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Oxygen adsorption and oxide growth on(Nil) has been investigated at 120 K by high resolution
electron energy loss spectroscapyREELS. 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 thd1) surface in the presence of chemisorbed
oxygen. This model allows us to quantitatively account for the data, including extraction of the
relevant cross sections. @995 American Vacuum Society.

[. INTRODUCTION the Ni(111) surface at 120 K2 accounting for the discrep-
Low energy electron beams have been used with increa@ncy with previous resulsElectron irradiation either during

ing frequency in physical and chemical processes, such ygen exposure, or alternating with it, can lead to this ef-
electron beam lithography. The advent of the scanning tynfect. In this article, we further characterize the electron

neling microscope(STM) has made studies of electron- sg:r:ttjela_ted V%)gdﬁéﬁg efgf; :?étu;!“ﬂn% I(?Ie![aosr?celslicggogn
surface interactions even more important, due to its grea% fng. nstr 'gh resolut cir i

potential in nanoengineering. It has been found that electrof &Y loss spectrosCopyiREELS is capable of both moni-

irradiation of surfaces can stimulate desorpti@tsorptior? Ponng oxide growth and examining the chemical nature of

) o L ) N the oxygen exposed interface.

4
dIS.SOC.IatIé) 7n°' mlgranon, ads_orpnon site mterghan@e@md To account for the experimental observations, we propose
oxidation,”* with electron stimulated desorption being the

: : . . that the electron beam at the oxygen covered surface creates
most extensively studied among these effects. In this art'dﬂucleation centers for nickel oxide growth at low tempera-
we report an important finding for the oxidation/corrosion

i ) L ture. A mechanistic model is put forward which quantita-
behavior of N{111), namely that irradiation of the oxygen/ tively describes the data and yields relevant cross sections

Ni(11]) interface by an electron beam at low substrate temsq; the electron stimulated oxidation of this interface. The

perature leads to significant changes in the oxidation chenpresent finding has triggered reinvestigation of the kinetics
istry of this interface. ~and thermodynamics of oxide growth on nickel surfales,
The oxidation of nickel surfaces has long been the subjecing should lead to wide awareness of potential similar ef-
of intensive study, with important implications for studies of fects in other surface systems.
metallic corrosion and catalysis. It is generally agreed that at The apility of electrons to perturb experimental systems
room temperature oxygen uptake on nickel surfaces first prosych that they deviate from their typical behavior has been
ceeds through a fast chemisorption stage, followed by a relayell documented in the literature. For example, it has been
tively slow oxidation stage, with the nickel oxide overlayer reported for low energy electron diffractidhEED) studies
reaching a thickness of three layers at saturdtidiMore  that electrons can cause the disordering of overlayers in
extensive oxidation can occur at elevated temperaturesome case¥ This article will also demonstrate again the
While there have been many studies of high temperature oxability of electrons to alter experimental systems being in-
dation, studies of oxide growth on nickel surfaces at lowvestigated, at times so markedly that the conclusions drawn
temperatures are rather scarce, but are in general agreememay not be directly applicable to the unperturbed system.
that the oxide grows more rapidly than at room temperature,
and that the saturation oxygen uptake is about the same as
for room temperature growth, i.e., 2 or 3 layers of nickelll. EXPERIMENT
oxide®~1 The experiments were carried out in an ultrahigh vacuum
Recently, we have reinvestigated(Ni1) oxidation at 120  (UHV) system(base pressurex710 ! Torr) that has been
K. We have discovered, in contrast to previous wbtkat at  previously described This apparatus has several surface
this temperature nickel oxide growth proceeds extremelyliagnostics which have been used in this study, including
slowly (if at all) after completion of an initial oxygen chemi- LEED, Auger electron spectroscoES), and high resolu-
sorption stagé® We have found that electron@xamined tion electron energy loss spectroscopREELS. The
from 5 eV to 2 keV significantly enhance the oxidation of Ni(111) sample was oriented to withirrt0.2° and prepared
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Fic. 1. Oxygen uptake vs oxygen exposure under various experimental con- 4 Tge120K
ditions at 120 K. Solid triangles: Oxygen uptake during simultaneous expo- 0.00 ! ! ' : ' ! : :
sure of the surface to both electrons and oxygen. Open triangles: Oxygen 0 20 40 60 80 100 120 140 160
uptake without electron exposure. Electron beam conditiéhs:2 keV, Exposure (L)

I =2 mA/cn?.

Fic. 2. (3) Oxygen uptake vs oxygen exposure at a surface temperature of

; ; : 270 K, without electron irradiation. Open circles: Oxygen uptake from Au-
by repeated CyCleS of Arion sputtering and annealmg at ger intensity ratio of oxygen signal over nickel sigritile data have been

1100 K. Oxyger_l was admitted to the UHV chamber forconverted to coverages, see the tesolid circles: HREELS intensity ratio

background dosing at pressures of B 8 to 3x10 ’ Torr. of the nickel/oxygen inelasti¢energy loss peak to the elastic peakb)

Electron irradiation of the sample utilized the electron gunsOxygen uptake, measured by HREELS intensity ratios, as a function of
. oxygen exposure at 120 and 270 K without electron irradiation. HREELS

of the Auger spectromete{for beam energies of 500 eV or spectrometer condition®;— 7 eV’ with ;= 6, —60°.

highep and LEED opticgfor beam energies lower than 500

eV). The electron beam spot diameters were 1.4 mm for the

Auger electron gun, and 1.4 to 2 mm for the LEED electioneaing a factor of three lower than that previously
gun depending on electron energy. Beam Current_a'g the targ?éporteoff However, with electrons and oxygen simulta-
was measured with the sample biased-88 V to minimize 0,51y present we observe facile oxygen uptake, with a
secondary emission. Unlgss otherwise noted, all Auggr mef?jrowth curve that reproduces previously reported low tem-
surements were done ita 2 keV electron beam with @ 5o atre oxygen incorporation détave also observed that
current density of 200G.A/cm” oxide growth at 270 Kopen circles in Figure ()] without
electron irradiation reaches about the same level as that at
lIl. RESULTS 120 K with electron irradiation, which agrees quantitatively
The observations which triggered the present work aravith previous findings for this system. In Figuréap, Auger
shown in Figure 1. Here we measured the oxygen uptake ahtensities have been converted to nickel oxide coverage us-
a Ni(111) surface at 120 K with AES. Data were collected ing a previously discussed electron escape depth correttion.
using two different procedures. In the first cagégure 1, The agreement at 270 K, in spite of the presence of signifi-
solid triangle$ the sample was simultaneously exposed tocant electron fluxes in the prior studf&s? suggests that
both oxygen and an electron beam from the Auger system’synergistic effects involving electrons which modify the ki-
electron gun. Auger spectroscopy measurements were thewtics of oxidation become much less important for this in-
performed at various exposure times in order to assess therface near room temperatufeA similar conclusion can be
extent of oxygen uptake by the sample. In the second cas#rawn from an earlier room temperature sttfdinvolving
(Figure 1, open triangleglata were obtained by first dosing polycrystalline and110) oriented nickel.
the sample to the desired oxygen exposure, and then measur- Further evidence supporting the above observation is pro-
ing the oxygen content of the sample with AES. Then, beforevided by measurements using HREELS, which also gives us
adsorbing oxygen to the next desired total oxygen exposuré¢he benefit of negligible perturbative effect of its electron
the sample was first cleaned by sputtering and annealing. THeeam due to its extremely low current density, 2.5 nAicm
utilization of this procedure ensured that the(INil) sub-  Figure 2a) shows a comparison of the utility of AES and
strate was not subjected to electron irradiation at any timéiREELS in monitoring the extent of oxygen uptake during
before or during oxygen exposure. oxygen exposure. HREELS spectra of oxygen on nickel sur-
When dosing oxygen without electron irradiation at 120 Kfaces exhibit an inelastic peak at about 70 meV energy
(Figure 1, open triangléswe find that following the initial  loss!®°By comparing the intensity of this inelastic peak to
chemisorption region there is very little further oxygen up-the intensity of the specular elastic peak, we were able to
take, in contrast to earlier low temperature restilidore-  duplicate the uptake curve produced by AES measurérhent
over, even for very long exposure times, the saturation leveor oxygen dosed at 270 K. The oxygen uptake curve ob-
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86 previously assigned to the Ni—O stretch of atomically chemi-
r ~ [T&120K - sorbed oxygen®!® However, if oxygen is dosed on the 270
84:_ ‘g :36L02 ;.“; Without e” K surface, or on the 120 K surface with 2 keV electron
g2 £ E i w?‘; v.u' irradiation present, at saturation the inelastic scattering peaks
802_ =T WL occur at about 68 meV, a shift of 5 meV from the peak
[ "é T Y Withe associated with chemisorbed oxygen. Similar energy losses
~ T8 SrORT Ny, in HREELS spectra for NiO grown on Ki00) (Ref. 20, and
% a Y L 4N N for NiO(100) and (111) single crystal& have been assigned
E 76T 20 40 60 80 100 120 : . .
Y I o o Energy (meV) to a surface optical phonon of NiO. These experimental val-
§ ° 3 ues are in good agreement with the calculated energy of 68.3
& meV for the Fuchs—Kliewer surface phonon of nickel
§ oxide?! We conclude that at 120 K and with electron irra-
=2 diation we have formed 3 monolaydidL ) of NiO, whereas
at 120 K and without electron irradiation essentially only
chemisorbed oxygen is present, consistent with Figure 1.
[ o 120K, noe irradiation We would like to point out that the data on the shift of the
64 - A 270K, no ¢ irradiation HREELS energy loss peaks presented in Figure 3 also con-
62 _ o 120K, with ¢ irradiation tain important information about the oxide growth kinetics.

R In Figure 3 we have drawn three solid curves to guide the
20 . e .
40 & eye; these indicate the shift in the energy loss as a function of
Oxygen Exposure (L) oxygen exposure for three oxygen dosing conditions. For the
120 K surface, the energy loss reaches the saturation value of
Fic. 3. Electron energy loss as a function of oxygen exposure under variou . . : :
oxygen dosing conditions. Open circles: oxygen dosed at 120 K; oper?3 e\_/ qu"?kly ‘_j“””g oxygen (?:‘XpOSUI’e, S'gna“_”g prompt
squares: oxygen dosed at 120 K with 2 keV electron irradiation; solid tri-Chemisorption, in agreement with the data in Figure 1 and
angles: oxygen dosed at 270 K. Inset: representative HREELS spectra usgtigure 2b) (open triangles On the other hand, when oxy-
to generate data points in this figure; a spectral shift between the chemi- .
sorbed system and the oxidized metal can readily be seen. Spectrometg?n _IS dosed at a surface temperature of 270 K, the_ene_rgy
conditions:E;=7 eV with §,= 6;=60°. loss is a constant out to 20 L oxygen exposure, where it shifts
to about 68 meV, indicating the onset of oxidation. This is
consistent with the AES and HREELS uptake curves shown

E‘:SE % ;rr?gnwsH:EaEl}j irm?aa;sﬁsrznegiflggre eiaz)a’ dssc())r“(:ion in Figure 2. As for oxidizing the 120 K surface with electron
b P Y9 P "irradiation, the energy loss shifts down quickly to that of

corresponding to the chemisorption region in the AES oxy- . . s N e
gen uptake curve. This is followed by a plateau in the uptaké"_Ckel oxide, |nd|ca_1t|ng_ fast oxidation agal_n n agr_eement
curve out to about 20 langmuitt), corresponding to what with the AES data in Figure 1. To summarize, we find that

is generally thought to be the oxide nucleation region. Fi-the peak shift of the HREELS energy loss yields information
nally, the HREELS oxygen uptake curve again rises quicklyon the oxidation kinetics consistent with that obtained by
until saturation, showing the fast oxide growth stage and®\ES and the HREELS intensity ratios.

final thickening region. This excellent reproduction of the Oxidation data were also obtained by alternately exposing
AES oxygen growth curve by the curve derived from the sample to oxygen and then to a flux of electrons during
HREELS intensity ratios shows HREELS intensity ratios toAuger measurement of oxygen uptake. The oxygen flux was
be an effective monitor of the oxidation process. Figuit® 2 turned off during Auger data collection, ensuring that elec-
shows a comparison of the oxidation behavior of this surfacerons and impinging oxygen were not present at the same
without electron irradiation at 270 and 120 K using the same&jme. The sample was then dosed with more oxygen and
method, i.e., monitoring the intensity ratio of the HREELS gnother Auger measurement subsequently taken. This pro-
inelastic peak to the elastic peak. Figur@)2indicates that  cegg was continued until saturation. Two different oxidation
the oxygen uptake of this surface shows completely dlﬁerengrocedures, one with electron irradiation and oxygen expo-

behavior at 120 K than at 270 K, and the oxygen uptake & ure occurring simultaneously, and the other with electron

saturation at 120 K is much less than the saturation level a}Fradiation and oxvaen exposure alternating during the
270 K, in disagreement with the previous stddy. y9 P 9 9

Perhaps the most informative chemical characterization ofourse of oxidation, yield identical oxygen uptake behavior.

the nickelloxygen interface comes from the energy shift of Ve have examined the electron stimulated oxidation ef-
the inelastic scattering peak in HREELS measurements. IffCt Over & wide range of electron energies. For these experi-
Figure 3, we present a plot of the peak energy loss ifnents, we set our electron gutsuger gun for energy=
HREELS inelastic scattering as a function of oxygen expo-200 eV, and LEED gun for energy 500 eV) at the desired
sure under various oxidation conditions. Figure 3 shows thapeam energy, and irradiated the surface with the electron
when oxygen is dosed at a surface temperature of 120 keam during oxygen exposure. We have found that oxidation
without the presence of electrons, upon saturation the lossas stimulated by electron beams over the entire range of
peak stabilizes at about 73 meV, an energy which has bedncident energies examined, 5 eV to 2 keV.
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IV. DISCUSSION

Several key observations were considered in proposing a
kinetic model for our results. Oxygen is known to adsorb
dissociatively on Ni111) above 20 K2* We have also shown . |
that it is not necessary to simultaneously expose the target © 150eV € beam |
surface to both electrons and molecular oxygen in order to 500 eV & beam

. . . . 2keV e beam
grow nickel oxide at 120 K, and, in fact, a single exposure of
a chemisorbed oxygen overlayer to a 20 sec dose of 2 keV
electrons at 2000uA/cm? is sufficient to stimulate the
growth of 3 ML of oxide upon subsequent oxygen exposure.
Finally, we have found that electron irradiation of the clean
Ni(112) surface using similar electron energies and currents
does not promote low temperature oxidation. In light of these
observations, we have ruled out electron induced dissocia-
tion of chemisorbed molecular oxygen, gas phase oxygen/
electron interactions, and electron beam damage of the sub-
strate as possible mechanisms. Further, other authors have
shown that similar electron exposures lead to negligible sur-
face heatind;® thus ruling out thermal effects.

Starting with the above view we have developed a kinetic 4 30eV e beam ]
model which provides an excellent description of our results, 0 o T
based on the premise that electrons create nucleation centers
around which nickel oxide islands form and grow. We as-
sume that the numbgr of nucleation centers, N, created by ”E?G. 4. Nickel oxide coverage vs electron beam current density for constant
electrons follows a first order rate law: oxygen exposure timé=600 seconds &®,,=3x108 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 E8); cross sections are given in the

dN
E:(NO_ N) peo, N text.

[O2R |

3w ®

Coverage (NiO layers)

50eVe beam |

60
Beam Current Density (uA/cm?)

whereN, is the saturation number of nucleation centefs,

is the electron flux density in electrons perZper second, . .
. . ' the data, by varying only the energy dependent cross section
ando is the(energy dependentross section for the creation ) S o
for electron stimulated oxidation at the specified electron en-

T e g 10y, Coss Seions exaced o e s
oxide growth as ; or 30 eV, 1X10 " cn? for 50 eV, and X107 cn for 150
eV, 500 eV, and 2 keV electrons.
Our model, using no adjustable parameters, can also
ar k(65— 0) N_o ' ) quantitatively reproduce the oxygen uptake data obtained as
a function of oxygen exposure at the fixed electron beam
where g is the oxide coverage is saturation coveragé,is  current density. As has been presented elsewHepegdic-
exposure time, and is the rate constant for oxide growth tions from Eq.(3), using the cross section obtained from fits
around the nucleation centers. Integrating & with N/N,  to Figure 4, agree well with oxygen uptake data taken with
given by integrating Eq(1), and subject to the initial condi- simultaneous oxygen and electron exposure gisir2 keV
tion 6= 6. att=0, whered, is the chemisorption saturation beam at current densities of 1.3, 9.8, and 2p0&/cm?.
coverage and is the oxygen exposure time, we have Recent studies have shown that oxide nucleation on
1 Al(111) (Ref. 23 and Md0001) (Ref. 29 begins long before
) ) the saturation chemisorbed coverage is reached. While our
be 3 HREELS and AES results show that at an oxygen coverage
®) of 0.4 ML on Ni(111) the oxygen is predominately chemi-
We have compared the results predicted by B).to  sorbed, some small amount of NiO may also be present.
experimental curves of oxide growth as a function of elec-There is evidence of molecular oxygen adsorption on NiO
tron beam current density for fixed oxygen exposure. Figuré¢hin films grown on Ni substratésand single crystals of
4 presents Auger measurements of oxidation extent as MiO.2° This would raise the possibility of a surface @Gpe-
function of electron beam current density for incident beancies as an intermediate in the formation of these nucleation
energies of 30 e\[Figure 4a)], 50 eV [Figure 4b)], and  centers. In fact, Cheet al.” have observed stimulated oxida-
150, 500, and 2000 eVYFigure 4c)]. Each data point in tion on INR110), and attributed it to the creation of,Cby
Figure 4 was obtained by exposing the 120 K surface to aelectrons. Additionally, electronic excitation of chemisorbed
electron beam at various current densities for 600 sec in thatomic or molecular oxygen species could be a factor in the
presence of 810 8 Torr oxygen. The solid lines in Figure 4 formation of these nucleation centers. The similarity of the
were obtained from nonlinear least squares fits of @gto  oxidation behavior with and without electron irradiation at

t+

expl— ¢eo t)—

1
0= 0s— (05— 0C)ex;{ —k o
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