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ABSTRACT

The fundamental basis of x-ray photoelectron spectroscopy (XPS) is presented with
an emphasis on those aspects of the method that are important in the analysis of
glasses. The capabilities of the technique for characterizing specific features of the
chemical structure and surface chemistry of glass are reviewed. The issues
associated with the compositional analysis of glass surfaces are discussed in some
detail. Finally, examples of the use of XPS in glass science are presented; these
include: the study of (i) non-bridging oxygen in glass, (ii) hydrogen surface
treatments of lead-silicate glass, (iii) nitridation of silica sol/gel thin-films, and (iv)
organic adsorbates on glass fibers.

INTRODUCTION

X-ray photoelectron spectroscopy (XPS) is an analytical technique that is widely
used for chemical characterization of solids. Figure 1 illustrates a typical
arrangement for XPS. The specimen is irradiated with monochromatic x-rays to
cause the emission of photoelectrons and Auger electrons. The energy distribution
of the ejected electrons i1s measured to obtain the photoelectron spectrum. An
example is presented in Figure 2. Each of the peaks represent the photoelectrons or
Auger electrons ejected from elements in the specimen surface. The energies of the
various peaks are used to identify the elements present in the sample surface, while
their relative intensity provides information about the composition. Often, the
energy values of the electrons are slightly different in a compound or
multicomponent material relative to their elemental state. These small chemical
shifts are indicative of local chemical environment, bonding, or oxidation state of
the specific elements detected.

In general, XPS provides information about the elemental composition and their
chemical state. It is best known for its ability to provide surface analyses because
the ejected electrons originate within the outermost few atomic layers of the
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specimen surface. Nevertheless, it is also possible to obtain information about the
bulk.

ESCA, electron spectroscopy for chemical analysis, is a more general term which is
often used synonymously with XPS. It emphasizes the chemical aspects of the
technique, and does not exclude analysis of the Auger electrons that are always
present in the photoelectron spectrum. In fact, the combined analysis of the Auger
electrons, and the photoelectrons, can be most advantageous in the evaluation of
insulators.

It is, of course, possible to generate photoelectron spectra with any photon
excitation of the specimen, The x-ray irradiation used in XPS enhances sensitivity
to the core-level electronic states, and thereby, to the atomic composition of the
material. The related method of ultraviolet photoelectron spectroscopy (UPS) is
based upon ultraviolet irradiation of the specimen. This enhances sensitivity to the
valence-band electronic structure of the materials. Most recently, the use of
synchrotron light sources has further expanded the capabilities of photoelectron
spectroscopy for probing electronic structure and bonding configuration. To date,
these methods have been applied to only a limited extent in glass research [1].
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Figure 1. Schematic representation of the typical experimental arrangement for
XPS; all components are contained in vacuum,
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Figure 2. A typical XPS spectrum for the vacuum fracture surface of a glass; the

insets are high resolution spectra of the Ols and valance band regions.
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XPS can be applied in many different ways to study or analyze glass [2]. The most
important and routine applications of XPS in glass research include analysis of the
surface composition, surface chemical state, or bulk chemical structure. More
specifically,

e elemental surface composition,

e organics on surfaces,

¢ non-bridging oxygen concentration in the bulk,

e oxidation state of cations on the surface or in the bulk,

¢ valence band density of states.

The purpose of this chapter is to describe only the basic aspects of XPS. The
important issues in spectral interpretation will be explained using specific examples
in glass research. The interested reader can find more detailed discussions of
photoemission theory, instrumentation and technique in the BIBLIOGRAPHY.

There are a few general characteristics of XPS that are probably best presented here
at the beginning. First, XPS cannot detect hydrogen; in some cases, indirect
information about hydrogen can be inferred through chemical shifts, but not
routinely. This is an intrinsic limitation of photoelectron spectroscopy that greatly
influences the study of glass where hydrogen, hydroxyls and water are often
present. Second, the method is intrinsically sensitive to the outermost .5-5 nm of
the glass surface; hence, XPS is a surface analytical technique. Butif a glass
specimen is fractured in ultra-high vacuum, the composition of the fracture surface
can be equal to the bulk composition, and in many instances, the non-bridging
oxygen content and oxidation state of this surface may be equivalent to the bulk. It
is in this sense that XPS is used to analyze the bulk characteristics of glasses.
Third, any spectroscopic technique that relies upon the detection of charged
particles is susceptible to charging problems when applied to insulators. Although
XPS is less prone to charging problems than other electron or ion spectroscopies,
problems do exist. It is important to understand the origin and nature of the
charging in XPS because it can influence the results.

PHOTOELECTRON EMISSION

The orbital model of the atom in Figure 3 illustrates the fundamental basis of XPS.
The absorption of an incident photon (x-ray or ultraviolet) causes the ejection of a
photoelectron. The kinetic energy of the photoelectron, KE, is simply

KE = hu-BE (D

where hv is the energy of the incident photon and BE is the binding energy of the
emitted electron in the atom. The binding energy of an electron is characteristic of
the specific atom, and in this way, photoelectron spectroscopy provides elemental
identification. And since any occupied electron state in the atom can be ejected, the
entire spectrum of photoelectrons is a representation of the electronic density of
states.
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hv(X~ray) KE photoelectron = hv - BE

Figure 3. Orbital model of the x-ray photoemission process.

The photoelectrons distinguish the occupied electronic states only on the basis of
energy. There are states corresponding to each of the principal quantum numbers
1s, 2s, 3s, ... . In the case of the p, d and f levels, Russell-Saunders_couplin
creates two distinguishable energy states in each principal shell 2pl/2, 2p3/2, 3p1/2,
3p3/2, ..., 3d3/2, 3d5/2, 4d3/2, 4452, ..., and 4£5-2, 4f7/2, 552, 572, ...
There are selection rules and cross-sections that define the relative probability of
photoemission in each state. And of course, photoemission cannot occur unless hv
is greater than the binding energy of the electron (typically, AlKa @ 1487 eV or
MgKo @ 1254 eV are used in XPS). In general, therefore, the x-ray photoelectron
spectrum is dominated by the electrons that occupy the outermost levels of the
atom, e.g., the 1s electron in the case of oxygen, the 2p electrons in the case of Si,
the 4f electrons in the case of Pb, etc.
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The photoemission process is, in reality, more complex than equation (1) would
suggest. The binding energy calculated according to equation 1 assumes the frozen
orbital model (Koopman's theorem). In reality, there is some relaxation of the
electrons during the photoemission process; 1.,

KE = hv-BE-E )

Relaxation

This is not an issue in routine compositional analyses because it can be accounted
for through referencing and calibration. On the other hand, it can be of concern in
the characterization of chemical and electronic structure.

In the case of solids, and especially insulators, the referencing of photoelectron
binding energy is more complicated than the free atom models represented in eqns.
1 and 2. Figure 4 shows the energy level diagram for an atom in the solid state.
The photoemission process, itself, is not affected by the solid state. But it is more
sensible and practical to reference the binding energy to the Fermi level (rather than
to the vacuum level). Using this reference scheme, the kinetic energy of the ejected
photoelectron is reduced by the work function of the specimen, ¢s. Thus,

KE = hv-BE [ - ¢, 3)

The kinetic energy of the photoelectron is perturbed again upon crossing the surface
barrier, ¢, of the analyzer/detector. If the specimen and the analyzer/detector are in
electrical contact, this perturbation is the contact potential between the spectmen and
the analyzer/detector (¢s-0a); thus,

KE' = hv-BE;- ¢, 4)

In the routine application of XPS, the complications suggested in equations (2), (3)
and (4) are eliminated through calibration. That is, standards have been used to
establish tables of self-consistent binding energies and/or kinetic energies [see BOJ;
essentially,

Ekinetic = hV - Ebinding- (5)

The assumptions are simply that the Fermi levels of the specimen surface and the
analyzer/detector are equilibrated, the relaxation energy (ER) is a constant for an
element (independent of of the material composition or chemical structure), and that
the analyzer/detector work function, ¢, is constant. In practice, the situation is
further simplified because there is always one peak in the spectrum (usually carbon)
that can be used to calibrate the binding energy scale. In fact, calibration of the
measured spectrum using the Cls is an almost universal practice. Here, it is
assumed that so-called adventitious carbon (essentially carbonaceous surface
contamination found on virtually any specimen that has been exposed to the ambient
atmosphere) is either hydrocarbon or amorphous carbon, and therefore, is assigned
a binding energy of 285 eV [3-4]. Of course, these assumptions must be
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Figure 4. Energy-level references for XPS when the Fermi levels of the specimen
and the analyzer/detector are equilibrated.
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reconsidered in those cases where quantitative interpretation of a binding energy, or
a small binding energy shift, is of interest. This is especially true in the analysis of
insulators.

In the case of insulators, the specimen can charge due to the ejection of
photoelectrons, Auger electrons, and low energy secondary electrons. This
positive charging of the surface must be stabilized to obtain a useful XPS spectrum.
This is usually achieved through the use of a low energy electron flood gun,
although other methods have been proposed (see Appendix 2 in B5). But even if
the surface potential is stable, the Fermi levels of the analyzer/detector and specimen
may not be in equilibrivm. Thus,

Ex = hv - Ep & Echarge- : (6)

This surface potential influences ali of the electrons uniformly, and so in routine
analyses, the measured spectrum can be recalibrated using the carbon 1s line.

In those studies where chemical state identification is of specific interest,
referencing to carbon may not be an acceptable approach. Here, it is necessary to
define a more reliable reference. One method is to choose a line associated with a
specie in the glass structure; essentially, an internal reference. The assumption is
that the binding energy of this reference specie is independent of the composition or
chemical states of the other constituents of the glass (e.g., Si 2p in many silicate
glasses). Unfortunately, this is not always possible because of the collective effect
of bonding and network structure upon the electron binding energies of all the
atoms. Alternatively, one can implant an internal reference; for example, N2
molecules can be implanted at very low energy (<500 eV). In this way, the Nis
binding energy in N7 can be used for calibration. The shortcoming of this approach
is the possible introduction of ion beam damage, and the need for an in-situ source
of low energy ions in the XPS system. It does not provide an absolute measure of
the binding energy, but it does provide a reliable determination of binding energy
shifts. Still another approach is to deposit a small metallic dot (usually Au) on the
glass surface, and use it to pin the Fermi level of the spectrometer to the glass
surface. ‘The Au dot is grounded to the spectrometer, and the Au line that appears
in the spectrum of the glass is used for calibration. This method is widely
employed in research studies where precise determination of binding energy values
are required; it is not routine, and is subject to careful interpretation {5-9]. In
general, one must recognize real limitations in precise determinations of binding
energy or chemical shifts in the case of insulating glasses.

AUGER EMISSION

After an electron vacancy is created due to the photoemission process (see Figure
3), a de-excitation process occurs within the atom to fill the vacancy. The de-
excitation can occur either through an x-ray emission or through an Auger electron
emission. The relative probability of these two processes depends upon the
incident x-ray energy and the atomic number of the atom. During the typical XPS
analysis (where soft x-rays are used), Auger emissions are prevalent — especially in

136 Experimental Techniques of Glass Science



low z elements — and these electrons are necessarily included in the photoelectron
spectrum.

Auger electron emission — shown schematically in Figure 5 — corresponds to the
decay of an outer electron (e.g., an L-shell electron) to fill the electron vacancy
(e.g., a K-shell vacancy) and then transfer of the energy difference (Ex-EL) to
another electron (e.g., another L-shell electron); hence, the nomenclature KLL
Auger electron. If, alternatively, an L-shell electron was vacated due to the
photoemission, an LMM Auger electron could be created. The kinetic energy of the
Auger electron is characteristic of the atom; i.e.,

Exir = Ex-ErL1-EL2-¢a (7)

There are tables of Auger electron energies for all the elements in the periodic table,
and these can be used in routine chemical analyses [see B6].

Eﬂtuq;mr ~ (EK_EL)_EL

Figure 5. Orbital model of the electron transitions associated with de-excitation of
a core-level vacancy (KLL) by the Auger emission process.
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It is important to note that is is the measured kinetic energy of Auger electrons that
is characteristic of the atom where it originates, while in the case of the
photoelectrons, it is the calculated binding energy that is characteristic; i.e., the
measured Kinetic energy of any Auger electron is independent of the x-ray used in
the analysis (hv), while in the case of photoelectrons, the measured kinetic energy
depends upon hv. Thus, one way to distinguish between the Auger electron and
photoelectron lines in the spectrum is to change the x-ray source. The
photoelectron lines will change in kinetic energy while the Auger electron lines will
always appear at their characteristic kinetic energy. In practice, though, experience
and the width of the line are more often used in the proper assignment of Auger
lines; Auger lines are often broader in energy than photoelectron lines.

One of the most interesting uses of the Auger lines that appear in the XPS spectrum
is in the definition of Auger parameter. The Auger parameter, @, is the difference
in kinetic energy between any Auger line and any photoelectron line for a specific
element; i.e.,

0. = KEAuger - KEPhotoclectron (8)

This definition of Auger parameter is shown schematically in Figure 6. Ideally, the
lines chosen would be directly related through a specific transition (e.g., Si 1s and
Si KLL), but this is not required. In practice, it is calculated using the most intense
lines in the spectrum . The Auger parameters are found to be unique to a specific
compound, and in fact, have been tabulated for a wide range of substances
including silicates and aluminosilicates. They are especially useful in the case of
insulators because the value of a is insensitive to charging and referencing. Table 1
shows, for example, a compilation of data for silicon compounds.

CHEMICAL AND STRUCTURAL EFFECTS

The binding energy of an electron depends not only on the atomic number, but also
upon the electronic structure of the atom and its surroundings. Thus, it is sensitive
to the chemical bonding or structure, the oxidation state and the local chemical
environment of the atom. In practice, this effect is termed a chemical shift; that is, a
shift in the binding energy relative to the elemental state. Table 1 shows the Si2p
binding energy in various Si compounds. The chemical shift is of the order of a
fraction to a few eV. Thus, it is necessary to measure the photoelectron spectra at
high resolution in order to extract chemical information. In general, the ability to
distinguish chemical states is not apparent in a survey scan of the type shown in

«Figure 1. The inset in Figure 1 shows the high resolution scan for Ols. Note the

presence of two peaks at this binding energy. This implies the presence of two
chemical forms or states of oxygen. In this case, the bridging and non-bridging
oxygens in this glass are represented.
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Table 1. Peak Positions and Auger Parameters (asj) for a Variety of
Si Compounds [from 10].
Sample Formula Si2p BE St KLL KE - 0§
(V) eV) V)
silicon Si 99.6 1616.4 462.4
silicon carbide | SiC 103.9 1610.2 460.5
silicon nitride | S13Ng 102.0 1611.7 460.1
silicon dioxide | S109 102.6 1609.6 458.6
zinc silicate ZnSiOn 108.1 1603.7 458.2
silica gel Si0»:xH20O 107.0 1604.3 457.7
Kinetic Energy gV} —»
[ ] [ [ | [ {
Si(2p) l
%‘ Silicon Auger Parameter | )
g !
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Flgure 6. Spectral description of the Auger parameter («) for Si; in this case, the
Si(KLL) transition was excited with bremsstrahlung radiation,
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Many theories and approaches have been developed to understand and interpret
binding energy shifts. The simplest and most basic idea can be realized using the
charged shell model. It assumes that increases or decreases in the electron charge
density in the outer bonding orbitals causes complementary changes in the binding
energy of the inner core levels. Thus, the Si 2p binding energy is higher in SiC,
SigzN4 or SiO3, than in Si due to the electronegativity of the bonding environment;
i.e., the electron charge density near the Si atom is decreased, and thereby the Si 2p
core level electron is more tightly bound. Similarly, the binding energy of the O 1s
in a non-bridging site (NBO) is less than in a bridging site because the higher
charge density at the NBO shields the inner-level 1s electron and thereby lowers its
effective binding energy. This simple, qualitative concept is useful for
understanding the origin and sign of the shift. But the magnitude of the shift
depends upon many factors including relative electronegativity of the bonded
species, coordination number, relaxation effects, etc. In the case of the silicon
compounds, SiC, Si3Ny4, and SiOj, wherein the coordination number is always
four, the Si 2p shift scales directly with the electronegativity of the anion.

More detailed discussions of the origin and qualitative interpretation of chemical
shifts can be found elsewhere (sece BIBLIOGRAPHY). In practice, the interpretation
of photoelectron binding energies is based upon tabulated values of chemical shifts
(and Auger parameters) that have been measured in specific compounds [see B6];
Table 1 is an example. Alternatively, specific standards — or a range of compounds
— can be prepared and/or analyzed for reference.

One must recognize that although in theory the binding energy of an electron must
reflect any change in its local chemical environment, the associated chemical shift
may or may not be observed. In some cases, the shift is too small to be detected
because of limited resolution in the measurement. Sometimes, an increase in the
instrument resolution can be of benefit, but in many instances, the shift in core level
states is not significant. In other cases, effects of relaxation can offset the binding
energy shift; e.g., changes in the binding energy due to bond electronegativity may
cause corresponding changes in ER (see equation 2). In the specific case of glass,
some important chemical shifts that cannot be detected in routine XPS analyses
include Ag* vs Ag, Sn*2 vs Sn*4 and O-2 vs OH. Another unfortunate limitation
in glass research concerns the measurement of transition metal and rare-earth ion
oxidation equilibria. Although the associated shifts in many variable-valence oxides
are significant [2.23], their low concentration in most glasses limits detection.

Nevertheless, XPS has proven to be exceedingly beneficial for studying the
chemical structure of glass; specifically, non-bridging oxygens in silicate,
aluminosilicate and phosphate glasses, bonding in fluoride and chalcogenide
glasses, nitridation of oxide glasses, and redox equilibria in glass. And in many of
these studies, it has been the bulk chemical structure that has been studied. In these
cases, it has been assumed that a clean, vacuum fractured glass creates a surface
that exposes the bulk structure of the glass. The uncertainty in this approach
concerns the fact that clean surfaces often reconstruct in vacuum [11], and so, the
surface is not an ideal projection of the bulk structure. On the other hand, it has
been observed that there is reasonable agreement between the measured NBO
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concentration and the bulk composition of simple glasses. This agreement could be
due to the limited sensitivity of XPS to the outermost monolayer where the
reconstruction is confined. In spite of these uncertainties, XPS is sensitive to the
network chemical structure of a glass — especially BO and NBO — and is necessarily
an important tool for the study of these characteristics.

"SURFACE SENSITIVITY

The sampling depth in XPS is determined by the inelastic mean free path (imfp) of
the photoelectrons. This number, often called the escape depth, represents the
most probable distance the electron can travel in the solid without an energy loss.
Any photoelectron or Auger electron that suffers an energy loss before it escapes
the solid surface no longer possesses its characteristic energy, and thereby,
contributes only to the background signal at an energy, E, which is less than its
original energy, Exi. This is reason for the steps in the background at Ey; in Figure
2. More precisely, the imfp (A) characterizes the degree of attenuation of electrons
due to inelastic scattering in a homogeneous layer or surface film of thickness x;
ie.,

I
2 = 9)
I

Thus, photoelectrons that originate more than a distance A from the surface have
less than a 63% chance of escape without experiencing an inelastic scattering event.
Another way to think of A is to recognize that it represents the depth over which
63% of each photoelectron signal originates. A reasonable representation of the
sampling depth of analysis would be 3A, where 95% of the detected signal
originates.

The imfp of an electron is a function of its kinetic energy, and of the matrix in
which it travels. The spectrum in Figure 2 shows the typical range of electron
kinetic energy; i.e., 100-1000 eV. In this range, the imfp is of the order .5-5 nm in
oxides. The range of imfp is greater in organics (up to 10 nm), and less in metals
(.5-3 nm).

It is important to recognize that each peak in the spectrum is due to electrons of
different kinetic energy. Thus, the imfp of Ols in Figure 2 is ~2.0 nm, while for

'Si2p it is ~4.0 nm. This represents a difference in the sampling volume for O and

Si It is also important to note that equation 9 is valid only for a homogeneous
surface. If the surface is covered with adsorbates or thin layers (x<d), the
expression must be modified to account for the non-uniformity; that is, the
dependence of A upon the substrate material and the surface film/adsorbate material.
These issues are of critical nature in any quantitative analysis, and will be discussed
further in the next section.
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COMPOSITIONAL ANALYSIS

XPS is probably the most suitable method to measure the surface composition of
glass. XPS is less susceptible to charging problems than most of the other surface
analysis techniques, it does not introduce any beam damage, and quantitative
analysis of the photoelectron spectra is reasonably straightforward.

Equations 10 and 11 define the intensity of the detected photoelectron signal for a
specific photoemission line, n, in element i,

X=c0

d,, =1,G J’ o, N, e*dx (10)
x=0

Ii sN = IO Gi,n li.ﬂ Ni G (11)

where I, is the incident x-ray flux, ojy is the cross-section for photoionization of
level n in element i by an x-ray of energy hv, Aj p is the imfp for the emitted
photoelectron (which is a function of its kinetic energy and the matrix), Nj is the
fraction of atoms i in the sampling volume, and G is an instrumental parameter that
accounts for the area of irradiation, the solid angle of the detector, and the
transmission of the spectrometer. Equation 11 assumes that the composition of the
specimen surface is uniform and homogeneous over the effective sampling volume.

The most common procedure for routine quantitative analysis is through the use of
elemental sensitivity factors, S;. These factors are obtained by measuring [; for a
pure element of i. Since Nj is unity in this case, the measurement gives

S;,=Lo, A G (12)

1‘

These factors can then be used in the analysis of unknown species; €.g., to
determine the ratio of two elements i and j in the surface of a specimen

i — Ii.n/Si.n (13)
N. I. /S. ’
i jin’ T jn
or the atomic concentration
I S. :
Ni _ Ln 1,0 (14)
Z Ii,n/Si,n
all eilj.’rﬁents
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The use of the published elemental sensitivity factors [B6] is reasonably accurate in
routine XPS analysis of glass surfaces; but the preferred method is to obtain these
factors through the use of oxide or compound standards. Figure 7 shows a
calibration curve for the Nls signal in various nitride standards. The standards

‘'were a series of oxynitride glasses (whose nitrogen contents were determined

independently through spectrochemical analysis), and both SioN70O and SizsNg
crystals. The ratioing of the N1s intensity provides an internal reference. The
slope of this line provides a sensitivity factor that can be used for quantitative
surface analysis of N in nitrided glass surfaces or thin films {2.20]. In principal, a
calibration curve of the type shown in Figure 7 can be obtained for any species
provided that the standards are available, and further, that clean surfaces can be
prepared (e.g., by fracture of the glasses in vacuum). The advantage of this
procedure over the use of elemental sensitivity factors is that the matrix dependence
of the impf is included. In general, the imfp of photoelectrons in oxide glass
matrices are greater than those in the pure elements.

The compositions calculated according to equation 11 -- regardless of the method
used to obtain the sensitivity factors — assume a homogeneous mixture of the
detected elements in the sampling volume of the surface. The thickness of this
'homogeneous layer' is defined by the inelastic mean free path of the photoelectrons
used to calculate the composition. In most glasses, this range corresponds to about
4 or 5 nm. This procedure for the quantitative analysis of XPS data is routinely
employed, even though it is unlikely that a homogeneous surface layer exists. Most
real surfaces — especially glasses — exhibit a strong photoelectron signal due to the
presence of (hydro)carbon surface contamination. It is important that this be

- considered in the interpretation of these analyses.

It is common in many analyses to simply 'ignore’ the detected carbon signal and
calculate the glass composition using the signals for the 'glass species’ only. This
approach will give a reasonable measure of the glass composition if: (i) the
carbonaceous overlayer itself is uniform and homogeneous, (ii) it does not contain
any of the species present in the glass, and (ii1) the attenuation of the various
substrate signals are equivalent in this Jlayer. In most real glass surfaces, these
conditions are very unlikely. The carbonaceous layer most certainly contains
oxygen, and the inelastic mean free paths for the various photoelectrons (in the
overlayer) may differ by up to 30%.

To demonstrate these points, consider the following experiment. A glass rod of
known composition is fractured in air where a layer of carbonaceous contamination
forms. It is then subjected to a quantitative XPS analysis. The data in Table 2
summarizes the results. In this case, the true glass surface composition is the bulk
composition because the surface was created by fracture. The composition
calculated including carbon has implicitly assumed that the carbon is mixed
homogeneously within the sampled volume of the glass surface. Obviously, this is
not correct in the case of these fracture surfaces. The calculation performed by
excluding the carbon signal does not eliminate the error because the carbonaceous
overlayer has non-uniformly attenuated the various photoelectrons ejected from the
underlying glass substrate. Another source of the error exhibited in Table 2 is due
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Figure 7. The calibration curve for quantitative analysis of the Nls/Si2p intensity
ratio; the N/Si concentration ratios in the glass standards were measured
spectrochemically..
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Table 2. Glass Surface Compositions in Atomic Percent.

C O Si Ca Al B

measured composition

including carbon 8.9 65.0 { 13.1 6.1 4.1 2.8
measured composition

excluding carbon - 71.3 1 14.4 6.7 4.5 3.1
true glass surface composition - 62.2 { 19.7 8.7 5.8 3.6

to the fact that the carbonaceous layer contains some oxygen. Thus, the oxygen
content is overestimated and the metal-ion contents are underestimated in all cases.
This problem concerning the interpretation of glass surface composition has no easy
solution. In many studies, sputter-etching of the surface is used to remove the layer
of carbon. This is not considered an acceptable approach, though, because
sputtering can drastically alter the composition of glass surfaces due to differential
sputtering and beam-induced migration [12]. It is strongly recommended that
compositional analyses be performed in the absence of any ion-beam sputtering.
This necessarily means that the problems asociated with the presence of carbon be
recognized and considered in the data treatment and interpretation.

There are situations where it is possible to make specific assumptions about the
nature of the carbonaceous surface, and quantitatively treat the data accordingly. If
a uniform overlayer of carbonaceous contamination is assumed, equation 11 can be
maodified, so that

[ = Le (15)

where t is the thickness of the overlgyer, A is the imfp of the photoelectrons through
the carbonaceous overlayer, and I is the intensity of the photoelectrons in the
absence of the overlayer (t=0). One can also write

I = I(1-e"M, (16)

where I is the intensity of the C 1 photoelectron in an infinitely thick layer (t>>A)
of carbonaceous contamination. I? can be obtained using a clean vacuum fracture
surface or by extrapolation of a set of data for glasses with overlayers of varying
thickness. I, can also be obtained by extrapolation, but for a direct measurement, a
pure carbon, hydrocarbon or other 'overlayer' reference standard must be chosen to
represent the contamination. The use of this overlayer model is exceedingly useful
in those cases where it is known, a priori, that an overlayer exists — €.g., in the
study of organic adsorbates on glass surfaces — and where a useful reference
standard for the overlayer can be prepared.
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But in many cases, a discrete overlayer may not be present on real glass surfaces.
The melt-formed surfaces of glass (e.g., fibers, bottles, tubing, etc.) may react with
CO9, H70, or hydrocarbons at elevated temperatures where their diffusion into the
glass structure is possible. In the polishing and chemical treatment of glass

“surfaces, carbonaceous overlayers containing constituents of the glass are possible.
And in a broader sense, glasses always weather in the ambient atmosphere to form
hydrated surface layers that contain carbonates. The point is that it is necessary to
establish a model of the glass surface to properly interpret the data. The model
usually entails some assumptions about the carbonaceous (or other) overlayer or
about the glass substrate composition. Moreover, it often requires calibration of the
signals using independent measurements of 'overlayer' standards and/or clean glass
fracture surfaces. If the XPS measurements can be made as a function of the angle
between the specimen and the detector, the overlayer can be better characterized.
This variable angle measurement can be quite useful, but it requires flat, smooth
samples to be most effective [see BS].

INSTRUMENTATION

A detailed discussion of the instrumentation used in XPS will not be provided here
because many other sources are available [see BIBLIOGRAPHY]. Only a commentary
will be provided about the important features and specialized facilities for glass
research. The basic apparatus is represented in Figure 1. An ultra high vacuum
system, an x-ray source, an electron energy analyzer and a computerized data
acquisition system. Some auxilliary items that may be of benefit include an ion
sputtering gun, a fracture stage, a variable-angle specimen holder, an electron flood
gun, and a metal evaporation source.

The vacuum system, and especially the availability of a fracture stage, are important
in glass research because it is common 1o use XPS — an inherently surface sensitive
technique — for bulk characterization. This necessitates an atomically clean surface
that is best obtained by fracturing glass rods in vacuum. Clean fracture surfaces
can also be used as calibration standards for quantitative surface analysis. A
vacuum level better than 10-8 Pa is required to maintain the fracture surface in a
clean state.

In most commercial XPS systems, MgKo and AlIKo x-ray sources are standard.
Although the routine analysis of most materials, including glass, can be achieved
with these soft x-rays, there are a couple of specific applications in glass where
higher energy x-rays, and monochromatic x-ray sources, can be advantageous. A
higher energy x-ray source — e.g., SiKo, TiKa or Zrla — creates core holes that
lead to additional Auger lines in the XPS spectrum. These Auger lines can be used
to obtain Auger parameters that are useful for structural characterization of silicates
and for calibration of charging effects. The use of a monochromatic x-ray source
improves the resolution of the analysis and this can be of benefit in the
measurement of small chemical shifts. This is because the ability to measure small
differences in binding energy, AEp, depends upon the linewidth of the incident
x-ray, A(hv) (see equation 1).
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APPLICATIONS OF XPS
Non-Bridging Oxygens

This example illustrates a bulk analysis of the network chemical structure,
specifically non-bridging oxygens, in silicate glasses. Since the bulk structure was
of interest, clean surfaces created by (vacuum) fracture were required.

Figure 8 shows high resolution Ols spectra for sodium aluminosilicate glasses with
various Al/Na ratios. The relative concentration of bridging oxygen (BO) and non-
bridging oxygen (NBO) is readily obtained through deconvolution; the presence of
a distinct line due to the NBO is obvious. The ratio of the integrated intensities is
equal to the concentration ratio because the sensitivity factors for the oxygen states
are virtoally identical. This analysis shows that the addition of Al03 eliminates
NBO in sodium-silicate glasses. In this study, though, two different bridging
oxygen sites were proposed — one due to Si-O-Si (BO1) and the other due to Si-O-
Al (BO2) — even though these two BO lines are not resolved in the raw data {2.17].
‘A higher resolution measurement could provide more direct evidence of the authors’
interpretation of the data. In the absence of experimental evidence of two distinct
BO lines, they have based their interpretation of the data upon a specific model of
the glass structure, and a systematic broadening and shifting of the proposed (BO1
+ BO2) components. In general, curve fitting and deconvolution of XPS peaks
should be executed with caution.

Figure 9 shows the high-resolution Ols spectra for binary alkali-silicate
glasses containing Li, Na, K or Cs. The fact that the ratio of the BO to NBO lines
is nearly equal in each glass is consistent with the fact that the glass specimens were
+ of equal molar composition. However, it can be seen that the binding energy of the
(NB)O1s electron depends upon the specific alkali specie in the glass.This reveals
the dependence of the (NB)Ols binding energy upon the field strength of the
associated alkali. This clearly demonstrates the sensitivity of the NBO
photoelectron binding energy to its specific environment.

The interested reader can find many other studies of BO and NBO in binary and
ternary silicate and phosphate glasses [see 2]. In more complex multicomponent
glasses, where a wider distribution of oxygen sites exists, it is more difficult to
resolve the BO and NBO lines. Only a broadening and/or a gradual shift of the Ols
line is observed [2.33]. The ability to resolve distinct binding energy states for BO
and NBO seems to be unique to simple binary or ternary oxides. Similarly, there
have been attempts to measure non-bridging fluorine in fluoride glasses, but only a
broadening of the F1s line has been reported [2.18].
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Figure 9. High-resolution Ols spectra of alkali silicate glasses with 16 mol-%
Me»O where Me = Li, Na, K or Cs [ from 2.3].

Thermochemical Treatment of Glass Surfaces

This example demonstrates the ability to characterize changes in the surface
structure and redox state of a glass surface [2.28]. Figure 10 shows the high
resolution Ols spectra of two alkali-lead-silicate glass specimens. One is for a
vacuum fracture surface, and represents the bulk structure. The presence of two
different oxygen species is clearly evident, and presumably, these correspond to
BO and NBO. After a surface treatment in hydrogen, elimination of the lower
binding energy Ols is observed. Figure 11 shows the high-resolution Pb4f spectra
of these specimens. It is most evident that the Pb concentration has been
significantly lowered in the treated surface. This probably accounts for the
elimination of NBO. After low-energy ion sputtering into the sub-surface of the
treated glass, the Pb concentration increases, but it can be seen that the oxidation
state of the Pb has been altered. The Pb4f lines have shifted to lower binding
energy. Using reference spectra for the identification, it was concluded that these
were metallic Pb species. Thus, the hydrogen treatment (at ~500°C) converted the
PbO to Pb, and evaporation of Pb at the surface created a silica-rich zone. The
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High-resolution Pb4f spectra of an alkali-lead-silicate glass before and
after hydrogen reduction at 485°C.
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reader should note that, in general, ion sputtering must be used with caution
because it can change the composition and chemistry of the surface being analyzed
[12]. In this analysis, ion sputtering of the clean fracture surface verified the
absence of any perturbing effects of the ion bombardment at low energy.

Chemical and Compositional Analysis of Sol/Gel Thin Films

This example demonstrates the ability of XPS to provide quanntative chemical and
compositional analysis of glasses — in this case glass thin films [13]. It also shows
that with careful calibration, the binding energy value itself can provide a measure
of composition. In this way, a quantitative composition determination can be
obtained which is independent of the usual integrated intensity analysis.

Figure 12 shows the high resolution C1s spectra of silica sol/gel films after various
heat treatments; the spectra of thermal SiO7 is also shown for reference. The
thermal SiO, exhibits only 'adventitious' carbon due to contamination in the
atmosphere, whereas the $i07 sol/gel films show other chemical states of carbon
due to their processing history. These lines were identified using published
reference spectra [B6].

Figure 7 showed the calibration curve established for quantitative analysis of
nitrogen in the ammonia treated silica films. It was used to determine the nitrogen
concentration in films treated at various temperatures. These nitrogen
concentrations were then plotted against the SiZp binding energies; this plot is
shown in Figure 13. The data reveals that the progressive incorporation of nitrogen
influences the Si2p binding energy, and thereby, provides evidence for chemical
association of the Si and N in the treated films. The fact that the Si2Zp binding
energy in SigN2O is ~ 102 ¢V provides strong evidence for the creation of Si-
oxynitride species in the nitrided silica gel-film. (A theoretical discussion of this
binding energy effect can be found in 2.20.) Figure 13 also provides an additional
calibration curve for nitrogen concentration based solely on the Si2p binding
energy.
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Figure 13. The observed relationship between the Si2p binding energy and
nitrogen content of silica sol/gel films treated in ammonia at various

temperatures.
Organic Adsorbates on Glass

XPS is very useful for the detection and chemical analysis of organics on glass
surfaces. In comparison to electron-beam and ion-beam methods, the x-ray beam is
relatively non-destructive. Moreover, the photoelectron spectra can distinguish the
chemical state of the organic species. In this example, glass fibers were analyzed
after exposure to five different organic silanes. Untreated fibers were examined for
reference. The spectra were quantitatively evaluated using elemental sensitivity
factors. A calculation of the fiber surface composition according to equation 14
revealed that all of the treated fibers had considerably more carbon on the surfaces
(30-50 a/o) than the untreated control fibers (10-15 a/o). Naturally, this is due to
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adsorption of the organic silanes, and for qualitative characterization, these analyses
could be sufficient to show the relative effects of the silane-treatment.

Figure 14 plots the carbon concentrations against the calcium concentrations. The
fact that the Ca concentration (associated with the glass fiber) decreases with
increasing C concentration verifies that the carbon is associated with an overlayer.
But clearly, the Ca concentrations are quantitatively meaningless unless they are
interpreted using a more representative model of the surface; i.e., the analyzed
surface is not a homogeneous mixture of the organic silane and glass. The data in
Figure 13 is, in fact, plotted according to Equations 15 and 16. An extrapolation of
the line to 0% carbon — that is, no overlayer @ t=0 - gives a value of 6.5% Ca at
the glass fiber surface. This is in reasonable agreement with the glass composition
(~7.5% Ca). And, the slope of this line allows the thickness of the overlayers to be
determined. Assuming a value of A =2.7 nm, the overlayers are found to be 1.5-
2.5 nm. These thicknesses correlated with the length of the alkyl group in the
various silanes [2.30].

In this analysis, it was also possible to examine the chemistry of the adsorbed
silane, and compare it to the bulk silane, using the high-resolution Cls spectra.
Figures 15a and 15b compares these spectra for all five the silanes. The spectra
were deconvoluted to separate C=0, C-O and C-H sites in the silane. The relative
decrease in the C-O species in the adsorbed silane verifies that hydrolysis of the
alkoxy ligands in the silane has occurred.

SUMMARY"

The most common applications of XPS in glass research involve surface
analysis; that is, the determination of surface composition and/or the identification
of surface impurities or adsorbates. The technique is especially suited to the
analysis of organic and metallic species on the surface, although a reasonable
quantitative analysis of the glass composition itself can also be achieved. The
analysis is limited to species located in the outermost (0.5-5.0 nm of surface whose
concentration exceeds .1-1 atomic percent. It should be noted, though, that XPS
cannot detect hydrogen. XPS can also be used to characterize features of the
chemical structure; that is, non-bridging oxygens, bonding or oxidation state of
anions and cations, and valence band density of states. And is those cases where
very clean fracture surfaces can be prepared, the spectra can be used to characterize
the bulk chemical structure of the glass.
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