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10.1 INTRODUCTION

Auger electron spectroscopy (AES) is a nondestructive core-level electron
spectroscopy for semi-quantitative determination of the elemental
composition of surfaces, thin films, and interfaces. The popularity of this
ultrahigh vacuum technique may be attributed to high surface sensitivity (an
analysis depth of less than 100 A) and a relatively low detection limit (~0.1
atomic percent). In addition to having an elemental coverage from lithium to
uranium and beyond, AES has the ability to distinguish between two elements
that are close to each other in the periodic table. In addition, AES has an
atomic number-dependent sensitivity that varies at most by one order of
magnitude. AES chemical shifts and line shapes can also yield bonding
(chemical state) information, albeit with less precision than is possible with
X-ray photoelectron spectroscopy (XPS) (Chapter 11), another core-level
electron spectroscopy. Auger electron spectroscopy has a depth resolution of
525 A, and can be used, with simultaneous ion sputtering, for depth
profiling. With a lateral resolution (<100 A) that is significantly better than
that of XPS, scanning Auger microscopy (SAM) can be used effectively for
imaging nanoscale structures and to produce two-dimensional maps of surface
elemental composition. Survey Auger spectra typically take less than five
minutes, providing for rapid data acquisition. Although somewhat
sophisticated and expensive, Auger instrumentation is relatively simple to use
and is readily available from many different commercial sources. The reasons
enumerated above explain why Auger electron spectroscopy has become
perhaps the most widely used surface analytical technique.

Recent developments in AES have expanded the scope of this technique
beyond the probing of surface elemental composition. For example, spin
polari-zation of Auger electrons can be used to study magnetized solid
surfaces [1]. Moreover, results of resonant Auger electron spectroscopy
experiments provide information relevant to femtosecond charge transfer
dynamics [2]. Auger electron diffraction can also be used to determine surface
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structure [3]. Finally, results of recent experiments have demonstrated that
angle-resolved Auger electron spectroscopy can provide a means to study
excitation processes in solids [4].

The Auger process is a three-electron process. When a beam of electrons,
typically with an energy range of 3—20 keV, strikes a solid atom, a core-level
(inner) electron is ejected producing a singly ionized excited atom. An outer
level electron can fill the resulting vacancy in the core level. Following this
radiationless transition, the excess energy of the resulting excited state ion
may be removed by emitting either (i) an X-ray (the basis for X-ray
fluorescence (XRF)/electron microprobe (EMP) analysis) or (ii) another
electron from the atom. The emitted electrons in process (ii) are called Auger
electrons, after Pierre Auger, who discovered this process in the 1920s [5].
Although Lise Meitner independently discovered the effect around the same
time [6], she is given very little recognition in the literature. While the
emission of X-rays (process (i)) produces singly ionized atoms, the emission
of Auger electrons (process (ii)) results in doubly ionized atoms.

Because Auger is a three-electron process, hydrogen and helium cannot be
detected by this technique. Although Li has three electrons, an isolated
ground state Li atom does not yield Auger peaks because the atom has only
two energy levels that contain electrons. Auger peaks, however, have been
detected from multiply excited Li atoms [7]. The presence of electrons in the
valence band of solid Li also allows for Auger transitions of the type KVV.

The surface sensitivity of AES is due to the short mean free path of the
relatively low energy Auger electrons. Although atomic excitations can take
place to a depth of ~10,000 A below the surface, the Auger electrons from
only the uppermost atomic layers, down to a depth of ~100 A, are ejected
from the specimen without undergoing any energy loss. In contrast, electron
microprobe analysis, involving the detection of X-ray photons, is more of a
bulk, rather than a surface, analysis tool (Figure 10.1).

Because of the very short lifetime of the electronic states associated with
the Auger process, the Auger peaks are relatively wide (typically 1-2 eV),
consistent with Heisenberg’s uncertainty principle.

The kinetic energies of the Auger electrons are characteristic of each
emitting atom. Thus, the measurement of the kinetic energies of Auger
electrons can be used to identify the elements present on the surface of the
sample. Because the kinetic energies of Auger electrons depend on the
binding energies of the electron levels involved in the Auger process, the
shifts in these kinetic energies can, in principle, provide useful information on
the oxidation states and bonding environment of the surface atoms. In
addition to the above qualitative analysis, quantitative information may also
be determined from the intensities of the Auger peaks.

A direct Auger spectrum is represented as a plot of the number of
electrons detected as a function of electron kinetic energy. However, to make
the small Auger peaks more prominent, often AES spectra are displayed as
the first derivative of the number of electrons emitted as a function of electron



10.1 Introduction 453

Primary Electron

Beam
Photons
Backscattered
Secondary
electrons
electrons

Auger electrons

Characteristic X-rays ~100 A
(EMP) Analysis depth
~10,000 A analysis
depth

Sample Surface

r'y

Unscattered
electrons

Absorbed

~10,000 A
electrons Volume of
primary
Inelastically Elastically excitation
scattered scattered

electrons electrons

Figure 10.1 Schematic diagram showing the various locations and outcomes of electron-solid
interactions (a composite diagram based on various sources) [8, 9].

kinetic energy. The derivative form of the Auger spectrum enhances the
Auger peaks and suppresses the background arising from the secondary and
backscattered electrons.

The AES analysis is carried out in an u/trahigh vacuum (UHV) chamber in
which a pressure of ~107° torr or below is continuously maintained. High
vacuum is necessary to allow uninterrupted passage of the electron beam and
ultrahigh vacuum is necessary to avoid contamination of the surface by
atmospheric gases during analysis.

The goal of this chapter is to provide a detailed introduction to Auger
electron spectroscopy. Topics covered emphasize physical principles,
experimental techniques and procedures, research and industrial applications,
and new developments in Auger electron spectroscopy. For a more detailed
treatment of the technique and its applications, the reader is referred to a 900-
page comprehensive treatise on Auger and X-ray photoelectron spectroscopy
published recently [10]. A less extensive text devoted to the above two
techniques was published in 2003 [11].
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10.2 HISTORICAL PERSPECTIVE

The historical developments of Auger electron spectroscopy have been
comprehensively reviewed [12]. Here we provide a brief synopsis. The name
“Auger electron spectroscopy” is derived from the effect reported in 1923 by
Pierre Auger, a French physicist. Three decades passed before J.J. Lander first
applied this phenomenon to solids in 1953 [13]. L.A. Harris demonstrated in
1968 the utility of taking derivatives for plotting AES spectra [14]. Initially,
the retarding field analyzer (RFA) used in low energy electron diffraction
(LEED) experiments was modified by many research groups to obtain Auger
spectra [15]. In 1969 Palmberg and coworkers developed the cylindrical
mirror analyzer (CMA) for detecting Auger electrons [16]. The first
commercial Auger electron spectrometers also became available in 1969.
Scanning Auger microscopy (SAM) was first demonstrated in 1971 by
MacDonald and Waldrop [17] and later developed extensively by Prutton and
coworkers [18, 19]. Auger depth profiling with noble gas ion sputtering was
first demonstrated by Palmberg in 1972 [20]. AES instrumentation has
undergone considerable improvement over the years leading to automation
with computer control and use of modern software for sophisticated data
analysis.

10.3 BASIC PRINCIPLES OF AES

10.3.1 X-Ray Notation

In Auger electron spectroscopy, electron energy states are denoted by using
X-ray notation. Because removing an electron from a complete shell is
equivalent to placing a single electron in an empty shell, X-ray spectra are
similar to one-electron alkali atom spectra. Hence, we first examine the fine
structure in the optical spectra of alkali atoms. The fine structure, the splitting
of lines (with the exception of those due to s-state electrons) in the spectra of
alkali atoms into doublets, is due to spin-orbit coupling, the interaction
of the spin magnetic moment with the magnetic field arising from the orbital
angular momentum. Spin-orbit coupling splits non-s energy ferms in alkali atoms
into two levels.

We now discuss the terminology used for electronic energy /evels for light
atoms, for which Russell-Saunders coupling (also called L-S coupling) is a
valid approximation. In the general case, each level is specified by the
principle quantum number (») and a level symbol (**"'L,). In this symbol, S is
the total electronic spin angular momentum quantum number, L is the code
for the total electronic orbital angular momentum quantum number, and J is
the total electronic angular momentum quantum number. Because X-ray
spectra are similar to one-electron alkali atom spectra, the following
simplification is made to yield the XPS notation. In addition to the principal
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quantum number (), the energy level can be specified with the orbital ang-
ular momentum (¢) and the total angular momentum quantum number (j) of a
single electron. The spin multiplicity 25+ 1 can be ignored because it is
always 2 for a one-electron (one-hole) atom since S = '. The total angular
momentum of a single electron is obtained by using the Clebsch-Gordon
series:

j=Ll+s, [+s—1,...,

0—sl. (10.1)

In the above expression, ¢ is the orbital angular momentum quantum number
and s is the spin angular momentum quantum number, which is % for all
electrons. The general form of the XPS notation is n{;.

We illustrate the above discussion with a specific example involving the
fine structure of the sodium D line. The excited Na atom electron configu-
ration (1s°2s*2p®3p) yields the P term because L = ¢ =1 and S = s = %. Using
the Clebsch-Gordon series we obtain J =1 — %2 and 1 + '%, yielding two levels
(2P1/2 and 2P3/2) for the °P term.

The principal quantum number 3 is often omitted. As is often done in X-ray
photoelectron spectroscopy, the above two energy levels may be written
alternatively as 3p;,, and 3p;y.

Specifying the energy levels with Auger notation involves using the letters
K, L, M,... for the principal quantum number 1, 2, 3,... and a subscript that
depends on the orbital quantum number (£) and the total angular momentum
quantum number (j). For example, the two levels ’P,, and *P;,—the energy
levels of the excited Na atom—may be written as M, and M3. Note that M; is
the Auger notation for the energy level of the ground state electron
configuration (1s*2s*2p°3s) of the Na atom. The level symbol for the ground
state electron configuration is °S,, corresponding to the XPS notation of 3s,,.
When the energy levels are very close to each other they are not usually
resolvable experimentally. These unresolvable energy levels are normally
designated with a comma between the subscripts (e.g., L,; and Mys). We
summarize the above discussion in Table 10.1

10.3.2 Auger Transitions

The Auger process for a solid is schematically illustrated in Figure 10.2. The
KL,L; Auger transition, illustrated in this diagram, involving ionization,
relaxation, and emission, may be visualized as follows:

(1) A core-electron in the atom is removed by the high-energy incident
electron creating a vacancy in the K shell and yielding an
electronically excited ion (ionization).

(2) An electron from the L, level falls down almost immediately in a
radiationless transition to fillthe vacancy in the K shell(relaxation).
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Table 10.1 X-ray notation of electron energy states.

Quantum Num.bers Level Symbol Augt‘ar XPS Notation
n 4 J Notation

1 0 12 S, K Isip

2 0 12 S, L 28112

2 1 12 ’p,, L, 2pin

2 1 3/2 ’Py) L, 2p31

3 0 12 S, M, 351

3 1 172 °P,, M, 3pin

3 1 3/2 °Py;, M; 3psn

3 2 3/2 Dy M, 3dsp

3 2 5/2 Ds M; 3ds

o Ejected K electron 8 Auger Electron
Bvac Evee o |

//////////////////

L
Incident particle Internal

transition
1s K 1s——+—K Is——o—oK
(a) lonization (b) Relaxation (c) Emission

Figure 10.2 Schematic showing the three steps involved in the Auger process. The KL,
Auger transition is illustrated. The open circles symbolize holes (absence of electrons).

(3) Excess energy of the excited state ion is removed by the ejection of
an Auger electron from the L; level (emission).

The nomenclature of the Auger transition indicates the energy levels in the
order in which they are involved in the whole process. Thus, the transition
described above may be designated as KL,L;. In the context of Russell-
Saunders coupling, there are six KLL transitions corresponding to the three
final electron configurations, as shown in Table 10.2.



10.3 Basic Principles of AES 457

Table 10.2 KLL Auger transitions corresponding to the different final electron configurations.

Final Electron Configuration Auger Transition
2s°2p° KL, L,
2s' 2p5 KL,L,
KL, L,
25 2p* KL, L,
KL, L,
KL; L,

Although many Auger transitions are available, especially for atoms with
high atomic number, most have low probabilities. Some transitions, although
energetically allowed, are forbidden due to selection rules. When a valence
electron is involved, the letter V is often used (e.g., KLV, KVV, and LMV).
The letter C is sometimes used to denote a core level (e.g., CVV). The
strongest Auger transitions are of the type ABB (e.g., KLL and LMM).
Special transition of the type AAB, commonly termed Coster-Kronig
transitions, are also very strong.

X-ray emission is a competing process for Auger emission because the
energy difference between the core and outer levels can also be released in the
form of a characteristic X-ray. The sum of the Auger yield and X-ray
emission yield is unity. It has been observed that the probability for X-ray
emission is much lower than the Auger emission for the range of energies
normally measured in AES [34]. Moreover, for elements with low atomic
numbers, the cross-section for the Auger process is much higher than that for
emission of X-ray photons.

10.3.3 Kinetic Energies of Auger Electrons

Auger electron spectroscopy involves measurement of the Auger electron’s
kinetic energies that are characteristic of the elements present in the sample.
An uncertainty of 1 to 2 eV in the measurement of the kinetic energy is
acceptable for elemental identification. For the purpose of Auger chemical
shift analysis, however, the uncertainty in kinetic energy measurements must
be reduced to 0.1 to 0.2 eV [21]. Extensive work has been performed to
calibrate and standardize Auger electron energies [22—25]. Before the advent
of Auger databases, the identification of elements via AES required the
computation of Auger electron energies, as summarized below.

The kinetic energy of an Auger electron is the energy difference between
the doubly ionized final state and the singly ionized initial state. Because
calculating Auger electron energies based on first principles is highly
complex, and because errors on the order of ~10 eV are acceptable for most
practical purposes, we make several approximations. Let us consider an ABC
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Auger transition in which the first electron is ejected creating a hole in the A
level, the second electron falls from the B level to the A level, and the third
electron (the Auger electron) is ejected from the C level. Let E5, Ep, and Ec
be the binding energies of electrons in A, B, and C levels, respectively, of the
neutral atom. The energy released (E4 — E) when the second electron falls from
level B to level A is transferred to the third electron. Hence, the kinetic energy
(Espc) of this Auger electron may be approximated as follows:

Eu. ~ E,—E, —E, (10.2)

Equation (10.2) demonstrates that the Auger electron energy is
independent of the primary beam energy and is dependent only on the atomic
energy levels. Therefore, the measured Auger electron energies are
representative of the elemental composition of the sample surface. Because
each element has a unique set of energy levels, each element has a unique set
of Auger peaks. The KL,L; Auger transition energy for Al, for example, may
be calculated as follows:

EKL1L3 ~ EK - EL, - EL]

~1560-118-73
~1369eV.

The corresponding measured value is 1354 eV. We discuss two corrections
that may account for this discrepancy.

Equation (10.2) must be modified by taking into account the spectrometer
work function because Auger energies are typically referenced to the Fermi
level. If the sample is in good electrical contact with the sample holder, the
Fermi levels of the sample and instrument are identical. Hence, the kinetic
energy of the ABC Auger electron may be approximated as follows:

Epc~E,—Ey—E.—9¢,. (10.3)

In the above expression, @4 is the work function of the analyzer. Because
the typical electron analyzer’s work function is approximately 4 eV, equation
(10.3) yields a value of 1365 eV for the KL,L; Auger transition energy for Al
Now the discrepancy between the measured and calculated value has been
reduced from 15 eV to 11 eV.

Equation (10.2), based on the binding energies of a neutral atom, can be
further refined by taking into account the change in binding energy of a level
that accompanies the formation of an ion.

EABC ~ EA - EB - Eé - (I)A . (10-4)
In the above expression, EZ, is the binding energy of a level in the

presence of a core hole. Equation (10.4) can be used to estimate Auger
electron energies based on various empirical approximations [26]. More
sophisticated semi-empirical methods have also been used to perform Auger
electron kinetic energy calculations. The highest level of such Auger energy
calculations involve relativistic ab initio computations, which take into
account many body effects [27].
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10.4 INSTRUMENTATION

Because an atomically clean surface needs to be maintained throughout the
AES analysis process and because the electron beam needs to reach the
sample without collisions with the intervening gas molecules, turbo molecular
pumps (TMP) and/or ion pumps are usually employed to achieve ultrahigh
vacuum conditions (107 torr and below) inside a stainless steel chamber
equipped with metal seals. Vacuum locks in modern ultrahigh vacuum
equipment allow for the introduction of new samples in less than 30 minutes
without breaking the vacuum. Mu metal shielding inside the ultrahigh vacuum
chamber may be necessary to minimize the effect of stray magnetic fields on
the trajectory of electrons. In order to perform Auger analysis of grain
boundaries, samples can be fractured iz sifu in ultrahigh vacuum [28]. Clean
room compatible AES instrumentation for semiconductor analysis is now
available from several manufacturers. Because the ability to finely focus
electron beams allows for excellent spatial resolution, electron beams are the
most popular choice in AES, although ionizing sources such as X-rays, ions,
and positrons can also be used for Auger analysis.

The basic components of a typical Auger electron spectrometer
(Figure 10.3) consist of the following: (1) electron source and electron optical
column to form an electron probe onto the specimen surface; (2) an ion
optical column for cleaning the sample surface and/or sputtering for depth
profiling; (3) an electron energy analyzer; (4) a secondary electron detector
and a pulse counter; (5) computer control and data display systems. The first
four modules are located within the UHV chamber.

10.4.1 Electron Optical Column

In AES instrumentation, the electron beam from an electron source is focused
onto the specimen surface by a suitable optical column. In addition to being
monoenergetic, the electron beam used in AES instrumentation should be
small in size with high brightness. The sample to be analyzed is irradiated
with electrons with energy of 2-10 keV and beam current of 10 to 107 A. In
the case of scanning Auger microscopy, energies as high as 35 keV and
currents as low as 10’ A are used to produce beam diameters as small as 100 A.
The electron source also should have a long life and high temporal
stability. There are four main types of electron sources:

1. The tungsten thermionic emitter operates at a temperature of ~2700 K
producing a low current density. Because of the low brightness and
concurrent large beam size, the tungsten thermionic emitter is not
optimal for Auger experiments that require good lateral resolution.

2. The lanthanum hexaboride (LaBs) thermionic emitter, with a lower
work function than tungsten, operates at a lower temperature (~1850 K)
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and provides for good lateral resolution because it produces
relatively high current density.

3. The cold field emitter, made of a tungsten single crystal, operates at
room temperature in the presence of a high electrostatic field and
produces high brightness. The cold field emitter is unstable in the
presence of residual gases and hence requires pressures on the order
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Figure 10.3 Top—A schematic representation of an Auger electron spectroscopy instrument.
Bottom—A photograph of a commercial AES instrument (Physical Electronics).
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4. The hot field emitter, also known as ZrO,/W Schottky-type field
emitter, operates at ~1800 K and produces high current densities.

Most modern AES instruments use either a LaBg or a Schottky type emitter
as an electron source. The Schottky-type emitter is the preferred electron
source for the highest resolution Auger instruments. A typical electron optical
column with an electron source and other essential components is shown in
Figure 10.4. It should be noted that some materials are susceptible to electron
beam damage and therefore care must be exercised in examining such

materials by AES.
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Figure 10.4 Schematic of electron gun used for Auger electron spectroscopy. Adapted from
[10].

10.4.2 Ton Optical Column

For depth profiling and/or sputter cleaning, an electron impact-type ion source
[16] is usually employed in conjunction with AES instruments. Electrons
from a heated filament are accelerated by a cylindrical grid to an energy
sufficient to ionize gas atoms by collisions. The resulting ions are accelerated
into a focusing lens column. Inert gases such as argon (Ar) or xenon (Xe) are
used in a typical electron impact-type ion source with a hot tungsten filament.
Figure 10.5 shows a typical ion optical column with an electron impact ion
source.
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Figure 10.5 Schematic diagram of an ion optical column. Adapted from [10].

10.4.3 Electron Energy Analyzers

Electron energy analyzers are used to measure the number of ejected electrons
(N) as a function of electron energy (£). The most commonly used energy
analyzers in AES are: (i) the retarding field analyzer (RFA), (ii) the
cylindrical mirror analyzer (CMA), and (iii) the concentric hemispherical
analyzer (CHA).

Because of the limited energy resolution and poor signal-to-noise ratio
resulting from mediocre transmission efficiency, the retarding field analyzer
(Figure 10.6), commonly used for low energy electron diffraction studies, is
not an optimal choice for Auger electron spectroscopy.

The high transmission efficiency, compact size, and ease of use of the
cylindrical mirror analyzer (Figure 10.7) combine to make it the analyzer of
choice for Auger electron spectroscopy.

Because of its higher resolution, the concentric hemispherical analyzer
(Figure 10.8) is used in Auger electron spectroscopy when chemical state
information is desired. The CHA consists of an input lens and the
hemispherical analyzer. All XPS energy analyzers are concentric hemi-
spherical analyzers.

The cylindrical mirror and concentric hemispherical analyzers are band
pass filters in contrast to the retarding field analyzer (RFA), which is a high
pass filter. The band pass filter allows passage of electrons within a band of
energy (AE) at a pass energy (F), resulting in an energy resolution of AE/E.
Because the retarding field analyzer collects electrons with an energy greater
than the specified energy E, the spectrum must be differentiated once to
obtain the N(E) spectrum.
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Figure 10.6 A schematic diagram of the retarding field analyzer. Adapted from [10].
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Figure 10.7 A schematic diagram of the cylindrical mirror analyzer. Adapted from various
sources [10, 11].
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Figure 10.8 A schematic diagram of the concentric hemispherical analyzer. Adapted from [10].

10.4.4 Electron Detector

Electrons exiting the analyzer and arriving at the detector are amplified and
counted by an electron multiplier, either a channeltron or a microchannel plate
(MCP). Electrons striking the specially coated inside of a channeltron, a cone-
shaped dynode, produce many secondary electrons, which are accelerated
toward the anode. The many intervening collisions produce an avalanche
effect, which results in a gain of ~10® for a channeltron. A microchannel plate
consists of many tiny channeltrons fused together to form a disc. Electron
intensity measurements are usually done by pulse counting.

10.4.5 Computer Control and Data Display Systems

Modern AES instrumentation has sophisticated computer control, data
processing, and display systems. The computer control system has four major
functions: (i) setting up conditions for analysis; (ii) acquiring and storing data
efficiently; (iii) processing data; and (iv) displaying results in the form of
spectra.
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10.5 EXPERIMENTAL PROCEDURES INCLUDING
SAMPLE PREPARATION

10.5.1 Sample

Both single crystal and polycrystalline solid samples can be analyzed with
AES. Because a flat smooth sample enhances the quality of the Auger spectra,
powders are pressed into the shape of a wafer before AES analysis. The
specimen sample to be analyzed by Auger must be compatible with ultrahigh
vacuum conditions. For example, a sample containing a significant amount of
Zn is not suitable because of the high vapor pressure of Zn. Even if a suitable
sample is placed in an ultrahigh vacuum chamber, additional treatment such
as inert gas sputtering or ion etching to remove surface contaminants may be
required before analysis. State-of-the-art AES instruments allow for samples
as large as the 300 mm wafers used in the semiconductor industry.

While most metals and semiconductors are amenable to Auger analysis,
insulators present a special problem. Charging of insulator samples during
electron spectroscopy is problematic because: (1) kinetic energy
measurements may be in error by as much as tens of eV, and (2) spectral
peaks may be distorted due to inhomogeneous surface charge distribution
[29]. Because an electron beam is used in Auger electron spectroscopy,
charge compensation of insulator samples must be achieved by one or more
methods: (1) lowering the incident electron beam energy to increase the
emission of secondary electrons; (2) tilting the sample to decrease the angle
between the sample surface and the beam and hence increase the number
of electrons leaving the sample; (3) neutralizing the charge with low energy
(~50 eV) positive ions such as Ar'; (4) placing thin films of the insulating
sample on a conductive surface such as graphite; and (5) decreasing the
incident current density [29, 30]. Such techniques allow the analysis of
insulators such as ceramics [31].

10.5.2 Beam Effects and Surface Damage

Electron beam damage to specimens is a concern with Auger electron
spectroscopy. Examples of electron beam-induced surface damage include:
(1) creation of defects, (2) change of crystal structure, (3) change of surface
topography, (4) change of oxidation state, (5) bond cleavage, (6) adsorption,
(7) desorption, and (8) segregation [32].

In order to minimize damage, checks for the presence of specimen damage
must be performed routinely during analysis. If damage is detected, the
experimental conditions can be adjusted to minimize surface damage.
Electron beam effects may be reduced by: (1) decreasing the electron beam
energy, (2) decreasing the current density at the surface by defocusing the
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beam, and/or (3) reducing the time of exposure by rastering the beam over a
selected area. Reducing sample temperature during electron irradiation was
found to minimize radiation damage to polymers during Auger analysis [33].

10.5.3 AES Modifications and Combinations
with Other Techniques

The basic technique of AES as described earlier has also been adapted for use
in Auger depth profiling, which provides quantitative compositional
information as a function of depth below the surface, and scanning Auger
microscopy, which provides spatially resolved information on the
composition of surfaces. Auger depth profiling and scanning Auger
microscopy will be discussed later in this chapter.

Auger electron spectroscopy can be combined with other analytical
techniques for simultaneous analysis. For example, AES is combined with
energy dispersive X-ray spectroscopy (EDS or EDX) for elemental analysis
and secondary ion mass spectroscopy (SIMS) for trace impurity analysis [10].
Auger instruments can also be equipped with an X-ray source for X-ray
photoelectron spectroscopy (XPS). Similarly, XPS instruments can also be
equipped with an electron gun for simultaneous AES analysis.

10.6 AUGER SPECTRA: DIRECT AND DERIVATIVE
FORMS

Auger spectra are usually acquired and displayed in one of two ways: (a)
direct form, where the total electron signal is measured as a function of the
kinetic energy of the electrons leaving the sample; (b) derivative form, where
the derivative of the total electron signal is measured as a function of kinetic
energy. The derivative spectrum helps to accentuate the Auger signal by
suppressing the background due to secondary and backscattered electrons, as
described below.

The interaction of an electron beam with a solid sample results in the
emission of secondary and backscattered electrons whose distribution plotted
as a function of kinetic energy is shown in Figure 10.9.

The schematic secondary and backscattered electron distribution shown in
this figure demonstrates four features (right to left):

(1) The strong peak at the incident electron energy is due to elastically
back- scattered primary electrons.

(2) The loss peaks at discrete energies on the low energy side of the elastic
peak are due to electrons that have lost energy to surface and bulk plasmons.

(3) The sharp peaks that are independent of primary beam energy are due
to Auger electrons.
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Figure 10.9 Schematic diagram of the energy distribution of secondary and backscattered
electrons produced by the interaction of a nearly monochromatic electron beam with a solid.
Adapted from [9].
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Figure 10.10 The direct and differentiated spectrum of copper [11]. (Copyright John Wiley &
Sons, Ltd. Reproduced with permission.)

(4) The broad peak at low energies (< 50 eV) is due to secondary electrons
that have undergone multiple inelastic collisions within the solid.

Because the low intensity Auger peaks are superimposed on a large slowly
varying background signal, the N(E) vs. E spectrum is differentiated to yield
the differentiated spectrum, dN(E)/dE vs. E, in which the Auger peaks
are accentuated with respect to the background signal, as exemplified in

Figure 10.10. The main peaks, which are characteristic of Cu, appear between
700 and 1000 eV. The background, due to the secondary electrons gene-
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rated by inelastic scattering of electrons, is fairly extensive in the direct
spectrum. The AES spectrum for Cu demonstrates that because the back-
ground is considerably reduced in the differentiated form the sensitivity of
detection is enhanced. Direct spectra, however, are now being used more
frequently because of easier quantification. The absence of secondary electrons
in the gas phase makes direct spectra the ideal choice.

10.7 APPLICATIONS

10.7.1 Qualitative Analysis

Elemental analysis of surfaces is based on the kinetic energies of the observed
Auger transitions. For positive identification it is necessary to match not only
energies but also the shapes and relative strengths of the observed Auger
peaks [34]. Modern AES instrumentation makes use of computer programs
for rapid Auger peak identifications. However, such identification must be
done with care, especially when two or more elements have overlapping or
nearly overlapping Auger peaks. Given the new international standards [25],
incorrect calibration of the kinetic energy scale should in the future not
contribute to additional uncertainty in element identification. As in most other
spectroscopic methods, conclusive identification of elements is facilitated if
the reference and sample Auger spectra are both obtained on the same
instrument [34].

The first step in qualitative Auger analysis involves obtaining a survey
spectrum with relatively modest resolution in a fairly short time. Survey
Auger spectra are typically recorded at energies between 0 eV and 1000 eV
because most elements have significant Auger transitions in this range.
Moreover, Auger electrons with energies greater than 1000 eV are less
surface-sensitive because these electrons have longer inelastic mean free
paths. Because Auger features are much more pronounced in derivative
spectra, such spectra are commonly used in qualitative AES investigations.

Each element has a set of characteristic Auger peaks, as demonstrated
by a plot of the Auger electron energy as a function of atomic number (Z)
(Figure 10.11). The figure demonstrates that the Auger transitions of choice
for the different elements can be summarized as follows: 3 < Z < 14 (KLL
transitions), 14 < Z < 40 (LMM transitions), 40 < Z < 82 (MNN transitions),
and 82 <Z (NOO transitions).

10.7.2 Quantitative Analysis

The goal of quantitative analysis by AES is to determine the chemical
composition of solid surfaces by calculating atomic concentrations from
Auger peak intensity measurements. In the case of a direct Auger spectrum,
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peak intensities are obtained from peak area measurements following a
suitable baseline subtraction. In the case of a derivative spectrum, peak
intensities are characterized by the peak-to-peak heights. The direct spectrum
is preferred for most AES quantification studies. Estimating the in-depth
distribution of elements is important in the AES quantification of surface
elemental concentration. Even if the solid composition is uniform down to a
depth of a few nanometers, the surface concentration may not be proportional
to the measured peak intensity. More accurate quantification can be achieved
if the peak shape is also taken into consideration when performing Auger
surface analysis.

ATOMIC NUMBER
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Figure 10.11 Principal Auger electron energies for each element. The larger dots correspond
to prominent Auger peaks [35]. (Copyright Physical Electronics, Eden Praire, MN. Reproduced
with permission.)

Reproducibility of Auger intensity ratios may be compromised by: (1)
problems with sample alignment, (2) deflections of electrons by stray
magnetic fields, and (3) energy-dependent detector efficiencies [36]. A
comprehensive review of Auger and XPS quantification methods was
published in 1996 [37].

We describe in detail below the three methods used for Auger
quantification: (1) first principles Auger intensity calculations, (2) standards
of known composition, and (3) elemental relative sensitivity factors.
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10.7.2.1 First Principles Auger Intensity

The measured Auger current intensity (/) can be related to the depth (2)
dependent atomic density Na(z) by considering the physical principles
underlying (1) Auger electron generation, (2) transport of the Auger electron
through the solid matrix, and (3) detection of the Auger electron. The
resulting relationship is as follows:

°t -z
I, =1,G0,Gee v, K(1+1,) [ N,y (2) exp{k Cose}dz fTD. (10.5)
z=0 A

In the above are the following variables: /4 is the measured Auger current
from element A, /, is the incident electron current (primary beam current), G
is a geometrical factor accounting for the area under irradiation (depends on
angle of incidence of primary beam), o, is the ionization cross-section (a
function of incident electron energy and the atomic level being ionized), Gcx
is the Coster-Kronig yield correction, v, is the Auger yield factor (corrects for
X-ray fluorescence), K is the sample condition factor (surface roughness,
contamination, etc.), ry is the matrix-dependent backscattering factor that
accounts for additional ionizations due to backscattered primary electrons, z is
the depth below the surface, N, is the number density of atoms of type A, /4
is the matrix- and Auger electron energy-dependent inelastic mean free path
(related to attenuation length and the effective escape depth), 6 is the Auger
electron’s take-off angle, measured from the surface normal, f'is the analyzer
retardation factor (for RFA analyzer; not needed for CMA), T is the analyzer
transmission factor (a function of energy), and D is the detector efficiency
factor (a function of energy and time).

Most of the above terms are constants for a given set of experimental
conditions and for a particular Auger transition. Moreover, the integral can be
simplified by assuming that the concentration is uniform over a depth of ~5\,,
as shown below:

I, =1,G6, G ¥ K (141, )N, /D [ exp| ——— iz
o A, cosB
(10.6)
=1,Go,G Y K(+1, )N, fTDXA, cos0.
Although absolute Auger quantification using the above equation is not
practical for most cases, this equation provides a theoretical basis for
understanding other quantification methods described below.

10.7.2.2 Standards of Known Composition

Relative Auger quantification is performed by keeping many of the
experimental parameters in equation (10.6) fixed and by using locally
produced standards of known composition. Instrumental variables are



10.7 Applications 471

eliminated in this ratio technique because the same instrument is used to
analyze both the fest and standard samples. The ratio of the measured Auger

current from the test (/ II) and standard samples ( / : ) is given by

Iy _ (4 0u)n Ay N,

= 4, 10.7
L ). BV, (10.9

In the above expression, N and N’ are the number densities of A in the
test and the standard samples. Equation (10.7) may be rewritten as follows:

Ny thuads iy Ty (10.8)
NA (1+rM,A)T 7\‘A IA
If the composition of the test sample is close to that of the standard, the
influence of the matrix on electron backscattering and inelastic mean free path
may be ignored and the above equation may be used to obtain the number
density of the test sample directly from the ratio of the Auger yields:
T T
Ly (10.9)
N A I A
More generally, it is necessary to evaluate the ratios of the backscattering
factors and the inelastic mean free paths to determine the composition of the
test sample. Because evaluating these matrix effects can be rather
complicated, a new method to quantify AES and XPS data has been proposed
based on angle-averaged reflected electron energy loss spectroscopy (REELS)
spectra and involving “average matrix sensitive factors” [40].

10.7.2.3 Elemental Sensitivity Factors

This quantitative Auger method is based on the assumption that matrix effects
can be ignored. With this assumption, equation (10.6) can be simplified as
follows:
I,=5,N,. (10.10)
In the above expression, s, is the Auger sensitivity factor of element A.
Relative Auger sensitive factors are defined relative to A and tabulated. If the
sample contains two elements A and B, the number density N, of A is given
by the following expression:

B
Sa
AL B

Sa SB)

~—
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10.7.3 Chemical Information

While elements present on the surface can be positively identified by the
Auger peak energies, changes in chemical state (e.g., oxidation state) or
chemical environment can be deduced from changes in Auger peak positions,
intensities, and shapes. As such, AES spectra, particularly derivative spectra,
are used as “chemical fingerprints” for identification and characterization.
The classic example of such qualitative analysis involves the carbon KLL
Auger spectra for molybdenum carbide, silicon carbide, graphite, and
diamond (Figure 10.12) [39]. The spectra show variations in lineshapes due to
differences in the chemical environments of the carbon atoms in the four
samples. Although the data clearly show that bonding information can be
obtained from Auger spectroscopy, obtaining chemical state and chemical
environment information from Auger spectra is challenging because the
Auger process involves three energy levels. More detailed electronic structure
information (e.g., hybridization, electron delocalization, screening effects)
may be obtained from guantitative spectral lineshape analysis, a daunting task
that is currently beyond the scope of most Auger practitioners [40].

MosC M[\/_
M\f

SiC

dN (E)
dE
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DIAMOND

1 1 1
200 250 300
E (eV)
Figure 10.12 Effect of chemical environment on the KLL Auger spectra of carbon [39]. The

shift in the Auger peak energy for diamond is due to charging of the insulator. (Reproduced
with permission from the American Institute of Physics.)
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Chemical shifts, or, equivalently, energy shifts, occur when there is a
charge transfer from one atom to another. For example, atomic oxygen
adsorbed on clean metal surfaces can produce measurable shifts in energies of
Auger peaks from metals. Auger spectra of aluminum in AIN, AlF;, AlB, and
ALO; (Figure 10.13) clearly show the phenomena of chemical shifts in Auger
spectroscopy.

Al

I N —

AlLO; + Al

AIB, + AlLO4

Intensity
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Figure 10.13 Chemical shifts demonstrated in the Auger KLL spectra of several Al compounds
[41]. (Copyright John Wiley & Sons Ltd. Reproduced with permission.)

Several metal LVV and MVYV lineshapes have also been used extensively
for Auger chemical fingerprinting to study the effects of hydrogen or oxygen
exposure, intercalation, or changes in crystal structure. Auger chemical
fingerprinting has also been used to analyze the L;M,;V Auger lineshape of
high-temperature superconductors [42].

10.7.4 Auger Depth Profiling

Obtaining the chemical composition as a function of depth below the surface
using Auger electron spectroscopy is referred to as “Auger depth profiling,”
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one of four modes of Auger operation (point analysis, line scan, and surface
imaging the other three modes of Auger operation). Industrial applications of
Auger depth profiling include analyzing microelectronics devices,
investigating corrosion-resistant surfaces, and characterizing plasma-modified
surfaces [43]. Auger depth profiling methods may be broadly categorized as
follows: (1) nondestructive, (2) sputtering by noble gas ions, and (3)
mechanical sectioning. Brief summaries of methods 1 and 2 are given below.
Interestingly, Auger sputter depth profiling (method 2) has become the most
popular choice for chemical analysis of thin films [44].

10.7.4.1 Nondestructive Methods

Angle-resolved Auger electron spectroscopy (ARAES) allows for non-
destructive depth profiling but works for only very thin layers up to a
thickness of approximately 100 A. Auger depth profiling may be
accomplished by changing the geometry of the experiment because the depth
of analysis depends on the emission angle of the Auger electron. While angle-
resolved X-ray photoelectron spectroscopy has been extensively used for non-
destructive depth profiling, the use of angle-resolved Auger for such analysis
has been somewhat limited [45, 46].

10.7.4.2 Sputter Depth Profiling

Auger sputter depth profiling usually involves simultaneous Auger elemental
analysis and inert gas (argon or xenon) ion bombardment sputtering (etching)
with an ion gun to remove material from the surface in a controlled manner to
expose underlying atomic layers. Although Auger survey scans can be
performed during sputter depth profiling, Auger analysis within pre-selected
energy windows allows for more rapid data acquisition. Depth profiling with
Auger may also be performed sequentially with alternating cycles of
sputtering and analysis by AES. An example of Auger sputter depth profiling
is shown in Figure 10.14.

Despite the popularity of sputter profiling with Auger, many studies have
documented the complexities inherent in this technique [47]. Auger sputter
depth profiling is challenging due to ion beam-induced changes in surface
roughness and composition, changes that are associated with effects such as
preferential sputtering (one element is sputtered faster than another element in
the matrix) [48], collisional mixing, and ion-induced reactions (e.g., metal
surface oxide is reduced to metal [8]). Such complexities associated with AES
sputter depth profiling experiments make difficult the task of converting
Auger intensities measured as a function of sputtering time into elemental
concentration as a function of depth. Despite formidable challenges, recent
developments in the modeling of sputtering, such as the so-called mixing
roughness information (MRI) depth model, allow for depth analysis of
nanostructures [49].
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Figure 10.14 Auger sputter depth profile of a TiB,/C-coated SiC filament [9]. (Reproduced by
permission of Taylor & Francis Group, LLC, http:/www.taylorandfrancis.com)

In addition to advances in theory, several experimental innovations have
made sputter depth profiling with Auger more precise. For example,
collisional atomic mixing, which degrades depth resolution, may be
minimized by using ultralow ion energies (<500 eV) instead of the typical
high ion energies (several keV). The low ion energies, however, result in low
beam current densities, which yield etching rates below 0.2 nm min' [50]. A
more acceptable etching rate of 1 nm min™' and a high depth resolution of 2
nm has been achieved with a specially designed ion gun capable of producing
ion currents of ~107° A at ion energies as low as 100 eV [50]. The use of such
ultralow ion energies, however, is complicated by enhanced preferential
sputtering, as demonstrated recently for the GaAs/AlAs superlattice, an ISO
reference material [51].

A second example of experimental innovation involves sample rotation
during Auger sputter depth profiling [52]. Because this so-called Zalar
rotation technique time-averages the angles between the ion beam and the
various crystalline planes, sample roughening is minimized and,
consequently, depth resolution is enhanced. This feature in now available in
commercial Auger instruments such as the PHI 700 manufactured by Physical
Electronics.

Auger sputter depth profiling requires stringent ultrahigh vacuum
conditions because the surface exposed by sputtering may act as a getter for
residual gases. Moreover, for the same reason, the noble gas used for
sputtering must be of the highest purity [11].



476  10. Auger Electron Spectroscopy

10.7.5 Auger Images and Linescans

Scanning Auger microscopy involves the acquisition of Auger data as a
function of two-dimensional position within a defined area on a specimen.
With an excellent lateral resolution of less than 10 nm, scanning Auger
microscopy can be used effectively to image nanoscale structures and to
produce two-dimensional maps of surface elemental composition. In
combination with XPS, scanning Auger microscopy has been used recently to
successfully analyze archeological artifacts such as ancient metal surfaces
[53]. The large amount of data collected during each scan poses a significant
challenge for data storage [54]. Adequate image quality also requires times on
the order of hours to acquire Auger maps [54]. Progress in scanning Auger
microscopy has been recently reviewed [55].

Sophisticated scanning Auger microscopy instrumentation is commercially
available from several vendors, including Physical Electronics, JEOL, SPECS
and STAIB Instruments. In addition to the standard components found in a
typical Auger spectrometer, a scanning Auger microscope contains a
secondary electron detector (SED) for performing secondary electron
microscopy (SEM) imaging (Figure 10.15). Such imaging provides surface
topographic information that may be correlated to information obtained from
Auger electron spectroscopy. Moreover, by taking account of the background
signal, secondary electron microscopy may be used to suppress topographic
information and enhance chemical information when performing scanning
Auger microscopy, as demonstrated in Figure 10.16.

While an Auger map shows the relative elemental concentration as a
function of x and y, an Auger linescan measures the relative elemental
concentration as a function of x along a straight line on a sample. As with
scanning Auger microscopy, a scanning electron image provides the means to
choose the analysis line.

Electron gun

lon gun SED
Image display
System computer
Hardcopy output

device

CHA Sample

introduction
Sample
stage O

o

UHV ion pump

System electronics

Figure 10.15 Schematic diagram of a scanning Auger microscope. Adapted from [9].
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Figure 10.16 Scanning Auger microscopy of carbon fibers: (a) SEM image, (b) peak map of
carbon Auger electrons, (c) peak background map, and (d) correction for topographic effects
[11]. (Copyright John Wiley & Sons Ltd. Reproduced with permission.)

10.7.6 Research and Industry

In addition to being used as a tool in surface science research, both basic and
applied, Auger electron spectroscopy is widely used in industry as an
analytical tool to investigate surfaces, interfaces, thin films, and submicron
features. In the thin film industry, AES depth profiling is routinely carried out
for monitoring chemical composition. Auger is especially useful for detecting
small defects (< 500 A) that may play a critical role in the fabrication of small
semiconductor devices. Recent experiments have demonstrated the utility of
AES for investigating biomaterials such as hydroxyapatite [56]. The other
areas of Auger applications are found in catalysis, solid state reactions,
metallurgy, corrosion, advanced ceramics, and structural materials. A few of
these applications are discussed in more detail below.

10.7.6.1 Corrosion

While XPS is ideally suited to characterize the growth of passivating thin
films that inhibit the corrosion of stainless steel, submicron scanning Auger
spectroscopy, with its high spatial resolution, is very useful for studying
microscopic inclusions (chemical inhomogeneities) present in these protective
thin films [11]. These inclusions, acting as pit initiation sites, are known to
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compromise the corrosion resistance of stainless steel in the presence of
chloride ions [57].

10.7.6.2 Ceramics

Despite problems with charging of insulator samples, Auger electron
spectroscopy has been used to study ceramic thin film materials. For example,
Auger depth profiling was recently employed to characterize sol-gel-derived
Pb(Mg,3Nby3)07Tip30; (PMNT) thin films, a type of ferroelectric oxide thin
film that has potential applications in electro-optic, pyroelectric, and micro
electromechanical devices [58]. The Auger depth profile (intensity as a
function of sputter time) shown in Figure 10.17 demonstrates the uniform
deposition of a PMNT thin film on a platinum electrode.
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Figure 10.17 An Auger depth profile of a lead magnesium niobium titanate (PMNT) thin film
[58]. (Reproduced with permission from the Institute of Applied Physics, Japan.)

10.7.6.3 Semiconductor Industry

The surface sensitivity of Auger electron spectroscopy has been extensively
exploited in many laboratories for semiconductor research. In addition to
surface sensitivity, Auger electron spectroscopy is also very useful for
performing high resolution depth analysis of the layered material in
semiconductor devices. The relatively flat interfaces present in such devices
are especially amenable to analysis by Auger electron spectroscopy sputter
depth profiling [11]. Such Auger depth profile studies have yielded
information important for understanding interface purity, thickness, and
diffusion [11]. Moreover, Auger electron spectroscopy can be used to
combine depth and chemical state information in semiconductor devices
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Figure 10.18 Depth profile of a semiconductor material consisting of silicon and various
compounds of titanium [11]. (Copyright John Wiley & Sons Ltd. Reproduced with permission.)

(Figure 10.18). It is interesting to note that AES has also been used to
characterize room temperature single electron transistors (SET), which
represent a potential breakthrough in the quest for even smaller devices [59].

Because of shrinking device dimensions, AES has recently become a vital
tool in the semiconductor industry for process control and failure analysis
[60]. For example, because of its excellent spatial resolution and non-
destructive nature, AES 1is ideally suited to identify and characterize
submicron semiconductor defects (as small as 500 A) which are beyond the
capabilities of conventional methods based on X-ray dispersive analysis tools
[61]. An Auger defect review tool (DRT) capable of analyzing 200-mm thick
wafers has been developed and evaluated [62—64]. Despite the demanding
requirements for ultrahigh vacuum, a recent publication has recommended
that AES and XPS analysis be moved from laboratory settings to the
production line in integrated circuit manufacture [65].

10.8 RECENT ADVANCES

Recent developments in the theory of Auger spectroscopy, especially those
dealing with electron correlation, have been comprehensively reviewed [66].
We briefly review two of the Auger experimental techniques that have
undergone rapid growth in the last decade or two.
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10.8.1 Positron-Annihilation-Induced AES

First demonstrated in 1988 [67], positron-annihilation-induced Auger electron
spectroscopy (PAES) involves the detection of electron emission due to
Auger transitions initiated by positrons (the antiparticles of electrons)
annihilating core electrons. The basic principles of AES and PAES are
compared in Figure 10.19.
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Figure 10.19 Comparison of basic principles of AES and PAES.

Compared to the traditional high energy electron-induced AES, PAES
offers several advantages: (1) surface sensitivity is enhanced because
positrons are trapped in an image potential on the surface prior to
annihilation; (2) beam-induced damage is minimized because very low energy
(~15 eV) positrons are used; and (3) background of secondary electrons is
drastically reduced because the energy of the positrons is too low to excite
secondary electrons. Recent applications of PAES include distinguishing the
different crystallographic planes in semiconductors [68], determining Auger
lineshapes [69], detecting surface impurities [70], and studying the growth
dynamics of thin films [71].

10.8.2 Auger Photoelectron Coincidence Spectroscopy

Auger photo electron coincidence spectroscopy (APECS) is a powerful new
experimental technique to characterize a number of important properties such
as local electronic structure in novel solids including high temperature
superconductors [72]. In addition, despite the many challenges associated
with these measurements, APECS 1is considered a valuable tool for
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simplifying complex Auger spectra, thereby enabling a fundamental
understanding of the physical processes, including electron-electron
correlation, governing such spectra [73]. In a typical APECS experiment the
sample is irradiated with X-rays that excite both a core photoelectron and an
Auger electron, both of which are detected in coincidence (at the same time)
using two electron energy analyzers. By allowing the separation of
overlapping Auger peaks, APECS is particularly useful for analyzing samples
containing more than one element [74]. Very recent results of APECS
experiments have demonstrated the technique’s extreme surface sensitivity
[75] and ability to discern the emission depth of Auger electrons [76].

10.9 CONCLUSIONS

Auger electron spectroscopy has been used to study the surface and interfacial
properties of semiconductor devices, catalysts, metals, advanced ceramics,
biomaterials, and other novel materials. Advances during the past four
decades in Auger instrumentation have made possible the transition from
research and development to more practical applications such as quality
control and failure analysis [21]. Auger electron spectroscopy will continue
to make pivotal contributions to the continuing revolution in material science.
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