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Oxygen adsorption and oxide growth on Ni~111! has been investigated at 120 K by high resolution
electron energy loss spectroscopy~HREELS!. We have found that an electron beam can stimulate
nickel oxide growth at all incident electron energies examined, spanning the range from 5 eV to 2
keV. When electron irradiation is absent, oxidation occurs extremely slowly on this surface at low
temperatures, resulting in mainly chemisorbed oxygen. We demonstrate that HREELS is capable of
simultaneously monitoring oxide growth and characterizing the chemical nature of the oxygen/
nickel interface, providing a useful complement to our earlier Auger spectroscopy based study of
electron stimulated oxidation of this interface. We propose a model for the observed effect in which
electrons create oxide nucleation centers on the Ni~111! surface in the presence of chemisorbed
oxygen. This model allows us to quantitatively account for the data, including extraction of the
relevant cross sections. ©1995 American Vacuum Society.
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I. INTRODUCTION

Low energy electron beams have been used with incre
ing frequency in physical and chemical processes, such
electron beam lithography. The advent of the scanning t
neling microscope~STM! has made studies of electron
surface interactions even more important, due to its gr
potential in nanoengineering. It has been found that elect
irradiation of surfaces can stimulate desorption,1 adsorption,2

dissociation,3 migration,4 adsorption site interchange,5 and
oxidation,6,7 with electron stimulated desorption being th
most extensively studied among these effects. In this art
we report an important finding for the oxidation/corrosio
behavior of Ni~111!, namely that irradiation of the oxygen
Ni~111! interface by an electron beam at low substrate te
perature leads to significant changes in the oxidation che
istry of this interface.

The oxidation of nickel surfaces has long been the subj
of intensive study, with important implications for studies
metallic corrosion and catalysis. It is generally agreed tha
room temperature oxygen uptake on nickel surfaces first p
ceeds through a fast chemisorption stage, followed by a r
tively slow oxidation stage, with the nickel oxide overlaye
reaching a thickness of three layers at saturation.8–10 More
extensive oxidation can occur at elevated temperatu
While there have been many studies of high temperature o
dation, studies of oxide growth on nickel surfaces at lo
temperatures are rather scarce, but are in general agree
that the oxide grows more rapidly than at room temperatu
and that the saturation oxygen uptake is about the sam
for room temperature growth, i.e., 2 or 3 layers of nick
oxide.8–12

Recently, we have reinvestigated Ni~111! oxidation at 120
K. We have discovered, in contrast to previous work,8 that at
this temperature nickel oxide growth proceeds extrem
slowly ~if at all! after completion of an initial oxygen chemi
sorption stage.13 We have found that electrons~examined
from 5 eV to 2 keV! significantly enhance the oxidation o
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the Ni~111! surface at 120 K,13 accounting for the discrep-
ancy with previous results.8 Electron irradiation either during
oxygen exposure, or alternating with it, can lead to this ef
fect. In this article, we further characterize the electron
stimulated oxidation effect by utilizing inelastic electron
scattering. We demonstrate that high resolution electron e
ergy loss spectroscopy~HREELS! is capable of both moni-
toring oxide growth and examining the chemical nature o
the oxygen exposed interface.

To account for the experimental observations, we propos
that the electron beam at the oxygen covered surface crea
nucleation centers for nickel oxide growth at low tempera
ture. A mechanistic model is put forward which quantita-
tively describes the data and yields relevant cross sectio
for the electron stimulated oxidation of this interface. The
present finding has triggered reinvestigation of the kinetic
and thermodynamics of oxide growth on nickel surfaces,14

and should lead to wide awareness of potential similar e
fects in other surface systems.

The ability of electrons to perturb experimental system
such that they deviate from their typical behavior has bee
well documented in the literature. For example, it has bee
reported for low energy electron diffraction~LEED! studies
that electrons can cause the disordering of overlayers
some cases.15 This article will also demonstrate again the
ability of electrons to alter experimental systems being in
vestigated, at times so markedly that the conclusions draw
may not be directly applicable to the unperturbed system.

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacuum
~UHV! system~base pressure 7310211 Torr! that has been
previously described.16 This apparatus has several surface
diagnostics which have been used in this study, includin
LEED, Auger electron spectroscopy~AES!, and high resolu-
tion electron energy loss spectroscopy~HREELS!. The
Ni~111! sample was oriented to within60.2° and prepared
1574/13(3)/1574/5/$6.00 ©1995 American Vacuum Society
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by repeated cycles of Ar1 ion sputtering and annealing a
1100 K. Oxygen was admitted to the UHV chamber f
background dosing at pressures of 331028 to 331027 Torr.
Electron irradiation of the sample utilized the electron gu
of the Auger spectrometer~for beam energies of 500 eV o
higher! and LEED optics~for beam energies lower than 50
eV!. The electron beam spot diameters were 1.4 mm for
Auger electron gun, and 1.4 to 2 mm for the LEED electr
gun depending on electron energy. Beam current at the ta
was measured with the sample biased at194 V to minimize
secondary emission. Unless otherwise noted, all Auger m
surements were done with a 2 keV electron beam with a
current density of 2000mA/cm2.

III. RESULTS

The observations which triggered the present work a
shown in Figure 1. Here we measured the oxygen uptake
a Ni~111! surface at 120 K with AES. Data were collecte
using two different procedures. In the first case~Figure 1,
solid triangles! the sample was simultaneously exposed
both oxygen and an electron beam from the Auger syste
electron gun. Auger spectroscopy measurements were
performed at various exposure times in order to assess
extent of oxygen uptake by the sample. In the second c
~Figure 1, open triangles! data were obtained by first dosin
the sample to the desired oxygen exposure, and then mea
ing the oxygen content of the sample with AES. Then, befo
adsorbing oxygen to the next desired total oxygen expos
the sample was first cleaned by sputtering and annealing.
utilization of this procedure ensured that the Ni~111! sub-
strate was not subjected to electron irradiation at any ti
before or during oxygen exposure.

When dosing oxygen without electron irradiation at 120
~Figure 1, open triangles!, we find that following the initial
chemisorption region there is very little further oxygen u
take, in contrast to earlier low temperature results.8 More-
over, even for very long exposure times, the saturation le

FIG. 1. Oxygen uptake vs oxygen exposure under various experimental
ditions at 120 K. Solid triangles: Oxygen uptake during simultaneous ex
sure of the surface to both electrons and oxygen. Open triangles: Oxy
uptake without electron exposure. Electron beam conditions:Ei52 keV,
I52 mA/cm2.
JVST A - Vacuum, Surfaces, and Films
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remains a factor of three lower than that previously
reported.8 However, with electrons and oxygen simulta-
neously present we observe facile oxygen uptake, with
growth curve that reproduces previously reported low tem
perature oxygen incorporation data.8 We also observed that
oxide growth at 270 K@open circles in Figure 2~a!# without
electron irradiation reaches about the same level as that
120 K with electron irradiation, which agrees quantitatively
with previous findings for this system. In Figure 2~a!, Auger
intensities have been converted to nickel oxide coverage u
ing a previously discussed electron escape depth correctio9

The agreement at 270 K, in spite of the presence of signifi
cant electron fluxes in the prior studies,8–10 suggests that
synergistic effects involving electrons which modify the ki-
netics of oxidation become much less important for this in
terface near room temperature.14A similar conclusion can be
drawn from an earlier room temperature study17 involving
polycrystalline and~110! oriented nickel.

Further evidence supporting the above observation is pr
vided by measurements using HREELS, which also gives u
the benefit of negligible perturbative effect of its electron
beam due to its extremely low current density, 2.5 nA/cm2.
Figure 2~a! shows a comparison of the utility of AES and
HREELS in monitoring the extent of oxygen uptake during
oxygen exposure. HREELS spectra of oxygen on nickel su
faces exhibit an inelastic peak at about 70 meV energ
loss.18,19By comparing the intensity of this inelastic peak to
the intensity of the specular elastic peak, we were able
duplicate the uptake curve produced by AES measuremen13

for oxygen dosed at 270 K. The oxygen uptake curve ob

on-
o-
gen

FIG. 2. ~a! Oxygen uptake vs oxygen exposure at a surface temperature
270 K, without electron irradiation. Open circles: Oxygen uptake from Au-
ger intensity ratio of oxygen signal over nickel signal~the data have been
converted to coverages, see the text!; solid circles: HREELS intensity ratio
of the nickel/oxygen inelastic~energy loss! peak to the elastic peak.~b!
Oxygen uptake, measured by HREELS intensity ratios, as a function o
oxygen exposure at 120 and 270 K without electron irradiation. HREELS
spectrometer conditions:Ei5 7 eV with u i5u f560°.



y
k

e

o

c

o

o

i-
0
n
aks
k
ses

al-
8.3
el
-

ly

e
on-
s.
he
of

the
e of
pt
nd
-
rgy
ifts
is
wn
n
of
nt
at
n
by

ing
ing
as
c-
me
nd
pro-
on
o-
on
he
r.
ef-
eri-

ron
ion
of

e
r

m

1576 Li, Stirniman, and Sibener: Inelastic electron scattering study of metallic oxidation 1576
tained from HREELS measurements@Figure 2~a!, solid
circles# shows a rapid initial rise upon oxygen adsorption
corresponding to the chemisorption region in the AES ox
gen uptake curve. This is followed by a plateau in the upta
curve out to about 20 langmuirs~L!, corresponding to what
is generally thought to be the oxide nucleation region. F
nally, the HREELS oxygen uptake curve again rises quick
until saturation, showing the fast oxide growth stage an
final thickening region. This excellent reproduction of th
AES oxygen growth curve by the curve derived from
HREELS intensity ratios shows HREELS intensity ratios t
be an effective monitor of the oxidation process. Figure 2~b!
shows a comparison of the oxidation behavior of this surfa
without electron irradiation at 270 and 120 K using the sam
method, i.e., monitoring the intensity ratio of the HREELS
inelastic peak to the elastic peak. Figure 2~b! indicates that
the oxygen uptake of this surface shows completely differe
behavior at 120 K than at 270 K, and the oxygen uptake
saturation at 120 K is much less than the saturation level
270 K, in disagreement with the previous study.8

Perhaps the most informative chemical characterization
the nickel/oxygen interface comes from the energy shift
the inelastic scattering peak in HREELS measurements.
Figure 3, we present a plot of the peak energy loss
HREELS inelastic scattering as a function of oxygen exp
sure under various oxidation conditions. Figure 3 shows th
when oxygen is dosed at a surface temperature of 120
without the presence of electrons, upon saturation the lo
peak stabilizes at about 73 meV, an energy which has be

FIG. 3. Electron energy loss as a function of oxygen exposure under vario
oxygen dosing conditions. Open circles: oxygen dosed at 120 K; op
squares: oxygen dosed at 120 K with 2 keV electron irradiation; solid t
angles: oxygen dosed at 270 K. Inset: representative HREELS spectra u
to generate data points in this figure; a spectral shift between the che
sorbed system and the oxidized metal can readily be seen. Spectrom
conditions:Ei57 eV with u i5u f560°.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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previously assigned to the Ni–O stretch of atomically chem
sorbed oxygen.18,19However, if oxygen is dosed on the 27
K surface, or on the 120 K surface with 2 keV electro
irradiation present, at saturation the inelastic scattering pe
occur at about 68 meV, a shift of 5 meV from the pea
associated with chemisorbed oxygen. Similar energy los
in HREELS spectra for NiO grown on Ni~100! ~Ref. 20!, and
for NiO~100! and ~111! single crystals21 have been assigned
to a surface optical phonon of NiO. These experimental v
ues are in good agreement with the calculated energy of 6
meV for the Fuchs–Kliewer surface phonon of nick
oxide.21 We conclude that at 120 K and with electron irra
diation we have formed 3 monolayers~ML ! of NiO, whereas
at 120 K and without electron irradiation essentially on
chemisorbed oxygen is present, consistent with Figure 1.

We would like to point out that the data on the shift of th
HREELS energy loss peaks presented in Figure 3 also c
tain important information about the oxide growth kinetic
In Figure 3 we have drawn three solid curves to guide t
eye; these indicate the shift in the energy loss as a function
oxygen exposure for three oxygen dosing conditions. For
120 K surface, the energy loss reaches the saturation valu
73 eV quickly during oxygen exposure, signaling prom
chemisorption, in agreement with the data in Figure 1 a
Figure 2~b! ~open triangles!. On the other hand, when oxy
gen is dosed at a surface temperature of 270 K, the ene
loss is a constant out to 20 L oxygen exposure, where it sh
to about 68 meV, indicating the onset of oxidation. This
consistent with the AES and HREELS uptake curves sho
in Figure 2. As for oxidizing the 120 K surface with electro
irradiation, the energy loss shifts down quickly to that
nickel oxide, indicating fast oxidation again in agreeme
with the AES data in Figure 1. To summarize, we find th
the peak shift of the HREELS energy loss yields informatio
on the oxidation kinetics consistent with that obtained
AES and the HREELS intensity ratios.

Oxidation data were also obtained by alternately expos
the sample to oxygen and then to a flux of electrons dur
Auger measurement of oxygen uptake. The oxygen flux w
turned off during Auger data collection, ensuring that ele
trons and impinging oxygen were not present at the sa
time. The sample was then dosed with more oxygen a
another Auger measurement subsequently taken. This
cess was continued until saturation. Two different oxidati
procedures, one with electron irradiation and oxygen exp
sure occurring simultaneously, and the other with electr
irradiation and oxygen exposure alternating during t
course of oxidation, yield identical oxygen uptake behavio

We have examined the electron stimulated oxidation
fect over a wide range of electron energies. For these exp
ments, we set our electron guns~Auger gun for energy>
500 eV, and LEED gun for energy, 500 eV! at the desired
beam energy, and irradiated the surface with the elect
beam during oxygen exposure. We have found that oxidat
was stimulated by electron beams over the entire range
incident energies examined, 5 eV to 2 keV.
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IV. DISCUSSION

Several key observations were considered in proposing
kinetic model for our results. Oxygen is known to adsor
dissociatively on Ni~111! above 20 K.22We have also shown
that it is not necessary to simultaneously expose the tar
surface to both electrons and molecular oxygen in order
grow nickel oxide at 120 K, and, in fact, a single exposure
a chemisorbed oxygen overlayer to a 20 sec dose of 2 k
electrons at 2000mA/cm2 is sufficient to stimulate the
growth of 3 ML of oxide upon subsequent oxygen exposur
Finally, we have found that electron irradiation of the clea
Ni~111! surface using similar electron energies and curren
does not promote low temperature oxidation. In light of thes
observations, we have ruled out electron induced dissoc
tion of chemisorbed molecular oxygen, gas phase oxyge
electron interactions, and electron beam damage of the s
strate as possible mechanisms. Further, other authors h
shown that similar electron exposures lead to negligible su
face heating,4,6 thus ruling out thermal effects.

Starting with the above view we have developed a kinet
model which provides an excellent description of our result
based on the premise that electrons create nucleation cen
around which nickel oxide islands form and grow. We as
sume that the number of nucleation centers, N, created by
electrons follows a first order rate law:

dN

dt
5~N02N!fes, ~1!

whereN0 is the saturation number of nucleation centers,fe

is the electron flux density in electrons per cm2 per second,
ands is the~energy dependent! cross section for the creation
of nucleation centers by the electron beam. Using a simp
first order kinetics model, we can describe the rate of nick
oxide growth as

du

dt
5k~us2u!

N

N0
, ~2!

whereu is the oxide coverage,us is saturation coverage,t is
exposure time, andk is the rate constant for oxide growth
around the nucleation centers. Integrating Eq.~2!, with N/N0
given by integrating Eq.~1!, and subject to the initial condi-
tion u5uc at t50, whereuc is the chemisorption saturation
coverage andt is the oxygen exposure time, we have

u5us2~us2uc!expF2kS t1 1

fes
exp~2fes t !2

1

fes
D G .
~3!

We have compared the results predicted by Eq.~3! to
experimental curves of oxide growth as a function of ele
tron beam current density for fixed oxygen exposure. Figu
4 presents Auger measurements of oxidation extent as
function of electron beam current density for incident bea
energies of 30 eV@Figure 4~a!#, 50 eV @Figure 4~b!#, and
150, 500, and 2000 eV@Figure 4~c!#. Each data point in
Figure 4 was obtained by exposing the 120 K surface to
electron beam at various current densities for 600 sec in
presence of 331028 Torr oxygen. The solid lines in Figure 4
were obtained from nonlinear least squares fits of Eq.~3! to
JVST A - Vacuum, Surfaces, and Films
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the data, by varying only the energy dependent cross secti
for electron stimulated oxidation at the specified electron en
ergy. Cross sections extracted from the fits are 5310218 cm2

for 30 eV, 1310217 cm2 for 50 eV, and 3310217 cm2 for 150
eV, 500 eV, and 2 keV electrons.

Our model, using no adjustable parameters, can als
quantitatively reproduce the oxygen uptake data obtained
a function of oxygen exposure at the fixed electron beam
current density. As has been presented elsewhere,13 predic-
tions from Eq.~3!, using the cross section obtained from fits
to Figure 4, agree well with oxygen uptake data taken wit
simultaneous oxygen and electron exposure using a 2 keV
beam at current densities of 1.3, 9.8, and 2000m A/cm2.

Recent studies have shown that oxide nucleation o
Al ~111! ~Ref. 23! and Mg~0001! ~Ref. 24! begins long before
the saturation chemisorbed coverage is reached. While o
HREELS and AES results show that at an oxygen coverag
of 0.4 ML on Ni~111! the oxygen is predominately chemi-
sorbed, some small amount of NiO may also be presen
There is evidence of molecular oxygen adsorption on NiO
thin films grown on Ni substrates25 and single crystals of
NiO.26 This would raise the possibility of a surface O2

2 spe-
cies as an intermediate in the formation of these nucleatio
centers. In fact, Chenet al.7 have observed stimulated oxida-
tion on InP~110!, and attributed it to the creation of O2

2 by
electrons. Additionally, electronic excitation of chemisorbed
atomic or molecular oxygen species could be a factor in th
formation of these nucleation centers. The similarity of the
oxidation behavior with and without electron irradiation at

FIG. 4. Nickel oxide coverage vs electron beam current density for consta
oxygen exposure time,t5600 seconds atPox5331028 Torr. Electron beam
energy:~a! 30 eV; ~b! 50 eV; and~c! 150, 500, and 2000 eV. The solid lines
are fits to the experimental data using Eq.~3!; cross sections are given in the
text.
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room temperature suggests that the number of electron
ated nucleation centers is a decreasing function of temp
ture, and our results from a study of the temperature dep
dence of the electron stimulated oxidation effect support t
speculation.14

V. CONCLUSION

In conclusion, we have demonstrated that synergistic
fects involving incident fluxes of electrons can great
modify the oxidation behavior of Ni~111! at low temperature.
We have also shown that in the absence of such electr
nickel oxide grows much more slowly than had been pre
ously reported for this important interface. We demonstr
that inelastic electron scattering can be used to simu
neously monitor the extent of oxygen uptake and the che
cal nature of the surface oxygen species. We propose tha
role of the electron is to create nucleation centers at wh
nickel oxide grows. A kinetic model has been propos
which quantitatively reproduces the electron stimulated o
dation data and yields the energy dependent cross sect
for this phenomenon.
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