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Electron-stimulated oxidation of Ni(111) at low temperature
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Abstract

We have found that electron beams from 5 eV to 2 keV stimulate facile nickel oxide growth on Ni(111) at 120 K, and
that oxidation occurs extremely slowly at low temperatures when electron irradiation is absent. These results differ
significantly from previous studies, discrepancies which can be attributed to synergistic effects involving electrons. A model
is proposed which quantitatively accounts for the data and yields relevant cross sections. These findings are of fundamental
importance to metallic oxidation and corrosion, and may find application in electron beam and STM lithography.
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Metallic oxidation and corrosion are phenomena
of central importance to interfacial chemistry and
materials science. In this Letter we report recent
findings which demonstrate that synergistic effects
involving electrons, oxygen, and the Ni(111) surface
at low substrate temperature can lead to significant
changes in the oxidation chemistry of this interface.
Low temperature studies of nickel oxidation are rather
scarce, and are in general agreement that oxygen
uptake proceeds through a rapid chemisorption stage,
followed by oxide nucleation and growth to a satura-
tion thickness of approximately three layers [1-3],
similar to the saturation coverage at room tempera-
ture [1-5].

In the present work, we have carefully reinvesti-
gated Ni(111) oxidation at 120 K. We have discov-
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ered, in contrast to previous work [1], that at this
temperature nickel oxide growth proceeds extremely
slowly (if at all) after completion of an initial oxygen
chemisorption stage. We present clear evidence that
explains this important discrepancy, namely that
electrons stimulate the oxidation of Ni(111) at low
temperature. A mechanistic model is proposed which
quantitatively accounts for the data and yields rele-
vant cross sections for the electron-stimulated oxida-
tion of this interface. These findings have obvious
and important implications for other systems. Elec-
tron irradiation either during oxygen exposure, or
alternating with it, can lead to this effect, indicating
that the electron beam creates nucleation centers for
nickel oxide growth.

The ability of electrons to perturb experimental
systems such that they deviate from their typical
behavior has been well documented in the literature.
One of the most obvious situations is when electron
bombardment can induce damage or structural change
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at an interface, as has been reported for low energy
electron diffraction (LEED) studies for many years
[6]. More directly related to this study are instances
where electrons provide a powerful method of stimu-
lating physical and chemical effects and establishing
new phenomena: electrons can stimulate desorption
[7], adsorption [8], dissociation [9], migration [10],
and oxidation [11,12]). These effects clearly show
that electrons have the capability to modify the
nascent phenomena being investigated, at times so
markedly that the conclusions drawn may not be
directly applicable to the unperturbed system. This
paper will demonstrate that this can be particularly
troublesome when studying oxidation /corrosion re-
actions with electron-based probes.

The experiments were carried out in a UHV
system (base pressure 7 X 10™'' Torr) which has
been previously described [13]. This apparatus has
several surface diagnostics which have been used in
this study, including LEED, Auger electron spec-
troscopy (AES), and high resolution electron energy
loss spectroscopy (HREELS). The Ni(111) sample
was oriented to within +0.2° and prepared by re-
peated cycles of Ar* ion sputtering and annealing at
1100 K. Oxygen was admitted to the UHV chamber
for background dosing at pressures of 3 X 1072 to
3Xx 1077 Torr. Electron irradiation of the sample
utilized the electron guns of the Auger spectrometer
(for E> 500 eV) and LEED system (for E < 500
€V). Beam current at the target was measured with
the sample biased at +94 V to minimize secondary
emission.

The observations which triggered the present work
are shown in Fig. 1. Here we measured the oxygen
uptake of a Ni(111) surface at 120 and 270 K with

AES. Data were collected using three different pro-

cedures: In the first case (Fig. 1a, solid triangles) the
sample was simultaneously exposed to both oxygen
and an electron beam from the Auger system’s elec-
tron gun. Auger spectroscopy measurements were
then performed at various exposure times in order to
assess the extent of oxygen uptake by the sample. In
the second case data were obtained by first dosing
the sample to the desired oxygen exposure, and then
measuring the oxygen content of the sample with
AES at 120 and 270 K, Fig. 1a open diamonds and
squares, respectively. Then, before adsorbing oxygen
to the next desired total oxygen exposure, the sample
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Fig. 1. Oxygen uptake versus oxygen exposure under various
experimental conditions. (a) Solid triangles: oxygen uptake during
simultancous exposure of the surface to both electrons and oxygen
at 120 K; open diamonds and squares: oxygen uptake without
electron exposure at 120 and 270 K; (b) oxygen uptake versus
oxygen exposure with the sample at 120 K and simultaneously
(solid triangles) or alternately (open circles) exposed to electrons
and oxygen. Electron beam parameters: E; =2 keV, [=2
mA /cm?.

was first cleaned by sputtering and annealing. The
utilization of this procedure ensured that the Ni(111)
substrate was not subjected to electron irradiation at
any time during oxygen exposure.

When dosing oxygen without electron irradiation
at 120 K, Fig. 1a, we find that following the initial
chemisorption region there is very little further oxy-
gen uptake, in contrast to earlier low temperature
results [1]. Moreover, even for very long exposure
times, the saturation level remains a factor of three
lower than previously reported [1]. However, with
electrons and oxygen simultaneously present we ob-
serve facile oxygen uptake, with a growth curve that
reproduces previously reported low temperature oxy-
gen incorporation data [1]. We also note that the
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growth curve at 270 K without electron irradiation
agrees quantitatively with previous findings for this
system. This agreement at 270 K, in spite of the
presence of significant electron fluxes in the prior
studies [1-3], suggests that synergistic effects in-
volving electrons which modify the kinetics of oxi-
dation become much less important for this interface
near room temperature [14]. A similar conclusion can
be drawn from an earlier room temperature study
[15] involving polycrystalline and (110)-oriented
nickel. Our results in Fig. 1a convincingly demon-
strate that facile oxide growth at low temperature is
actually an effect stimulated by electron beam irradi-
ation, and is not an inherent characteristic of the
Ni(111) interface.

Data were also obtained by alternately exposing
the sample to oxygen and then to a flux of electrons
during Auger measurement of oxygen uptake. The
oxygen flux was turned off during Auger data collec-
tion, ensuring that electrons and impinging oxygen
were not present at the same time. The sample was
then dosed with more oxygen and another Auger
measurement subsequently taken. This process was
continued until saturation. A comparison of the re-
sults obtained with simultaneous and alternating oxy-
gen and electron exposures at 120 K is shown in Fig.
1b. These procedures yield identical oxygen uptake
behavior.

The electron-stimulated effect we report here is
quite robust, occurring over the entire range of inci-
dent electron beam energies examined, 5 eV to 2
keV. A more detailed study of energy-dependent
cross sections will be presented elsewhere [14].

The saturated layers formed here with electron
irradiation produce a 2 ¢V downward shift in the Ni
61 eV Auger peak, indicative of nickel oxide forma-
tion [16]. The oxide formed at 120 K does not
produce NiO LEED spots, but only a Ni(111) LEED
pattern with very strong diffuse background. This
indicates that the oxide is largely disordered, proba-
bly consisting of many small domains. This differs
from the combined NiO(111) and Ni(111) LEED
spots generated by the 270 K grown material.

Perhaps the most informative characterization of
the nickel /oxygen interfaces grown with various
procedures comes from HREELS measurements. Fig.
2a shows a spectrum taken with oxygen dosed at
T, =120 K without the presence of electrons. The
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Fig. 2. Electron energy loss spectra after dosing oxygen by
various procedures: (a) oxygen dosed at 120 K; (b) oxygen dosed
at 120 K with electron irradiation; (c) oxygen dosed at 270 K.
Spectrometer conditions: E; =7 eV with 0, = 6; = 60°; oxygen
exposure = 36 L.

broad loss peak at about 73 meV can be assigned to
the Ni-O stretch of atomically adsorbed oxygen
[17,18]. Fig. 2b presents a spectrum obtained after
the same oxygen exposure of a 120 K surface with
the simultaneous presence of oxygen and 2 keV
electrons. Note that several precautions were taken in
order to assure that the HREELS spectrometer fo-
cussed on the same spot as was irradiated by the
electron beam. Most importantly, we carefully
mapped out the spatial extent of the electron-irradia-
ted spot by systematically scanning the Auger spec-
trometer over the sample after it was oxidized in the
presence of the electron beam. Using prior and pre-
cise spatial calibrations of the HREELS spot loca-
tion, we could then aim the HREELS focal point to
optimally overlap the electron-irradiated spot of the
sample. Fig. 2c is for the same oxygen exposure with
the surface held at 270 K without electron irradia-
tion. Figs. 2b and 2c both show energy loss peaks at
about 68 meV, a shift of 5 meV from the peak in
Fig. 2a. (The perturbative effect of our HREELS
spectrometer’s electron beam is negligible due to its
extremely low current density, 2.5 nA /cm?.) Similar
energy losses in HREELS spectra for NiO grown on



Ni(100) [19], and for NiO(100) and -(111) single
crystals [20], have been assigned to a surface optical
phonon of NiO. These experimental values are in
good agreement with the calculated energy of 68.3
meV for the Fuchs—Kliewer surface phonon of nickel
oxide [20]. We conclude that at 120 K and with
electron irradiation we have formed 3 ML of NiO,
whereas at 120 K and without electron irradiation
essentially only chemisorbed oxygen is present, con-
sistent with Fig. 1a.

Several key observations were considered in
proposing a kinetic model for our results. Oxygen is
known to adsorb dissociatively on Ni(111) above 20
K [21]. We have also shown that it is not necessary
to simultaneously expose the target surface to both
electrons and molecular oxygen in order to grow
nickel oxide at 120 K, and, in fact, a single exposure
of a chemisorbed oxygen overlayer to a 20 s dose of
2 keV electrons at 2 mA /cm? is sufficient to stimu-
late the growth of 3 ML of oxide upon subsequent
oxygen exposure. Finally, we have found that elec-
tron irradiation of the clean Ni(111) surface using
similar electron energies and currents does not pro-
mote low temperature oxidation. In light of these
observations, we have ruled out electron-induced
dissociation of chemisorbed molecular oxygen, gas
phase oxygen/electron interactions, and electron
beam damage of the substrate as possible mecha-
nisms. Further, other authors have shown that similar
electron exposures lead to negligible surface heating
[10,11], thus ruling out thermal effects.

Starting with the above view we have developed a
kinetic model which provides an excellent descrip-
tion of our results, based on the premise that elec-
trons create nucleation centers around which nickel
oxide islands form and grow. We assume that the
number of nucleation centers, N, created by the
electrons follows a differential rate law which, when
integrated, yields:

N —_—
Fo—l—eXp(—dwt), (1)

where N, is the saturation number of nucleation
centers, ¢, is the electron flux density in electrons
per cm? per second, ¢ is electron exposure time, and
o is the (energy-dependent) cross section for the
creation of nucleation centers by the electron beam.

W. Li et al. / Surface Science 329 (1995) L593-L598

Using a simple first-order kinetics model, we can
describe the rate of nickel oxide growth as:

i k(6,— 0 il 2
TR CROb )
where 6 is the oxygen coverage, 05 is saturation
coverage, and k is the rate constant for oxide growth
around the nucleation centers. Integrating Eq. (2),
with N/N, given by Eq. (1), and subject to the
initial condition 6= 6, at =0, where 6, is the
chemisorption saturation coverage and ¢ is the oxy-
gen exposure time, we have:

0=05_(05_00)

Xexp| —k

1 1
t+ Eexp(—dkat) - E) .
(3)

We have compared the results predicted by Eq.
(3) to experimental data collected by two comple-
mentary procedures. The first assesses the extent of
oxide formation as a function of electron beam cur-
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Fig. 3. Oxygen coverage versus electron beam current density
with the sample at 120 K for constant oxygen exposure time,
t=600s at P, =3X10"® Torr, using electron beam energies of
30, 500, and 2000 eV. Fits to the experimental data using the
model given by Eq. (3) yield cross sections for electron-stimulated
oxidation, see text.
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rent density for fixed oxygen exposure. Fig. 3 pre-
sents the results for such a series of measurements
for three different beam energies: 30, 500, and 2000
eV. Each data point in Fig. 3 was obtained by
exposing the 120 K surface to a specified electron
beam current density for 600 s in the presence of
3 X 10~® Torr oxygen. (Auger intensities have been
converted to nickel oxide coverage using a previ-
ously discussed electron escape depth correction [2].)
Current densities have been corrected for the (rather
small) changes which we measured in the electron
beam spot size as a function of incident energy; spot
sizes varied from 0.7 mm diameter for the highest
energies used up to 0.9 mm at 30 eV. Non-linear
least-squares fits of Eq. (3) to the data in Fig. 3,
obtained by varying only the energy-dependent cross
section for electron-stimulated oxidation, yield cross
sections of 5 X 107 '% cm? for 30 eV (solid line), and
3 X 107'7 cm? for both 500 eV and 2 keV electrons
(dashed line). These fits demonstrate that Eq. (3)
provides an excellent description of the oxidation
data as a function of electron beam current density.

Our model, using no adjustable parameters, can
also quantitatively reproduce the oxygen uptake data
obtained as a function of exposure time taken at
several fixed electron beam current densities. Fig. 4
shows experimental oxygen uptake data taken with
simultaneous oxygen and electron exposure using a 2
keV beam at current densities of 1.3, 9.8, and 2000
uA/cm?, In the same figure, we also present the
predictions from Eq. (3) using the cross section
obtained from Fig. 3 for 2 keV electrons.

Work is underway to elucidate the nature and
mechanism of production of these electron-induced
nucleation centers. Recent studies have shown that
oxide nucleation on Al(111) [22] and Mg(0001) [23]
begins long before the saturation-chemisorbed cover-
age is reached. While our HREELS and AES results
show that at an oxygen coverage of 0.4 ML on
Ni(111) the oxygen is predominately chemisorbed,
some small amount of NiO may also be present.
There is evidence of molecular oxygen adsorption on
NiO thin films grown on Ni substrates [24], and
single crystals of NiO [25]. This would raise the
possibility of a surface O, species as an intermedi-
ate in the formation of these nucleation centers.
Additionally, electronic excitation of adsorbed oxy-
gen or a surface O~ species may be intermediates in
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Fig. 4. Oxide growth versus time for three different electron beam
current densities with the sample at 120 K, E;=2 keV and
P, =3x107% Tom. Solid lines are calculations generated from
Eq. (3).

the formation of these nucleation centers. Finally, the
presence of chemisorbed oxygen may weaken the
bonding of surface Ni atoms, enhancing the cross
section for defect creation by electron beams in the
nickel surface. The similarity of the oxidation behav-
ior with and without electron irradiation at room
temperature suggests that the number of electron-
created nucleation centers is a decreasing function of
temperature, and our preliminary data indicates that
these nucleation sites may be metastable [14]. We are
also examining the role that secondary electrons may
have in the creation of these nucleation centers [14].

In conclusion, we have demonstrated that syner-
gistic effects involving incident fluxes of electrons
can greatly modify the oxidation behavior of Ni(111)
at low temperature. We have also shown that in the
absence of such electrons nickel oxide grows much
more slowly than had been previously reported for
this important interface. A kinetic model has been
proposed which quantitatively reproduces the elec-
tron-stimulated oxidation data and yields the
energy-dependent cross sections for this phe-
nomenon.
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