orbitals explicitly, the 
(eigen) Hamiltonian for the best, one-body so- 
lution to the final state also must be changed to 
recognize this alteration, i.e., 

where 

P 

and 

This approximation is often referred to as “adi- 
abatic,”’7*54 to designate that the N- 1 electron 
balance of the system will, following photoelec- 
tron ejection, slowly (in a relative sense) drift 
into the previously defined relaxed states without 
any discontinuous change in the Hamiltonian. 
Thus, comparing any point in time j with its 
immediate predecessor j - 1, we find that E(j) = 

In this case it has been shown by Hedin and 
Johanssons4 that the new final states {&} will shift 
the actual measured binding energy of the out- 
going photoelectron by an amount that often may 
be significantly different from that predicted by 
the frozen orbital approximation, i.e., 

E(j - 1) .  
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where EZti, is defined as the relaxation energy 
experienced by the jth orbital of the Ath atomic 
system. 

Imposing the predefined HF limitation, and 
further truncating the resulting solution at a con- 
venient point, Hedin and J o h a n ~ s o n ~ ~  have shown 
that one may express ER as 

where +j’ is the (pre-photoelectron) HF solution 
for the jth orbital in the A system, and Vp is 
defined as a polarization potential, given by 

(33) 
1 

p .  2 
V = 2 (Jij - - Kij) 

where Jij is the coulombic term, i.e., 

and K, is the corresponding exchange integral, 
i.e., 

where t and s label any two electrons retained in 
the system. 

As mentioned, this description provides a 
reasonably accurate rendition for the final state 
behavior of a system that suffers a (relatively) 
slow ejection of a phot~electron.~~ Many ob- 
served photoelectron peaks fall into this classi- 
fication. They are generally seen as singular 
(principal only) discrete lines in the resulting 
spectrum. Thus, a reasonable theoretical descrip- 
tion of their realized may be achieved with 
Equations 3 1 and 32. 

Unfortunately, however, many photoelec- 
trons do not exit the material system in this slow 
fashion. Rather they often rapidly “jump” out 
to the detector (in a relative sense) before this 
adiabatic relaxation has a chance to occur. Thus, 
these “fast electrons” will experience a dramatic 

or sudden upheaval as they evolve into the quan- 
tum world of the N - 1 electron system. This type 
of phenomenon is best represented in the “Sud- 
den Approximation. ’ ’ 

2. Satellites-The Loss Process 

a. The Sudden Approximation 

Any type of sudden (fast) electron ejection 
may cause a discontinuous change in the N- 1 
electron Hamiltonian , i .e . , 

Note that, as required, the “total” N electron 
Hamiltonian is still continuous. However, the 
change expressed in the N- 1 part of the Ham- 
iltonian (from H,(N - 1) to HF(N - 1)) is discon- 
tinuou~.~’ At the same time, of course, the wave 
function for the N - 1 electron set must experi- 
ence a continuous change from the eigenspace of 
HI(N - l ) ,  {Q1(N - I)}, to the eigenspace of 
H,(N - 1) (i.e., {@JF(N - l));=o), where the infin- 
ity symbol indicates both discrete and continuous 
states, and where now not only does the J=O 
state contribute (as in the adiabatic transition), 
but the entire manifold of eigenstates of H m -  1) 
~on t r ibu te .~~  Therefore (assuming, for conven- 
ience, only discrete states), continuity of the wave 
function demands the transformation (photoelec- 
tron ejection) at t?, with OL + 0, such that 

where 

HF(N - l)@i(N - 1) 
= Ek(N - 1)WF(N - 1) (38) 

As noted, all of the N - 1 electron hole ion states 
contribute to Equations 37, 38, and 

C, = (‘PI(N - l)(@JF(N - 1)) (39) 

Thus, the system, beginning in state !Po(N), 
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before interaction with A, is extensively and rap- 
idly disturbed by the “speedy” ejection of elec- 
tron k (from orbital $,J in a manner that “shakes” 
the into the manifold of eigenstates of 
HF(N- 1) as depicted in Figure 8. 

Further manipulations lead to a version of 
the Manne-Aberg sum rules:57 

m 

g;(N - 1) = ICJ12EJF(N - 1) (40) 
j = O  

and 

J = O  

where CjZ is the probability weight for each of 
these “shake up” states, and ~ j ’  is the orbital 
energy in the relaxed, final state that “an- 
nounces” the “transition” into the N - 1 electron 
manif~ld’~ (i.e., for a hypothetical spectrum with 
loss lines as shown in Figure 8.) 

Thus, this shake up type process produces a 
multiple (weighted) transition to the relaxed final 
states, the eigenstates of HF(N- l ) .57 The 
weightings are such that the manifold sum real- 
izes the singular unrelaxed initial state solution 
hKZ(N - 1). These transitions are intrinsically 
(hole) induced. 58 Spectroscopically we may pre- 
fer to describe all of this in terms of a properly 
weighted (hole ion) spectral function, N+(o), 
where o is the transition frequency59 

where 

6(AE) = 6(E - E,) (43) 

and the approximation ZI’ + Q, is recognized. 
As mentioned above, two “extremes” of this 

physical problem have previously been examined 
in detail both theoretically and experimentally .59 

Weighted 
T 

I 
I Average 

Observed 
L i n e s  

I n c r e a s i n g  B . E .  

FIGURE 8. Schematic representation of the (intrinsic) shake up process. 
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b. The Two Extreme Cases V. ESTABLISHED ADVANCED ESCA 
PROCEDURES 

Molecular (Chemical) Solids-In these 
cases, the emphasis is on the word “molecular” 
with any solid state involvement considered to 
contain regions of interest describable by molec- 
ular (or atomic) orbitals. The emphasis is on local 
bond effects rather than delocalized symmetry 
and k space. These cases are thus characterized 
by well described orbital to orbital, or band to 
band, type transition. The resulting discrete 
peaks* are sometimes referred to as Manne-Aberg 
shake-up effects59 to differentiate them from those 
described below. In some cases these transitions 
are of the charge transfer type, as apparently oc- 
curs for C U O , ~  (see, for example, Figure 9). We 
will expand upon select aspects of these argu- 
ments in Section VI on loss spectroscopy. 

Metals, With Zero Band Gap-As also de- 
scribed above, if the sudden ejection of the pho- 
toelectron occurs for certain metals, (E, = 0), it 
has been shown that a form of collective or plas- 
mon-type excitation will dominate the satellite 
loss scene. The featured properties of this process 
will be a series of regularly spaced discrete peaks 
that fall off in intensity in an exponentially de- 
creasing Poisson array. Aluminum produces an 
excellent example of this effect, as was first pub- 
lished by the Shirley group,61 (see Figure 10). 
Because of the historical development of the ex- 
planations for these effects, GadzukS9 has re- 
ferred to these collective phenomena as Mahan 
shake-up features.62 

Some uncertainty still exists as to the degree 
of extrinsic (electron-induced) vs. intrinsic (hole- 
induced) character in these loss spectra, (see the 
following). Our principal concern, however, will 
be to consider what happens to these loss features 
when the ingredients for the Manne-Aberg and 
Mahan forms are mixed. This occurs for many 
semiconductors, and even some insulators. This 
feature is discussed in more detail in the section 
on loss spectroscopy. 

A. Quantification 

Quantification is one of the most important 
and, in many cases, the most important feature 
of ESCA. Surprisingly, although this capability 
was recognized in the pioneering work in Upps- 
ala,63 the development and explanation of the 
degree and methodology of quantification in 
ESCA is still a very active, necessary area of 

Part of the reason for this is the ev- 
olution of the spectroscopy itself. Thus, as ESCA 
expands to encompass new and often more chal- 
lenging techniques, the methods and scale of pre- 
cision for its quantification need to be reexamined 
and often revised. Another evolving area of con- 
cern arises due to the somewhat uncertain nature 
of the materials being analyzed in ESCA. Thus, 
the fact that ESCA seems to detect photoelectrons 
over a shallow mean free path, A, that in one 
sense is considered a surface analysis, and in 
another, a subsurface examination, makes the ex- 
act definition of its quantification very difficult. 
In particular, we must keep in mind that the pre- 
disposition of a factor labeled as an escape depth, 
-q, can be a very beguiling fact. Thus, for ex- 
ample, if it is suggested that the average ESCA 
observation is rendered to a depth of 30 A, this 
generally tends to immediately produce the type 
of image presented in Figure 1 la, where we have 
blocked out a cylindrical section of a material 
with an atomically flat surface with the prede- 
termined diameter of the X-ray beam analysis 
area (in this case assumed to be circular and of 
a rather typical 1 to 2 mm diameter) and with a 
cylinder height of 30 A. Many casual practition- 
ers are inclined to employ this image immaterial 
of the exact conditions imposed in the measure- 
ment. Unfortunately, this type of image is often 
far from accurate, and may not even be sugges- 
tive of anything with even qualitative merit. A 

* Note that, in addition to the discrete (shake-up) peaks, a continuum of shake-off peaks may result (see Figure 8). 
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I I I t 1 I f I I 

975 965 955 945 935 926 

BINDING ENERGY eV 

a 

I I I I I I I I I 

975 965 955 945 935 925 

BINDING ENERGY 

b 

FIGURE 9. Representative (Manne-Aberg) shake up demonstrating its use in chemical analysis: Cu", Cu(1) and 
Cu(1l). Only Cu(ll) produces distinct shake up. 
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from measurement to measurement, and even vary 
inside the same measurement. 

The ready assumption of an "ideal" regu- 
larity for the materials in question, such as that 
depicted in Figure 11, may prove to be an even 
larger problem. Thus, although simple to model 
and often suggested by visual, even light micro- 
scope analysis, most materials are not nearly as 
surface regular as depicted in Figure 1 la. In fact, 
many have cracks or other displacements, whereas 
others are prone to steps and kinks, and still other 

a 

L 
1 

_ _ _ - - -  

1 I I 1 
240  200 160 6 0  

BINDING ENERGY cV  

b 

FIGURE 10. Representative (Mahan) plasmon dom- 
inated loss cases: (a) Al" and (b) Si". 

major problem is, of course, that the actual depth 
of detection, 7, of an element, labeled as A, may 
be expressed as 

where M defines the particular matrix containing 
A, and the appropriate photoelectron is emitted 
from the X core level with energy E, at angle 0 
with respect to the surface normal. Thus, as men- 
tioned earlier, even for an ideal sample the actual 
escape depth will vary (sometimes substantially) 
with the energy of the source, the photoelectron 
binding energy, and the angle of emission. This 
means that the depth of photoelectron detection, 
for a given ESCA system, may vary dramatically 

3 I i 
I I 

a 

1 

I: 
L 

7 

ox I OE 

- - - - - -  
METAL 

b C 

FIGURE 11. (a) Representative renditions of surface 
situations expected during ESCA analysis: atomically 
flat surface (unrealistic) and representative penetration 
depths for fields realized in ESCA (L,, oxide film thick- 
ness; L,, escape depth of photoelectrons; L,, migration 
distance of internally-created photoelectrons; L,,, effec- 
tive depth of X-ray photons; L,, penetration depth of 
flood gun electrons; L, space charge region of con- 
ductive electrons from metal substrate; L,, total depth 
of influence of substrate electrons). (b) Surface with 
patch deposition or segregation. (c) Useful rendition of 
regular overlayers or substrate. 
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surfaces are in the form of microscopic boulders 
and indentures that may assume a variety of 
shapes, clusterings, and stackings. Some rendi- 
tions of these types are displayed in Figure 11 (b 
and c). Obviously, the presence, or lack of pres- 
ence, of these nonunifonnities may have a dra- 
matic effect on the ESCA detected quantification, 
since the previously mentioned escape depth often 
places the major extent of the ESCA analysis on 
the same scale as average size of many of these 
“deformities. ’’ 

As suggested above, quantification in elec- 
tron spectroscopy has been the active research 
area of a number of the best practitioners in the 
field. Originally, the efforts in ESCA were cham- 
pioned by WagneP who, among other things, 
has contributed several painstakingly researched, 
empirically derived, atomic sensitivity factor 
scales.& Suggestions as to the proper usage and 
the extent of applicability of these tables also 
have been provided by WagneP7 and others.6B 
Subsequent developments in quantification have 
been led by two senior electron spectroscopists, 
Seah (primarily for Auger spectro~copy)~~ and 
Powel170 (primarily for ESCA). Both are men- 
tioned here because of the near total interchange- 
ability of many of the results in these two fields. 
Because of the existence of several excellent, 
recent treatments of this subject by both of these 
authors71 (and we only outline the de- 
tails herein, providing more than cursory com- 
ments only when there is a direct connection to 
our other highlighted areas. 

The feature measured in an ESCA experi- 
ment and directly related to quantification is ex- 
pressable, as expected, in terms of an electron 
current, or intensity factor, generally labeled 
herein as IAX, where both A and X are defined 
as above, and7’-13 

(44) 

where uAX(hu) is the quantum mechanical pho- 
toelectron cross section for the emission of an 
electron from the X core level of atom A as a 
result of the “consumption” of a photon of en- 
ergy hu, D is the detection efficiency of the pho- 
toelectrons, LAX(7) is the atomic angular 
asymmetry of the photoelectron intensity, J de- 
fines the properties of the X-ray line in the de- 
tection plane, T is the transmission function for 
the analyzer of the spectrometer, N, is the atomic 
density, z the detected distance into the sample 
in question, and A is defined as before. As pointed 
out by  seal-^,'^ Equation 44 andlor its correspond- 
ing form for AES are far too complex to employ 
in their entirety. As unwieldy as Equation 44 may 
seem, however, it is still specifically constructed 
for the so-called, homogeneous, semi-infiite slab 
model and therefore must be extensively modi- 
fied if the sample is nonunifom. 

Calculations of absolute intensities employ- 
ing Equation # are generally not attempted. Al- 
though many of the characteristics of the outgoing 
photoelectrons may (and generally should) be de- 
termined, it is also necessary to accurately and 
simultaneously gauge the properties of the in- 
coming X-ray flux and the detection efficiency 
of the spectrometer in order to make these cal- 
culations. All of this generally is cumbersome, 
if not impossible. Shortcutting schemes are read- 
ily available, and these have often been employed 
with reasonable success, but it is in this area that 
the often used arbitrary gauge of precision of 
& 10% appears, and even this rather poor ca- 
pability may be stretching the facts. Generally, 
however, absolute quantification is not needed. 
In almost all cases, particularly in practical anal- 
ysis, the analyst is interested in relative knowl- 
edge. Thus, questions such as, “What is the 
silicon to aluminum ratio in that zeolite?” or 
“How much more potassium is there on the sur- 
face of thin film A than B?” are indicative of 
typical requests. Fortunately, in this form of anal- 
ysis, one may generally simplify Equation 44, 
and the relative precision may be substantially 
improved. In fact, if one is careful in the selection 
of the materials and peaks involved, it may be 
possible to employ the following: 
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For this relationship to apply, it is necessary that 
the different photoelectrons AX and BT be emit- 
ted under nearly identical circumstances, i.e., 
from the same place in the same (or, at least, 
very similar) materials and with kinetic energies 
such that, 

When these criteria are not observed, it may be 
necessary to include in Equation 45 all terms that 
are energy dependent, particuarly AM. An ex- 
ample that we feel demonstrates a reasonable use 
of Equation 45 was accomplished when we gen- 
erated the Si/AI ratio for a series of zeolites em- 
ploying the Si(2p) and Al(2p) peaks, as displayed 
in Table 2. Even in this case, however, a slight 
compensation was included for the fact that the 
more energetic Al(2p) are sampled at a slightly 
greater depth than the Si(2p). 

It is possible, of course, to employ in Equa- 
tion 44 the terms determined by Wagner,& and 
others,67 labeled as Sensitivity Factors, K. Often 
the latter are determined from measurments of 
purportedly standard reference materials, perhaps 
coupled with the u calculations of S ~ h o f i e l d ~ ~  
and perhaps the AM(EA) values calculated by 
Perm. 75 The resulting values, which have been 

presented in a variety of sources,73 have generally 
been pruned of many problems and may be con- 
sidered a useful alternative for semiquantitative 
results. However, one must be very cautious, as 
various assumptions regarding homogeneity and 
depth of analysis are being arbitrarily employed. 

In many cases, particularly in applied stud- 
ies, the relative analysis is actually what we refer 
to as relativekelative. Thus, for example, the A/ 
B ratio for sample 1 may be compared to the A/ 
B for sample 2. Now, if all features are ideal, 

(47) 

Interestingly, the use of Equation 47 may actually 
relax the requirements of homogeneity and the 
concept of an infinite slab. If the samples are 
subject, for example, to inhomogeneities, then it 
is only important that they be equally so. Con- 
sider the results for several zeolites reported in 
Table 3. These results are for relatively smooth, 
similarly prepared wafers pressed from uniformly 
sized powders. 

TABLE 2 
ESCA Detected Relative Quantification For Select 
Zeolites: [SVAI] 

Representative materials examined 
[SVAI] 

Material Bulk (reputed) Surface (determined) 

Na A 
Na Y 
Ca X 
Ca Y 
NH, Y 
Kaolinite 
Bentonite 
a-SiO, 
Silica Gel 
a-Al,O, 
a-Al,O, 

1 .o 
2.4 
1.25 
2.4 
2.4 
1 .o 
2.0 
- 
- 
- 
- 

1.1 
2.6 
1.3 
2.7 
2.8 
1.1 
2.2 
- 
- 
- 
- 

%Na' 

100 
100 
<5 
10 
10 
0 
0 
0 
0 
0 
0 

Note: Each example listed is one of several commercial systems 
examined. All are reputed to be of excellent purity. Our ESCA 
survey scans suggest that claim to be correct. 
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TABLE 3 Fixed hu hu varied 
ESCA Detected Relative/Relative 
Quantification for Zeolites: [Si/AI]J[SVAI], scan 

[NaX]I[NaV “aXl/“aV 
compositional formulae surface (XPS)’ 

Na 1.57 1.47 
Si 0.77 0.77 N PD 
At 1.57 1.53 A PD P PD OPD 
0 1.01 1.08 ARPEFS 

a Based upon several measurements of same and 
different systems, 2 0.5. 

FIGURE 12. Operative rendition of variables that may 
be employed in angular resolution-XPS. 

In general, however, lack of surface uni- 
formity and various types of inhomogeneities have 
played a major role in the interpretation of surface 
analysis. In ESCA, researchers who are inter- 
ested in catalysis , particularly dopant dispersion 
with its generally variable sized particulate for- 
mation, have extensively studied these questions 
and proposed a number of  model^.^^-^' Fung, in 
particular, has introduced specific factors to take 
into account the various shapes that may occur 
in any undispersed phase.79 More recently, 
Fadleyso has provided fairly detailed descriptions 
of the modifications expected for Equation 44  
when overlayers, patches, noncontinuous over- 
layers, and variable concentration profiles result. 
Figure 11 displays some of these model systems. 
One must be cautious when applying these 
models, as they depend upon a certain regularity 
of variable morphology that may be difficult to 
produce or even verify. For the correct cases, 
however, the methods should be very valuable. 

Angular resolution studies constitute one of 
the principal areas for quantification in ESCA. 
This has been a matter of concern for several 
research groups, with the work of Fadley et a1.80 
standing out in particular. The basic angular res- 
olution experiment, such as presented in Figure 
12, seems to strongly suggest the detection of 
regular thin film overlayers. Cursory analysis in- 
dicates, however, that these experiments are 
readily susceptible to surface roughness, shad- 
ing, and even the instrument response function. 
All of these features may play a major role in 
the detected N, when plotted vs. X,cos(B). We 

will expand further on this aspect of quantifica- 
tion in the following section on angular resolution 
ESCA. 

B. Angular Resolution-Photoelectron 
Spectroscopy (AR-P ES) 

1. Background 

It is certainly true that, depending upon one’s 
point of reference, the limited depth generally 
detected in an ESCA experiment may be either 
a benefit or a hindrance. In reality there is no 
single standard depth that results from conven- 
tional ESCA analysis, although it is common for 
ESCA practitioners to refer to depth limits of 
-40 k - 15A. Even though this range of values 
is just a reference point, it is not hard to see why 
conventional ESCA may be viewed as too surface 
sensitive for some potential uses, whereas it is 
not surface sensitive enough for others. 

The X-ray photons generally employed to 
eject the photoelectrons (typically Al,, or Mg,,) 
are able to penetrate for thousands of angstroms 
into most of the solids to be analyzed. These 
photons will create photoelectrons at all acces- 
sible depths, but due to the relatively short mean 
free path of electrons (see Figure 12) only those 
electrons ejected at or near the surface are able 
to escape materials capture and make their way 
to the detector. 

Close scrutiny of the mechanism of the ESCA 
process and Figure 12 indicates that photoelec- 
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trons (and other types of electrons) ejected at 
substantially different energies may be emanating 
from quite different depths. This is one reason 
why one should generally pick photoelectron 
peaks that are fairly close in binding energy for 
relative quantitative analysis (see the separate 
discussion on quantification in Section V). As an 
example, we chose to ratio the Ge(3d) and O(2s) 
peaks in a study of possible nonstoichiometries 
in germania systems, rather than the much more 
intense (but very widely split) Ge(2p) and O(1s) 
(see Table 4).81 

TABLE 4 
Select [OIGe] Values Determined Employing 
O(2s) and Ge(3d) Peaks for Variously 
Treated Germanium Oxides 

State Process [O/Ge]. 

a Fresh Thin Film Deposition 2.0 

C Air Exposure Partial Oxygen 1.65 
b Following ion Alteration 1.4 

d Thermal (Total) Oxygen 2.0 
Reinjection 

Reinvestment 

= 2 0.2 

2. Angular Resolution Development and 
Procedure 

A variety of scientists, in particular, Fad- 
ley,80*83 rapidly examined and expanded the AR 
technique to include variable angle studies (both 
polar and azimuthal) at fixed energy and variable 
energy at fixed angle situations. The procedure 
proved to yield not only elemental qualitative and 
chemical analysis with depth, but also to provide 
reasonable quantification, surface geometry, and 
valence region information. The general geo- 
metric description provided by Fadley, and re- 
produced herein (see Figure 12), is a useful feature 
to study. Although the variable energy approach 
suggests the use of a synchroton source, one may 
achieve some useful AR-XPS data with a con- 
ventional system employing two or more X-ray 
anodes, or even by monitoring photoelectron 
peaks with distinctly different &. All of these 
efforts have succeeded so well that all commer- 
cial manufacturers regularly provide AR options 
on their systems, operable even in the small spot 
mode. 

The angular resolved procedure may, of 
course, also be exploited in the UPS mode, and 
numerous useful studies of the presence of al- 
terations in band character, surface states, pref- 
erential surface orientations, etc. , have been 
provided in AR-UPS .84 

The extension of the procedure to exploit the 
channelling and diffraction of surface emitted 
photoelectrons from crystals (PED) has also de- 
veloped into a separate procedure.83 The latter is 
described later in some detail (see Section VIII). 

As with so many aspects of ESCA, Angular 
Resolved Photoemission (AR-XPS) had its origins 
in the pioneering studies in the research group of 3. The use of Angular Resolution 

Kai S i e g b a h ~ ~ . ~ ~ . ~ ~  These studies were initiated 
not long after it was determined that ESCA was 
a tool that examines the surface and near surface 
regions of solids. Simple arguments in electron 
optics and knowledge of their escape depth sug- 
gested that by rotating the sample X-ray source 
and collection optics in order to obtain near graz- 
ing angles, one may achieve a substantially en- 
hanced surface sensitivity. Although simple to 
argue, the actual experimental procedures needed 
to achieve this feature without substantial reduc- 
tion in resolution and sensitivity require adroit 
manipulation. 

Because of the extreme importance of sur- 
faces and interfaces in the behavior of thin films 
and in cases of adsorption or surface segregation, 
the ESCA literature of the last decade is full of 
descriptions of the use of the conventional AR 
technique. As a rather basic example, consider 
Figure 13 in which Fadley describes the use of 
AR in the vicinity of the interface between SiO, 
and In a somewhat more involved example, 
our own research group employed AR to examine 
the O( 1 s) and Pt(4P) and several of their satellites 
during the thermal induction of a modest oxygen 
adsorption and slight oxidation of platinum. Ex- 
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.. 
BINDING ENERGY 

FIGURE 13. Typical angular resolution result: SiO, 
thin film on Si”. 

amination of the changes in.relative sizes of the 
peak structures in both Figures 14 a and b are 
readily indicative of the potential depth of field 
and sophistication of the angular resolution pro- 

cedure. In Figure 14a, for example, we find a 
partial answer to one of the major questions in 
surface science. Most noble metals (e.g., Pt) do 
not readily form surface oxides when exposed to 
air, and yet following sputtering to remove any 
“superficial” oxide a R( 11 1) surface still reveals 
a noticeable peak at - 532 eV long attributed to 
dissolved (and presumably reacted) oxygen. Ex- 
amination of the angular resolution spectrum for 
this material (Figure 14a) suggests that the per- 
sistent (most prominent) part of the peak structure 
around 532 eV is, in fact, the Pt” (4P,,,) loss line 
(see Section 6), rather than that due to oxygen. 

Examination in Figure 14b of the angular 
resolved peak structure between 540 and 565 eV 
for two stages in the sputter “cleaning” provides 
further evidence in this case. The resulting peaks 
all appear to be due to loss lines (Section VI). 
Grazing incidence ( 13”) of the outer surface dem- 
onstrates that those peaks around 555 to 560 eV 
are most prominent. These are due primarily to 
O(1s) losses from adsorbed oxygen and carbon. 
The possible peak near 550 eV may be Pt 4P3,, 
losses due to the modest formation of PtO. The 
peak structure around 546, on the other hand, is 
relatively weak on the outer surface and much 
more prominent in the bulk of the sputtered 

su 55s s v r  3-35 

BINDINC E N E R G Y  ( c V )  

FIGURE 14. More involved angular resolution result: oxidation of Pt” (note satellite changes with depth). States 
(1) and (2) due to PtO losses, states (4) through (7) due to chemisorbed oxide. 

595 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Pt(l11). This suggests therefore the 2nd 4P,,, 
plasmon loss line of Pt" (Section VI). 

The AR method has been the pivotal feature 
in even more detailed analyses. Consider, for 
example, a film of high purity, catalytically pre- 
pared (but purportedly unreactive) polypropyl- 
ene, subjected to a variety of oxidative 
 treatment^.^^.^^ For our purposes, we examine 
herein the results following exposure to ambient 
air at standard temperature and pressure (STP) 
(labeled by our group as natural passivation or 
NP) and simulated sea water (3% NaC1). The 
systems to be studied were examined in the form 
of small coupons with angular-resolved X P S  (AR- 
XPS). This procedure was employed rather than 
sputter etching to permit a detailed chemical anal- 
ysis from the outermost surface layers to a depth 
of -60 A. Sputter etching would permit analysis 
to an even deeper level, but we have discovered 
that even moderate energy Ar+ will substantially 
sputter reduce the organic by-products generated 
in the treatments under consideration. The re- 
sulting lack of depth realized by AR-XPS did not 
turn out to be a major problem, however, because 
most of the critical changes induced by the var- 
ious treatments are realized in the outer 60 A, 
and are thus discerned in detail by AR-XPS. 

After exposure to STP air,85p86 polypropylene 
(despite its visual indication of inertness) is sub- 
jected to modest oxidation, producing a variety 
of products. Instead of just an indiscernible mix- 
ture, high resolution analysis (employing the de- 
tailed XPS analyses achieved on pure organic 
systems with different functional groups by 
Clark87 and othersS8) is able to demonstrate that 
the NP process produces a variety of discernable 
oxidized byproducts. Repeated angular resolu- 
tion analyses suggest that these products are re- 
alized (produced and deposited) in repetitive 
layers. The products formed and their semi- 
discrete interfaces are depicted in Figure 15. One 
should note that the resulting oxidized carbon 
products do not entirely cover the surface, but 
do seem to form a product distribution that is still 
present more than 35 to 40 A below the outer 
surface. 

The general lack of oxidized products formed 
(during NP), and the fact that they always occur 
in mixtures , greatly complicates detailed analy- 
sis. Fortunately, the degree of oxidation is dra- 

matically enhanced following exposure of the 
polymer to various simulated liquid environ- 
ments, particularly the sea water. In all of these 
fluid exposure cases the large preponderance of 
retained C-H and C-C type carbons ensures that 
the C( 1 s) spectra will be dominated by these spe- 
cies making positive analysis of the C( 1 s)-oxygen 
species very difficult. Therefore, most of the 
identifications were rendered using AR versions 
of the resulting O(1s) spectra. Several typical 
e x a m p l e P ~ ~ ~  of these spectra are presented in 
Figure 16. 

The most important feature detected in these 
results was the general nature of the oxidation 
chemistry formed in the semidiscrete layer struc- 
tures during exposure to NP and various fluids, 
and, in particular, the obvious interrelationship 
that exists between the results obtained for this 
p01ymeP.~~ and similar results found for many 
metals and  alloy^.^',^^-^^ 

A comparative summary of the key results 
for exposure of the polymer to NP and simulated 
sea water has been generated. 85 Simulated sea 
water, for example, produces species on the poly- 
propylene that resembled those found on a- 

Thus, in these cases, there is a substantial 
(near total) production of oxidized products that 
extend well below the 60 to 70 A cut off of AR- 
XPS visibility. Also, the interfaces of the product 
layers found following NP are effectively de- 
stroyed, and those species that are almost entirely 
subsurface following NP are now pulled out to- 
ward the outer surface.86 

Despite the aforementioned interesting and 
perhaps even dramatic results, they are not as 
significant as those realized during natural pas- 
sivation (NP) of the polypropylene. As men- 
tioned above, STP air seems to oxidize only about 
one third of the polypropylene  unit^.^^.^^ (It should 
be noted that total oxidation should produce one 
carbon-oxygen unit for every three carbons [i.e., 
one for each propylene unit].) The AR discerned 
course of the NP of polypropylene (see Figure 
16) suggests that there may be some type of rel- 
atively ionic unit formed near the interface be- 
tween the polymer and its oxide products. The 
latter seem to occur -35 A into the evolving 
layers of oxidized material. The species found 
outside these ions seem to form the thickest layer 
detected, and also one that exhibits fairly good 

596 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



- 1  I 1 -  

536.0 532.0 528.0 

BINDING ENERGY fe. V.) 
a.i 

636.0 532.0 528.0 

BINDING ENERGY (e.V.1 
b.i 

I I I 

536.0 532.0 528.0 

BINDING ENERGY (e. V.J 
a.ii 

I 

536.0 532.0 528.0 

BINDING ENERGY (e. V.) 
b.ii 

FIGURE 15. Select angular resolution ESCA study of 0(1 s) on polypropylene: (a) natural passivation (air oxidation) 
(i) 8"; (ii) 53"; (b) simulated sea water (i) 18" (ii) 38". 

integrity. This layer is primarily composed of 
single bonded (ether-type) species. As the layer 
extends outward it begins to exhibit C = 0 (car- 
bony1 type) species. In these initial carbonyl lay- 
ers the ether type species are still detected, 
suggesting an interfacial region with mixed ether- 

carbonyls. As the AR-XPS analyzes closer to the 
surface of the oxidized products, a region is de- 
tected which is apparently composed of primarily 
carbonyl-type species. Finally, a very thin layer 
composed primarily of hydroxide (i.e., alcohol- 
type, C-OH units) is found on the outermost sur- 
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layer seems to be terminated by a layer of hy- 
droxide. It should be apparent that one may re- 
place carbon in these arguments with any one of 
a variety of metals and'argue the same general 
results for natural passivation. The latter 
analyses were also very dependent upon angular 
resolved XPS for their realization. 

Many other cases of AR may be described. 
In the next part of this review we present a short 
description of substantially more involved tech- 
niques realized, starting with this basic 
technology. 

VI. LOSS SPECTROSCOPY IN ESCA: ITS 
CAUSES AND UTILIZATION 

A. Introduction 

U N I f n C T r D  

-POLYMER As noted previously, the XPS, or ESCA, 
a0 )IT'TI.*J process is made complicated, in part, because of 

the ready presence of a variety of secondary in- 
teractions that often shift the principal peak, and 
may, in some cases, also provide one or more 
discrete, satellite peaks. Although much of the 

tbd 
s*w,, 

/O a0 30 Y O  4-0 

lm?rc i 

b 

FIGURE 16. Qualitative rendition of oxide layer struc- 
ture produced on polypropylene detected by AR-XPS: 
(a) natural passivation; (b) simulated sea water. 

face. It should be noted that there is also a fairly 
extensive deposition in this region of the species 
dubbed (by surface analysts) as adventitious car- 
bon (see Section VI).85 The latter is deposited on 
the surface of all air exposed materials, and pro- 
duces XPS spectra that so closely resemble those 
for the polypropylene that its initial presence 
complicated the analysis, particularly the 
semiquantitati~n.~~ 

The interesting aspect of these results may 
be realized by noting that the carbonyl species 
are oxidized versions of the ethers (i.e., the car- 
bon in our supposedly inert polymer is first ox- 
idized in a relatively thick layer of species in its 
lowest common oxidation state, followed by a 
relatively thin, but contiguous, layer of carbon 
in its highest common oxidation state). The latter 

inherent simplicity of the origin explanation of 
ESCA vanishes with these "loss" effects, a 
wealth of additional, often unique, analytical in- 
formation is also realized. Certain aspects of this 
capability are now being employed on a regular 
basis by XPS scientists. These features, there- 
fore, are only outlined herein. We do, however, 
describe in some detail an approach that empha- 
sizes a realtively unexploited feature of the col- 
lective electron nature of some of these losses 
that seem to arise in many ESCA results. 

The loss peaks that have been employed in 
the past by ESCA scientists generally fall under 
the heading of shake up phenomena.94 In general, 
these may be considered to be the loss features 
that correspond directly to those that occur through 
rapid transitions, except that, in the case of the 
most frequently used shake up transitions, any 
delocalized behavior in the system may be ig- 
nored. More is said about this below. 

The theoretical presentation to follow is de- 
signed to fill in some of the gaps that exist in 
XPS loss spectroscopy which we designate herein 
as ESCALOSS. In view of the numerous detailed 
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discussions in the literature for several of the 
select cases, this review only expands upon the 
rather diffuse, general outline presented above in 
the theoretical section in several key areas. For 
a more general treatment, we refer any interested 
reader to the most pertinent parts of the literature 
in this field. Particularly, if one is interested in 
the XPS loss spectra involving our predefined 
crystalline, conductive solid, we recommend the 
reports of Langrethg5 and G a d z ~ l c . ~ ~  On the other 
hand, if one is concerned with the materials we 
are classifying as molecular solids, then papers 
by Manne and Aberg,97 F a d l e ~ , ~ ~  and the Shirley 
group" should be very informative. In those cases 
of our principal concern (i.e., the extensive range 
of materials that are not described to be either of 
these extreme models) there are only a few con- 
siderations. Interestingly, the most detailed dis- 
cussion of the effects that may occur when these 
two cases are mixed seems to have occurred in 
the often forgotten pioneering reports of Pines et 
al.IM" and of Nozikres and Pines.'O' Thus, these 
authors not only established the existence of the 
plasmon as a fundamental quantum particle, but 
also considered in some detail what occurs with 
plasmons as the solid under consideration evolves 
from one adequately described by a free electron 
gas model (zero periodic potential, i.e., V[r] = 
0) ,  through the Bloch formulation (regularly 
varying V[r]), to cases that may only be approx- 
imated by our predefined, molecular solid. The 
missing feature in the Pines and Nozikres studies 
(for those interested in ESCALOSS) is that they 
considered only the extrinsic (electron induced) 
loss spectra, produced in a system by outside 
electrons without the creation of deep holes. 

Mahan,62 L a n g ~ e t h , ~ ~  G a d ~ u k , ' ~ , ~ ~  Sun- 
jic,96.102 Doniach,Io3 and others1@' have greatly 
expanded on these plasmon arguments for cases 
in which core holes are a necessary adjunct (e.g., 
during photoelectron and X-ray spectroscopies). 
Thus, these authors have tried to describe situ- 
ations in which intrinsic (hole-caused) losses, and 
hole-induced couplings and shifts accompany the 
extrinsic effects in the loss spectra. Unfortu- 
nately, all of this had been done by the latter 
group without consideration of the possibility of 
collective (e.g., plasmon) vs. noncollective losses 
in a nonfree electron gas-type environment. This 
oversight has led some practitioners who are only 

slightly acquainted with the field to incorrectly 
assume that plasmons only occur in systems in- 
volving conductive materials. Io5 Thus, one of our 
principal goals herein is to demonstrate (a la 
Pines)'O" that plasmon-like effects contribute to 
the loss spectra of semi conductors and (even) 
insulators. Unlike Pines et al.,'OoJol we will do 
this for ESCALOSS, with its accompanying hole 
induced effects. 

1, Related Plasmon-Type Transactions 

The bulk collective modes of interaction that 
are the principal concerns of this section of the 
review represent only a fraction of the possible 
types of collective effects. For example, it is 
quite possible for collective behavior to be re- 
stricted to particular regions of a material, such 
as, at its interfaces or surface. The results of the 
latter (labeled as surface plasmons) are generally 
produced by any relatively pure system'that also 
yields reasonable bulk plasmons. This suggests 
that surface plasmons are often also achieved in 
cases where bulk plasmons exhibit free electron 
character. In these cases, the surface plasmons 
have a frequency 

w w, = 2 
J2 

where W, is the bulk plasmon frequency, as ex- 
emplified below in Equation 63. A representative 
example occurs for In" in Figure 17. Even in the 
case of very clean samples, at conventional XPS 
incidence, the intensity of the surface plasmons 
are generally substantially less than their equiv- 
alent bulk form (reflecting on the two-dimen- 
sional character of the former). If one resorts to 
grazing incidence in the manner described in Sec- 
tion V however, the ratio of 1JIp experiences the 
anticipated increase. These features have been 
exploited in a variety of forms of analyses.IM 

A number of other types of specialized plas- 
mons have also been proposed. For instance, sev- 
eral groups have experimentally and theoretically 
described the special collective situations that re- 
sult when adatoms are introduced into select mat- 
rices.Io3 These situations are of special signifi- 
cance in cases related to catalysis and composite 
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FIGURE 17. ESCALOSS for In" demonstrating EL and 
moderate surface plasmon. 

formation.lo7 There are a number of interesting, 
unique features to the theory of these adatom 
plasmons that have only recently been totally de- 
scribed. Io8 Experimentally, they often require su- 
perior resolution and sensitivity'" to yield spectra 
of analytical quality. 

Pines and Nozithes"' have also suggested 
that it should be possible to achieve low energy 
plasmon-type transitions due to collective behav- 
ior in modestly populated conduction bands. As 
Pines has shown, these states, with their rela- 
tively small N values, should produce discrete 
transitions in the infrared region. Io2 The quantum 
mechanics of the latter processes represent an- 
other interesting set of select situations, but their 
use in analysis awaits improvements in measure- 
ment techniques. 

2. The Early History of Loss 
Spectroscopy and Pfasmons 

It is, of course, important to realize that an 
entire science of plasmon oriented spectroscopy 
involving inelastic electron scattering predated its 
development as a part of ESCA and other forms 
of photoelectron spectroscopy. Pines'O' and Pines 
and NozibresIo2 earlier described a variety of these 
studies in support of their theoretical arguments. 
Shortly thereafter, a number of scientists ex- 
tended this extrinsic-only spectroscopy by intro- 
ducing a UHV form. One of the most important 
of these early UHV studies was the work of Pow- 

ell and Swan,'" who described in some detail 
the loss spectra of readily oxidized metals, such 
as Al". A number of other research groups have 
extended the latter studies to include nonmetallic 
systems, even nonconductive materials. Io9 

Another form of UHV loss spectroscopy has 
been developed over the last two decades cen- 
tered around the detection of the very low energy, 
inelastic, loss transitions induced by the various 
vibrational modes produced by surface and near 
surface bonds. This form of low energy, loss 
spectroscopy has become so popular, it is often 
the only type suggested by the designation Elec- 
tron Energy Loss Spectroscopy, or EELS"' The 
procedures, technology, and theory of EELS have 
been extensively developed, particularly by 
Ibach,1"~L12 and although the method requires a 
very sensitive, stable spectrometer, its use may 
be worth the effort, as it is often the most in- 
formative tool for descriptions of the bonding in 
chemisorption and other surface studies. I1O-I l 2  

B. Utilization of XPS-Induced Loss 
Spectroscopy (ESCALOSS): Advantages 
and Disadvantages 

It should be obvious that one of the principal 
reasons that some ESCALOSS results have ap- 
peared in the literature is the natural tendency of 
scientists in a particular area (including electron 
spectroscopists) to try to exploit every unique 
feature related to a particular technique, imma- 
terial of its true utility. Therefore, since this is a 
review of the analytical potential of the methods 
described, we should in fact, ask the following 
question: What is there about the ESCALOSS 
method that would recommend it as a unique, 
useful, supplemental procedure to the nonexpert 
user of electron spectroscopy? In order to prop- 
erly explore this question we need to examine 
some of the possible shortcomings of "conven- 
tional" ESCA, and ask whether ESCALOSS pro- 
vides valuable information in these areas. 

As described previously, the principal pur- 
pose of ESCA seems to be the definition of the 
chemistry, and to some extent structure, (both 
fixed and evolving) of a materials system in its 
surface and near surface region. In order to ac- 
complish this with "conventional" ESCA, it is 
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necessary to be able to resolve the principal core 
level peaks with their proper sizes and shapes, 
and have them fixed in their proper binding en- 
ergy positions. It is, of course, also important 
that these positions exhibit discernible shifts from 
one position to another as the chemistry evolves. 
Although, in principal, "conventional" ESCA 
can often achieve all of these features, there are 
frequently cases in which shortcomings arise, and 
unfortunately, many of these cases seem to be 
exacerbated during studies of more practical sys- 
tems. These shortcomings would seem to include 

1 .  Charging and Fermi-Edge Decoupling: 
We have previously described the charging 
problem, noting how it may be removed in 
many of the examinations of applied ma- 
te r ia l~ . '~  As we have shown, however, if 
the goal is chemical analysis, then, due to 
the inherent difficulties in establishing the 
Fermi edge, distinct problems may still arise 
in accurately (and universally) determining 
the binding energy scale, even if charging 
can be removed. It would be advantageous, 
therefore, to have access to an ESCA-based 
procedure that produces peaks and shifts 
that are not adversely affected by charging, 
and particularly by the floating Fermi edge 
pr~blem. '~  As we describe below, ESCA- 
LOSS, because of its reliance on energy 
differences, exhibits this attribute. 
Large, Relatively Easy to Discern Shifts, 
With Changes in Chemistry: As men- 
tioned above in a number of important cases, 
the conventional (Siegbahn) chemical shifts 
in ESCA are often very small. This occurs 
for a variety of reasons, some of which we 
have described elsewhere in more detail. 
Often these small shifts can not be detected 
with commercial ESCA systems [e.g., In" 
+ InSb using the In(3d)l. In many of these 
cases it turns out that there are correspond- 
ing, much larger shifts in the ESCALOSS 
splittings that may be easily detected. Some 
examples of this attribute are presented be- 
low (see Table 5). The reasons behind these 
attributes for ESCALOSS are presented later 
in this review. 
Nonchemical Basis for Chemical Shifts: 
As described elsewhere in some detail, the 

2. 

3. 

TABLE 5 
Representative ESCALOSS, AE,, Relative to 
Common Chemical Shifts, AEs (S = Siegbahn) 
for Select Compounds in eV k 0.3 eV 

Element Principal XPS 
and (Siegbahn) loss 

From - to state shift shift 

Si" - SiO, 

In" - InSb 
In" - InN 
In - In,03 
GaSb - GaAs 
GaSb - Ga,03 
Ga,O, - 
Ga(OW3 

Sb" - lnSb 
Sb" - GaSb 

Sn" - SnO 

Al" - AI,03 

Sb" - Sb,05 

3.4 
2.2 
0.2 
0.4 
1 .o 
0.4 
1 .o 
0.3 

- 0.2 
-0.1 

2.5 
1.2 

5.2 
8.6 
1.8 
4.0 
7.0 
0.9 
1.9 
4.0 

- 2.7 
- 0.7 

2.6 
6.0 

positions of the binding energy peaks in 
ESCA result not only from initial state fea- 
tures, such as differences in chemistry, but 
also from final state effects, such as the 
previously described relaxations induced 
into the photoelectron peak position by the 
contraction of the valence shell inward (to- 
ward the nucleus) as the photoelectron is 
ejected.54 Thus the peak position of a pho- 
toelectron line has a multifaceted origin. 
Unfortunately, the relaxation contribution 
to a principal core line for a particular ele- 
ment in one chemical state (e.g., Al") may 
differ significantly from the relaxation con- 
tribution for the same element in another 
chemical environment (e.g., A1203). This 
means that one can not attribute the total 
detected shift, AEM, in binding energy (for 
example, for Al" + A1,OJ to initial state 
chemical changes, and thus the separation 
of chemical from non chemical causes may 
be difficult.54 This tends, in some instances, 
also to be injurious to efforts to relate ESCA 
shifts to other parametric features that are 
purported to describe changes in chemis- 
try.54 As we describe below, the shifts de- 
tected with ESCALOSS, on the other hand, 
are generally either devoid (or nearly de- 

601 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



void) of relaxation and other noninitiul state electron gas) producing a term that merely ‘ ‘dis- . -  

effects. 

C. The Plasmon Domination Argument 

As mentioned earlier, the process of electron 
loss spectroscopy involving plasmons was first 
described in some detail by Pines, Bohm, and 
Gross’”’’J l3  and later by Pines and other co-work- 
ers, loo particularly Nozibres. lo’ These descrip- 
tions involved situations in which the excitation 
particle (always an electron) employed to excite 
the plasmons is issued and detected outside of 
the materials involved (e.g., in a manner of the 
inelastic electron scattering that may be produced 
in electron microscopy). Thus, the peculiar ad- 
ditional fields and problems induced by the pres- 
ence of the hole(s) which occur during X-ray and 
photoelectron spectroscopy were ignored. Also 
considered in the treatment by Pines et al.looJO1 
were situations in which forms of excitation, other 
than plasmons, are excited by the excitation 
source. In particular, Pines et al.looJol considered 
cases in which the valence and/or the conduction 
band electrons in a solid may act individually, 
rather than collectively (i.e., plasmon-like), and 
thus experience band-to-band type transitions. 
Pines et al. loo~lol demonstrated in some detail that 
the apparent ‘ ‘competition” between these band- 
to-band transitions and the plasmon transitions 
depends both on the nature of the solid material 
involved, andlor the conditions of the 
experiments. 

The previous discussions of the loss spec- 
troscopy that occurs during a photoelectron ex- 
periment, on the other hand, were considered 
almost exclusively from two entirely separate 
points of view; plasmons, for free electron met- 
als ,95*96 and shake-up-type transitions for molec- 
ular solids 494*95*97.98 Possible dispersions of the 
plasmons were considered as small perturbations 
of the plasmon field, but still in the context of 
thefree electron model. Thus, the latter become 
slight displacements of the solutions for a quan- 
tum harmonic oscillator (the plasmons) in which 
the free electron gas was also shown to suffer an 
infrared ~ a t a s t ” p h e . ~ ’ ~ ~ ~ ~ * ’ ’ ~  The latter can be 
solved exactly in the long time limit (for a free 

- -  
perses” the resulting plasmon dominated peaks 
up field by small amounts referred to as Nozibres- 
de Dominicis shifts,”’ as shown in Figure 18. 

The problem with these two extremes is that 
neither one addresses the many systems of in- 
terest between these cases (e.g., semiconductors, 
many alloys, composites, and even certain oxides 
and polymers). Our analysis, on the other hand, 
suggests that even the latter systems exhibit loss 
transitions that seem to be strongly influenced, 
perhaps even dominated, by plasmon-type (col- 
lective) effects, but transitions that are also, sig- 
nificantly perturbed by the individual electron (or 
molecular) behavior of the system. The latter 
property is obviously not completely explicable 
in terms of the Nozibres-de Dominicis effect. In 
fact, it is readily apparent that these systems can 
not be properly modeled by the simple free elec- 
tron model.95 The presence of plasmon domi- 
nated loss peaks in cases of semiconductor, and 
even insulating, materials was described in some 
detail by Pines’”’’ and Pines and NoziBres’O’ in 
their pioneering studies of plasmons, and used 
by our group for cases of photoemission los- 
ses.116-122 Because this “mixed” case has never 
adequately been described for situations involv- 
ing both electron and hole-loss excitations, we 
present here at least the rudiments of that 
argument. 

D. General Quantum Mechanical Basis 
for ESCALOSS 

1. The Pines and Nozieres Arguments 
(Extrinsic Only) 

There are a number of essentially equivalent 
ways of representing the electronic system of a 
standard solid about to be subjected to photoe- 
lectron ejection (with the accompaniment of any 
subsequent loss phenomena). One of the most 
expressive ways is to employ a perturbative par- 
tition of the system Hamiltonian, using the ad- 
vantages of creation and annihilation operators 
in either position or wave vector space; i.e., as 
before, we begin with the Schrodinger equation, 
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FIGURE 18. ESCALOSS results with moderate dispersion of both AER and A (where A corresponds to Nozieres- 
de Dominicis shift). 

HT(N) = E’P(N) (49) 

where now we assume that, 

H(N) = Ho + AH’ (50) 

where N defines the number of system electrons 
being considered, and, as in Section IV. 

H” = an appropriate, approximate sum of 
independent, one electron problems, 

and 

H’ = any resulting electron--electron inter- 
action terms over all 3m individual electron terms, 
and all 3(N - m) collective coordinates (see the 
following). In this manner, as shown by Pines et 
a].lOOslO1 

where J represents an appropriately symme- 
trized, product partitioning of the coordinate space 
of the system designed to reflect the possible 
presence of both a space of individually func- 
tioning electrons and “regions” where these 
electrons only “evolve” collectively. 

a. W-The Various Models 

Depending upon the nature of the systems 
involved, any one of several possible H” may be 
chosen, and constructed in terms of the previ- 
ously mentioned creation and annihilation oper- 
ators. These include 
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Valence Electrons Only: to also include 

[ 13 The free electron model 

where C: is the appropriate electron creation 
operator in k space, and c k  is the corresponding 
annihilation operator. 
Three cases, with two extremes: (i) No collective 
(plasmon) terms (i.e., H1 above will lead only to 
Nozikres and de Dominicis). l I 5  (ii) All valence' 
electron interactions are collective (plasmon-type) 
(i.e., H' as in Lundquist,lo4 Mahan,62 and 
Langrethg5 models). (iii) Plasmon dominated in- 
teractions, dispersed by electron-electron inter- 
actions, Langreth9' and Gadzukg6 models. 

[2] The Pines Mode1.IW 

[S + V ( 7 J  c:ci (53) 1 
where C+ is the appropriate electron creation 
operator in position coordinates, etc. H" includes 
lattice periodicity, V 0. cp" now contains Bloch- 
type functions. 

[3] The Fock Hamiltonian, as earlier in Equation 
16. 

C Fi (54) 

This is our previously defined "Molecular Solid," 
or Gadzuk's, Manne-Aberg S h a k e ~ p ~ ~  case. 

Inclusion in H" of Certain Core Electron 
Effects: 

1. Inherently as a part of [2] 

2. These may also be added simply as polari- 
zation corrections to [2], or to [ 11. Thus, the core 
inclusion can be shown to modify the plasmon 
dispersion (see below) from: 

4ne2 fi m 7 Wf - w' (55 )  

where f k  and fi are respectively representative 
valence and core electron induced, oscillator 
strengths, and w,, wk, and wi are the appropriate 
frequencies for the free plasmon, intra [ 11 or inter 
[2] band, individual valence electron transitions, 
and appropriate core level transitions, respec- 
tively. All of this may in some instances be made 
more tenable by noting that 

(56) 
4ne2 fi 

m I wi 
E, = 1 +-c, 

and therefore, as we shall argue, the 
approximation 

W2 
w2 4 (57) 

may be employed, where E~ is a reasonable ren- 
dition for a static, core, dielectric constant.lW 
One can employ certain empirical arguments for 
the latter in order to avoid quantum mechanical 
calculations. 

3. The inclusion of core electrons in case [3] 
above is generally a much more difficult prop- 
osition that may substantially enhance the scale 
of the Hartree-Fock calculations. 

Explicit Inclusion in H" of Electron-Elec- 
tron Correlation: 

It is also possible, of course, to expand on 
the initial treatment of the system, and explicitly 
include some degree of the electron-electron cor- 
relation in our H" for either cases [ 11, [2], or [3]. 
As shown by Nozikres and Pines, lo' such alter- 
ations will still permit a detailed perturbative 
treatment of the plasmon problem as part of H', 
but will naturally substantially increase the 
complications. 

b. /+-The Various Types of Electron 
Interactions: 

Having described various possible H" cases, 
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we can continue to follow Pines,’”’’ and Nozibes 
and Pines,’O’ and describe the extrinsic-only HI: 

(9 (ii) (iii) 

where 

(i) HSR - Short range - electron pair (e.e) 
interactions. (Part of these would move into H” 
for the inclusion case mentioned above.) Ac- 
cording to Pines,’”’’ these interactions may be 
expressed as 

where p; and pk are the appropriate, respective, 
electron pair creation and annihilation operators, 
for example, 

In this case, k, defines the range in k space over 
which the electrons behave as a collective, 
(plasma-like) entity. Thus, above k, the plasmon 
is no longer a valid particle, and one must con- 
sider all electrons as exhibiting only individual 
behavior. (Note that the phrase “short range” 
occurs because position space is the reciprocal 
of k space!) In general, it is crucial to the present 
argument that k, be relatively large for most of 
the conductors under considerations; Le., that the 
short range (e.e) effects enter a plasmon domi- 
nated free electron situation as reasonable, rel- 
atively small, perturbations. (This type of phe- 
nomenon was adroitly argued for the 
photoelectron case by Langreth95 and later by 
G a d z ~ k . ~ ~ )  

(ii) Hcoll - Long Range (HLJ Collective (plas- 
mon) fields 

where Pk and Qk are the appropriate momentum 
and coordinate operators, respectively, for the 
plasmons. For some purposes it is more conve- 
nient to rewrite this expression in terms of ap- 
propriate (boson) creation and annihilation 
operators: 

HLR = c wka:ak (62) 
k<k, 

where, without dispersion for case [ 11 above 

where N is the total valence electron density, and 
the effective mass m* = m for cases of maximum 
k; i.e., where there is no valence or core dis- 
persion. As we shall see, reduction in k, (intro- 
duction of dispersion) can be approximated as a 
deviation of m* from m, and also by a reduction 
of the collective coordinate space from N to N’ , 
where 

and, where the difference 3 (N - N’) = 3m is 
that part of the general coordinate space that 
“retains” its individual electron character.Im Note 
the previous discussion of the wave function in 
Equation 5 1. 

(iii) Hint = Dispersions of the Collective Field 
Dispersions that result from interactions be- 
tween collective and individual valence elec- 
trons: As Pines has shown,’”’’ these effects are 
dominated by linear interaction terms 

where vk is our rendition of a general interaction 
operator. There are also related nonlinear inter- 
action terms that mix several plasmons with a 
particular electron. As we shall show later, the 
short range, individual electron (e.g., band to 
band) transitions also play a direct role in this 
dispersion. 

Dispersions that result from core inter- 
actions (see Equations 55 and 57): It should be 
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noted that all such interactive effects depend CN- 

cially on two factors: (1) the relative size of the 
interactive oscillatory strength, f, ,  (specifically 
the strength of the interaction between a partic- 
ular (jth) electron state and the appropriate plas- 
mon); and (2) the relative similarity of the energy 
of any individual electron transitions, hwi, (e.g., 
valence-to-conduction band or near core state-to- 
conduction band) to the appropriate plasmon 
transition, hw,. As we describe below, these fea- 
tures may be best expressed in the form of the 
development of a standard perturbation theory. ‘ I 9  

2. Loss Spectral Development Following 
Photoelectron Ejection (Inclusion of 
lntrinsic Processes) 

As we mentioned earlier, the problem of re- 
lating the developments of Pines et a1.’O0 to a 
photoelectron experiment is that the latter evolves 
in a hole ion environment, which was not con- 
sidered by Pines. 

In view of the results to be described, it is 
important to consider the character of the tem- 
poral development with the photoelectron ejec- 
tion involved. A detailed study of this problem 
has been made by Meldner and PerezlZ3 and 
Muller-Hartmann et al.’” In this regard, they 
noted that there is a substantial difference be- 
tween the behavior of a photoelectron ejected 
from a deep core state (e.g., In (3d) in In”) com- 
pared to one from a substantially delocalized (e.g., 
valence band) state (e.g., In (5P) in Ino). The 
former may be considered to be recoilless,’” and 
thus to retain its suddenly evolving characterlZ3 
throughout the photoelectron process (initiation 
to detection); i.e., the presence of the hole may 
be expressed as 

where DH designates a typical, deep hole of con- 
stant (E) energy that has been suddenly created 
by the Fermion operator, b+ .Iz4 In view of the 
persistence of this field during a photoelectron 
experiment (as well as the photoelectron itself), 
a much more complex Hamiltonian arises that 
(compared to equation 58) includes interacts with 

two “excitation” particles: (1) the photoelectron 
(extrinsic processes), and (2) the deep hole (in- 
trinsic processes). This Hamiltonian, H,, may be 
expressed as95 

HT = Eb+b + Ho + H’ + HiL,, (67) 

where H” and H’ have been previously defined, 
and 

k.k‘ 

The latter is a generalized relation depicting the 
interaction of the deep hole with the two types 
of electron fields (whose creations are symbol- 
ized by D’) previously attributed to the solid 
system; i.e., interactions with the individual 
electrons: 

and the collective (plasmon) type field: 

Qk 
HL.l7.(2) = vLk’ QJQ: bb+ (70) 

It should be noted that these last two interactions 
are, in fact, the solid state physics equivalent of 
those parts of the final state, hole ion Hamiltonian 
that provide for the sudden evolution into the 
eigenstate, Vf(N - l ) ,  of that system. All of 
this was outlined above in Section IV where the 
present case corresponds to the case referred to 
by Gadzuk as “Mahan shake-up.” 

As Langreth was the first to demon~trate,~~ 
and Gadzuk has clarified,96 the shifts and states 
that result from H, may be solved for exactly, if 
one assumes that the system is adequately de- 
scribed by a free electron solution with no, or 
only modest, dispersions (i.e., starting with the 
H” in [l]). In this regard, one obtains a photoe- 
lectron probability that contains several terms, 
including an electron (extrinsic) induced term 

k.k’<k, 

P(n,z) = e-z’k(z/X)n/n! (71) 

where z is the distance within the solid where 
the photoelectron originates and creates n plas- 
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mons, and h is the mean free path of those plas- 
mons. In the total, sudden manifold, where 
plasmons predominate for a free electron system, 
the term in Equation 71 must be convoluted with 
a contribution due to the sudden creation of the 
deep hole (intrinsic) effects; i.e.: 

m 

P(W) = 2 I(Oln)l26(hw 
n=O 

- eo + heR - nwp) (72) 

where we are considering the so-called principal, 
no loss peak (n = 0), and only losses due to 
collective (plasmon-type) transitions (n = 1, 2, 

As mentioned earlier, it is possible to obtain 
an exact solution for the term AeR (the relaxation 
correction), if the system is assumed to behave 
only as a manifold of slightly perturbed, free 
 electron^.^^ In this case, AeR may be divided into 
two distinct effects: (1) Long Range: 

etc.). 96,97.127 

g: AeER + -iaw, = 2 7 w, (73) 
k<k, Wk 

where, due to the nature of the problem, a is a 
constant shift; and (2) Short Range: 

A€& + iAt 
+ additional smaller corrections (74) 

where A is also a constant rendition of the pre- 
viously mentioned, catastrophically induced, long 
wavelength (infrared) manifold of transitions. The 
latter were originally realized by Nozi5res and 
de Dorninici~, '~~ and, where finite, should shift 
the centroid of each peak (both nonloss and loss) 
upfield (to higher binding energy). As demon- 
strated by Anders~n,"~ this "infrared catastro- 
phe" results from the fact that the resulting hole- 
particle situations are, in fact, bosons. An ex- 
cellent discussion of the nature of these shifts, 
'with figurative renditions, was provided by 
Lai~greth.~~ 

It should be noted that Muller-Hartmann et 
a1.124 have demonstrated that, if the aforemen- 
tioned hole is not sufficiently deep (e.g., for a 
valence band photoemission), then the previously 
described relaxation shifts should be muted. The 
intrinsic transitions, however, may still occur. 124 

3. Further Arguments on the Nature of 
the Electron-Induced Dispersions in 
Loss Spectroscopy 

In the case where the free electron model still 
applies (i.e., where E, [the band gap] < 1.2 eV), 
following Pines,'O0 it is easy to see that disper- 
sions of plasmons may be described in terms of 
those features often referred to in solid state phys- 
ics as the k - P appro~imation.'~~ In this method 
(sometimes also labeled as the near free electron 

the electron traversing the lattice is 
assumed to experience small, constant, pertur- 
bative accelerations that reflect the lattice peri- 
odicity. In this regard, terms occur related to 

4 4  

+ additional, higher order corrections (75) 

where i labels the particular valence electrons 
involved, and the AEEis modulates the effects of 
the free electrons in state s by introducing the 
modest "impact" of the lattice, represented by 
all other states [r]. AE;' is the energy separation 
of states s and r at k = 0. This impact seems to 
act to produce a nonlinearity in k space in that 
the free electron behavior, originally expressed 
by Equation 52, no longer applies. In fact, en- 
ergetic changes occur as if the electron is forced 
to accelerate (or alternatively, deaccelerate) by 
the factor AE,, as it (effectively) crosses the 
lattice. As mentioned above, it is common to 
express this acceleration as if the rest mass of 
the electron's involved in plasmon formation have 
been altered from their "free" value, m, to an 
effective value, In this case, the dispersion 
of the free electron, plasmon frequency may be 
reasonably expressed as in Equation 55. 

In addition to this effect, when E, > 1.2 eV 
we note that dispersion implies that the short 
range interactions of the electrons also must be 
finite, and we find higher order correction terms 
that should be proportional to k2. If the system 
is described by the H" given in Equation 53 and 
H' in Equations 58 and 61, then we must further 
allow for the effect of band-to-band transitions 
(from say state 0 to all n possible states) on this 
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process. As Pines has shown,lOO.lO1 this leads to 
the relationship: 

where the first term on the right is the linear 
electron-plasmon (k * P) correction (as described 
previously), and the second is a corresponding 
nonlinear electron(k)-plasmon(P)-electron(k’) 
correction. 

In this case, we may then write 

I i  

(77) 
no 

and, following Pines,lOO*lol we therefore can ex- 
pand these “corrections” in the form of a per- 
turbative expansion where 

+ higher order corrections (78) 

Dispersion terms, such as those on the right in 
Equation 76, may be generally expressed in the 
form of Equation 65. It is important to note that 
all of the terms in this relationship may be ob- 
tained from independent measurements of the 
spectroscopic properties of the particular elec- 
tronic system under consideration. 

Perhaps it is useful at this point to stop and 
quickly review those features of the ESCA pro- 
cess that have been described so far in this section. 

We have noted that 

1. Many materials with zero, or relatively nar- 
row, band gaps have collective loss fea- 
tures, described as plasmons, that often 

2. 

3. 

provide a significant presence in the ESCA 
spectrum. 
All of the peaks detected in the ESCA spec- 
trum exhibited by materials of this type are 
shifted by relaxation effects that can be rea- 
sonably modeled by Equations 73 and 74. 
In addition, we have noted that only the 
“most pristine” plasmon sources will pro- 
duce loss lines split from the no-loss peak 
by the hw, of Equation 63; i.e., most sys- 
tems will experience some additional dis- 
persion (perturbation) shift, and a reasonable 
approximation for many of these shifts is 
provided by Equation 78, 

Viewed from another perspective, the com- 
pletely undressed, free electron plasmon ex- 
pressed in the intrinsic relation of Equation 72 
must generally be modified to include hw in place 
of hw,, where w reflects the dressing (disper- 
sions) expressed in Equation 78. (It should be 
noted that this modification of the frequency of 
the collective effect also influences the extent of 
the relaxation, as for example, in Equation 73.) 

All of these possible effects are hypothetically 
rendered in Figure 18. 

4. On the Separation of Hole- and 
Electron-Induced Losses 

We have thus suggested that loss spectra may 
be created by both the influence of the photoe- 
lectron itself (Equation 71) and what we have 
described as the hole spectral function (Equation 
72). These terms are presented in the manner of 
G a d ~ u k , ~ ~ . ~ ~  as two separable functions. This has 
been shown to be a reasonable concept when the 
photoelectron escape velocity is sufficiently fast 
to warrant the application of the sudden approx- 
imation (i.e., photoelectrons of several hundred 
eV, or more). As the photoelectron slows, and 
remains for a longer period in the vicinity of the 
hole, an interference term also results, indicative 
of an adiabatically induced, interaction of both 
excitation sources (see Section IV). This leads to 
modifications of the extent of relaxation; e.g., 
the a factor in Equation 73 is damped to 
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(at = a - (;)F) (79) 

where v is the velocity of the electron and F is 
a function that is proportional to the charge and 
velocity and inversely proportional to the plas- 
mon frequency. The term a' thus modifies the 
plasmon relaxation, and the At f a c t ~ r ~ ~ . ~ ~  is also 
damped. These interference terms are generally 
considered to be inherent parts of the intrinsic 
(hole-induced) excitation. Io2 

As pointed out by several  researcher^,^^^^^*^^^ 
the photoelectron experiment often does not yield 
situations that permit ready separation of the ex- 
trinsic and intrinsic contributions. This occurs, 
in part, because all photoelectron ejections must 
correspondingly create a hole, and thus the in- 
trinsic excitations must always be present. How- 
ever, as we have described above, the determining 
factor in reducing the relative contribution of in- 
trinsic effect depends upon the energetic location 
of that hole.20911891237124 In this regard, it is im- 
portant to note that whereas a localized deep hole 
may maximize the intrinsic contribution inside a 
particular layer, an experiment can be con- 
structed in which the photoelectron created in one 
layer may be forced to pass through another, 
chemically detached layer, before being de- 
tected. This "displaced ' photoelectron may pro- 
duce loss transitions in the latter layer that are 
only of extrinsic origin. 20~118~127 Examples that 
suggest the possible registration of this situation 
are described later in this section. 

5. ESCALOSS 

E L  and A E L  for Materials with Nonzero E,. 
It is useful now to consider the expressions that 
we feel will most appropriately describe the loss 
splittings, E2(1), for atom A in chemical state 
(1) (as defined in Figure 19), and the change that 
results in these loss splittings when the state is 
changed from 1 to 2, AE?(l + 2). It should be 
noted that Tables 6 through 8 contain compari- 
sons of the experimental, and select theoretical 
values of these types of terms, for a variety of 
materials systems. In all cases the approximate 
dispersions and values are listed based upon ranges 

of band gaps, E,. As we shall describe below 
this correlation is fairly general, but not universal. 

Because of the relative ease in detecting and 
reproducing those often distinctive features, we 
have labeled the registration of EL and AEL for 
analytical purposes as ESCALOSS. 

Relaxations and Loss Peaks Inside the Free 
Electron Model. If one scrutinizes Equation 72, 
one will notice that the plasmon states defined 
by the quantum numbers n = 0, 1, 2, etc., form 
a series of poles as first displayed by L a n g ~ e t h . ~ ~  
In the latter description, each of these plasmons 
states form poles that are displaced by the 
AEFR in Equation 72 from the positions estab- 
lished before considering hole induced relaxa- 
tions, but it should be noted that as expressed, 
these AEER values are constants, aw,, for each 
state, 1, of each element, A. In addition, if one 
considers the short range relaxations, AEER, the 
resulting, weak, downfield shifts (generally in 
the infrared range) are also constant.95 Thus, as 
demonstrated in Figure 19, even though the prin- 
cipal (no loss) peak and all of the plasmon dom- 
inated loss peaks suffer significant relaxation 
effects, for  dispersions out of the free electron 
model, the amount of the resulting peak shifi is 
a constant for  each peak; therefore E f ( I ) ,  the 
loss splitting for material A in state I ,  and 
AEP(I 4 2) ,  the change in loss splitting going 
from state I to 2 ,  are independent of this partic- 

Summary of Photoelectron Loss Splittings for 
ular relaxation. 116.1 17,119,120 

DifSerent Models 

(1)  E, S 1.2 eV: 

In this case, if we start with no dispersion we 
obtain: 

4nNe2 112 
Et(1) = h ( y )  = K f i ( 1 )  (80) 

where K is employed to symbolize all constant 
terms, and 

AEt(1 * 2) = K [ G  - fi] (81) 

When we take into consideration the modest dis- 
persion that may be realized through Equation 
75 above, we find that we can express the results 
as 
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_ _ _ _  (Chemical) S t a t e  1 

(Chemical) S t a t e  2 

S AEM = "Measured" Core Level 
(Seigbahn) S h i f t  

AE = "Measured" S h i f t  Loss L -  
S p l i t t i n g  

FIGURE 19. ESCALOSS showing figurative EL and AEL values. 

TABLE 6 
Elemental, EL Values Compared to Other Experimental 
ESCALOSS, Non-ESCALOSS, EL Values and Calculated E, 
All results in eve 

hWP 
Bandd free PollackDOb Pines'- P & E 
gap electron Barr XPS loss optical (HEELS)' 

In 0 12.5 
Sn 0.08 14.1 
Sb 0.11 15.1 
Al 0 15.8 
Cd 0 10.5 
Si 1.17 16.6 
Ge 0.74 15.6 
C 5.2a 31.1 

11.5 
14.0 
N.A. 
15.8 
9.4 

17.8 
16.5 
21 .6b 

11.8 12 
14.2 12 
16.0 15 
15.6 15 
9.3 20 

17 16.9 
17 16.4 
22 

a Diamond. 
Adsorbed hydrocarbon. 
P&E = Philipp, H. R. and Ehrenreich, H., fhys. Rev., 129, 1550, 1963. 
Intrinsic. 
Loss results from this lab & 0.2 eV. Consult original references for other 
precisions. 

Et(1)' = K G i  where HOT designates higher order terms. A 

61 0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



TABLE 7 
Molecular EL Values 

Barr 
B.G. hWp XPS loss 

GaAs 1.5 16.3 16.2 
lnSb 0.25 13.9 13.5 
GaSb 0.8 14.8 15.3 
InN 1.7 19.0 15.5 

In,O, 3.6 22.5 18.5 
AI,O, 7.2' N.A. 24.4b 
SiO, 9.0" N.A. 23.0b 

This lab 
HEELS 

14.0 

16.0 

Pinesqoob P & s' 

19 
23 22.2 
25 

a Indirect. 
Average 2p - Variable. 
P&S = Powell, C. J. and Swan, J. B., Phys. Rev., 118, 
640,1960. 

TABLE 8 
In" and In Compound ESCALOSS Results. 

XPS XPS Heels 
Direct this other this 
band lab lab Optical lab 
gap f 0.2 f 0.2 f 0.5 k 0.5 

In" 0.0 11.5 11.8" 12.0 - 

13.5 lnSb 0.25 13.3 
InN 1.7 15.5 - 16.0 

- 19.0 

- - 
- 

3.6 18.5 - W, 

Heels 
other hWP 
labs free electron 
f 0.5 calculation 

1 1 .O" 
1 1 .5ib 

1 3.0d 13.5 
19.0 
22.5 

- 

- 
- 

a Taken from Reference 100b. 
This Lab. 
Taken from Reference 61 and Reference 99. 
From Powell, C. J. and Swan, J. B., Phys. Rev. 118, 640, 1960. With permission. 

This leads to 

Effective mass values, m*, may be found in 
the literature for some of the appropriate systems. 
Based on Equation 83, therefore, the differences 
recorded in Table 4 between EL and E, for such 

systems may be reflected by these m* values. 
These results should, at least, suggest whether 
m* is larger or smaller than m. One should be 
careful at this point, however, since, as we have 
outlined above in Equation 5 1, the processes pre- 
viously described as short range may also pro- 
duce a corresponding, effective reduction in the 
number of electrons experiencing collective ef- 
fects from N to N'; as we shall show below, this 
effect should be factored into Equation 83. 
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(2) 1.2 C Eg S 3.5 eV: whichever source one accepts as the principal 
cause for the loss transitions in question: 

By including the electron-plasmon dispersion 
argumentslm.’o’ suggested in Equations 76 and 
78, we find that we may argue that 

A e ( l +  2) = K[fii - fij] 
1 

k c k ,  “ ni “j 
- K” c - [All - - [A],] (84) 

where, for example, 

where cn(k) is the previously defined oscillatory 
strength for a 0 to n transition. 

In this case, therefore, we are assuming that 
the dispersion experienced by the free plasmon 
is primarily due to short range effects conveni- 
ently expressed as quasi perturbation corrections 
induced by noncollective band-to-band transi- 
tions, from state 0 to n. 

At this point we should reconsider a key fea- 
ture expressed above in both Equations 83 and 
84. In view of the fact that our plasmons (and 
for that matter our individual electrons) are now 
(of necessity) “dressed” with dispersions, we 
must reexamine whether EL and AEL may still be 
considered free from relaxation effects. This fea- 
ture is considered in Section VI. 

(3) E, > 3.5: 

It should be noted that we have not proven 
that the loss spectra for materials with band gaps 
greater than - 1.5 eV are dominated by collective 
(plasmon) effects. In fact, it seems apparent that 
the relative importance of plasmons should gen- 
erally decrease as the band gaps of the involved 
materials grow. Despite this, it is our contention 
that the principal loss lines detected for most 
materials, even those with comparatively broad 
band gaps (including, for example, A1,0,’20 and 
even Si0,117 are still primarily of plasmon type. 
In this sense, we are following the lead of Pines1O0 
and Pines and Nozikres,’O’ and arguing against 
the implied thrust of the theoretical work of the 
1970s. It should be obvious, however, that the 
following points must be considered as valid, 

1. 

2. 

3. 

The size and influence of the plasmon con- 
tribution to any loss peak structure is di- 
rectly proportional to the electron density 
at, or very near, the Fermi edge. Thus, as 
the valence band density of states shrinks, 
and/or the leading edge pulls back away 
from the Fermi edge, (as happens, for ex- 
ample, for the sequence of materials In” -+ 
InSb --* InN + In,0,i’6), then the relative 
sizes of the loss peaks decrease, and the 
exclusive nature of any plasmon contribu- 
tion must decrease. 
Band-to-band and/or near core level-to-con- 
duction band discrete loss transitions may 
alternate in intensity with the corresponding 
plasmon transitions. Thus, as the “effects” 
of the latter weaken, the relative contribu- 
tions of the former generally grow. 1oo*116~118 

As various types of transitions of the right 
symmetry (e.g., plasmon and band-to-band) 
approach one another in size and energy 
(see Equation 78), these transitions will mix 
and create combined features.’19 Thus, as 
we have argued, no matter what effect one 
accepts as the dominant influence of the 
resulting loss transitions, the experimental 
EL is generally subject to extensive quantum 
mixing with any near degenerate 
transitions. ‘ I 9  

The principal reasons for our supposition of 
plasmon domination for most are the following: 

The arrangement and position of the loss 
peaks-In numerous cases, even those with 
E, not 0, multiple loss peaks have been 
detected (e.g., Si02,117 InSb,L16 GaAS,’I9 
etc.), and in all cases most of these multiple 
features follow the Poisson distribution pat- 
tern required for harmonic oscillator-driven 
plasmons, rather than band-to-band type 
transitions. 
The lack of energetically appropriate band- 
to-band transitions-Based upon the ESCA 
determination of the positions of the valence 
band density, and any realized near core 
states, there are often no ready choices for 
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possible band-to-band or near core-to-band 
candidates to explain many observed loss 
transitions. 
Improper sequencing of loss transitions with 
chemical changes-It should be noted that 
the sequences observed in the loss splittings 
for select elements, AEL (such as that re- 
ported in Table 8 for indium in going from 
In” InSb - InN +- In,O,), cannot be 
explained by invoking band-to-band argu- 
ments using the corresponding energy dif- 
ferences between the In(4d) and the valence 
and conduction bands. 116*L19 

(d) Further aspects of inappropriate band-to- 
band features-In the case of A12031L8 and 
Si0,1L7 (and many related oxides),l19 if one 
argues that the EL are due to band-to-band 
transitions, then one must explain why, with 
a substantial difference in the corresponding 
valence band features and gaps, there is so 
little difference in the EL values for these 
oxides, and also why the small EL differ- 
ences detected seem to change in the wrong 
direction. 

(c) 

It may appear to the reader that the author is 
being somewhat equivocal at this point in refer- 
ring to the types of material systems whose loss 
transitions may be described as “of plasmon or- 
igin.” This equivocation is purposeful, as there 
is really no adequate, simple model that encom- 
passes all experimental cases. 

As indicated, we have found that the size of 
the band gap is one useful signpost of the degree 
of plasmon character, but a far from inclusive 
one. Thus, while there are certain periodic se- 
quences of material which as the band gap, E,, 
shrinks, their loss spectra become more and more 
plasmon dominated, there are other groups of 
elemental or compound species that exhibit this 
type of loss behavior long before E, reaches zero, 
while still other materials with zero E, may pro- 
duce little or no significant plasmon dominated 
losses. 

Thus, an alternative method of designation 
is obviously needed. Although, still incomplete, 
the following composite statements are proposed: 

(1) If a material has a zero band gap that results 
from the Fermi edge coupling (electron oc- 

cupancy) of only s or s + p bands that are 
conductively configured (delocalized) at &, 
then readily discernible, plasmon domi- 
nated, loss transitions will result. 
If the sole presence of delocalized s or s + 
p states at EF is substantially mitigated by 
the ready, near EF, presence of highly di- 
rected, localized orbitals (e.g., those of d 
and/or f type), then materials with this type 
of electron distribution will generally ex- 
hibit significant Nozi2res-deDominicis (up 
field) peak distortions, at the cost of plas- 
mon losses. Many of the elemental transi- 
tion metals are ready examples of this type 
of system. 
If there are no near valent, d or f states, 
then a system may still produce plasmon 
dominated losses, even if its s + p states 
are “organized” and pulled back from EF 
into a semiconductor format (e.g., Si”). 
If the materials in question are wide band 
gapped semiconductors or insulators, but do 
not have any near valent d or f states then 
the loss peaks of these materials are sub- 
stantially dispersed, but are still most ac- 
curately described as “of plasmon origin” 
(e.g., A1203 and SiO,). 
If, on the other hand, the material, in ques- 
tion, is endowed with a modest E,, and its 
valence band states are substantially pop- 
ulated by partially filled, (or conversely par- 
tially unfilled) localized, directed d or f 
states, then arguments that initiate with band 
theory are generally not adequate to de- 
scribe its loss spectra. These materials are 
some of the previously mentioned ‘ ‘molec- 
ular solid” systems, and their quantum 
character is best described using orbital 
models that lead to Manne-Aberg-type loss 
transitions (see Section IV). Examples of 
these materials include CuO, CeO,, NiO, 
etc . 

6. The Influence of Dispersions on 
Relaxation Effects in EL 

A feature that was not considered in any pre- 
vious discussion of the plasmon effect, is that for 
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semiconductors and insulators the relaxation shifts 
of both the principal (no-loss) line and the cor- 
responding plasmon dominated loss peaks should 
not be considered as a coupling of a (deep) hole 
state with a free electron plasmon (as in Equation 
72), but rather as a coupling between that hole 
and a fully dressed (dispersed) plasmon,lm such 
as that described in Equation 78. If these effects 
are properly considered, then one will find 
expressions such as 

- 
AE& = a'(q)w, 

where u'(q) will be needed to replace the simpler 
a relation in Equations 73 and 79. The compli- 
cations represented in Equation 86 are several- 
fold. First, one must begin by recognizing the 
electron-plasmon, dispersion shifted frequency, 
w,, in place of w,. Second, it must be acknowl- 
edged that the collective-hole coupling term, 
u'(q), is now affected through this dispersed col- 
lective, rather than the free electron plasmon. 
This means that a' in Equation 86 may differ 
substantially in size from the a in Equation 73. 
Further, a' is now a complex function that will, 
to higher orders in perturbation theory, include 
the dispersive forces acting on the plasmon, and 
thus introduce Fermion terms that will, in turn, 
couple with the Fermion hole. The result will not 
be exactly soluble into a constant term (such as 
a), and higher order terms may depend upon the 
final state index, n, which will sum on the mixed 
collective-individual states (i.e., states that no 
longer index just the plasmons). If the latter is 
true, terms similar to the following will occur in 
the energetic delta function in Equation 72'O' 

6(AE) = 6(hw - E + a'(q)w, 
+ At - n(w, - a"(q))) (87) 

where the factor a"(q) is employed to represent 
any higher order effects in the dispersion that 
affect each of the n states differently. These ef- 
fects will therefore make the loss splitting EL (and 
correspondingly AEJ relaxation dependent. 
Based upon the nature of this argument, however, 
it is felt that any effect of this type will generally 
be quite small; therefore, it should be reasonable 
to ignore relaxation shifts in applying Equation 

72 to most semiconductor (and even some in- 
sulator) loss shifts. 

7. Final Argument for Effects of 
Dispersion 

In view of the previous arguments, if one 
wishes to determine the nature of the loss spectra 
in photoemission (and perhaps use it in analysis), 
one needs to estimate the relative contributions 
of the collective and noncollective behavior. In 
some cases we will find the latter to be similar 
in size to the former; however, as we have argued 
above, generally for solids of major interest, the 
collective (plasmon) features dominate. (Recall 
that despite the previous discussion there is no 
absolute proof for this statement other than the 
fact that it seems to support the resulting data.) 
On the other hand, Pines has demonstrated,lm.lO1 
and we have pointed out,"6-'22 that, for most 
nonconductive materials, the noncollective ef- 
fects should be large enough to influence the 
plasmon feature, and therefore, cannot be ig- 
nored. Generally, however, despite the large size 
that might be predicted for some of these non- 
collective effects, one can generally construct 
reasonable arguments for their inclusion, in terms 
analogous to conventional perturbation theory. l9 

For example (as we have seen), we may assume 
that a reasonable solution may be achieved 
through second order; then, 

E,(i) = q ( i )  + EA(i) + Ei(i) (88) 

where, by analogy, E:(i) = Ep(i), the free elec- 
tron, plasmon value, and i is employed in this 
section to collectively index both the element (A) 
and its state (1). Now, based upon previous 
arguments: 

EA(i) = 0 (89) 

and 
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where E;(i) is thus the approximate change in the loss peaks seems to depend upon several fac- 
loss splitting (EL(i)), created by the dispersion of 
the collective motion by the individual electron 
behavior. Thus, using Equation 78, it is reason- 
able to consider the energies EY to be appropriate 
band-to-band, or near core-to-conduction band 
transition energies, and the numerator of Equa- 
tion 90 corresponds to the interactive matrix ele- 
ments in Equations 77 and 78. The latter tend to 
grow as the band gap broadens. In this regard, 
we may obtain a qualitative feel for the relative 
size and direction of the shift provided by E:(i) 
by noting that 

Eg increases in size as IE: - EYI + 0 (91) 

That is, as the appropriate individual electron 
transitions to the conduction band become similar 
in size to that for free electron plasmon, and more 
specifically when 

(E,(i) - EY) > 0, then EL > E, (92) 

and when 

A further concept, that should be obvious, is 
that when relationship 91 does not hold (i.e., 
when there is no band-to-band or core-to-con- 
duction band transition of energy close to E,), 
then EL - E,. Although these arguments are wor- 
thy of consideration, they should not be over- 
subscribed to. One should note in the tables in 
this review and also the papers of Pines'"O*'O' that 
there are numerous exceptions. 

It also should be noted that a lack of disper- 
sion does not necessarily signify that the loss 
peak will be large in relative intensity.99 Nor does 
it necessarily indicate that systems containing a 
particular element in a particular state (i) with 
large dispersions will produce loss peaks with 
less intensity than those systems containing (i) 
with modest dispersion. 

E. Examples of the Use of ESCALOSS in 
Chemical Analysis 

7. Bemental Systems 

The relative size of the previously described 

tors-the primary one being the number and char- 
acter of the density of states at or near the Fermi 
edge of the systern.'Oo Close study of loss size 
and type suggests that the best source of a system 
with a primarily, plasmon-only loss spectrum of 
relatively large size, is a spherically symmetric 
(i.e., s or p state) valence density at or near the 
Fermi edge that is relatively free from localized, 
directed, valence density coming from the low 
binding energy parts of the valence region.99 
Therefore, most transition metals with large near- 
F e d  edge, directed, d-state densities should ex- 
hibit poor loss intensities, with little or no plas- 
mon ~ h a r a c t e r . ~ ~ . " ~  Thus, for example, Al" 
(3s23p) forms a well recognized loss pattern, Fig- 
ure 20, that is dominated by strong, plasmon 
peaks with little or no d i ~ p e r s i o n s , ~ ~ " ~ ~ ' ~ ~  whereas 
Cu" (4s13d10), on the other hand, exhibits only a 
weak loss spectrum which may not contain any 
plasmon character.'28 As expected, In" also ex- 
hibits a strong, plasmon dominated, loss pattern, 
similar to Al". 116~119 Interestingly, Cd", which has 
a near valent d band, still produces a significant 
plasmon dominated loss spectrum,99 apparently 
because its d band is pushed to relatively high 
binding energy, separating it from the symmetric, 
plasmon producing, s band state. 

One of the most interesting expressions of 
these features for the Group B metals is exhibited 
by Ago, which apparently has a d band density 
sufficiently separated from its s state (the edge 
of the former is at -3.5 eV), compared to Cuo, 
such that Ago exhibits significant, plasmon dom- 
inated losses.w Finally, moving further down the 
same column of the periodic table to Au we find 
the d band returned to a position close to the 
Fermi edge (-1.7 eV), and the loss spectrum 
(and its corresponding plasmon character) dis- 
sipated. More is said about these features in a 
recent publication. lZ9 

In all of these cases, it should be noted that 
the loss splittings, EL, realized by the aforemen- 
tioned elemental systems in photoelectron spec- 
troscopy, are essentially the same as those 
produced by (extrinsic only) losses during "con- 
ventional' ' electron scattering loss spectroscopy 
(see Tables 6 and 8). This demonstrates the lack 
of relaxation influences in ESCALOSS, at least 
to this level of dispersion. 
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-6.7 -52.7 -3g 7 -2% 7 -15 7 

6nePgy Loss 

FIGURE 20. Loss pattern for Al" demonstrating Poisson distribution typical of free electron induced plasmons. 
(From Reference 131 .) 

2. Indium Compounds 

The use of ESCALOSS as a tool in chemical 
analysis requires, of course, that it be directly 
expressive of changes in chemistry. One of the 
first detailed demonstrations of this capability was 
provided in a detailed study of loss spectra pro- 
duced by a variety of solid indium systems, in- 
cluding In", InSb, InN and In,O,, in both bulk 
and thin film form.'16 The critical aspects of the 
results are given in Table 8 and Figure 21, show- 
ing that the use of conventional, principal peak 
ESCA chemical shifts to differentiate between 
these systems is not feasible for all these com- 
pounds, due to the vanishingly small size of the 
shifts. 116~130 In addition, the InN, and particularly 
the In,O,, are nonconductive systems that exhibit 
noticeable charging shifts, making the registra- 
tion of conventional binding energies difficult. 
The loss splittings, EL, of all these materials, 

however, as mentioned earlier, are independent 
of charging. The large size of these loss splittings 
and their progressive shifts make them intriguing 
chemical signposts. It should be noted, how- 
ever, that the size of the change in AEL and the 
position of their EL values are more involved than 
just a registration of the differences in valence 
state electron density per unit cell, Ni (i.e., the 
differences in their free electron plasmon shifts). 
The size of the difference between EL and E, 
(i.e., the dispersion), is found to increase with 
the band gap (Table 8), and thus also influence 
AE,. In all cases, in the manner provided for in 
Equation 90, the transition between the intense, 
near core, In (4d) and the conduction band pro- 
duces a perturbative "push" on the ep for In 
systems."9 However, this push should be rela- 
tively modest for In" and InSb, (due to Equation 
82), and be countered by a push to higher binding 
energy by the valence band to conduction band 
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465 

lnSb 

461 457 
B.E. in eV 

453 

In(3d ) 
% 

I I I I I I I I I I 1 

467 465 459 453 451 
B.E.in eV 

FIGURE 21. in(3d) loss lines for various indium compounds: A(in"), B(in,O,), C(inN), D(lnSb). 
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transition. 'I9 In the case of InN, and particularly 
In,O,, the down field push of In (4d) + con- 
duction band transition is relatively large (due to 
the similarity of ep and those particular Ej), and 
the resulting dispersion is -3.5 (InN) and 4.0 
(In,O,) eV, respectively.'19 

provided by Al(2s) and AI(2p) during the oxygen- 
induced growth of the oxide on the surface of 
pure A1 metal,'18J31 the substantial AEL (= 8.2 
eV) was used to follow the growth characteris- 
tics. However, as the oxide formed, the Al" sub- 
surface was still detectible because of the (-40 
A deep) depth of field of the ESCA. Thus, a 
variety of mixed loss lines re~ul ted"~~ '~ '  (see Fig- 

3. SiO&i" and AI&AI" Systems ure 24). Examination of these lines indicated a 
predominance of 15.8 eV EL for Al" and 24.0 
eV EL for Al,O,. Further loss peaks shifted up- 
field from the Al(2p) of the metal by -24 eV 
were detected suggesting the possible detection 
of extrinsic-only losses produced by Al"(2p) pho- 
toelectrons during their passage through the outer 
layer of Al,0,.z0.118 (The extrinsic-only character 
results from the localization of the hole of the 
Al" photoelectron in the metal matrix.) Addi- 
tional details were also observed, but such studies 
are still too poorly controlled for any definitive 
judgments. 

In the case of oxide systems, it is tempting 
to suggest that any dispersions may be induced 
by the near core transition from O(2s) to the 
conduction band. This transition is approxi- 
mately 27 to 30 eV for SiOz and Al,O, based 
upon the respective positions of the two states 
involved. Based upon Equations 55 and 90, and 
the corresponding values for E,, this should pro- 
vide the ingredient for a significant perturbation. 
This, however, seems to be countered by the 
relatively weak density provided by the 0(2s), 
and one does not anticipate significant dispersion 
from this 

Thus, in the case of oxides with significant 
covalent bonding (e.g., SiO, and A1,03), one is 
more inclined to attribute any dispersions (always 
reductions) of the plasmon dominated losses to 
the reduction in "free" electron density in the 
valence band that results from their inherent cov- 
alen~y.'"*''~ Thus, one should employ an elec- 
tron density of N' in place of N in the plasmon 
calculation (Equation 51), where m = N - N' 
is indicative of the covalently "tied-up" valency 
electrons. Evidence in support of this contention 
is given in the loss spectra of the oxides (in Table 
7), showing that the EL is generally significantly 
less than E,. SO,  may be an interesting exception 
as it exhibits little variation (perhaps due to a 
counter-variant, "push-up" dispersion provided 
by the valence band to conduction band transi- 
tions that, due to the extreme width of the SiO, 
bands, range from -10 eV to -22 eV).'I7 

The character of the loss spectra for Si"(2p) 
shows that it is dominated by plasmon influences, 
despite the band gap of - 1.1 eV. The AEL for 
Si0,-Si" was utilized in a study of a SiOz/Sio 
layered system, with particular applicability at 
the interface (Figures 22 and 23).'17 

In a related study of the ESCA loss spectra 

4. General Features 

It is interesting to try to catalog the rationales 
for the different dispersions suggested for ESCA 
loss spectra of various compound systems. Some 
of these speculations are summarized in Table 9. 
Table 10 demonstrates another feature about the 
general nature of the loss spectra of these com- 
pounds. If these losses have primarily a plasmon 
origin (based on Equation 88), then it is apparent 
that their EL values should be directly propor- 
tional to the electron density in the valence band. 
This suggests that systems which are isoelec- 
tronic, and not uflected by otherfuctors, should 
yield essentially the same EL values. In Table 10 
we see that this is the case for most of the Ge" 
isoelectronic series, with the exception of KBr. 
The same argument, however, does not hold for 
the Sn" series. It is suspected that the exceptions 
noted are due to significant, selective dispersive 
forces that increase with the increased band gaps 
as one radiates out and down in these Group IV 
isoelectronic series. 

Perhaps one of the most interesting (and po- 
tentially the most useful) examples of the status 
of plasmon-only vs. dispersed plasmon losses oc- 
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Sio 
Si (2s) 

I 1 1 I 1 I I 1 I r- 
I90 170 I 50 I30 110 90 

BINDING ENERGY el' 

FIGURE 22. Loss spectra for Si(2s) and Si(2p) of Si" (note the EL values and their Poisson repetition despite the 
E, - 1.1 eV). 

curs for carbon based systems. A preliminary 
analysis of a carbon system is presented below. 

F. An Additional Important ESCALOSS 
Spectroscopy Exampl-The Carbon 
Problem 

1. htroduction 

One of the most discouraging problems in 
traditional ESCA analysis is the lack of unique- 
ness found in the positions of the principal C( 1s) 
lines for many different carbon based systems 
(i.e., those with -C-C-, -C=C-, a-, and 
-C-H bonds). 121*132 Thus, whereas the (apparent) 
binding energy of the principal C( 1s) peak may 
be employed to identify the presence of 
certain different organic functional groups (e.g., 
-C+, - C = O ,  <-OH; as exemplified above 

in the AR-XPS study of polypropylene oxida- 
t i ~ n ) , ' ~ . ~ ~  it cannot be readily employed to dif- 
ferentiate between, for example, polypropylene, 
polystyrene, and graphite. In fact, if asked to 
identify the bonding nature of the ubiquitous car- 
bonaceous deposition that always occurs on air 
exposed surfaces (referred to in the surface anal- 

researchers have classified it as a graphite-like 
substance, whereas others have suggested an ad- 
sorbed hydrocarbon polymer, with generally no 
evidence provided for either claim. There can be 
little doubt that this constantly present shortcom- 
ing is one of the more frustrating features of 
applied ESCA. 

The principal reasons for this chemical shift 
problem would appear to be twofold and related. 
First, most of the systems in question are, at 
minimum, modest insulators and, therefore, due 
to charging produce somewhat uncertain C( 1 s) 

ysis literature as adventitiow ~urbon),'~~J~~ many 
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Si02 

1 1 I I I 1 1 I I 1 I 

190 I70 I50 I30 I10 90 

B.E. in eV 

FIGURE 23. Loss spectra for Si(2s) and Si(2p) of SiO, (note the substantial increase in EL over that for Sin, but 
significant reduction in loss peak intensity and lack of Poisson character). 

binding energy positions. Even if charging is 
curbed, however, most researchers have sug- 
gested that the chemical shift (if any) for C( 1 s) 
between, for example, graphite and an adsorbed 
hydrocarbon is very small, perhaps too small to 
register. Hence, while some have suggested a 
C( 1s) binding energy for graphite systems of 
284.2 eV and that for a hydrocarbon polymer at 
-284.8 eV, it has now become common to shift 
all carbon-carbon and carbon-hydrogen C( 1 s) 
binding energies to a single value, recently ad- 
justed to 284.6 ? 0.4 eV.20.85*86*133 This lack of 
distinction, of course, makes ESCA a less than 
adequate tool for investigations in the rapidly 
growing fields of organic composites and films. 
It is the purpose of the present discussion to show 
how ESCALOSS may be employed to provide 
at least a partial answer to some of these questions. 

Based upon the methodology outlined pre- 
viously a series of ESCA spectra were recorded 
for a variety of hydrocarbon and carbon only 
systems, with particular emphasis on their core 

loss peaks. These results were produced using 
several different ESCA spectrometers (including 
the Hewlett-Packard 5950A at the UOP Research 
Labs [Des Plaines, IL], several types of PHI sys- 
tems at the University of Minnesota, and the PHI 
Laboratories in Minneapolis, the SSI system at 
the University of Western Ontario, and the new 
VG ESCALAB at the University of Wisconsin 
[Milwaukee]). It is significant to note that rea- 
sonably reproducible loss results were achieved 
with all of these systems. Hence, the results de- 
scribed below are not unique to particular ESCA 
instruments. We have personally observed, how- 
ever, that the ease with which these results are 
generated and the ability to differentiate certain 
subtleties in intricate use situations seem to be 
aided by use of a monochromator based ESCA 
unit. Total analysis also usually requires the gen- 
eration of a good survey scan (to examine for 
ubiquitous impurities, such as 0, N, Na, C1, etc.) 
and a good high resolution scan of the C( 1s) peak. 
The latter should be run with the use of an elec- 
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FIGURE 24. Loss results realized during growth of alumina on Al". 

tron flood gun to remove charging shifts. This 
method, however, is not absolutely necessary in 
the case of the loss spectral analysis due to the 
independence of the loss splitting, EL, from 

In addition, we found that valence band spec- 
tra scanned from about 0 to 30 eV may provide 
some delineation of the chemical character of 

charging. 19.20,121 

carbon ~ y s t e r n s . ~ J ~ ~  A recent use of this type of 
study has been provided by Madden and Allred.lM 
Often, however, this valence band method may 
be even more difficult to register and control than 
the loss peaks. Fortunately, only one of these 
methods is generally necessary to achieve ana- 
lytical results. (One version of appropriate val- 
ence band data for certain carbon-based systems 
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AL203 B 
AL203 B 

SURFACE 

SURFACE 
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ALO 2 x B  
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S 5 SURFACE EMISSION 
B 5 BULK EMISSION 
(ALL h I N L Y  CAUSED BY PLASMONS?) 
1 BULK SURFACE. 
ALO 15,8 11,3 
A L z O ~  24.4 17.4 

is described in the second part of this review.) 
A variety of C(1s) loss lines also have been 

examined, each with their own particular merit. 
Since the analysis to be described pivots on the 
determination of the loss splitting, EL defined as 
the difference between the principal no-loss C( 1 s) 
line and the peak of the (rather broad) first, ma- 
jor, (perhaps) plasmon-dominated, loss line, it is 
useful to include a spectral run of both of these 
features in the same spectrum. In addition, we 
have often recorded spectra that run up field to 
350 eV or more in order to determine the presence 
of any secondary loss lines. Such lines were in- 
cluded because plasmon-dominated losses are 
found to arise in evenly spaced (harmonic oscil- 
lator imposed) intervals, which fall off exponen- 
tially in intensity (i.e., with what is referred to 
above as a Poisson c h a r a ~ t e r . ~ ~ . ' ~  (see Figure 
20). Hence, spectra of this type were recorded 
for a variety of carbon only and/or C-H only com- 

SEPARATION FROM 
AL LINES 
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9.1 
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0-0 (118.0) 

ALO 

u 
13,s 

1Lp 
18,4 
l!lJ 
26,s 
29,s 
3lL9 

34e3 

pounds to examine for plasmon character in their 
loss spectra. 

Initial detection of some of the characteristic 
XPS loss peaks described herein (for graphite and 
related compounds) were reported earlier by sev- 
eral of the pioneering ESCA groups (e.g., that 
of Kai S i e g b a h ~ ~ ' ~ ~  and David Shirley).'36 In the 
latter case, they have suggested two separate 
prominances in the broad, primary loss peak of 
graphite that surrounds the 30 eV, EL point. We 
have not been able, however, to totally distin- 
guish these weak peaks, therefore, we have sug- 
gested a singular transition of EL - 30 eV. 

Non-XPS generated losses for graphite and 
related material have also been considered by 
others. These have included studies in X-ray gen- 
erated appearance potential spectroscopy by Park 
et a1.'37 and high energy EELS investigations by 
Weissmantel et al.'38 and Liang and C ~ n d y . ' ~ ~  
The carbon losses realized in Auger analyses of 
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TABLE 9 
Loss Splittings Assuming Plasmon Character with 
Dispersion 

Group IV systems 
System A€, f P  Cal. ep Exp. EL Comment 

CC+b9 5.2" - 31.1 22.0" LOCO5 
Si 1.2 - 16.6 17.8 VB-, 
Ge 0.7 - 15.6 16.5 VB t 
Sn 0.1 - 14.1 14.0 M(-) 
Pb 0.0 - 13.5 13.5 M(-) 

Select Ill-V Systems 
GaAs 1.4 0.32 16.3 16.2 Ga(3dbC.B. 5 VB t 
GaSb 0.8 0.27 15.3 14.8 Ga(3dbC.B. 5 

InN 1.7 0.5 19.0 15.5 In(4d)--+C.B. 5 Ion 5 
lnSb 0.2 0.33 13.9 13.4 in(4d)-+C.B. 5 VB f 

V.B. f 

Select Il-VI Systems 
ZnSe 2.8 0.62 15.6 16.0 Zn(4d+C.B. t VB 1 
ZnTe 1.2 0.60 14.5 15.5 Zn(4dbC.B. t V.B. f 
CdS 2.5 0.68 N.A. 18.5 Cd(4dbC.B. t 
CdSe 1 .a 0.68 14.7 17.0 Cd(4dbC.B. f t 
CdTe 1.4 0.68 13.6 16.5 Cd(4dpC.B. f f 

Selected Oxides 
Be0 
ZnO 3.3 

7.5 
Ga*O3 
InZ03 3.6 

- 

SiO, 9.0 

SnO, 3.8 
GeO, 6.0 

0.62 29 29 
0.65 NA - 
0.80 27.0 24.0< 

- 21.2 
- 22.5 18.5 
- 

0.57 23.0 23.0 
0.73 NA - 
0.78 26.0 20.0 

None 

0(2s+C.B. 5 ion 5 
O(2sbC.B. t Ion 5 
In(4d)-tC.B. t 
O(Ps)--+C.B. 5. Ion 5 
0(2s+C.B. 
Ion 5 
O(2sbC.B. 5 Ion 3. 

- 

Note: LOCO = Localized Covalent Bonding; Ion = Localized ionic 
Bonding; M = Metal; V.B. = Valence Band; C.B. = Conduc- 
tion Band; f i  = ionicity; t = effect increases EL. 

a Diamond. 
From Levine, B. F., J. Chem. Phys., 59, 1463, 1973. 
Approximate value for polymeric hydrocarbon. 

select systems were also considered by Luries 
and Wilson.140 All of these features have been 
recently surveyed by Tsai and Bogy.141 

ers of chemically pure graphite were examined 
in various ESCA systems. Unpressed, pure, 
graphite powder also was examined. The state of 
graphite purity was gauged both by bulk speci- 
fication and surface analyses (in the latter case, 
by employing the chemical detection of ESCA). 
In all instances, if air exposed, these materials 
were found to suffer very moderate surface ox- 

2. Graphite 

As part of this analysis, several pressed Waf- 
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TABLE 10 
Loss Splitting (EJ in eV 2 1.0 for 
lsoelectronic Series Based on Ge,, 
and Sn,. 

Ge 15.6 16.5 
GaAs 16.3 16.2 
ZnSe 15.6 16.0 
KBr 11.1 13.7" 

Sn 14.1 14.0 
lnSb 13.9 13.4 
CdTe 13.6 16.5" 
Rbl 10.9 N.A." 

Plasmons, for these cases, may be too 
weak to be primary producers of these 
peaks. 

idation (see the survey scan in Figure 25). It 
should be emphasized that to varying degrees this 
is the case for all air exposed  solid^!*^.^ Ex- 
amination of systems cleaned of this slight oxide 

(and also of graphite more extensively oxidized) 
suggests that this level of oxidation does not play 
a significant role in the subsequent general 
analysis. 

The characteristics of the C(1s) ESCA loss 
spectra for graphite are illustrated in Figure 26 
and Table 11. The experimental patterns pro- 
duced closely replicate that suggested for a car- 
bon based material that is a near total producer 
of plasmon-type loss excitation. Further, based 
upon the loss results obtained on various other 
polycrystalline and/or powdered materials, we do 
not expect the previously mentioned lack of total, 
macroscopic structural integrity to influence the 
position of the loss peaks. Thus, we find an EL 
= ep of -30.0 -+ 1.0 eV. (The large uncertainty 
results from the broad nature of the loss peak, 
see Figure 26). It is suspected that a very pure, 
structurally sound, single crystal of graphite, ori- 
ented to permit maximum ESCA analysis per- 
pendicular to its basal plane, should produce a 
substantial enhancement in resolution. This fea- 
ture is under investigation. 

The present samples of moderately clean 

- - 
1000 900 800 700 600 500 400 300 200 100 0 

Binding Energy / eV 

FIGURE 25. Survey scan for wafer of clean (but air-exposed) graphite. 
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I 7  1 I I I I I 1 1 I 1 I 1 

2 s  322 320 318 316 314 310 308 306 304 302 300 312 

FIGURE 26. C(l s) loss splitting, EL, for relatively clean graphite. 

TABLE 11 
Characteristic Loss Splitting for Carbon Containing 
Systems. Note Correlation Between Graphite and E, for 
Carbon. 

Carbon species Loss splitting EL AEpJb 

Graphite 30.0 f 1.0 eV 0 
Polypropylene 21.0 2 1.0 eV 9.0 2 1.0 eV 
Adventitious carbon 22.0 k 1.0 eV 8.0 2 1.0 eV 
Diamond“ -2.8 t 1 .O eV 32.8 (23.0) 2 1.0 eV 

a Based upon results from Reference 136. All other results from 
our experiments. 
Take graphite as i, other species as j. 

graphite also exhibit relatively intense, reason- 
ably well resolved, second loss peaks at -345 
eV in Figure 27 (i.e., split from the first loss 
peak by -30 eV). All of these results suggest 
that the aromatic IT structure of graphite, with its 
density located primarily at or near the Fermi 
edge, is experiencing a near total collective (plas- 
mon-like) loss behavior. The general lack of in- 
tensity in the resulting loss lines would further 
suggest that the sp2 covalent part of the graphite 
system only provides weak “support” to this 
collective loss behavior. ‘*I 

3. Carbon-Based Systems Devoid of 
Aromatic Sfrucfure-Polypropylene 

The loss spectra of a variety of carbon based 
materials that do not feature any aromatic IT char- 
acter were also examined with several of the pre- 
viously mentioned ESCA systems. One of the 
most detailed of these studies was that for very 
pure, catalytically produced films of 
p 0 1 y p r o p y l e n e ~ ~ ~ ~ J ~ ~  (see the section on angular 
resolution). This system produced ESCA loss re- 
sults that seem to be representative of those for 
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2nd C1 loss peak 

I I I 1 I 1 I I I 

370 360 350 34 0 330 320 3.1 0 300 290 

Binding Energy i n  eV 

FIGURE 27. Poisson character of ESCA loss splitting for graphite. 

many carbon based materials without the inter- 
jection of interlaced IT networks. In this case, the 
valence band region displays the expected “pull 
back’’ of density from the Fermi edge, as the II 
electron region of the graphite hybridizes into the 
balance of the covalent system. This results when 
the IT bond in the propylene monomer is con- 
verted to form the sp3 bonds of the hydrocarbon 
polymer (see Figure 28). As the carbon 3p, den- 
sity pulls away from the Fermi edge, and “rolls 
back” into the density region occupied by the 
covalent balance of the carbon valence band den- 
sity, several additional features evolve. First, the 
charging shift (which was very muted or entirely 
absent for graphite) begins to emerge for the non- 
conductive, hydrocarbon polymer. Second (and 
more to the point of our present discussion), there 
is a substantial change in character and shift in 
the C( 1s) loss spectra. 

Hence, the C( 1s) loss peaks for polypropyl- 
ene are significantly attenuated in size compared 
to graphite and shifted in energy to an average 
& of 21.2 & 1.0 eV. These features are sum- 
marized in Table 1 1 and Figure 28, including the 
A&*(l+ 2) case, where A indicates carbon, and 
1 and 2 stand for graphite and polypropylene, 
respectively. In this case, the AEL is 8.8 2 1.0 
eV. The C(1s) loss spectra of several other hy- 
drocarbon dominated polymers, films, coatings 

and powders have been examined by ESCA; in 
all cases these materials were found to produce 
loss spectra with AEL of -9.0 eV with respect 
to graphite. lZ1 

A variety of other carbon-based materials with 
varying degrees of conjugated, IT, character be- 
tween polypropylene and graphite have also been 
examined with ESCA, and their C(1s) loss spec- 
tra reveal EL values between 3 1 and 22 eV. Often 
several peaks have been produced, and there is 
a suggestion that the 9 eV, AEL, may shift in a 
progressive fashion as the degree of conjugation 
is enhanced. Proof of the latter, however, awaits 
future evidence. 

We also suggest here that the -9.0 eV re- 
duction in AE, is not the only shift that can be 
experienced by carbon as it loses the (essentially) 
infinte IT character of graphite. Diamond is the 
most covalent of all carbon systems, but its elec- 
tronic system is quite different from that of the 
aforementioned hydrocarbons. Thus, whereas 
polymeric hydrocarbons represent a series of sp3 
bonds that repeatedly terminate at the hydrogens, 
diamond is an “interlaced,” carbon-only sp3 sys- 
tem with some delocalization of electrons 
throughout the lattice. This delocalization is not 
as “ t~ ta l”  as that in the two dimensional, IT 

lattice of graphite, but the diamond interlace ex- 
tends over a complete three dimensional network. 

626 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
9
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1
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315 305 295 285 275 !5 

FIGURE 28. C(l s) loss splitting for clear film of polypropylene. 

As a result, diamond seems to produce two dis- 
tinct loss peaks when measured by XPS (see 
McFeeley et a1.I3’). One peak, (l), produces an 
EL of -23 eV, while the other, (2), is at 32.8 
eV. An interpretation of these results suggests 
that (1) may be due to localized electron effects, 
while (2) results from the aforementioned delo- 
calized character. The shift in the latter from E, 
may be due to a band to band perturbation of the 
free electron plasmon. 

4. Adventitious Carbon 

One of the least desired, but most persistent, 
parts of nearly every surface study (no matter 
what the problem) is the ubiquitous presence of 
carbon deposits which are difficult to remove and 
even more difficult to keep off. These deposits 
form on surfaces when they are not properly 
maintained in extreme UHV. These carbona- 
ceous species were originally attributed to the 
vacuum pump oil, but it is now known that they 
arise from numerous sources, and are signifi- 
cantly deposited on all air exposed surfaces. Be- 
cause of the persistent nature of these species, 
they have been generally labeled as Adventitious 
Carbon, (AC).28 

Generally, the ESCA spectra produced by 
these deposits form a rather consistent pattern that 
demonstrates that 75 to 90% of the deposited 
species are either C-H or C-C containing com- 
pounds; the balance are various oxidized sys- 
tems, usually carbonyls. The designation AC is 
often reserved for the former, and its binding 
energy is generally fixed by some means at 284.6 
2 0.4 eV. This value is frequently employed to 
establish a general (if somewhat precarious) bind- 
ing energy scale (see Section II).90 Because of 
the uncertain origins of these materials, and the 
lack of differentiation of the principal C( 1 s) peak, 
designation of the exact type of species involved 
in AC, as mentioned above, is uncertain. 

We have employed ESCALOSS to examine 
a large number of adventitious carbon systems 
deposited on a variety of materials with diverse 
histories. In all cases, the loss spectrum produced 
was found to closely replicate that of polypro- 
pylene (see Figure 29). Thus, the characteristic 
EL for most adventitious carbon seems to be 22.0 
? 1.0 eV. This strongly suggests that the C-C 
and C-H parts of AC are hydrocarbon based 
species, with little or no graphitic materials 
present. 12’ 

The insidious nature of many of these AC 
carbon deposits has been examined and docu- 
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FIGURE 29. C(1s) loss pattern for typical systems coated with adventitious carbon (a pressed wafer of a catalyst, 
physically resembling the graphite in Figure 27). 

mented by Barr in a companion study of various 
surfaces.86,w It should be noted that these carbon 
systems seem to form continuously, but are gen- 
erally lacking in sufficient chemical bonding 
strength to prevent displacement by other, more 
voracious bonding species. Thus, assuming that 
over relatively long periods of time most of the 
growth of species on a surface is vertical then 
the AC products are continuously being pushed 
toward the outer, evolving surface by any chem- 
ically attached film of “growing” species, such 
as an oxide.go It is also interesting to note that 
adventitious carbon species are even found on 
the outer surface of carbon films. To illustrate 
air-exposed graphite, if examined by angular res- 
olution, exhibits, in addition to a small amount 
of carbon oxides, an outermost surface that has 
a very thin deposition of adventitious carbon. The 
latter is detected, at grazing incidence, as an ap- 
pearance of a small -305.5 loss peak, and a shift 
of the main loss peak down field from 314.5 eV. 
This also may explain why our EL for graphite 
at standard incidence is somewhat smaller than 
EP’ 

In addition one should realize that loss split- 
tings in the region of -22 eV for noncarbon 
containing materials with “dirty” surfaces may 
be reflecting (extrinsic) losses in the adventitious 
carbon overlayer, rather than transitions of the 
material itself. 

5. utiiity 

The ultimate proof of the analytical potential 
of the C(1s) loss spectra method rests, naturally, 
on its utility in research and applied situations. 
Several research groups in an association with 
that of the author (TLB) are presently exploiting 
this method in a number of areas, two of which 
are outlined here: 

1. Certain potential forms of fuel cells may be 
prepared by using carbon based supports 
onto which metal catalysts, such as plati- 
num, are implanted. Particular examples of 
this type of system have been prepared and 
tested in the laboratories of Professor Gior- 
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dano (U. Messina), and surface analyzed 
with ESCA by the research group of Barr. 122 

The base for these systems was a pure, gra- 
phitic, carbon paper. The evolving mate- 
rials were then examined with ESCA at 
select stages during their involved produc- 
tion. The ESCA, C(1s) loss analysis for the 
carbon paper base (Figure 30) revealed a 
pattern strongly suggesting graphite, with 
only slight alterations. During an early stage 
in the production of the fuel cell, this graph- 
ite material was coated with a fluorinate 
hydrocarbon polymer and subjected to 
lengthy heat treatment. The resulting, rel- 

atively thick, polymeric film was appar- 
ently rather spotty, with substantial 
uncovered regions. Thus, whereas the 
C-C-, C-H part of the principal C(1s) line 
suggested no change, the C( 1 s) loss spectra 
for this system (Figure 31) supported these 
suggestions of splotchy coverage by re- 
vealing peaks that suggest the simultaneous 
presence of both graphitic and hydrocarbon 
polymer materials. It should be noted (Fig- 
ure 31) that, as expected, these peaks are 
shifted somewhat from exact correspon- 
dence with the pure precursors, and there 
is also the apparent presence of several ad- 

- 
FfGURE 30. Carbon (Is) loss spectrum for pretreated carbon paper before surface alteration to form fuel cell 
(note 30 eV graphite-like EL). 
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FIGURE 31. C(1s) loss spectrum realized following FEP polymer coating and physical alteration (note introduction 
of 21.8 eV EL characteristic of hydrocarbon polymer plus retention of graphite loss due to spotty coverage). 

2. 

ditional, “intermediate” peaks in the gen- 
eral manifold. The latter effects are perhaps 
indicative of the alterations in chemistry and 
interfacial properties resulting from the 
coating and subsequent treatment. Further 
treatments of these materials produce equally 
revealing scenarios, with ESCA analysis as- 
sisting in detecting changes in the fluorine 
and platinum chemistry, as well as the cov- 
erage.122 The utility of the C(1s) loss spectra 
proved to be a key point in the total analysis. 
A second, practical use of the C(1s) loss 
analysis has occurred during studies of alu- 
minum alloy composites, doped with var- 
ious amounts of graphitic or nongraphitic 
carbon, in order to provide instructive var- 
iations in the tribological properties of these 
systems. These materials are being prepared 
in the laboratories of Rohatgi of UWM142 
with ESCA analysis conducted in the lab- 
oratory of Ban.’” Once, again, ESCA C(1s) 
loss spectra are playing a crucial role. Hence, 
the loss spectra were employed to examine 
the character of the carbonaceous species 

that were found deposited on, or segregat- 
ing to, the surface of these composite sys- 
tems. For example, C(1s) loss spectra were 
employed to differentiate between segre- 
gated graphitic deposits and the presence of 
nongraphitic carbons, including the ubiq- 
uitous, AC that also is generally pres- 
ent.90.143 Most important, however, the 
spectra were used to determine when wear 
treatment begins to degrade graphite and 
destroy its lubricating properties. 143 

6. Rationale 

In all of these analyses, use is made of the 
nature of the loss spectra for carbon-containing 
systems. In this regard, we have noted that if the 
potential ll density in the carbon system is max- 
imized (graphite), it becomes an interlaced col- 
lective network of electrons that form a near 
perfect, free electron plasmon with EL = E, = 
31 eV. As the interlaced I3 network is reduced 
and pulled back from the Fermi edge, the electron 
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density N in Equation 51 is reduced by this co- 
valent formation. The degree of 7c network re- 
duction in polypropylene is apparently - 30%, 
and that for diamond is suggested to be even 
larger. Possible perturbative involvement of the 
largest part of the valence band (located at - 
17.5 eV) in band to band transitions of the type 
described in Equation 90 must also be included 
in the creation of EL values in the 22 to 19 eV 
range.90.99.121 
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