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Chapter 3

ELECTRON BEAM ENHANCED OXIDATION

3.1 INTRODUCTION

Electron irradiation of a surface has been observed to stimulate surface
oxidation [1,2]. In this thesis, this phenomenon is encountered during surface
segregation studies with Auger electron spectroscopy of boron in Ni3Al alloys,
when the surface is exposed to the electron beam for longer periods. Attempts
to probe the development of boron with time at the surface require the
continuous acquisition of Auger spectra at several sites. This means that a site is
exposed to the electron beam for a few minutes, after which the beam is moved
to probe other sites before the electron beam returns to the first site again. These
measurements lead to enhanced oxidation of the exposed sites, which has been
previously observed for pure Ni surfaces under the influence of an electron
beam. The areas that are exposed to the electron beam have a different, much
brighter, appearance in secondary electron images than the non-exposed areas,
where the observed oxide intensities in Auger spectra are smaller. In this
chapter, a separate study is devoted to this surface phenomenon.

Oxygen adsorption and oxide formation on Ni3Al were studied in the past [3-5].
At atmospheric pressure, NiO, NiAl2O4 and Al2O3 are the oxides that are
formed on polycrystalline Ni3Al surfaces [4,5]. In contrast, at low oxygen
pressures under ultrahigh vacuum conditions the preferred oxide on these
surfaces is Al2O3, with a structure that strongly depends on the adsorption
temperature. On a Ni3Al surface, ordered γ’-Al2O3 is formed after oxygen
adsorption at 1000 K, irrespective of oxygen dose and sample preparation [3].
At this temperature, aluminum surface segregation is not hindered and it
controls the formation of aluminum oxide at the surface.
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At 300 K (RT), the situation is different. The temperature is too low for
significant Al diffusion in the strongly ordered Ni3Al. Therefore, the oxygen
chemisorbs on nickel sites or mixed Ni/Al sites. The observed surface structure
is disordered, leading to the conclusion that Al2O3 is not formed, although the
oxygen starts to be incorporated with increasing oxygen exposure [3]. This was
also confirmed by room temperature scanning tunneling microscopy (STM)
studies [6,7], which indicated the formation of small oxide nuclei on Ni3Al (111)
surfaces and an oxide formation that is governed by the mobility of O atoms
rather than by a substantial transport of metal atoms.

Contrary to pure Ni [8,9,10], the kinetics of the oxidation of Ni3Al during
simultaneous exposure to an electron beam has not been studied before.
Fundamental and technological interests in the field of corrosion and catalysis
have given an impetus to numerous investigations on the growth of oxide
layers on pure Ni [11-14]. Furthermore, these studies are important for
lithography techniques in microelectronic device fabrication [15], exchange-bias
junctions [16] and aerospace technology [17,18]. Several of these studies have
taken into account the electron stimulated oxidation that occurs under the
influence of exposure to an electron beam [9,10]. Oxidation of Ni under the
influence of an electron beam has been described by a model that assumes that
the electron beam creates additional nucleation sites for oxidation [9]. The
electron flux and an oxidation rate constant are the most important parameters
of this model.

In this chapter, the kinetics of oxidation of Ni3Al with and without B is
recorded. Because electron beam enhanced oxidation is encountered during
segregation studies on these alloys, but has been studied before on pure Ni, the
oxidation kinetics of pure Ni and Ni with B in solid solution are recorded as
well, in order to compare the present data with earlier work. The Auger
intensities of oxygen and the other elements present are measured as a function
of time. Different models for oxidation will be compared by confronting these
to the experimental data. To test the influence of electron flux on the oxidation
kinetics, electron beam current and beam size are varied.

Stoichiometric polycrystalline Ni3Al and Ni3Al-B are obtained from Highways
International. The chemical compositions, weighed before melting, are 75 at.%
Ni, 25 at.% Al for the specimens without boron and 74.7 at.% Ni, 24.8 at.% Al
and 0.5 at.% B for the specimens containing boron. These specimens are
cylindrically shaped and, after notching, ready for in situ fracture. Flat, polished
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specimens of this material are used as well to reduce topographic effects.
Furthermore, pure Ni (99.999 at.%) and Ni- 9 at.% B (manufactured through arc
melting of the pure constituents) specimens are used. These specimens are flat
and are not fractured in situ before oxidation. The specimens are inserted into
the analysis chamber of the JEOL JAMP 7800F, where the oxidation
experiments are executed. The flat, polished specimens are sputter cleaned by
3 keV Ar+ ions in the analysis chamber of the JAMP 7800F before oxidation.

3.2 THE OXIDATION MODEL

Electron beam enhanced oxidation of pure Ni proceeds through a fast
chemisorption stage, followed by rapid oxidation and, finally, by a very slow
thickening of the saturated nickel oxide layer, with a saturation thickness of 3
monolayers of NiO [8]. In figure 3.1 the development of the Ni and O peak-to-
peak heights with time on a pure Ni specimen is shown. Three sites are exposed
sequentially, meaning that during a cycle each site is exposed to the electron
beam for three minutes interrupted by six minutes of non-exposure, after which
the cycle is repeated. The spot size of the beam is 5 µm, with an accelerating
voltage of 10 keV and a primary electron beam current of 2.4 nA. Oxygen is
provided by residual gases in the UHV environment of the JEOL JAMP 7800F
and therefore the exact partial pressure of oxygen is unknown. Remarkably, the
measured intensities of carbon are very low and do not increase during
exposure.

Figure3.1: Evolution of Ni and O intensities with time on pure Ni
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Clearly visible in figure 3.1 are the fast increase during the first 1⋅104 s
(chemisorption stage, CS), the slowly increasing intensity afterwards and the
fast increase between 3⋅104 and 1.5⋅105 s, the fast oxide growth regime (FO). Due
to the coverage of oxygen, the Ni intensity decreases simultaneously with the
increase of O.

The oxidation of Ni has been described in the past by various oxide growth
models, which will be the starting point in this section. The island growth
oxidation model [8,11,14] assumes lateral growth of oxide islands which
depends on various parameters such as the number of initial nucleation sites,
the collision rate of O molecules/atoms with the substrate, as well as the rate
constant 1K  for perimeter growth of the oxides. Another model, developed by
Zion et al. [11], termed as the Langmuir model, is based on the assumptions
that the oxidation growth rate depends on the impingement rate of oxygen
molecules, Langmuir oxide coverage, and a rate constant. For both models, the
O coverage Θ  can be described as a function of exposure Φ, from the onset of
the fast oxide growth regime

Θ Φ Θ Θ Θ Φ Φ Φ Φ( ) ( )exp[ ( ) ] )= − − − − >sat sat chem o  (K c o
c (3.1)

with Φ the O exposure (Langmuir), Kc an oxidation constant, Θchem the coverage
at chemisorption saturation (monolayers), Θsat the saturation coverage
(monolayers) and Φ0 the oxide onset exposure [8,11,14]. The island growth
model has a second order dependence on Φ, c = 2 (growth rate dependence on
island perimeter), whereas the Langmuir model has a first-order dependence on
Φ, i.e. c = 1. Both models do not explicitly include electron beam effects. Wei Li
et al. [9] proposed a model for electron beam induced oxidation that assumes
that incident electrons create additional nucleation sites where oxide growth
takes place. Because this model describes oxidation of a surface with
chemisorbed oxygen (not more than one monolayer) already present, the
electron beam probably induces in-depth oxide growth. Therefore, more than
one monolayer can form upon beam irradiation. The oxide nucleation sites
probably are some type of electron rich site similar to F-center anion vacancies
created by sputtering a NiO surface [10]. The number of nucleation centers, N,
created by the electrons follows a first order rate law

dN
dt

N N e= −( )0 φ σ (3.2)
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where N0 is the saturation number of nucleation centers, φe the electron flux (in
electrons per m2 per second) and σ is the cross section for the creation of
nucleation centers by the electron beam. The rate of oxide growth on nickel can
then be described as

d
dt

k N
N

θ
θ θ= −satb g

0

(3.3)

where θ is the oxide coverage, θsat saturation coverage, t the exposure time and
k the rate constant for oxide growth around the nucleation centers. Integration
of both equations leads to

Θ Θ Θ Θ( ) ( ) [ ( / )(exp( ) )]t kt k te e= − − − − − −sat sat chem exp  ϕ σ ϕ σ 1 (3.4)

with the condition that θ = θc at t = 0, i.e. this model describes the oxygen
evolution at a surface where the chemisorption stage is already finished. This
model is applicable for the description of the oxidation growth regime of pure
Ni, i.e. from the onset of the steep rise in figure 3.1, after 3⋅104 s. Figure 3.2
shows the evolution of oxygen with time on pure Ni, in the regime of oxidation
growth. A fit to the data using equation (3.4) is shown as a solid line in figure
3.2.

Figure 3.2: Evolution of O intensity with time on pure Ni (circles) and fit to the data (line)

It can be seen that the model of Wei Li et al. provides a good description of the
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not exposed to the electron beam show oxygen intensities that do not exceed the
chemisorption intensities, i.e. the intensities that are measured in the first 3⋅104 s
in figure 3.1.

3.3 OXIDATION OF NI3AL, NI3AL-B AND NI(B)

Electron beam enhanced oxidation of Ni3Al-B occurred during attempts to
monitor the development of B at the surface. The electron beam enhanced
oxidation hinders the observation of the B surface segregation, but enables the
study of the oxidation kinetics of Ni3Al at room temperature in an environment
with a low oxygen partial pressure. Besides in situ fractured specimens,
polished cross sections of Ni3Al-B are exposed to the electron beam as well.
Prior to oxidation the surface is cleaned by means of Ar+ bombardment.
Cleaning is necessary to remove the contaminants present at the surface, but it
leads to a Ni-rich surface due to preferential sputtering of Al [19]. On a
polished, cleaned Ni3Al-B surface three sites are exposed subsequently, leading
to the three bright spots that can be observed in the SE image in figure 3.3 (left).
Figure 3.3 (right) shows the Auger intensity map of oxygen, which clearly
reveals the local increase in oxygen intensity. The used beam spot size is 10 µm,
which is the size of the bright spots, and the beam current is 2.4 nA. The Auger
intensity map displays the ratio (P-B) / B, where P is the intensity at the peak
position of oxygen in the spectrum and B is the background intensity at the
right side of the peak in the direct spectrum.

 Figure 3.3: Scanning electron (left) and scanning Auger (right) microscopy images of three
oxidized sites on a Ni3Al-B surface

10 µm 10 µm
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The evolution of the observed oxygen intensity is shown as circles in figure 3.4.
The difference in oxidation behavior with pure Ni can be discerned
immediately, namely the absence of a well defined, separate, chemisorption
regime. The fast oxide growth stage immediately starts, surpassing the
chemisorption stage. Chemisorption does occur during the first oxidation
cycles, but is almost impossible to distinguish due to the simultaneous fast
oxide growth. However, when a numerical fit using the model of Wei Li et al. is
performed, it can be seen to deviate slightly in the first cycles only (squares in
figure 3.4). The model is developed for pure Ni with a completed chemisorption
stage; therefore the fit shows the positive curvature in the first cycles that is
seen at the onset of fast oxide growth in pure Ni. The chemisorption stage is
characterized by a negative curvature. The data in figure 3.4 show an almost
straight line at the onset due to simultaneous chemisorption and oxide growth.
The fit yields 1

3
kNi Al B− = 1.9⋅104 s and ϕeσ = 2.2∙10-4 s-1. Furthermore, fits to the

data were performed using equation (3.1) (Langmuir and island growth model),
with c as a variable parameter. The best fit to the data is depicted in figure 3.4 as
a solid line. This yields a characteristic exponent c = 1.23 ± 0.02. Based on these
fitting results the island growth model is disregarded, because fitting with
exponent c = 2 does not yield adequate fits. Fitting with exponent c = 1 leads to
only minor deviations, which is reasonable because the oxidation data (circles)
in figure 3.4 almost form a simple exponential curve.

Figure 3.4: Evolution of oxygen on Ni3Al-B, averaged over three spots of 10 µm (circles). The
solid line represents a fit with equation (3.1) and the squares refer to the model of Wei Li et al.

Figure 3.5 shows similar data for oxidation of an undoped Ni3Al surface. The fit
yields for undoped Ni3Al: 1

3
kNi Al = 1.8⋅104 s and ϕeσ = 2.5∙10-4 s-1. The fit with
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equation (3.1) yields a characteristic exponent c = 1.27 ± 0.03. The obtained
values for undoped and doped Ni3Al do not differ much from each other, yet
oxidation of an undoped surface seems slightly faster than a boron doped
surface.

Figure 3.5: Evolution of O intensity on Ni3Al, averaged over three spots of 10 µm (circles). The
solid line is a fit with equation (3.1), the squares represent the fit by the model of Wei Li et al.

From the values obtained for ϕeσ the cross-sections for the creation of oxide
nucleation centers may be estimated. The beam current used in all previous
oxidation experiments is 2.4 nA, which yields ϕe = 1.9∙1020 electrons/m2⋅s, for a
spot size of 10 µm. For Ni3Al-B, a cross section of 1.1∙10-24 m2 is obtained,
whereas for Ni3Al the obtained cross section is 1.3∙10-24 m2.

Compared to pure Ni, the oxidation process of Ni3Al is much faster and, as a
result, the obtained cross section for the creation of nucleation centers for pure
Ni is orders of magnitude smaller. The fit in figure 3.2 yields for pure Ni:
1 kNi = 3.1⋅104 s and ϕeσ = 1.3∙10-5 s-1, which corresponds to a cross section of
1.7∙10-26 m2, using the same beam current and a spot size of 5 µm. Although
these values are much smaller than those for pure Ni held at 120 K (3∙10-21 m2)
[9], an adequate comparison is difficult. In that same study a large difference
was found between low temperature oxidation, where the electron beam effect
was much more pronounced, and room temperature oxidation, where the
difference between oxidation of exposed and non-exposed surfaces was
negligible [9]. However, adsorption of CO and CO2 onto a Ni(110) surface was
observed to be strongly influenced by electron bombardment, at room
temperature (20). In our study, it is unknown how the oxidation itself takes
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place, but it is most likely due to dissociation of oxygen containing molecules
such as H2O, which are present in the UHV atmosphere. Therefore, probably
the oxide nucleation sites are some type of electron rich site similar to F-center
anion vacancies created by sputtering a NiO surface. These sites have shown
evidence of dissociative adsorption of molecular O2[10]. The partial pressure of
oxygen in the vacuum chamber may be limiting the process, obscuring the
calculation of the cross section.

In figure 3.6, the development of the intensities for all elements present, B, O, Ni
and Al, is shown. The large decrease of the Ni intensity accompanied by the
increase of O is striking and resembles the oxidation of pure Ni. However, what
has to be taken into account is that the surface is Ar+ bombarded and therefore
Ni-rich. Estimations of the quantity of Ni in the outermost atom layer yield,
using the ratio of sputter yields [19], concentrations of 82 at.% or more.
Therefore, the attenuation effect of oxygen on top of the surface will be the
highest for Ni. This effect is amplified by the larger inelastic mean free path
(IMFP) of Al Auger electrons. Calculated IMFPs in pure Ni show that Al (1390
eV KLL) electrons have an IMFP of ~ 1.9 nm, whereas that of Ni (842 eV KLL)
electrons is ~1.3 nm [21]. Because the Al signal can originate from deeper inside
the material, the attenuation effect of a chemisorbed element at the surface on
the intensity will be less. Figure 3.6 shows a fast, albeit small decrease in Al
intensity in the first cycles, after which it stabilizes.

Figure 3.6: Evolution of the intensities of B, O, Ni and Al

Contrary to pure Ni, the fast oxide growth starts immediately and is
accompanied by a decrease in Al intensity. On elements with a high oxygen
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affinity such as pure Al (111) [22] and Mg (0001) surfaces [23], oxide nucleation
is observed before the saturation of chemisorption is reached.

This leads to the conclusion that the participation of Al in the oxidation process
of Ni3Al(-B) is rather indirect, compared to high temperature oxidation, where
Al can segregate and O can diffuse inwards, leading to Al2O3 formation. At
room temperature, Al atoms at the surface are immediately covered with
oxygen and due to the presence of Al the fast oxide growth starts immediately.
However, the most drastic effect of the oxygen coverage is on the Ni intensity,
because most of the atoms at the surface are Ni and the oxygen incorporation,
without structural changes, only comprises a few atomic layers [8].

As a master alloy for the preparation of Ni3Al-B, an alloy of Ni-9 at.% B is made
by arc melting. The amount of B is far beyond the solubility limit in Ni (~0.1
at.%), which means that the alloy will decompose into two phases, Ni3B and Ni
with B in solid solution, Ni(B). A secondary electron image and Auger map of B
are shown in figure 3.7.

Figure 3.7: SE image of the Ni-B alloy (left) and Auger map of B (right)

From the Auger map it is clear that the dark regions in the SEM image
correspond to the Ni3B phase. During the acquisition of the Auger map, the
Ni(B) surfaces are oxidized by the electron beam, whereas the Ni3B surfaces
show only minimal oxygen intensities after exposure to the electron beam. The
observed oxygen intensities are, relative to the nickel intensities, comparable to
the observed intensities on pure Ni after saturation of the chemisorption
regime. Ni3B therefore seems more resistant to electron beam enhanced

1 µm 1 µm
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oxidation. Figure 3.8 shows the kinetics of the oxidation of the Ni(B) phase,
after ion cleaning, with a beam size of 5 µm and a beam current of 2.4 nA.

Figure 3.8: Development of oxygen intensity with time on Ni(B)

It is clear from figure 3.8 that the development of the oxygen intensity on Ni(B)
is similar to that on pure Ni. The presence of boron is causing the process to
occur faster, but the oxygen curve retains its characteristic S-shape. The
obtained values for the constants in equation (3.4) are: 1 kNi B( ) = 2.0∙104 s and
ϕeσ = 2.8∙10-5 s-1, which means that the process is faster than on pure Ni and
slower than on Ni3Al, with accompanying larger and smaller cross-sections for
oxidation, respectively.

Figure 3.9 shows a more detailed image of the chemisorption regime in Ni(B).
The oxidation curve follows the characteristics of exponential growth, as
described by Holloway and Hudson [8]. The line in the figure is an exponential
fit to the data, according to

I C k tch= − −( exp( ))1 (3.5)

where C is the intensity at the saturation of chemisorption. This yields a
characteristic time of 1/kch ~ 4.5∙103 s, which shows that the kinetics of the
chemisorption regime is faster than the oxide growth regime.
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Figure 3.9: The chemisorption regime in Ni(B)

3.4 FLUX EFFECTS ON ELECTRON BEAM ENHANCED OXIDATION

One of the most important variables in the model of Wei Li et al. is the incident
electron flux. In order to validate this model, a Ni3Al-B surface is again
oxidized, but with different electron fluxes for the different sites. The JEOL
JAMP 7800F can vary its beam spot size in discrete steps of 5 µm. Because the
primary beam current is always the same during one measurement, the electron
flux varies and different sites are oxidized simultaneously with different fluxes.
Because beam size and current are known, the flux can be easily calculated.

Figure 3.10 shows the evolution of oxygen peak-to-peak heights during electron
beam enhanced oxidation. The six sites of diameters 5, 10, 30, 50, 70 and 100 µm
are exposed sequentially every cycle. The beam current is 2.4 nA.

For reasons of clarity, the data for 10 µm are omitted, because they closely
resemble the 5 µm data. From figure 3.10, the strength of the Wei Li model
becomes clear. The data for 5 and 10 µm can be reasonably fitted with the
Langmuir model, because both curves approximately follow a simple
exponential behavior. However, for smaller electron fluxes, the curve shapes
clearly deviate from a simple exponential form. The data for 5 µm are
accompanied by a fit of the Wei Li model, which adequately describes the
kinetics. The larger spot sizes (lower fluxes) are characterized by slower
oxidation and, eventually, less oxygen intensity. This is confirmed by the Auger
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map of oxygen for these six sites (figure 3.11), which shows high intensities for
the smaller spots and lower intensities for the larger spots.

Figure 3.10: Evolution of oxygen peak-to-peak heights for different beam sizes (different fluxes)

Figure 3.11: SE image (left) and Auger map of oxygen (right) after electron beam enhanced
oxidation with different beam sizes (µm). The dwell time was 100 ms, with minimum spot size

When the incident electron flux becomes smaller, the chemisorption regime at
the very beginning (first 1.0∙104 s) can be distinguished again, like in pure Ni. In
the curves for d = 50, 70 and 100 µm, becoming clearer with increasing spot size,
the characteristic curvature of chemisorption in the first cycles can be seen. The
fit using the Wei Li model will then deviate from the data, because it assumes a
completed chemisorption stage. Therefore, an extra term is added to
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equation (3.4) (of an exponential form [8]) to include the chemisorption regime
and describe simultaneous chemisorption and oxide growth, which yields

I t A A B kt k t C k tO e e ch( ) ( )exp[ ( / ){exp( ) }] exp )= − − − − − −ϕ σ ϕ σ 1  - (-   (3.6)

In this equation kch is a chemisorption reaction constant and the coverage Φ is
rewritten as Auger intensity I (Φ and I are proportional for the first monolayer
of O), which was used to obtain the fits to the measured intensities. Fits
according to this equation are performed for both 30 and 50 µm but shown only
for spot size d = 50 µm and are seen to reproduce the data in all oxidation
stages.

The fitting parameters for the 5, 10, 30 and 50 µm spot sizes (for the larger spots
the intensities do not reach saturation, which is necessary for a correct fit) are
given in table 3.1.

Table 3.1: Fitting parameters for the oxygen intensity curves of figure 3.10 with equation (3.6)
d (µm) A B C ϕeσ (s-1) k (s-1) kch (s-1-)

5 1400 131 0 7.5∙10-4 ± 8.8∙10-5 5.7∙10-5 ± 8.2∙10-7 0

10 1357 157 0 7.0∙10-4 ± 8.2∙10-5 4.8∙10-5 ± 6.7∙10-7 0

30 1294 393 272 3.0∙10-5 ± 6.7∙10-6 5.2∙10-5 ± 4.3∙10-7 2.2∙10-4 ± 4.3∙10-5

50 1164 442 307 7.8∙10-6 ± 2.3∙10-6 3.7∙10-5 ± 3.8∙10-6 1.0∙10-4 ± 1.4∙10-5

From table 3.1 it can be seen that the chemisorption process occurs fast
compared to the oxide growth, since kch > k. The fits to the 5 and 10 µm datasets
are performed without the chemisorption term, therefore C and kch are zero. The
fitting parameters of the 5 and 10 µm curves in table 3.1 are very similar, as are
the curves themselves. Because there is a difference in electron flux from 5 to 10
µm, but not in ϕeσ, there seems to be a difference in cross section. However, for
both 5 and 10 µm the term ϕeσ is much larger than k, meaning that
equation (3.4) will be mainly governed by exp(-kt) after a small period of time,
for large fluxes. The oxidation curves will, besides a slight deviation in the first
cycles, follow exponential behavior. Physically, this would mean that at
sufficiently large electron fluxes the oxide growth rate is less dependent on the
number of nucleation sites, which is large enough anyway, but mainly on the
present oxygen partial pressure, which is very low in this case. Therefore,
independent of the incident electron flux, the oxidation cannot proceed faster
than at a certain rate. For smaller fluxes, the creation of nucleation sites is the
rate limiting factor and the speed of oxidation decreases with decreasing flux.
This will lead to inaccurate estimations of the cross sections at larger fluxes.
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After oxidation of the sites in figure 3.11, a depth profile of oxygen is obtained,
with a sputtering rate of ~0.15 nm/min, calibrated with respect to SiO2. The
results are shown in figure 3.12.

Figure 3.12: Depth profiles of oxygen for different beam sizes (in µm)

From figure 3.12, it is clear that smaller spots have thicker oxide layers, but
several factors that hinder the quantification of absolute oxide thickness have to
be taken into account. From the discussion in chapter 2, it seems that atomic
mixing and redeposition of oxides are most important in this case. However,
quantification of the amount of O and the absolute oxide thickness is not the
main objective of this depth profile, but rather the comparison between the
different spots. In the ideal case, the oxide thickness corresponds to the depth
where the O intensity reaches the minimum. However, the actual thickness
must be smaller than that indicated in figure 3.12, because both effects
mentioned overestimate the oxide thickness. Moreover, the distances between
the measured sites are about the size of the sputtered area (~500 µm). This
makes it doubtful whether the sputtering rate is the same on every site. The
spots with different sizes are randomly distributed over the surface; therefore
the general trend that emerges from this picture remains clear.

In order to further quantify the effect of the electron flux a series of electron
beam enhanced oxidation experiments was performed while increasing the
beam current by an order of magnitude (24 nA). Clearly for d=30 and 50 µm
spot sizes complete saturation is achieved as is seen in figure 3.13, in
comparison with figure 3.10. The time necessary for saturation of the 30 and 50
µm curves using 24 nA is the same as for 5 and 10 µm using 2.4 nA. This, and
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the fact that the oxidation of the 5 and 10 µm spots at 24 nA saturated at a
similar timescale, confirms the assumption that the oxidation cannot proceed
faster than at a certain rate. An estimation of the partial pressure of H2O
molecules of 5∙10-9 Pa (~10% of the ambient pressure, which would be rather
high) yields the buildup of one monolayer of oxygen in 2∙104 s. This is of the
same order of the time necessary for chemisorption. The oxygen supply from
the vacuum chamber is most probably the limiting factor. In the beginning of
the oxidation process, the partial pressure of oxygen containing molecules may
be higher due to the preceding ion-cleaning of the surface. The data for d = 5
and 10 µm spot sizes are not shown in figure 3.13, because they would obscure
the data for 30 and 50 µm For d = 70 and 100 µm the oxidation is weaker and the
chemisorption regime can be distinguished.

Figure 3.13: Evolution of oxygen peak-to-peak heights for different beam sizes (different fluxes)
using 24 nA beam current

In figures 3.10 and 3.13 only the acquired data for oxygen, i.e. the oxygen peak-
to-peak intensities, are shown. However, intensities depend on topography and
(in the case of extremely large areas of measurement, ~ 1 mm2) place of origin.
Therefore, the oxygen intensity has to be compared with the intensity of Ni,
which has the same dependence on topography and origin. The absolute O and
Ni intensities at the beginning of oxidation and at saturation are similar for all
data sites, except for 100 µm, where the absolute Ni intensity is much lower.
Therefore, although in figure 3.13 the absolute O intensities differ for 70 and 100
µm, the relative intensities (the O/Ni intensity ratios) for 70 and 100 µm are
comparable.
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The SE image and Auger map of oxygen are shown in figure 3.14. Minimum
spot size was used for the Auger map, with a dwell time of 100 ms.

Figure 3.14: SE image (left) and Auger map of oxygen (right) after electron beam enhanced
oxidation with different beam sizes (in µm)

3.5 DISCUSSION AND CONCLUSIONS

The oxidation kinetics of pure Ni, Ni3Al, Ni3Al-B and Ni(B) under the influence
of an electron beam can be adequately described by a model assuming the
creation of extra oxidation nucleation sites by the electron beam. Because this
model describes oxidation of a surface with chemisorbed oxygen (not more
than one monolayer) already present, the electron beam probably induces in-
depth oxide growth. Therefore, more than one monolayer can form upon beam
irradiation. The oxide nucleation sites probably are some type of electron rich
site similar to F-center anion vacancies created by sputtering a NiO surface. On
pure Ni and Ni(B) the chemisorption regime is separated from the fast oxide
growth regime, whereas for Ni3Al both regimes overlap. The fast oxide growth
surpasses the chemisorption regime, which hinders the direct observation of the
chemisorption regime, unless lower electron fluxes are used. Different electron
fluxes were used to validate the model. At lower fluxes, surface oxidation
slowed down and the chemisorption regime could be distinguished. At higher
fluxes no faster oxidation was observed. Here, the electron flux and therefore
the created number of nucleation sites is so large that the amount of oxygen
present in the vacuum chamber becomes the rate limiting factor, determining
the oxidation kinetics. In the model, the oxidation rate is then governed by the
term exp(-kt) after the first cycles, which causes the reasonable agreement with
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the simple exponential Langmuir model. The strength of the Wei Li model
becomes clear upon variation of the electron beam spot size and therefore the
incident electron flux. Together with an extra term that describes the
chemisorption regime, it can adequately fit all oxidation stages. The addition of
the extra term is necessary because, contrary to pure Ni and Ni(B), the
chemisorption and fast oxide regimes overlap for Ni3Al(-B),

It needs to be pointed out that all oxidation curves were obtained with
measurement cycles consisting of sequentially exposing several sites to the
electron beam while measuring the intensity, after which the next cycle starts.
Previous investigations [10,13] have revealed that it is not necessary to expose
the sites to an electron beam continuously, because oxidation was already
observed after single exposure of a surface to an electron beam and subsequent
oxygen exposure. From these observations, it was concluded that created
nucleation sites remain metastable for some time after exposure [10], although
the number of nucleation sites is decaying with time and depends on the
temperature as well. In order to confirm this assumption a comparison was
made between the oxidation of undoped Ni3Al on a single site (continuous
exposure) and the oxidation of three sites (alternating exposure / non
exposure), as in figure 3.5. Saturation was reached after similar periods of time:
~ 6⋅104 s for three sites and ~ 7⋅104 s for one site. The sequential oxidation even
seemed somewhat faster, which may be attributed to different pressures during
the measurements. It has to be pointed out that for the sequential oxidation
each cycle consisted of ~9 minutes, meaning three minutes exposure and six
minutes non-exposure. Longer periods of non-exposure between exposure may
lead to differences in oxidation rate, because the number of nucleation sites is
assumed to decrease with time when the surface is not exposed. However, it is
likely that this effect is only visible at larger spot sizes or smaller incident
fluxes, because it is concluded that for the conditions used the amount of
oxygen present is the rate limiting factor and not the number of created
nucleation sites.

Comparing the fast oxide growth for Ni3Al(-B) with that of Ni at low
temperatures (147 K), where the chemisorption regime is suppressed, we
assume that the O sticking coefficient remains close to 1 [8,14]. Only upon
saturation, it will decrease below 0.1. An initial sticking coefficient of 1 is
assumed. For pure Ni at room temperature, the sticking coefficient already
becomes lower than 0.1 during the chemisorption regime and will remain
below that value, even during the fast oxide growth [8,14].
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The phenomenon of electron beam enhanced oxidation is encountered during
boron segregation studies in Ni3Al and is found to obscure the observation of
surface segregation as a function of time. However, a change of the electron flux
leads to a decrease of the oxidation rate. Figure 3.15 shows that when a lower
incident electron flux is used, some development of B at the surface can be
visible. B surface segregation occurs before saturation of the fast oxide growth
regime. In figure 3.15, the evolution of Ni, Al, O and B intensities with time is
shown. The increase in B intensity is clearly visible, as well as the saturation at
~9⋅104 s. When larger fluxes are used, the oxidation process is already
completed at ~6⋅104 s (figure 3.5), long before the saturation of B intensity. In
figure 3.15, the beam spot size was 100 µm, with a current of 2.4 nA.

Figure 3.15: Evolution of the intensities of B, O, Ni and Al, using a low electron flux

The oxidation process or other electron beam effects may play a significant role
during attempts to monitor processes at the surface. Therefore, special care has
to be taken in surface segregation studies, because of the irreversible changes
that are associated with oxide formation by the electron beam.
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