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Abstract
This review paper provides the basic background and underlying theory behind Auger electron spectroscopy (AES). Among the
many surface analytical tools, AES has been shown to be very effective for surface composition analysis. These analyses are critically
needed to better understand the interactions between the host and implant. The use of AES for titanium (Ti) and hydroxyapatite (HA)
biomaterials characterization is demonstrated in this paper. The relative peak heights of TiL M V can be used as ‘fingerprints’ for
2,3 2,3
TiO surfaces which have undergone different degrees of reduction. Similarly, for HA coatings, a shift in the phosphorus Auger peaks
2
to a higher kinetic energy indicates the presence of a phosphate group, with strong P—O bonds.
Depth compositional profiling and thin-film analysis can be performed using AES. In our studies, oxide thicknesses on Ti surfaces
range from 36.8$7.4 As to 436$49 As depending on the surface treatment. Depth profiling can also be used to determine the
subsurface composition of biomaterials. For HA coatings, a phosphorus concentration at the oxide/metal interface has been observed
to be higher than at the outermost oxide surface. The HA coatings have also been observed to coexist within the titanium oxide,
suggesting the occurrence of chemical bonding between the coatings and the metallic substrates.
However, like other analytical tools, AES has its limitations. The electron beam damage can severely limit useful analysis of organic
and biological materials and occasionally ceramic materials. Carbide buildup during long beam exposure times has been shown to
affect the relative peak-to-peak intensities of the oxygen and metal Auger signals. The determination of film thickness requires
a standard of known thickness and depth profiling of overlapping peaks can be very problematic. Even with these limitation, AES can
be a powerful analytical tool for the characterization of biomaterial surfaces. ( 1998 Published by Elsevier Science Ltd. All rights
reserved
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1. Introduction
Although bulk properties dictate the mechanical properties of biomaterials, tissue—biomaterials interactions
are a surface phenomena and are governed by surface
properties. These interactions have been hypothesized to
occur within a narrow zone of(1 nm [1]. Often, modification of biomaterials surfaces are employed as a mean of
controlling tissue—biomaterials interactions. Surface
modification for implant surfaces include passivation,
anodization, coatings and different sterilization tech-
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niques. Radio-frequency glow-discharge treatments have
been used to produce clean, surface-activated surfaces,
with thinner and more stable oxide films [2—4]. Compared to acid passivation, sterilization of titanium (Ti)
using either ethylene oxide gas or ethyl alcohol immersion has been reported to exhibit signification reductions
in fibroblast attachment, with no significant spreading
[5]. Conventional sterilization of Ti has compromised
the surface properties by depositing organic contaminants on the surfaces, thereby affecting the fibroblast
attachment. Inhibition of cell attachment on steam
autoclaved Ti surfaces has also been reported [5, 6].
Studies have also investigated the attachment of polyethylene glycol as means of inhibiting bacterial growth
[7, 8].
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The initial interaction between the host and implant
involves the conditioning of implants by serum and other
tissue fluids, thereby resulting in compositional changes
at the biomaterial surface [9—14]. Incorporation of carbonates and sodium from the biological environment
into the calcium phosphate or hydroxyapatite (HA) coatings has been reported to increase the dissolution rate of
coatings [15—17]. Spontaneous reprecipitation has been
observed to depend on environmental pH, temperature,
ionic concentrations, calcium/phosphorus (Ca/P) molar
ratio and presence of organic or inorganic elements [18].
Organic phosphates and phosphonates are well known
to have high affinities for adsorption to apatitic surfaces
[19, 20]. As a result of dissolution/reprecipitation processes at the biomaterials surface, a dynamic change in
surface composition is often observed. This dynamic surface becomes critical for intermediaries such as protein
adsorption required for the stimulation of tissue responses [17, 21].
Thus, surface characterization of biomaterials is of
prime importance for the functionality and behavior of
tissues/cells at the biomaterials-tissue interface [22—26].
Surface characterization is often required to elucidate
tissue/cellular behavior at the biomaterials—tissue interface. Modern spectroscopic surface analyses provide information on elemental composition, chemical state, and
functional groups [27]. The objective of this paper is to
present an overall view of Auger electron spectroscopy
(AES) and its use in the characterization of Ti and sputtered HA coatings.

2. Background and theory of AES
One of the commonly used spectroscopy techniques
for metallic and ceramic biomaterials is AES. Although
the technique of electron-excited AES was reported in the
mid fifties by Lander, it did not become widely used as
a surface tool for more than a decade [28]. The reason for
this delay was largely due to experimental difficulty in
retrieving the characteristic Auger features from the large
background of inelastically scattered electrons. In 1968,
AES was generally accepted after Harris demonstrated
that the characteristics of AES structures could be simply
retrieved by differentiating the electron spectrum with
respect to energy [29, 30]. These reports enabled AES to
be used for obtaining critical chemical information on the
biomaterials surface and subsurface.
The use of AES involves precise measurements of
a number of emitted secondary electrons as a function of
kinetic energy. When incident radiation, such as photons,
electrons, ions, or neutral atoms, interacts with an atom
that has an energy exceeding that necessary to remove an
inner-shell electron from the atom, Auger electrons are
produced. This interaction leaves the atom in an excited
state with a core hole or a missing inner-shell electron

Fig. 1. Schematic showing the irradiation of the KLL shell. The interaction leaves the atom in an excited state with a core hole or a missing
inner-shell electron.

Fig. 2. Schematic showing the immediate de-excitation of the excited
atom, resulting in the emission of an X-ray or Auger electron.

(Fig. 1). These excited atoms are unstable, and de-excitation occurs immediately, resulting in the emission of an
X-ray or an electron defined as an Auger electron (Fig. 2).
Fig. 2 shows the emission of a specific Auger electron via
a KL L
transition. Since most atoms have several
2,3 2,3
electron shells and subshells, it is possible for the emission of other electrons. All elements, except hydrogen
and helium, produce high Auger yields, making AES
highly sensitive for light element detection on the surface
or subsurface (0—3 nm region). AES is also used for depth
profiling, surface mapping, and thin film analysis
[31, 32]. Chemical composition at the grain boundary is
known to play an important role in such phenomena as
high-temperature stress rupture strength and microfissuring in heat-affected zones of welds. Thus, in situ grainboundary and other interfacial analyses facilitated by
fracture are routinely conducted using AES [33].
2.1. Instrumentation
Analyses using AES require the sample to be inserted
into an ultra high vacuum (UHV), usually at a base
pressure of 10~7 Pa or less. To achieve an UHV, it is
normal to bake the internal volumes in the AES system
such as the chambers and pipework. During this bakeout treatment, the outgassing rate is temporarily increased so that the internally adsorbed gas is driven off
and then pumped away. On return to room temperature,
the outgassing rate will drop and the pumps can then
produce and maintain an UHV. Bake out is controlled
automatically and is normally conducted overnight.
As previously mentioned, the only function of the
incident electron beam in AES is the ionization of core
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levels to initiate the Auger process. Thus, it is critical that
the energy in the electron beam is high enough to ionize
all core levels of interest with high and uniform efficiency.
Two types of electron sources are used in AES, thermionic and field emission. The more commonly used thermionic emission source requires that a material be heated
to a temperature high enough for electrons to have energy sufficiently greater than the work function barrier.
The electrons can then escape from the material’s surface
into the vacuum. The field emission source, also known
as the ‘high brightness’ source, operates by reduction of
the height of the work function barrier through application of a high electrostatic field. Thus, at room temperature, electrons can escape from the material into the
vacuum. The emitting area of a field emission source is
small and the emission is concentrated in a small solid
angle, thereby allowing a higher current density per unit
solid angle compared to a thermionic source.
Analysis of an AES electron energy spectrum is performed by an electrostatic electron energy analyzer.
There are many different types of electrostatic analyzers
such as the retarding field analyzers (RFA), the concentric hemispherical analyzers (CHA) and the cylindrical
mirror analyzers (CMA). The RFA has been important in
the development of the AES [34]. However, it is inherently unsuitable for general applications and has not
been used in AES because of its poor signal-to-noise
characteristics. The CHA, also known as the spherical
sector analyzer or the spherical deflection analyzer, is
used in X-ray photoelectron spectroscopy [35, 36]. The
CMA is more suitable for AES due to its very high solid
angle of acceptance which leads to high transmission
[37]. The source area of Auger electrons is nearly always
smaller than the acceptance area of the analyzer. Thus,
high transmission from a small source area generally
leads to optimization of the signal-to-noise ratio in AES.
Disadvantages in the operation of the CMA is the sensitivity to sample position which could cause a drop in
signal intensity, and a shift in peak energy if the sample is
removed from the correct focal position [37].
2.2. Data acquisition
During data acquisition, the electron energy distribution, N(E), plots contain direct information of Auger
transitions. An example of the direct N(E) spectrum is
shown in Fig. 3. The Auger electron signal is related to
the area under the appropriate peak in the direct N(E)
spectrum. The differential mode, dN(E)/dE function,
which reduces the effect of a high background, can be
generated by electronic or digital conversion methods.
A differentiated spectrum of a nickel—chromium—beryllium dental alloy surface is shown in Fig. 4. Historically,
the differential mode has been used when the Auger
electron peaks are small and, in the direct spectrum, may
be superimposed on a sloping background. This elec-
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Fig. 3. Example of an AES spectrum showing a direct electron energy
distribution, N(E), plot of Ti LMM.

Fig. 4. Example of an AES spectrum showing a differential mode,
dN(E)/dE, plot of Ni—Cr—Be dental alloy.

tronic method of generating dN/dE involves superimposition of a small alternating current voltage on the
outer cylinder and synchronous detection of the in-phase
component of the analyzer output using a lock-in amplifier. Measurement of a differential energy spectrum usually involves the peak-to-peak value of the signal. This
method of measurement is usually valid if the peak
shapes are the same in the analysis and reference spectra,
if the resolution of the analyzers used are the same for
both spectra, and if the same modulation or differentiating algorithm is used [38]. This method of measurement is also based on the assumption that the shapes of
Auger features do not change with the conditions of the
experiment (such as surface chemistry). However, studies
have demonstrated that the distortion in the shape of Ti
and titanium oxide spectra do occur, and as a result, the
peak-to-peak signals give erroneous relative values
[39, 40]. Grant et al. reported that the magnitude and
shape of Auger spectra are better behaved as a function
of the modulation amplitude, and that enormous
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improvements in signal-to-noise ratios were achieved by
double integration over the Auger structure while maintaining the ability to exactly correct for potential modulation distortions [38].
To date, the most accurate surface analyses with AES
have employed elemental sensitivities derived empirically
from standard materials of similar chemical matrix to the
unknown sample [41]. Such a procedure is complicated
by the need for the standard material to have a surface
similar to the unknown rather than just a similar bulk
chemistry. Many biomaterial surfaces, such as HA, are
too complex to characterize in many instances, and analysts have therefore relied on elemental sensitivities derived from elemental standards. However, the accuracy
of these quantitative analyses is within 30% of the element when using published elemental sensitivity factors
[42]. This high experimental error has resulted in attempts to derive equations for the semi-empirical elemental sensitivity factor [43—46]. Applying the pseudo-first
principles corrections scheme to a series of Cr—Fe, Cr—Ni,
and Cu—Au alloys, the concentrations of all tested alloys
except Cr—Fe have a smaller error than concentrations
obtained using sensitivity factors from the Handbook of
Auger electron spectroscopy [45]. Other semi-empirical
elemental sensitivities such as those derived by Payling
were reported to be comparable with experimental relative elemental sensitivities from the Handbook of Auger
electron spectroscopy, suggesting that the semi-empirical
theory is now capable of providing elemental sensitivities
for analysis, in a predictive way, where reliable empirical
sensitivities are missing [47]. It should also be noted that
the relative sensitivity factors for differential spectra is
different from the direct spectra, and that quantitative
detection sensitivity for most elements is from 0.1 to
1 at% [48].

3. Applications
Auger electron spectroscopy has been commonly used
for analyzing metallic and ceramic biomaterials [5, 49].
Two major techniques used for characterizing biomaterial surfaces are depth profiling and surface composition analyses.
3.1. Depth profiling
The use of AES during depth profiling is a destructive
technique using ion sputtering. Sputtering is site dependent with most exposed atoms having the highest
sputtering probability. However, the statistical contribution to the depth resolution for depths greater
than 10 nm is approximately constant and, depending
on the parameters, will probably be in the range
1—2 nm instead of increasing with the square root
of depth [50].

During profiling, profile distortions must be taken into
account in order to reveal the true original profile. Profile
distortions are caused by sputtering-induced topographical and compositional changes of the instantaneous
sample surface as well as changes of the electron mean
free path. Depth resolution function must be known for
the deconvolution of the measured concentration profiles. This resolution function is directly obtained by
sputtering through a very thin sandwich layer. However,
it must be noted that depth profiling of any surface
requires the ion beam to be carefully positioned. The
angular distribution of the microplanes making up the
rough substrate surface contributes to the loss in resolution. This loss can be significant, even for angular distributions as low as 1 [51]. However, the resolution
degradation is the lowest for a sputtering beam aligned
along the average surface normal. Thus, careful positioning of the analyzing electron beam is required to minimize
resolution loss due to a relatively large surface roughness.
Energetic inert gas ions, such as argon, are often used
to sputter the surface [52, 53]. Sputtering is often continuous, and AES is conducted in cycles on a set of
selected elemental peaks. The principle advantages of this
technique include (a) variable information depth, typically between 0.5 and 3 nm, (b) analyses independent of
the sputtering yield, (c) a small influence from the matrix
on the elemental sensitivity factor, (d) a small analyzed
area as compared to the sputtered area, thereby minimizing crater edge effects (e) lower electron escape depth for
low-energy transitions (LVV, MVV and etc.), (f) a smaller
data acquisition time, and (g) the possibility of continuous analysis during sputtering [53]. Like most
techniques, the main steps of depth profiling involve
calibration of the sputtering time scale in terms of the
mean eroded depth, and the intensity of the Auger signal
must be calibrated in terms of local elemental concentration. Sputtering rate or mean eroded depth of a surface is
dependent on many parameters such as energy, yield,
mass and angle of incidence of the ions and the instantaneous surface composition [46, 47, 54—56].
The sputtering rate (m/s) of a material is determined by
the equation
Sputtering rate(z)"(M/oN e)Sj ,
A
1
where M is the mole mass (kg mole~1), o is the density
(kg m~3), N
is the Avogrado number (6.02]
A
1026 kg mol), e is the electron charge (1.6]10~19 As),
S is the sputtering yield (atoms/ion) and j is the primary
1
ion current density (A m~2) [53]. However, the sputtering rate obtained from this equation is only an approximation since the sputtering yield (S) on the equation
depends on parameters such as energy, mass, angle ion
incidence of ions, and instantaneous surface composition
[52, 57, 58]. In most instances, where reliable and reproducible thickness measurements are required, the sputtering rate is measured by sputtering a layer of a standard
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Fig. 5. AES depth profile of passivated titanium. The thickness of the
oxide layer is relative to the sputtering rate of Ta O .
2 5

Fig. 6. AES depth profile of anodized titanium. The thickness of the
oxide layer is relative to the sputtering rate of Ta O .
2 5

material (usually Ta O or Ta) of known thickness for
2 5
a known period of time. Methods for acquiring a standard layer of known thickness include metallic evaporation and anodization [59—61]. The use of Ta O as
2 5
a reference material has been widely reported [5, 62—64].
The oxide thickness of all surfaces, relative to the sputtering rate of Ta O , is approximated by multiplying the
2 5
sputtering rate by the crossover time obtained from the
Auger depth profile during continuous sputtering. For
a Ti surface, the crossover time is the time corresponding
to equal intensities of the Ti and oxygen (O) Auger
signals.
The crossover time of Ti and O Auger signals on
passivated and anodized Ti surfaces is shown in Figs. 5
and 6. With a 30 take off angle, an accelerating electron
beam of 10 keV, a probe energy of 4.7]10~7 A, a modulation energy of 5 eV, a probe diameter of 10 lm, and
continuous depth profiling using argon ions at approximately 2]10~2 Pa (sputtering energy of 3 keV and
3 mA), the passivated and anodized Ti surfaces were
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found to have an oxide thickness of 41$18 and 436$49,
respectively [43].
Auger electron spectroscopy has also been used for
analyzing in vitro oxide growth on Ti [4]. After 1 week
immersion in a phosphate buffered solution, AES depth
profiles indicated as statistical increase in oxide thickness
for radiofrequency glow discharged (RFGD) Ti surfaces
from 36.8$7.4 As to 59.4$11.5 As , an increase of 61.4%.
Similarly, the oxide on autoclaved Ti surfaces increased
by 53.6% from 45.3$3 As to 69.6$9.9 As after 1 week
immersion in a phosphate buffered solution. Calcium
and phosphorus ions were also found within the oxide for
both RFGD or autoclaved surfaces, indicating the diffusion of both ions to the metallic oxide.
As observed in these studies and in other studies,
parameters for data collection are critical in preventing
misleading results. It has been observed that the length of
the alternating sputtering and analysis cycles, ion beam
energy, electron beam current density and oxidation
composition are found to significantly influence depth
profiles. Profile broadening occurs with long analysis
cycles coupled with short sputtering cycles or too low ion
beam intensities [65]. This effect is probably due to the
readsorption/reoxidation at the surface. Ion bombardment of Ti surfaces has a profound effect on surface
composition, producing a reduction of the oxide on the
Ti surfaces [66]. Depth resolution characterized by the
width of the transition region between oxide and metal
has been reported to decrease with increasing ion-beam
energy and with increasing thickness of the sputtered
layer [67]. Other studies have also shown that increasing
ion and electron beam energy results in an apparent
reduction effect and the formation and buildup of carbide
at the sample surface [68]. The mechanisms of carbide
buildup probably involves interactions between adsorbed carbon species such as carbon monoxide or hydrocarbons with an activated titanium oxide surface and the
impinging electrons [68].
It can be seen from Fig. 7 that with ion bombardment,
Ti Auger signals undergo a shape change as a result of
alternate sputtering and analysis cycles. The Ti surface
exhibits a broad asymmetrical L M M
transition
3 2,3 4,5
peak in the 400—425 eV region which is predominantly
from valence band transitions. This broad asymmetrical
peak corresponds to a TiO spectrum observed by other
2
investigators [69]. With every 10 s of ion bombardment,
this band increases and becomes more similar to a Ti
metal [69, 70]. This change in the Auger valence band
spectra has been related to transitions arising from oxygen 2s and titanium 3d, 4s molecular orbitals. Using
a molecular orbital model, differences in spectral shapes
have been reported to be linked with differences in
the density of state of oxygen-titanium molecular
orbitals [69].
Depth profiling can also be used to determine the
subsurface composition of biomaterials. In the case of ion
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Fig. 9. Ti Auger derivative surface spectrum of passivated titanium
showing a small carbide peak after minimal beam exposure.
Fig. 7. Ti
N(E) spectra of passivated titanium showing shape
LMM
changes as a result of alternate sputtering and analysis cycles.

of sputtered HA surfaces [49]. Similar to the reduction of
Ti oxide during ion bombardment, the formation of this
peak at 116.5 is thought to be either by a reduction
reaction of the phosphate group by a preferential sputtering of O, thereby resulting in an enrichment of free P at
the analyzed area.
3.2. Chemical information

Fig. 8. AES depth profile of HA coatings showing the migration of
phosphorus (P) during ion bombardment.

beam sputtered HA coatings on Ti surfaces, diffusion of
both calcium (Ca) and phosphorus (P) into the oxide
layer has been observed (Fig. 8). This diffusion of Ca and
P ions into the oxide layer has also been observed with
other analytical methods such as X-ray photoelectron
spectroscopy [71]. The coexistence of the coatings within
the titanium oxide suggests the occurrence of chemical
bonds between the coatings and metallic substrates.
Phosphorous can migrate in advance of the Auger signal
until the profile reaches the Ti oxide/metal interface.
Thus, the diffused P concentration at the oxide/metal
interface is higher than the outermost oxide surface. This
P-rich region have been formed by a rapid reaction of the
P at the oxide surface, followed by diffusion of the
P through the oxide, with a final reaction at the metallic
surface [72]. In another study, an additional peak at
116.5 eV was observed during argon ion bombardment

Auger spectra can also provide local chemical information. However, it has been reported that the length of the
analysis period significantly influences carbide buildup
on biomaterial surfaces. Since metallic Ti is a very strong
reducing agent, its surface is prone to carbide buildup. In
Figs. 9 and 10, a buildup of the carbide peak is shown
after long beam exposure whereas a significantly reduced
carbide peak is shown with minimal beam exposure.
Carbide formation can affect the relative peak-to-peak
intensities of the oxygen and titanium Auger signals,
and thus interfere with the determination of oxide
stoichiometry [67]. In another study, an adsorbed monolayer of carbon monoxide on tungsten, molybdenum,
niobium, and tantalum surfaces resulted in a shift of 0.5
to 1.0 eV to a lower energy [68]. This shift was attributed
to the electron transfer from the metal to the adsorbed
monolayer of carbon monoxide. Other factors that could
interfere with the analysis of oxide stoichiometry include
film thickness [67]. Films less than 100 As thick may be
sputtered away before steady-state sputtering is achieved.
It is known that preferential sputtering exists and thus
sputter profiling of films less than 100 As do not provide
an absolute quantitative composition [67, 71, 73]. Instead, the composition of the altered surface layer is often
reported [67].
Numerous investigations on possible beam effects have
been performed [65—67, 74]. It has been observed that the
Ti L M V peak consists of a double structure with
2,3 2,3
peaks at approximately 418 and 421 eV, respectively.
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Fig. 10. Ti Auger derivative surface spectrum of passivated titanium
showing a significant carbide buildup after long beam exposure. Overlap of the Ti and N peaks were also observed.

The relative heights of these peaks can be used as ‘finger
prints’ of TiO surfaces which have undergone different
2
degrees of reduction. At current densities less than
1 mA/cm2, no significant changes in the Ti LMV peak
have been reported, whereas gradual increases in current
density have resulted in increasing height of the 421 eV
peak [65].
Problems in providing chemical information arise
when peaks for major elements overlap. This overlapping
has been observed on nitric acid passivated Ti surfaces
and Ti nitrided surfaces (Figs. 9 and 10). The detection of
nitrogen (N) on Ti surfaces is not easily accomplished
using AES due to the overlapping of the N KL L
2 2
(384 eV), N KL L (392 ev) and Ti L M M peaks
2 3
3 23 23
(383, 388 eV). This masking of N peaks by Ti peaks
during AES analysis has been commonly observed by
investigators [64, 65, 75]. As reported in other studies,
depth profiling of TiN surfaces has been shown to be very
problematic, due to the overlapping of the N KL L ,
2 2
N KL L and Ti L M M peaks [75]. Thus, during
2 3
3 23 23
a peak-to-peak height measurement for routine depth
profiling analysis of TiN surfaces or any surfaces having
overlapping of major transition peaks, a multiple technique approach must be used when interpreting data.
Chemical bonding effects are also reflected in both the
shapes and intensities of Auger peaks, which are very
sensitive to adsorbates. The core-valence—valence (CVV)
Auger lines exhibit maximum changes due to changes in
chemical environment. Figs. 11 and 12 show no significant differences in the Auger spectra of the HA standard
and ion beam sputtered HA coatings. As shown in Table 1,
the kinetic energies of P Auger (LVV) peaks change from
a phosphide to a phosphate. This change is kinetic energy
of the P Auger peaks occurs due to a change in the P 3p
level which undergoes a chemical shift to a higher binding energy. The shape of the observed P LVV peaks
reveals that they are associated with strong P—O bonds
[76]. The O KLL Auger lines are identical in shape to

Fig. 11. PLVV N(E) surface spectra of HA standard and HA coatings.
The kinetic energies A, B, and C correspond to the energies in Table 1.

Fig. 12. OKLL N(E) surface spectra of HA standard and HA coatings. The kinetic energies, A, B, and C correspond to the energies in
Table 1.

Table 1
Auger kinetic energies ($1 ev) for HA standard and HA coatings
Samples

Peaks

P LVV

O KLL

A
B
C

87
97
112

472
489
511

A
B
C

88
97
112

473
490
512

HA standard

HA coatings
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those observed in bulk oxides [77]. The 15 eV separation
observed between the two principal phosphorous peaks,
B and C in Fig. 11, is in excellent agreement with the
principal Auger peaks observed and calculated for the
Li PO , which is an ionic material. In other words, using
3 4
AES, the chemical composition of the sputtered HA
coatings is similar to the HA standard. In combination
with other analytical analyses such as X-ray diffraction,
Fourier transform infrared spectroscopy and X-ray
photoelectron spectroscopy, the sputtered HA coatings
was concluded to have chemical and structural properties similar to HA [12, 71, 78—80].

4. Summary
Analysis of the surface composition of biomaterials is
critically needed to better understand the interactions
between the host and implant. Among the many surface
analytical tools, AES has been shown to be very effective
for surface composition analysis, with ability to detect all
elements except hydrogen and helium. Depth-compositional profiling and thin-film analysis can also be conducted with AES. However, it should be remembered
that electron beam damage can severely limit useful analysis of organic and biological material and occasionally
ceramic materials. Electron beam charging may limit
analysis when examining highly insulating materials.
Carbide buildup during long beam exposure can affect
the relative peak-to-peak intensities of the oxygen and
metal Auger signals, thereby interfering with the determination of oxide stoichiometry. In addition, the accuracy of quantitative analyses is limited to the availability
of standards ($30% of the element when using published
elemental sensitivity factors). Semi-empirical elemental
sensitivities, comparable to the Handbook of Auger electron spectroscopy, have been developed, suggesting that
the semi-empirical theory is capable of providing reliable
elemental sensitivities where reliable empirical sensitivities are missing. Although AES can be powerful tool for
the characterization of biomaterial surfaces, the operator
must be aware of its limitations. In summary, AES when
used with other techniques such as X-ray diffraction,
X-ray photoelectron spectroscopy, Fourier transform
infrared spectroscopy, and Raman spectroscopy can
contribute valuable data required to fully characterize
biomaterials surfaces.
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