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CHAPTER 13

Chemical Analysis
of Surfaces

Most chapters in this book describe specific methods and their applications to many
substances or use in many situations. Due to the recent interest in analysis of surfaces,
this chapter will, in a sense, reverse the above procedure and describe several different
methods of analyses applicable 10 qualitative and semiquantitative analyses of surfaces
as an aid in surface characterization.

A surface is, theoretically, an infinitely thin layer separating two phases. The scanning
electron microscope provides pictures of surface topography at a resolution of about 10
nm. Most analyses are concerned with the interface between a solid and a gas (usually
air). Furthermore, in practice the layer of interest has a finite thickness, at least the thick-
ness of an atom or a molecule. One might be interested in determining what is present in
the surface layer and whether the surface layer is homogeneous in a direction parallel to
the surface. Sometimes, however, there is a concentration gradient in 3 direction perpen-
dicular to the surface that may extend from atomic dimensions to 10 nm or more. Surface
analysis then might involve studying the differences in concentrations of elements at the
surface and into the bulk layer by laver. On most technological surfaces the greatest sur-
face compositional changes occur in approximately the first 20 monolayers.

Surface Spectroscopy

Surface spectroscopy involves probing a sample target with a flux of energetic particies
and detecting characteristic particles emitted from the surface after interaction. The probe

" beam may be photons, electrons, or ions.
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FIGURE 13-1 Energy interchange involved in surface analysis methods.

Surface analysis has many applications, for example, adsorption of contaminants on 2
surface, adsorption of reacting or interfering molecules on the surface of a catalyst, and
segregation of components of the bulk material at a surface or at grain boundaries or imper-
fections. Corrosion products are identified at the surface where the corrosion is occurring.
For conductors, semiconductors, and insulators, one can detect and identify impurities
that critically affect bond integrity and the electrical properties. Evaluation of predeposi-
tion and cleaning is facilitated. Adhesion studies benefit from the determination of the
composition of surface layers that influence adhesive properties of materials. Embrittle-
ment of metals and alloys can be studied in conjunction with in-position fracture of spec-
imens to detect and identify grain boundary impurities that cause embrittlement. Thin
film composition can be correlated to electrical, transport, and emission characteristics
of the film.

The energy exchange interactions that give rise to these signals may be effectively sumu-
lated by a variety of energy sources (Fig. 13-1). Activation may be by electromagnetic
radiation, as in electron spectroscopy for chemical analysis (ESCA), by a beam of incident
jons, as in secondary jon mass spectrometry (SIMS) and ion scattering spectroscopy (1SS),
or by an incident electron beam as in Auger electron spectroscopy (AES) or electron
microprobe (X-ray fluorescence) analysis (discussed in Chapter 9).

-—Photons of high energy penetrate deeply into 2 solid; an X-ray beam of 1000 eV may
penetrate up to 1000 nm. By contrast, low-energy electrons and low-energy ions have
very short penetration depths on the order of 1-2 nm. However, when the ion energy
is increased from 10° 1o 107 eV, the penetration depth increases from 2.0 to 10* nm.

| A comparison of relative depths of penetration and of analysis volumes for the several

: surface analysis methods to be discussed in this chapter are shown in Fig. 13-2. Thus, if
one wishes 1o do surface spectroscopy, one should use either low-energy electrons or Jow-
energy ions to limit the sampling depth to roughly 2.0 nm or less.

There are advantages and disadvantages offered by the vanous sources of incident energy.
Excitation by electromagnetic radiation generally provides excellent chemical information
but offers poor elemental sensitivity and spatial resolution. Electromagnetic radiation
offers the additional advantage of being the least destructive to organic and other highly
sensitive surfaces. The use of an incident ion beam generally provides the best elemental
sensitivity, but it is limited in spatial resolution. 1t offers little chemical information and
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FIGURE 13-2 (a) Comparison of relative depths from which information originates for
various surface analysis techniques, and (b) comparison of analysis volumes normalized
to scanning Auger microprobe.

it can be used for destructive testing only. The electron beam, on the other hand, offers
excellent spatial resolution for sample imaging and analysis. It offers a sensitivity much
better than electromagnetic radiation-based techniques and it can be used for nondestruc-
tive analysis.

Solids are most conveniently handled as flat pieces. Pulverized material may be pressed
into a disk, spread onto a metallic backing, such as abraded aluminum plate, or dusted
onto conducting tape. Liquids may be handled if frozen on a cryostat finger,

Problems Unique to Surface Analysis

Samples must be transferred from their point of origin to the spectrometer without
contacting air, which may alter the surface, giving erroneous results, This would be par-
ticularly critical when examining an active catalyst.

For most solid surfaces, adsorption of residual gases in a vacuum chamber occurs at an
approximate rate of 1 monolayer/sec at 10~ ¢ torr. A vacuum of 107'° torr provides
analysis times on the order of 30 min before about one-tenth of a monolayer of residual
gas (more than enough to contaminate the surface) is adsorbed. In vacuums of only 10~*
to 107¢ torr, heavy contamination from pump oil is a problem. All the technigues 1o be
discussed in this chapter have a shallow escape depth for the analytical signal and conse-
quently place the most stringent requirements on the cleanliness of the residual vacuum
in the vicinity of the sample surface. The presence of a surface contaminant will attenuate
the analytical signal coming from the true sample and add the contaminant’s characteristic
spectrum to that of the real sample.

An even more severe problem is the possible disruption of a surface by the measurement
techniques themselves. Little surface disruption occurs in ESCA and the measurements
are characteristic of the surface. Charging effects can be compensated. AES is more de-
structive and is particularly bad for organic materials. Electrons are chemically active and
thus can cause chemical effects. These effects will usually be most severe in insulators
and Jeast in conductors. Again the charging effect can be compensated. SIMS and ISS, tech-
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the surface. However, in the static SIMS modc the beam current density incident on the
surface is kept at a Jow level, which corresponds to removal of about ope monolayer in
10 hr. Thus, although SIMS causes long-term disruption, Particularly in dynamic SIMS,
short-term information (15 min) can be characteristic of the intact surface layer. Dynamic
SIMS uses larger beam currents and does not aniempt 1o preserve the outer layer of a sur-
face. In fact, dynamic SIMS experiments scramble about 2.0-5.0 nm of the surface and,
at best, give analyses averaged over several atomic layers,

Distribqtion of Surface Species

The composition of surfaces is not necessarily the same as the bulk. Frequently, in
otherwise homogeneous solid Systems, inhomogeneities occur as one approaches an inter-
face. The distribution of surface species becomes an important parameter when consider-
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surements are made.

Spuner—Etching, Depth Profiling, and Elemental Imaging or Mapping

The procedures used to obtain clean specimens include argon jon sputtening, scribing,
and bake-out. The high vapor pressure of many reactive mctals may prevent attainment
of ultra-high vacuum through bake-out. Most Specira are obtained during argon ion sput-
tering. This technique produces relatively clean surfaces without baking the system. A
Sputtering rate of about 1.0 nm/min is considerably faster than the adsorption rate of
active residual gases.
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the depth resolution would be scriously impaired. In typical equipment the ion beam
diameter is of the order of a few millimeters, while the electron or photon beam might he
focused down to 25 um. Typical etching rates are variable up 10 about 3.0 nm/min.
Raster/gating permits automatic scanning of the probe beam over a preselected surface
area. The gating circuit can be used in conjunction with the rastering beam 1o restrict
data collection to a smaller area than the scanned beam is covering. Elemental analysis
can be secured by simply scanning across the specimen or by focusing on selected points.

13.1 ION SCATTERING SPECTROMETRY (ISS)

ISS involves observing a binary elastic collision between an incident noble gas ion of
300-3000 eV in energy and a surface atom or ion (Fig. 13-3). A fraction of the bom-
barding ions leave the surface after only a single binary elastic collision with surface atoms.
Through conservation of momentum, an ion scattered at a particular angle retains a spe-
cific energy dependent only upon the mass of the surface atom and the energy of the pri-
mary beam ion. By scanning the energy of the scattered ion, the ion scattering spectrum
is obtained. Knowing the mass, M, and the energy, E,. of the primary ion beam. and the
energy, £;, of the particular ion scattered at 90°, the mass of the surface atom. M,, is de-
termined by the expression

E_M-My i
Eo M+M,

Primary ions that penetrate past the top monolayer of exposed surface atoms do not
retain the energy necessary to contribute a signal indicative of the elements present. Thus,
the scattered signal is derived entirely from the top exposed layer of atoms on the speci-
men surface. 1SS is sensitive to all elements with atomic number greater than that of the
bombarding noble gas ion. The limit of detection is approximately 10™° monolaver; the
overall sensitivity is about 1% of the monolaver for most elements.

ISS has limited spatial capabilities; spatial resolution is about 100 um. For elemenis of
high atomic weight, sputtering with argon ions in place of helium ions improves the re-
sponse. ISS uses several different noble gas ion species t0 maximize the element coverage
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FIGURE 13-3 Elastic collision of noble gas ion and surface atom.
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FIGURE 13-4 Depth profiling with ISS;

analysis of a silicon wafer from S to 50 mono-
layers.

and mass resolution, since the scattering process is blind 10 masses bejow the probe jon’s
mass and the ability 10 resolve atoms of similar mass degrades as the difference between
the probe ion and target masses increases,

Each particular element of mass M; will cause scattering of the noble gas ion beam a1 a
unique energy. For example, bombardment with *He* with an incident energy of £, , the
calculated energy afier 90° scattering is 0.684(£;/E, ) from ' 0 and 0.7} AE/Eo) from 12O,
The intensity of a given scattering peak is proportional to the number of scatiered ions,
and thus is directly related 1o the amount of material present on the surface.

The probe ion beam can be used in a dua}
face controllably. By successive recording of scattering spectra, using controlled beam
current densities, a depth-profile composition analysis can be performed, as shown in Fig.
13-4. For *He", the rate of removal generally ranges from 3 10 50 monolayers/hr, thus en-
abling a single monolayer to be carefully examined or quickly removed. When surface
cleaning at a higher rate is desired, a more massive nobje Bas ion is used, generally argon.
In this case, the removal rates are increased by approximately a factor of 10.

ISS is one technique that js sensitive to different isotopic masses. The technique finds use
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lon Scattering Spectrometer

The principal components of the ion scattering spectrometer are (Fig. 13-5): (1) a
monoenergetic ion gun with excellent focusing properties and controllable current
densities that generates the primary ion beam; (2) a high-resolution energy analyzer for
measurement of the scattering ion enesgies which also defines a narrow scatiering angle;
(3) an ion detector that detects and amplifies the scattered jon signal; (4) a rotatabie
multiple sample holder that carefully defines the correct sample angle with respect to the
primary ion beam and analyzer; and (5) an ion gun drive, controls, and associated instru-
mentation. In addition there is needed an ultra-high vacuum system with pressure moni-
toring equipment; a residual vacuum of 10~ torr is obtained with ion and titanium sub-
limation pumping. Sample charging of insulating surfaces is alleviated with a charge neu-
tralization flood gun.

Jon Source An electron impact ionization source provides a beam of noble gas ions,
such as *He®, *He*, °Ne*, or “°Ar”, with a Jow initial kinetic energy spread. The ion source
consists of a cylindrical grid with an external filament. lons formed by electron bombard-
ment of the noble gas inside the grid are extracted axially from one end and focused on
the target by an electrostatic aperture Jens system. The ion gun produces a nominal 1-mm
diameter ion beamn throughout an operating range of 300-3000 eV. Beamn diameter can

be decreased in steps to a minimum of 100 um. Such convenient beam selection permits
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FIGURE 13-5 1SS optical system; ion gun is coaxial with cylindrical mirror analyzer
(CMA).
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the rapid transition from localized surface analysis with the small beam . 10 a large are:
higher sensivity analysis where spaual resolution 1s not enitical By focusing adjusiment:
current denstties from ) 10 50 HA/cm’ are obtained.

Energy Analyzer The jon gun, which is used to form and direct the primary ion beamr
nomal to the specimen surface, is Jocated coaxially within a cylindrica) mirror (energy)
analyzer (CMA). The normal incident beam eliminates shadowing caused by surface to-
pography and permits analysis of fine powders withoyt Tesorting 10 the use of adhesives
1o hold them in place.

The CMA accepts those electrons which are emitted within a few degrees of 42.3°%; the
acceptance solid angle of this device is about 10% of the total 21 solid angle. The princi-

cylinder, which focuses electrons of a particular energy back onto the axis after they
have passed through another annular aperture at exit. As no retardation is involved and
only electrons in a VETy narrow range of energy (about 0.5% of the energy) are passed at
any one deflecting voltage, the signal-to-noise characteristics are good. Spectral scan rates
of 0.1 sec or faster are possible across the entire energy spectrum. This permits real-time
oscilloscopic monitoring and signal averaging of spectra) data.

Detector Jon detection is accomplished by use of 3 channel electron multiplier
mounted directly behind the exit slit of the analyzer. The detector is enclosed in an elec-
trostatic shield, electrically common with the analyzer. The detector is operated in a pulse
counting mode. Its pulse output is shaped, amplified, and counted.

13.2 SECONDARY ION MASS SPECTROMETRY (SIMS)

In SIMS an Energetic primary ion sirikes the surface and releases secondary ions. |f
atomic, these secondary jons are analyzed and detected as such, while molecular ions can
dissociate to give positive and negative ion mass spectra for the molecules present in the
surface. The SIMS spectrum therefore consists of both those secondary ions which are
stable to such dissociation and the ionic fragments of those that are not. SIMS spectra
also incorporate features caused by ion-neutral association reactions occurring in the sel-
vedge, the region of relatively high pressure Just above the surface.

SIMS is a rapid, easily used technique that not only affords qualitative identification
of all surface elements (including hydrogen), but also permits identification of isotopes
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mass resolution from hydrogen to its mass limit of 300 dalions. The positive SIMS
spectra are extremely sensitive 1o elements on the left side of the periodic table while the
negative SIMS spectra favor the right side. Signal-to-background ratios with SIMS spec-
tra are improved, as compared with ISS, becausc of the inherent advantages that come
with the state-of-the-art quadrupole mass spectromecter. Molecular SIMS shows the
characteristic structural specificity of mass spectrometry which extends to isomer and
isotopic distinction. Deleterious effects of the sampling ion beam are smaller for organic,
as opposed to metallic surfaces, hence higher primary ion currents can be used without
causing surface damage.

Given the existence of strong, well-defined bonds between specific atoms in organic
compounds, the final bonding pattern revealed in the ionic compositions making up the
SIMS spectrum can be related 1o the surface bonding pattern. The interpretation of SIMS
spectra of organic compounds is facilitated by the large body of data available on the
dissociations of gas phase organic ions. SIMS spectra incorporate features due to low-
energy ion-molecule reactions and to unimolecular dissociations which parallel those
observed in other forms of mass spectrometry. While parent ions such as (M + Ag*) and
(M - H) are not yet familiar ionic species, the dissociation reactions that they and othes
secondary ions undergo can be inferred from other forms of mass spectrometry.

While SIMS has been applied mainly to metals and semiconductors, it also has been
used for analysis of glass, rare earth compounds, and minerals. One trend is the micro-
area analysis by microprobe SIMS. Contributions are being made 10 important subjects
such as analysis of precipitates, grain boundary segregations, and welded bonds, and to
some serious problems such as temper brittleness, hot workability, hydrogen embrittle-
ment, and hydrogen-induced cracking.

lon yields in SIMS are very dependent on and sensitive 10 the chemical environment
in which the ions are formed. The use of oxygen as a bombarding species gives signifi-
cantly enhanced positive ion yields for electropositive elements in comparison to the
yields obtained by using a nonreactive bombarding species such as “Ar*. If Ar°is used,
positive ion yields can be enhanced by increasing the oxygen pressure in the vicinity of the
sample surface.

The interactions of the sample and the primary ion beam are very complex. The
matrix effects are extreme, causing variations of up to several orders of magnitude in
measured elemental percentages. Generally the secondary ion yield is erratic until a reac-
tive layer forms on the sample and a steady state is reached. The ion yield is then relatively
constant, and quantitative analysis can be attempted. In any case, quantitative analvsis
of the first few monolayers of the sample is especially difficult.

SIMS Instrumentation

Instrumentation for SIMS ranges from simple plasma discharge source/quadrupole
mass analyzers to sophisticated jon microprobe mass analyzers AIMMA) and ion micro-
analyzers. Whatever the level of sophistication, all instruments empioy a source of pri-
mary ions, a mass analyzer, and a sensitive secondary ion detector, enclosed in a high
vacuum or an ultra-high vacuum chamber. Since the ion beam used in SIMS fulfills the
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excitation as well as sputtering requirements of the technique, the 1on source is 2 key part
of the instrument and determines many of the instrumental capabilities.

-. Since the ISS technique also produces sputtered ions from the surface, it is convenient
to simultaneously conduct SIMS. In the combined 1SS/SIMS sysiem, the incident beam
of monoenergetic noble gas ions is directed vertically onto a properly positioned sampie.
The entrance aperture for the CMA is shown in Fig. 13-5. In the third orthogonal
direction from the sample is the quadrupole mass analyzer whose output is the SIMS sig-
nal. A prefilter ion lens rejects the neutrals and high-energy ions. Generally, the energy
range of the scattered ions is quite different from the energy range of the sputtered ions.
This is beneficial for maximal signal-to-noise ratio in both techniques. The sputiered
jons have low energies and interfere little with the scattered ion signal in 1SS. Because of
their low energy, however, the sputtered ions can be easily analyzed in a quadrupole mass
analyzer (Chapter 19). The ability of the ISS/SIMS system to generate large amounts of
useful information rapidly requires the use of data processing and storage to realize opti-
mum analytical capabilities. These functions are provided through three separate units:
a digital multiplexer, a data processor, and a tape drive data storage unit.

lon Microprobe Mass Analyzer (IMMA) The IMMA type of instrument (Fig. 13-6)
uses a microfocused primary ion beam from a duoplasmatron source to provide lateral
microanalysis with high spatial resolution (2-10 um) as well as surface analysis and 1n-
depth profiling. The impinging ion beam is generated in a duoplasmatron source which is
essentially a low-voltage, low-pressure, hot<athode arc that is capable of producing either
positively or negatively charged ions. This source employs a plasma with both electro-
static and magnetic constriction (hence the term duo) to produce a high brightness source
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FIGURE 13-6 Schemstic diagram of an ion microprobe mass analyzer. (Courtesy of
Applied Research Laboratories.)
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of inert or reactive gas ions (usually either O™, F~, or Ar®). lons are extracted from the
source through 2 hole in the anode and accelerated to energies ranging from 5 to 25 keV.
Two electrostatic lenses then provide demagnification of the duoplasmatron source image
to produce an ion beam diameter of 2-10 um. The primary beam spot is heid stationary
for local analysis or rastered about the sample surface for secondary ion imaging or for
producing a flat-bottomed crater for accurate depth profiling.

The duoplasmatron produces a variety of ionized species and, in some cases, ionized
molecular fragments. Since it is desirable to have only one type of ion interact with the
sample, the primary beam is passed through a mass analyzer placed at the entrance to the
electrostatic lens column. The magnetic field is adjusted so that only the desired ion is
deflected into the lenses. The composition of the primary beam can be checked by using 2
sample surface as an electrostatic mirror, thereby deflecting a fraction of the primary
beam into the mass spectrometer. In IMMA the magnetic field is the wedge-type with
plane but inclined pole pieces. In the less sophisticated ion microanalyzer, the source
mass analyzer is omitted.

Sorting out the sputtered secondary sample ions by mass charge ratio is accomplished
in the IMMA system by a two-stage mass spectrometer. The first-stage electrostatic sector
sorts the ions on the basis of velocity and brings most of them to a similar speed. Next,
the second-stage magnetic sector sorts the ions on the basis of mass charge ratio. Only
those ions having a discrete selected ratio are passed through the exit slit to the detector.
By varying the magnetic field strength, the entire mass range from 1 to 300 daltons can
be scanned in 30 sec. An electrostatic lens increases the angular aperture of the detector.

13.3 AUGER EMISSION SPECTROSCOPY (AES')

AES measures electrons emitted from a surface, induced by electron bombardment.
The first step is ionization of an inner atomic level by a primary electron. Once the atom
is jonized it must relax by emitting either a photon, as discussed in Chapter 9, or an
electron—the nonradiative Auger process:In most instances nature chooses the Auger
process. For example, a KLL Auger transition means that the X level electron undergoes
the initial ionization. An L level electron moves in to fill the X level vacancy and, at the
same time, gives up the energy of that transition (L to X) to another L level electron which
then becomes the ejected Auger electron. Other Auger electrons originate from LAMAM
and MNN transitions. At this point the atom is doubly ionized. The energy of the ejected
electron is a function only of the atomic energy levels involved in the Auger transition,
and is ‘thus characteristic of the atom from which it came. A threshold energy, related
to the transition energy, exists and a primary energy of 5-6 times the Auger energy maxi-
mizes the sensitivity to that particular transition. All elements except hydrogen and
helium, produce Auger peaks. Most elements have more than one intense Auger peak,
so that a recording of the spectrum of energies of Auger electrons released from any sur-
face, compared with the known spectra of pure elements, enables a chemical analysis
10 be made,

Because the X-ray and Auger emission processes are competitive, the relative sensi-
tivities of these two techniques are complementary when considering the relative abun-
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dance of X ravs and Auger electrons afier ionization of a particular level. In the light
elements (Z < 30), thc Auger process dominates, which makes AES relatively more
sensitive. For heavier elements the electron microprobe (Chapter 9) becomes more sensi-
tive for transitions following ionization of inner shells. The sensitivity of AES is main-
tained, however, by utilizing Auger transitions between outer shells, for example MAN,
where the Auger process dominates.

Although the penetration of the primary electron beam is several atomic layers, the
Auger clectrons are on the average of much lower energies. Electrons of such low energy
must originate very close to the surface if they are to escape without being lost by inelas-
tic scattering before reaching the surface. Typically, Auger electrons come from the first

. few atomic layers; the sampling depth is about 2.0 nm.

The sensitivity of the Auger technique is determined by the probability of the Auger
transitions involved, the incident bearn current and energy, and by the collection efficien-
cy of the energy analyzer. With a high-sensitivity CMA, the detection limit for the ele-
ments varies between 0.1 and 1 atomic percent (or 1072 of a monolayer). Because the
electron beam can be focused to a small diameter (50.0 nm), it is possible to do spatial
resolution on a sample. Operated in this mode, AES is usually referred to as the Auger
microprobe. AES is traditionally run with high-intensity electron guns and low-resolution
analyzers, resulting in fast’ analysis speed. Unfortunately, this limits one to primarily
elemental information with little information on chemical bonding. such as one clearly
obtains in the chemical shifts of ESCA or in the molecular fragments found in SIMS.
For example, hydrocarbon compounds appear in AES only as a C peak, since H is not
observed.

Figure 13-7 shows the Auger spectra of Ag, Cd, In, and Sb, in these cases the MNN
transitions. The spectra are very similar with the only major difference being the shifts
in energy from one element to the next. These shifts are of the order of 25 eV and,
since the peak positions can be measured to an accuracy of 21 eV, there is no ambiguity
in identification of adjacent elements in the periodic chart. Auger spectra of all the ele-
ments lie between 50 and 1000 eV. The KLL transitions correspond quite nicely with
tabulated X-ray energies. There are, however, some minor differences due to the energy
Auger electrons must lose in escaping from the sample. The Auger lines are relatively
broad because of the double uncertainty of the origins within a band of both the down-
ward and upward electrons involved in the Auger process. Lines due to LMM transitions
also tend to correlate with X.ray energies, but some lines are beginning to appear which
the selection rules for photon emission forbid. The selection rules must be relaxed for
the radiationless Auger process. As the atomic number increases, the Auger spectra be-
come more complex and overlapping may occur.

The strength of AES lies in its ability 1o give both a qualitative and quantitative non-
destructive analysis of the elements present in the immediate atomic layers from a very

small area of a solid surface. When combined with a controlled removal of surface layers
by ion sputtering, AES provides the means to solve some very important problems. To
provide ion sputtering for surface cleaning and/or depth profiling, the sample chamber
is backfilled with argon and an electron impact ion source used, as in ISS.
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FIGURE 13.7 Auger spectra (differential form) from silver, cadmium, indium, and
antimony ; all are MNN transitions.

AES Instrumentation
Jtra-high vacuum chamber console, a sample
n/energy analyzer unit

equipment often includes a grazing incidence electron gun and a
surfaces and for profiling studies. Auger spectrometers are

-profiling instruments or as Auger microprobes
-sensitivity depth

The Auger spectrometer consists of anu
carrouse] and manipulator unit, and a combination electron gu

(Fig. 13-8). Auxiliary
sputter ion gun for cleaning

available as large-beam (~25 um) depth
with beamn diameters of 5 um. If an instrument is to be used as a high
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FIGURE 13-8 Schemstic diagram of an Auger spectrometer with computer control.

profiler and also as a high lateral resolution microprobe, two electron guns may be re-
quired to realize optimum use of each operating mode. '
The energy distribution of electrons emitted from the target, N(E), is evaluated by
scanning the negative voltage applied to the outer cylinder of the CMA. Thus. as the voltage
applied 1o the outer cylinder is scanncd, the secondary eleciron distribution is generated
by the current output of the analyzer. Because the Auger peaks are superimposed on 2
rather large continuous background of secondary electrons, it has become popular to dif-
ferentiate electronically the N(E) function. This is accomplished by applying a small ac
voltage on the dc energy selecting voltage and synchronously detecting the in-phase com-
ponent of the output current of the electron multiplier with a Jock-in amplifier. Unfor-
tunately, the use of the lock-in amplifier in data acquisition places significant limits on
sensitivity and quantification of the data. The limitations can be substantially reduced
through the use of digital techniques. The digital storage of signal-averaged data with a
high dynamic range makes it possible to use digital filters to remove high-frequency noise
components from the signal. Signal averaging using multiple passes over a given energy
window can be used to ensure that the statistical noise and the Auger peaks of interest
present different spatial frequencies. This separation in frequency allows the postacquisi-
tion processing of these data 1o remove the high-frequency noise. In this way, one can
substantially improve the elemental sensitivity without serious loss of energy resolution.
Consequently, one now has a2 means for preserving the chemical shift information, while
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improving sensitivity for elements present in low concentration. In effect. this allows the
choicc between energy resolution (that is, oxidation state information as in ESCA) and
elemental sensitivity to be made well aficr the data are acquired.

Quantitative Analysis in AES

The difficulties in the quantification of Auger data are illustrated in depth-profiling
analysis. In this operation the change in peak shape of the differentiated spectra distorts
the conventional peak-height estimates of concentration. Changes in peak shape can occur
because of changes in oxidation state of the emitting atom. This is particularly severe in
cases where bonding orbitals are involved in the Auger transitions. Peak-shape changes
also may be induced by matrix effects, since the energy loss mechanisms and their effect
on peak shape may be dominated by matrix elemental composition.

In order to provide accurate quantitative information within the normal quantitative
limits of AES, it is necessary to use the total Auger current. This is expressed by the area
under the curve for the peak of interest, with background subtracted. By using undif-
ferentiated data and integrating the total number of Auger electrons in the peak, one is
permitted a choice of the limits of integration. Now, chemical shifts may be observed
and a depth profile is realized without the artifacts.

Scanning Auger Microprobe (SAM)

The SAM employs a finely focused, scanning electron beam as the probe for AES anal-
ysis of a given surface. For a surface area, the SAM will provide an electron micrograph,
an Auger image of selected elements on a CRT display for observation or photographing,
and a depth-composition profile. First, the CRT image is used to determine specific points
or an area of interest on the sample. From the micrograph obtained, points of interest
or an area up to 200 um can be chosen for compositional analysis.

The image mode is useful because position of elements are delineated in a few minutes.
An x-y recording of a line scan across a selected region of the image for a given element
will give 2 relative quantitative measure of its concentration.

The thin film analyzer mode of the SAM simultaneously sputter<eiches a relatively
large surface area (several millimeters in diameter) and multipiexes the Auger signals from
a smaller area about 15 um in diameter. Up to six selected Auger peaks can be recorded
as the surface is etched. Depth resolution is about 10% of the total etched thickness.
Elements are detected when present in quantities down 10 0.1% of monolayer.

A1 best, the spatial resolving power of SAM is 500 nm with tungsten thermionic emit-
ters as the electron source. The use of LaB, emitters extends the resolving power 1o 100-
200 nm because of their high electron optical brightness. Field emitters, which provide
even higher brightness, are expected to allow one to analyze smaller areas in less time
when they come into use.

Many surface composition problems involve compositional inhomogeneity, both in-
depth and across a material surface. Scanning Auger microscopy often provides a more
detailed characterization of material that exhibits inhomogeneous composition. SAM
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offers high spatial resolution, in the form of SEM-type imaging combined with elemental
mapping capabilities. For example, graphite present in spherical nodules indicates that
the specimen of cast iron is ductile cast iron. Examination of the carbon Auger images
shows carbon to be present in both the graphite nodules and, at Jower concentration, in
regions between nodules. Carbon is not evident in the circular regions around nodules.
The iron Auger image shows iron 1o be present everywhere in the specimen surface ex-
cept in the graphite regions.

Spatially resolved SIMS is especially useful when combined with SAM, as suggested
by the study of an automotive ignition contact. A high-resolution absorbed current SAM
image of the contact obtained first showed detailed surface topography. An absorbed ion
current image was then obtained and compared with the SAM image to identify specific
areas of interest for further study. High-sensitivity SIMS point analysis was performed at
the center and the outer edge of the contact. The resulting spectra showed higher con-
centrations of calcium and iron in the center region of the contact, as indicated by the

large increase in the Ca*/K* and Fe*/Ni® ratios, compared 10 the spectrum from the side
of the contact.

1

13.4 ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA)

ESCA is concerned with the measurement of core<lectron binding energies. A mole-
cule or atom is bombarded witha source of high-energy X rays which cause the emission
from sample atoms of inner-shell electrons. All electrons whose binding energies are less
than the energy of the exciting X rays are ejected. The kinetic energies, E,, of these
photoelectrons are then measured by an energy analyzer. The core<lectron binding
energies, £p, relative to the Fermi level® can then be computed via the relationship

Ey = hv-Ec -0 (13-

where hv is the energy of the exciting radiation and ¢ is the spectrometer work function,
a2 constant for a given analyzer. Binding energies unambiguously define a speciiic atom.
AES can be compared to ESCA because both originate from similar fundamental processes.
In ESCA the jonizing source is an X-ray photon that ejects an inner-core electron, whereas
in AES the electron ejection is caused by an impinging electron. The photoelectron es-
cape depths are the same as those for Auger electrons of the same kinetic energy. The
energy of the ejected electron (Auger electron or E,) is thus characteristic of the atom
involved and its chemical environment.

Although the X-ray photon may penetrate and excite photoelectrons to a depth of
several hundred nanometers, only the photoelectrons from the outermost layers have any

*The quantum mechanical (chemical) zero of energy, called the vacuum level for gaseous systems, is
the zero of energy determined by following the potential energy interaction of an electron as itis
removed to infinity with respect to its parent atom. When the system being examined is a solid. the
quantum-mechanical zero in energy is the Fermi level. The Fermi level differs from the vacuum level
by the amount of energy that is needed to remove the electron. already outside its chemical environ-

ment, from its physical environment, that is, the surface. This extra energy for a matenal is propor-
tonal tpo the work Jjuncuon,
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chance to escape from the material environment and 10 be eventually measured. Most
ESCA measurements of solids generate useful information from only the outer 2.0 nm of
the surface layer.

The required sample size is a3 microgram of less. The sampling area is approximately
1 em®. Applicability to the second row elements, including carbon, nitrogen, and oxygen,
makes ESCA an important structural tool for organic materials. The detection limit
depends on the particular element being measured, but will range from 1% of a mono-
layer for light elements to 0.1% of a monolayer for heavy elements.

To determine the absolute binding energy, the work function of the sample and of
the spectrometer must be known. Unfortunately, the work function is not independent
of the physical state of the material; neither is it easy to measure or calculate. The prob-
Jem can be circumvented for many materials by employing a physical trick. 1f the mater-
jal being examined is a conductor, it usually is possible 1o couple the conduction bands
of the material with that for the spectrometer, which presumably is also a good conduc-
tor. The coupling is such that the Fermi levels of the material and the spectrometer merge.
The value of ¢ may also be calculated relative to a reference element, such as carbon (1s)
or gold spectral features.

Frequently, only a relative binding energy (chemical shift) is desired in chemical
studies. Here it is sufficient that ¢ be constant. For example, the chemical shift of a
metal oxide relative to the metal may be calculated from the measured kinetic energies:

Aonide = Ek(meul) ‘Ek(oxk:le) (13'3)

It is & Egxige » the chemical shift, which gives chemical structure information.

Chemical Shift

The utility of ESCA for the chemist is the result of chemical shifts that are observed
in electron binding energies. The binding energies of core electrons are affected by the
valence electrons and therefore by the chemical environment of the atom. When the
atomic arrangement surrounding the atom ejecting a photoelectron is changed, it alters
the local (quantum) charge environment at that atomic site. This change, in turn, reflects
itself as a variation in the binding energy of all the electrons of that atom. Thus, not only
the valence electrons, but also the binding energies of the core electrons experience 2
characteristic shift. Such a shift is inherent to the chemical species producing the results
and thus provides the capability of chemical analysis. In a simple sense, the shifts of the
photoelectron lines in an ESCA spectrum reflect the increase in binding energy as the
oxidation state of the atom becomes more positive. In general, any parameter, such as
oxidation state, ligand electronegativity, or coordination, that affects the electron density
about the atoin is expected to result in a chemical shift in electron binding energy.

A major portion of the strength of ESCA as an analvtical too! lies in the fact that
chemical shifts can be observed for every element in the periodic chart except for hydro-
gen and helium. Magnitudes of chemical shifts will vary from element to element, and
the sensitivity for a particular element will vary with the photoelectron cross section. In
general, the ESCA chemical shifts lie in the range 0-1500 eV. For instance, the position
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FIGURE 13-9 Correlation chart for nitrogen (1) electron binding energies and organic
functional groups.

"‘i‘.’f” R

of the nitrogen 1s peak at a binding energy of 398 eV correlates very well with nitrogen
being in a formal oxidation state of -1. In order to make this assignment one must refer
to a catalog of reference nitrogen spectra or to correlation charts, such as Fig. 13-9. One
should be cautious about making structural assignments on the basis of small ESCA bind-
ing energy shifts since factors such as crystal potential energy differences and sample
charging can cause apparent shifts of the order of magnitude of the observed chemical
shifts.

In general, photoelectron peaks are narrower than the corresponding X-ray emission
lines, and in most cases, vary from 1 to 3 eV (FWHM). Since the chemical shifts for a given
element are of the order of 10 eV, ESCA is not 2 high-resolution method. The FWHM
resolution of about 1.0 eV makes it possible to resoive electron energies that differ by
about 0.5-1.0 ¢V, and thus to measure chemical shifts which are of interest to mos!
chemists. For example, Fig. 13-10 shows the partial ESCA spectrum of Cu;0, Cu0. and
metallic copper. One could clearly distinguish between metallic copper and CuQ, but 1t
would be difficult to decide between metallic copper and Cu,0. However, by also observ-
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FIGURE §3-10 ESCA spectra 6f Cu;0, Cu0, und me1allic copper
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FIGURE 13-11 ESCA spectrum of ethyltrifluoroacetate.

ing the oxygen 1s spectrum (530.8 eV for Cu,0 and 530.1 eV for Cu0), one can easily
distinguish between metallic copper and its two oxidation states. The classic example
of chemical shifts is the carbon 1s ESCA spectrum of ethyltrifluoroacetate shown in Fig.
13-11. Each carbon atom is located in a different chemical environment and the ESCA
spectrum contains four distinct photoelectron lines. The trifluorocarbon yields the
photoelectron line at highest binding energy since the fluorine atoms withdraw electron
density from the carbon atom most efficiently. In this example, the relative positions
of the photoelectron lines reflect the relative electronegativity of the various substituents;
the respective carbon photoelectron lines actually appear above their peaksin the spectrum.

ESCA Instrumentation

Instrumentation for ESCA, shown in Fig. 13-12, involves a radiation source of suffi-
cient energy 1o eject an electron from the sample. There must also be a device that col-
lects the emitted electrons, counts them, and carefully measures thelr kinetic energy. A
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FIGUREF 13-12 Schematic of an ESCA spectrometer using crystal dispersion to achieve

X-ray monochromatization snd a digital processor. Commercial version is the Hewiett-
Packard model 5950B.

storage and display unit is usually included. Since it is necessary to ensure that the mean
free path of the photoelectrons is large enough to allow them to traverse the distance
from the sample to the detector without suffering energy loss, ESCA is a vacuum tech-
nique with 2 maximum operating pressure of about 5 X 10-¢ torr.

ESCA spectra can be obtained on solids, liquids, and gases; the physical form of the
sample is not important. However, the technique is a vacuum technique; therefore, low
vapor pressure solids are most easily run. A solid sample need only be placed on a probe
that is appropriately positioned relative to the X-ray beam and the spectrometer slit.
Liquids cannot be run as such, but must be condensed Onto a cryogenic probe and run in
the condensed phase. Alternatively, liquids can be vaporized and run in the gaseous state.
To obtain spectra on the gaseous sample, the spectrometer must be equipped with a dif-

ferential pumping system to prevent the pressure in the analyzer from rising above 10~
torr,

Source Soft X rays, such as Mg Ka, ; and Al Ka, ; witha FWHM of 0.75 and 0.95
eV, respectively, are usually employed for photoelectron excitation. It is important 1o
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have at least two alternate sources in order 1o distinguish photoelectron peaks from Auger
peaks. When a different X-ray source is used, the photoelectron peaks shift in kinetic
energy but the kinetic energies of Auger peaks remain constant and appear at the same
energy position in the spectrum. A source of small linewidth is advantageous to have if
an element exists in several oxidation states in a sample and it is desired 1o extract the
binding energies of each of these oxidation states.

Two types of X-ray systems are used in commercial instruments. In one the sample is
lluminated directly by the output of the source. This polychromatic type of source is
quite simple and permits the use of different target materials and hence different energies
of photoelectron excitation. The other system incorporates an X-ray monochromator to
disperse the X radiation and thus provide monochromatic illumination of the sample
surface. Spectral interferences and background are thereby reduced but X-ray intensities
impinging on the sample surface are much lower.

The monochromatic source shown in Fig. 13-12 places the X-ray anode, a spherically
bent crystal disperser, and the sample on a Rowland circle. Only the X radiation from
the anode is reflected to the sample by the crystal. The source radiation will be free from
the X-ray satellite structure (arising from Ka; o 2and K§ lines) that plagues the photoelec-
tron spectra generated with polychromatic beams. Elimination of the broad background
bremsstrahlung radiation improves the signal-to-background ratio and sharply reduces X-
radiation damage in the sample. For example, radiation-induced changes, such as reduc-
tion of Cu(ll) to Cu(l), that occur in 20 sec with bremsstrahlung radiation, will only occur
after 10 hr with the crystal-reflection method.

ESCA Electron Analyzers The electron analyzers used in ESCA instrumentation em-
ploy the double-focusing principle. An electrostatic field sorts the electrons. As the field
is varied, electrons of appropriate kinetic energy are focused at the detector. Initially, in
the instrument illustrated, the photoelectrons are channeled through a series of four inter-
connected electrostatic lenses. This method for photoelectron collection is referred to as
dispersion compensation, with the four lenses acting as selective apertures. In addition. a
retarding voltage is employed to bring the photoelectrons into focus so that the inherent
linewidths of the X-ray photon can be removed. In addition, the lenses provide the mech-
anism for selecting and scanning the particular photoelectron energy of interest.

Detector Both continuous channel and discrete dynode electron multipliers are used
to count the electrons. The continuous channel detector counts electrons with high effi-
ciency to very low energies and, compared 1o discrete dynode multipliers, are more stable
to atmospheric and other gases.

Scan and readout systems are either of a continuous or incremental type. In the con-
tinuous mode the focusing field is increased continuously as 2 function of time as the sig-
nal from the detector is simultaneously monitored by a rate meter. The focusing field
and output from the rate meter are synchronized to allow ac.urate recording of spectra.
In the continuous mode the energy region of interest can be scanned only once. This is
somewhat of 2 handicap since no signal averaging can be performed. Signal averaging be-
comes necessary when the signal is weak or the quantity of sample is small.
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The incremental scanning mode increases the field in a series of small steps, counting
the signal during each increment. When the counting rate at each increment is plotted as
a function of focusing field, a spectrum is produced. Instrumentation using the incremen-
tal scanning mode uses either 2 multichannel analyzer or a small dedicated computer 10
accumnulate the data. In such systems, signal averaging can be achieved by performing
repetitive scans over the energy region of interest. The counting rate in each increment
is added to the preceding one. When the system contains a dedicated computer, both
control of energy scan and data acquisition are under its control. Usually several energy
regions can be scanned sequentially, with the computer storing the data until they are re-
trieved by the operator.

For display the digital nature of the results makes it convenient to use a point plotter.
Spectra of two formats are generated. First step in an analysis is to run a 0-1000 eV sur-
vey scan that displays peaks from all major components of the sample. A scan time is
automatically chosen by the computer that is optimum for the span and memory channels
used. Next, each spectrum interval where peaks appear is examined separately in more
detail giving the analytical data needed to identify an element and its relative amount.

Scanning ESCA

ESCA in its earlier years was always thought of as a low spatial resolution techmque
because the specimen is excited by flooding the surface with X rays. These X rays
could not be readily focused. Thus, elemental images could not be generated in a manner
analogous to that of SAM where the source of excitation, a scanning electron beam, is
focused 10 a small spot. However, if 2 focused electron beam is used to bombard a thin
foil of aluminum which has 2 thin specimen mounted on the side opposite the beam 2 lo-
calized source of Al Ka X rays is produced in the aluminum foil (Fig. 13-13). This causes
a spatially localized source of photoelectrons 10 be created in the specimen (but also con-
taining satellite structure and bremsstrahjung radiation). The result is an ESCA spectrum
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from an area less than 20 ymin diameter. 1f a scanning electron beam 1 employed, two-

dimensional photoclectron images can be obtained.
A practical example of the use of surface analysis invoived the study of a metallographi-

cally polished cast iron specimen. An ESCA survey spectrum indicated the presence of
Fe, O, and C as major components of the material. High-resolution spectra of Feand C
showed the presence of both oxidized and reduced iron species and of at least two car-
bon species. Detailed analysis of the carbon binding energies revealed the presence of a
carbide and a species with 2 binding energy characteristic of graphite. These conclusions
are consistent with the fact that cast iron contains precipitated graphite as well as phases
rich in iron carbide. The oxidized iron species probably was due to surface oxidation of

the specimen.

I = NG

Quantitative Analysis

The intensity of a photoelectron line is proportional to not only the photoelectric
cross section of a particular element, but also to the number of atoms of that particular
clement that are present in the sample. Analyses of mixtures are often accurate 10 +2%.
An example mnvolves measuring the intensities of photoelectron lines in spectra obtained
from mixtures of MoO, and MoO, at binding energies that correspond to e2zch oxide. No
instrumental technique had existed that was capable of performing this analysis. Even
though the surface of MoO, was significantly contaminated with MoO,, 2 linear calibra-
tion curve resulted. Mixtures of PbO-PbO;, Cr;0,-CrO3, and As;03-As;0s can also be
measured quantitatively. Estimates of the total protein content of various grains can be
made by measuring the intensities of the nitrogen and sulfur peaks.
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