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It is well known that the metal-surface properties vary because of the ion
sputtering of surface layers in a vacuum. This review contains results of
the studies of kinetics change of both oxygen adsorption and oxidation on
the surface of transition metals and alloys in a vacuum during the low-
energy (< 10 keV) Ar" ions’ bombardment. Particularly, the results of the
systematic studies of a surface of the Cu, Ni, Fe, Co single crystals, and
Fe—Ni alloy are presented. The important role of such parameters as a
dose of the ion bombarding, ion energy and sample temperature in the
chemical activity of a surface is noted. As argued, mechanism of interac-
tion in surface—gas system is substantially controlled by the optimal ratio
between the energy and the primary ion current density as well as the
sputtering rate of natural oxide on the target surface.

Hobpe Bijomo, IO BJIACTMBOCTI MOBEPXHi MeTasy 3MiHIOIOTHCSA B Pe3yJabTaTi
MOHHOTO PO3MOPOIIIEeHHs MOBEPXHEBUX HIapiB y BakyyMi. Hanuil ornan mic-
TUTL PE3yJbTATH AOCHiJKeHb 3MiHM KiHeTHMKH afcopOIlii KHUCHIO # OKMC-
HeHHS Ha IIOBEePXHi mepexigHmMX MeTasiB i cTOmIiB y Bakyywmi mpu GomoOapay-
BaHHI Monamu Ar" HusbKoi emeprii (< 10 xeB). 3okpemMa, HaBeJIeHO PE3YJib-
TATH CHUCTEeMAaTHUUYHUX AOCJiIKeHb moBepxHi MmoHoxpucraiaiB Cu, Ni, Fe, Co
Ta crony Fe—Ni. 3asHaueHo Ba)KJIMBY POJIb TaKUX IIapaMeTpPiB AK m03a 60M-
GapayBaHHS, eHeprisa HoHiB i TeMIepaTypa 3paska y 3MiHi xeMiuHOI aKTHUB-
HOocTu moBepxHi. HaBemeno moxasu Toro, Imo MexaHi3M B3aeMojii B cucTeMmi
ra3—IOBEPXHA iCTOTHO KOHTPOJIOETHCS OITUMAJBLHUM CHIiBBiJHOIIIEHHIM
Mi’K eHeprie Ta I'yCTUHOIO IePBUHHOTO MOHHOTO CTPYMY, a TaKOK IIBUAKI-
CTIO PO3HOPOINEHHSA IIPUPOJHOTO OKCUAY Ha ITOBEPXHi MimieHi.
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XOopoIII0 M3BECTHO, UTO CBOMCTBA IIOBEPXHOCTU MeTAJjla M3MEHSIOTCA B pe-
3yJbTaTe MOHHOTO PACIBIICHUA ITOBEPXHOCTHBIX CJIOEB B BaKyyMme. JlamHBIH
0030p COMEpP:KUT Pe3yJIbTaThl HCCJAEeTOBAHUN HN3MEHEHUS KHUHETHUKU aJcopo-
IUY KHUCJIOPOAA M OKHCJEHUS Ha IIOBEPXHOCTH IIEePEeXOAHBIX MEeTAJJIOB U
CILIABOB B BaKyyMe IIpu 60MOapAupoBKe moHaMu Ar' Hu3Koi sHeprun (< 10
k5B). B uacTtHOCTM, TIpUBEJEeHBLI Pe3yJbTaThl CHCTEMATUYECKUX WCCJIEIOBa-
HUII moBepxXHOCTH MoHOKpuctaiamioB Cu, Ni, Fe, Co u cnmaBa Fe—Ni. Orme-
YaeTcsa BaKHAA POJIb TAKUX ITapaMeTPOB KakK 03a 60MOApAUPOBKU, dHEPIUA
MOHOB M TeMIlepaTypa o0pasila B M3MEHEeHUU XHUMUYECKOH aKTUBHOCTH IIO-
BepxHOCTHU. [IpuBemeHbl OKa3aTeJIbCTBA TOTO, UTO MEXaHM3M B3aMMOMAEMCT-
BUSA B CHUCTeMe ra3—IO0BEPXHOCTh CYIIECTBEHHO KOHTPOJIUPYETCS ONTUMAJb-
HBIM COOTHOIIIEHMEM MEeXKIy SHeprueil M IJIOTHOCTHIO MEePBUYHOTO HMOHHOTO
TOKa, a TaKiKe CKOPOCTBHIO PACILLICHUWSA TMPUPOAHOTO OKCHUAA Ha IIOBEPXHO-
CTU MHUIIIEHU.

Keywords: ion bombardment, oxygen adsorption, oxidation, metal and al-
loy surfaces, radiation defects.
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1. INTRODUCTION

Nowadays, low-energy (< 10 keV) inert gas ion bombardment of the
material surface is widely used in various fields of the science and
technology. As an example, we note ion beam assisted physical or
chemical deposition coatings and thin films for improving both ad-
hesion behaviour and physicochemical properties [1-4]. Low-energy
inert-gas ion beam is often used in the various methods of surface
analysis of semiconductors and metals, for example, in secondary
ion mass spectrometry (SIMS) [5, 6] and transmission electron mi-
croscopy (TEM) [7, 8].

It is well known that the metal-surface properties can be altered
by low-energy ion bombardment because of the sputtering of surface
atomic layers that occurs in the vacuum chamber. It is generally
believed that the enhanced adhesion phenomena of thin films on the
metal surfaces by means of ion sputtering is related to removing
from the substrate some natural oxides and different kind of impu-
rities. However, the surface chemical activity can be also altered by
inert gas low-energy ion sputtering. For example, early experimen-
tal work showed that catalysts were almost one order of magnitude
more efficient than unirradiated ones [9]. Most naturally, these
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pioneering contributions were interpreted qualitative in terms of a
picture, in which surface defects resulting from ion bombardment
were considered as the structural descriptions of the rather elusive
‘active centres’. It was first observed visible by the naked eye that
after certain doses of bombardment by Ar" or He" ions (< 10 keV)
the surface of U, Fe, Al, and Cu become passivity with respect to
oxidation under atmospheric conditions [10-12].

Closer examination of the influence of inert gas ion bombardment
with incident ion energies of order of 1 keV on the surface chemical
activity has been performed by the examples of gas—surface interac-
tion in vacuum conditions, in a particular of the kinetics of oxygen
interaction with surface of Cu, Ni, and Fe using variety of tech-
niques [13—-18]. It was reported that gas—surface interactions and
surface reactivity is strongly controlled by the optimal relation be-
tween the energy and the density of the primary ion current as well
as the sputtering rate of natural oxide and pure metal.

Since the passivation effects at atmospheric conditions after ion
bombardment of metal surfaces are currently unknown, we review
here only the main results, which were obtained during observations
these effects in a vacuum for several pure metals and alloys.

2. PURE METALS

The first attempt to study the effect of initial ion bombardment on
the metal oxidation in vacuum was performed by Cherepin et al. in
1962 [13]. They used the method of SIMS for the study of various
surface phenomena such as the oxygen adsorption on the metal sur-
face. The samples used in this work consisted of pure polycrystal-
line iron (2:107® at.% of impurities). The surface studied was pol-
ished mechanically, diamond finished and rinsed in special solu-
tions. After this treatment, the samples were kept in oxygen at at-
mospheric pressure in order to obtain an oxide layer of a definite
thickness. Formation of the oxide layer (r 8 nm) was controlled by
Auger electron spectroscopy (AES). Six samples were placed in the
vacuum chamber of the SIMS apparatus [19] and then bombarded
with 8 keV Ar" ions beam (current density of 1.5:10 A.cm™@). The
time of bombardment was varied so that the doses of irradiation
ranged from 107'® to 10" ion-cm 2 The partial oxygen pressure
during bombardment was not higher than 2.:107® Torr. Immediately
after bombardment oxygen at pressures of 1077, 10°° and 10° Torr
was led into the vacuum chamber. These pressures were maintained
for a definite time to obtain oxygen doses of 3:10%, 3-10% and 3-10*
L, respectively. Then, the chamber was pumped down again. The
secondary ion current of *°Fe” and 0™ isotopes were measured dur-
ing bombardment with the Ar® ion beam having the above-
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mentioned parameters. It was found the exponential decrease of
these secondary ion currents during sputtering by inert gas ions
due to the removal of an oxide layer from the surface. The final
level of the secondary current may be considered as corresponding
to dynamic equilibrium between the rate of the primary ions arrival
(and hence sputtering rate of the iron ions) and the rate of the oxy-
gen adsorption from the residual gas in the vacuum chamber.
Analysis of the kinetic curves I' for **Fe’ and '°0” ions showed
that the initial ion treatment does not exclude oxidation of iron
surface. However, variation of the initial bombardment and subse-
quent oxidation doses leads to appreciable change in the height of
the initial spike in the curves I'(tr). The results of the quantitative
estimate these effects are shown in Fig. 1. Here, AI' = I," — I," val-
ues are plotted as function of the bombardment doses D where I is
the height of the initial current peak (corresponding the initial ox-
ide layer); I," is the current corresponding to dynamic equilibrium
(approximately it corresponds to the surface oxygen concentrations
less than one monolayer). It should be mentioned that the value of
I, does not depend on D. Hence, initial bombardment does not in-
fluence the ion emission after the removal of the oxide layer of the
surface. As follows from Fig. 1, the quantity AI" depends on the
exposure in oxygen and on the dose of ion bombardment. The min-
ima in the AI'(D) curves correspond to doses of 2:10'—3.10"
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Fig. 1. *Fe" (a) and '°0" (b) ion current from iron sample as a function of

Ar” ion bombardment dose D (1 keV, 1.2 mA-cm?): 1—300 L; 2—3000 L;
3—30300 L.
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ion-cm™ Bombardment with such doses makes the surface free of
the primary oxide layer (formed under atmospheric conditions).
Hence, the quoted minima refer to the secondary ion emission from
the oxide formed on the metal exposed to oxygen.

The change in the oxidation rate caused by the ion treatment was
explained as follows. When the irradiation dose is insufficient for a
complete removal of the primary oxide, there remain oxide layers
whose further growth is hindered by a possible formation of a bar-
rier produced by argon atoms implanted into the oxide layer. This
causes decrease in the diffusion rate of the metal and oxygen at-
oms. Hence, this effect is controlled by the optimal relation between
the energy and the density of the primary ion current as well as by
the sputtering rate of primary oxide and pure metal. The increase
in the oxidation rate at high doses may be as results a large number
of defects and the relief created on the metal surfaces.

Miranda et al. [14] first used AES in order to study the influence
of Ar' ion bombardment Ni(001) on the subsequent incorporation of
the oxygen in the high vacuum. Usual cleaning involved heavy ion
bombardment followed by annealing at 1000 K and a final treat-
ment with oxygen at a pressure of 1-10® Torr during 10 min with
the sample at 700 K. After a final flash, no traces of oxygen were
detectable. The base pressure was usually better than 2:107*° Torr.
These authors first used low energy Ar" ion bombardment at 500
eV. The ion dose was corresponded to one Ar® ion per Ni surface atom.
Oxygen was introduced through a leak valve. All the bombardment and
oxygen exposures were carried out at room temperature.

The effects of the ion irradiation on oxidation are represented in
Fig. 2 for P,, = 110" Torr and for ion dose 6" from 0 to 20 (6" =1
means 1 Ar® per surface atom, and r=0(512eV)/Ni (848 eV) is the
ratio of O and Ni Auger peaks). It was pointed that all the curves
for different 0" reach finally a saturation value (r, = 1.85). This
value is practically equal to r = 1.9 for vacuum-cleaved NiO. On the
other hand, the times required for saturation depend strongly on
irradiation dose as seen in Fig. 2. On this basis, it was concluded
that Ni samples were completely oxidized down to the escape length
of the Auger electrons. In addition, it is clear that irradiation en-
hances oxygen incorporation into the sample.

Miranda et al. [14] suggested that sputtering yields are of the
order of unity for their bombardment parameters. Consequently,
one would expect saturation of the number of the surface sites in-
duced by radiation damage precisely at that range of doses. Then,
the influence of ion irradiation up to doses of the order of 6" =1
seems to be connected with an enhancement of the nucleation sites.
It was also tentatively proposed that the slower increase the maxi-
mal slope on each curve in Fig. 2 is due to increasing sub-surface
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Fig. 2. The ratio of oxygen and nickel Auger peaks (r = Oy ,/Nigg) as a
function of oxygen exposure at py, = 1.0-10" Torr.

damage. Indeed, electron microscope observations have shown that
ion bombardment damage extends down to several layers (perhaps
10-20) of the material (in the form primarily of point defect clus-
ters and dislocation half-loops). After this, damage also becomes
saturated because of the continuous receding of the surface due to
sputtering. As the sputtering yield is of the order of unity the ion
doses required for saturation, 0°, will be of the order of the depth
of damaged layers (0" = 10—20 perhaps). It was not excluded that all
these above surface defects increase the rate of oxidation by facili-
tating the diffusion of the chemical species involved in the corre-
sponding tarnish reaction or by acting as sinks for the extra vacan-
cies involved in the oxidation process. However, one can wonder if
defects are necessary for oxide nucleation.

In the next work, Miranda et al. [15] studied the effect of Ar"
bombardment on the oxidation of Fe(110) by oxygen and water in
vacuum. They used for this aim AES and LEED. Surface damage
was created by Ar" bombardment (500 eV) on a clean and initially
well-annealed 1000 K surface, which exhibited a sharp LEED pat-
tern. Ion dose was given in units of 0", where 0" = 1 means an ion
dose of the one argon atom, on the average, per surface iron atom.
The oxygen concentration at the surface was monitored by measuring
the ratio, r, of Auger peak amplitudes of oxygen and iron signals.

Figure 3 displays the evolution r as a function of oxygen expo-
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Fig. 3. Evolution of the O;,,/Fe;s; Auger peak ratio as a function of the
oxygen exposure for a non-bombarded and Ar bombarded surface. The in-
sert shows in detail the low exposure region.

sure for an annealed and for a bombarded surface (0" = 10). For ex-
posures above =450 L, both curves overlap. After an exposure of
3-10% L, it was obtained ro, = 3.0, which is close to the value of 3.3
for the FeO sample. The oxygen uptake curves for the annealed and
Ar bombarded surfaces coincide up to 5 L and separate above this
value. The oxygen coverage at the plateau is 0.4 monolayers.

The data in Fig. 3 indicate that the sticking coefficient in the
chemisorption stage is not affected by bombardment but the rate of
formation of surface oxide is enhanced by surface defects created by
ion bombardment. Thus, the authors [15] observed that one could
accelerate the growth of surface oxide via increasing the ion dose.
The nucleation rate of the surface oxide must be dependent on the
density of the nucleation centres at the surface. An increase in the
ion bombardment dose from 0" = 1 to 6" = 10 resulted in an increase
in the surface density of the nucleation centres for oxide growth
that, in turn, leads to an enhancement of the surface oxidation
rate. It was suggested that ion bombardment may create monoa-
tomic steps of (110) symmetry, which could be the nucleation cen-
tres for the oxide formation. This means that the average size of an
oxide island at the surface reaches some maximum value that could
be related to the number of step atoms at the surface induced by
the impact of Ar ions.

The authors of Ref. [16] have also performed the same type of
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experiments with water vapour, which was introduced to vacuum
chamber. It was observed that Ar’ bombardment inhibits the pas-
sivation effect caused by the adsorbed oxygen layer after water ex-
posure on the annealed surface, by allowing oxygen atoms to pene-
trate into the crystal.

Chenakin [17] performed the first systematic study of the effect
of inert-gas ion bombardment on the oxidation of the different
metal surfaces. He gives the results of a study of the kinetics of
oxygen chemisorption on Cu, Ni, Fe and Co surfaces after Ar" bom-
bardment as a function of such parameters as ion dose and energy
and the sample temperature. The investigated metals were polycrys-
tals with impurity content less than 5-107 at.%. The main method
of investigation was AES. The final preparation of the specimen
surface in the chamber of Auger spectrometer consisted of several
cycles of bombardment by Ar" with energy 600 eV and annealing at
600°C. After cleaning, the metal surfaces were successively bom-
bardment by Ar" ions either in the dose range 10'*-10' ion-cm™
(j = 7.5 pA-cm™®) at energy of 5 keV or in the energy range 1-8 keV
with dose 110 and 1-10' ion-cm™. Then the set of samples was
exposed to oxygen of high purity under a partial pressure of
1.33-10° Pa (0-700 L) and 1.33-10* Pa (700-5000 L). After each
exposure, the oxygen was pumped out and Auger spectra were re-
corder. In order to estimate the change in the adsorption capacity
of the metal surface because of the ion bombardment or the surface
passivation effect, the following quantity was introduced:

Y= [{(hO/hMe)ref - (h‘O/h‘Me)bomb}/(h’O/hMe)ref]']-OO(V0 (1)

where hy/h,, is the ratio of the Auger peaks of oxygen (KLL) and
metal (LMM); ‘ref’” and ‘bomb’ correspond to control (unirradiated)
and bombarded samples, respectively. Then, positive values of y cor-
respond to the suppression of O, chemisorption on a bombarded
metal as compared to control one, while negative values of y corre-
spond to chemisorption enhancement. At high O, exposures, y value
characterizes the resistance to oxidation for the samples after ion
bombardment.

Figure 4 shows the dependence of y on the O, exposure for Fe,
Co, Ni, and Cu after ion bombardment with D = 10" ion-cm™. It
may be seen that y varies as the chemisorption proceeds (and varies
differently for different elements). For example, the initially strong
effect of chemisorption retardation on Fe decreases monotonously
with the exposure growth, while for Ni the opposite picture is ob-
served. In the range of O, exposures up to 5000 L, the formation of
oxides on Fe, Ni and Co is possible as may be judged from the be-
haviour of the low- and high-energy Auger peaks of the metal.
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Fig. 4. Magnitude of the surface passivation effect for metals irradiated by
Ar® ions at a dose of 10'® cm™ as a function of O, exposure: Fe—1, Co—2,
Ni—3, Cu—4.

Analysis of the Auger peak shapes for Fe and Ni as a function of O,
for the reference (control) sample and for the sample irradiated
with the dose 1-10'® ion-cm™ has led to the following conclusions. A
marked variation of Feyy Auger peak shape (47 eV), indicating ox-
ide formation (the appearance of a split peak with energies 45 and
51 eV), was observed after the dose 200 L for the reference sample
and after 100 L for the implanted one. For Ni, the change in the
LMM peak shape (848 eV) for the reference and irradiated samples
occurred at exposures above 700 L and 3000 L, respectively. The
appearance of oxide considerably stimulates chemisorption; there-
fore, the difference in the O, chemisorption rates in the control and
the irradiated samples as the exposure increases will decrease for Fe
and will increase for Ni. On Cu, the oxide is not formed all the way
up to 5000 L; therefore, y depends weakly on the O, exposure. Co
behaves in a way intermediate between the behaviour of Fe and Ni.
Figure 5 gives the values of y for Fe, Co, Ni, and Cu for expo-
sures of 3 and 5000 L after ion bombardment with D = 1-10'°,
1-10'%, 1.10" ion-cm™@. As is evident from Fig. 5, a, the magnitude
of y (3 L), which is determined by the difference between the initial
chemisorption rates on the control and implanted samples, depends
on the nature of the metal and the ion dose, and the dependence of
v (3 L) on the ion dose is different for different metals. In order to
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Fig. 5. Magnitude of the passivation effect for O, exposures of 3 L (a) and
500 L (b) as a function of the nature of the metals implanted with Ar" ions
with doses of 10 (1), 10 (2), and 10'® (3).

explain the results obtained, the model was adopted based on the
following two main assumptions: (1) point defects (such as vacan-
cies or dislocation emergence points) and clusters of point defects
created at the surface by ion bombardment serve adsorption centres
and thus enhance the adsorption rate; (2) implanted Ar ions block
up the adsorption centres by reducing the chemisorption energy on
atoms nearest to defects so that the adsorption rate becomes lower.
The competitive effect of these two factors on the adsorption proc-
ess should determine the kinetic character of interaction between
oxygen and an irradiated metal.
The chemisorption rate is known to be described by

Vaas = {p/(2nmET)"*}o(0)f(0)exp[-E(0)/(RT)], (2)

where p is the gas pressure, m is the gas molecular mass, T is the
temperature, o(0) is the sticking coefficient, f(0) is the probability
that the molecule will hit the unoccupied site, E, is the adsorption
activation energy, 0 is the coverage, R is the gas constant, & is the
Boltzmann constant. The sticking coefficient of oxygen is known to
be enhanced due to damage produced in a metal by in bombardment
[20, 21]. Defect sites at the surface can (in addition) reduce the ac-
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tivation energy E, of the dissociative adsorption [6, 22]. Hence, ra-
diation defects produced by ion bombardment must modify the ab-
sorbability of the metal surface according to Eq. (2). As a result,
the initial rate of adsorption, V,, and the amount of adsorbed at
low exposures (less than 50 L) should become higher with the
growth in the surface defect density, which, in its turn, should in-
crease with irradiation dose. This agrees with the experimentally
observed growth of the ratio h,/hc, in the dose range 10'*-10'®
ion-cm ™ at exposures up to 50 L (Fig. 6).

With an increase in the exposure, oxygen adsorption will occur at
sites with required higher activation energy and which ensure lower
chemisorption energy. According to theoretical evaluations [23], the
chemisorption energy of atoms nearest to a defect is reduced by 10—
15% . Hence, for the samples with a high density of defects (irradi-
ated with a larger dose), the sticking coefficient will drop abruptly,
and the adsorption will be reduced (Fig. 6, 200 L). The fact that the
chemisorption energy is decreased on atoms closest to the defect
may be treated as equivalent to the blocking action of implanted
argon assumed in model. Due to this factor, the amount of oxygen
chemisorbed at large exposures may become smaller as the ion dose
increases (Fig. 6, 5000 L). The kinetics of sputtering of oxygen,
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Fig. 6. Intensity ratio, Aoxir)/Pcuaamys US. dose of preceding Ar" bombard-
ment for various oxygen exposures.
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which was chemisorbed on Cu at 5000 L (Fig. 7) supports the idea
that the binding energy of adsorbed atoms decreases with an in-
crease in ion dose.

In order to explain the effect of passivation, it was assumed that
retardation of O, chemisorption on irradiated metals as compared to
unirradiated ones might be associated with the blocking of the ad-
sorption centres by argon atoms. The concentration of the im-
planted argon atoms (neglecting their desorption) in the surface
layer of Fe, Co, Ni, and Cu was calculated for the range of ion
doses under study. The following relation has been used [23]:

CAr(O’t) = []0/(2eVs)]{erf[tVs - (Rp/z)ARp] + erf[Rp/(ZARp)]}v (3)
where j, is the Ar" current density, V, is the sputtering rate, ¢ is
the bombardment duration, R, is the ion-projected range, AR, is the
straggling, and e is the electron charge. The R, value may be found
as follows [24]:

R, = C.MAL(Z,*? + Z,"%) )(Z,Z,)|E}*°. (4)

Here, C, is a function of M,/M,, Z, and Z, are the atomic numbers
of ion and target atoms, respectively, E is the ion energy, and M, is

2
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¢ D, 10 ions-cm™
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Sputtering time, s

Fig. 7. Sputtering kinetics of oxygen chemisorbed on Cu at 5000 L after
different irradiation doses.
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the target mass.

Figure 8 gives the value of C,.(O,f) and measures values of y=
= hae/Prreaany It may be seen from a comparison of Fig. 8 that for
every dose there is a good qualitative correlation between y and
CA(0,¢) for the series of metals. At the same time, the dependences
of y and C,,(0,t) on the ion dose D do not correlate between them-
selves for a given metal (except Fe). This may be due to the fact
that the adsorption process is strongly affected by radiation defects
whose density, distribution and type are not really related to the
ion dose. As may be seen from Fig. 8, the character of y dependence
on the metal nature and the ion dose D varies with an increase in
exposure. At 5000 L, the degree of reduction in chemisorption be-
comes higher as the dose increases for all the metals. Under these
circumstances, the influence of radiation defects seems to be al-
ready weakened and the concentration of implanted argon atoms
plays the main role. The investigations of the oxygen chemisorption
kinetics on implanted Cu at different temperatures [17] allow ob-
taining the Arrhenius plot for the initial chemisorption rate and for
the chemisorption rate at different oxygen exposures.

It is known that O, adsorption on unirradiated Cu is an activated
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Fig. 8. Calculated concentration of Ar atoms in the surface layer C,.(O,%)
(solid line) and the ratio of the amplitudes for the Auger peak Ar LMM
and the LMM peak of the metal (dashed line) as a function of the nature of
the metal irradiated by doses of 10' (1), 10 (2), and 10'® cm™ (3).
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process with E, ~ 18 kJ-mol™?, and the chemisorption kinetics is fol-
lowing to Eq. (2). However, it is apparent from Fig. 9 that the de-
pendence of InV, on 1/T in the range 100—600°C does not corre-
spond to Eq. (2) since the initial rate of adsorption decreases with
temperature rise. The observed dependence of InV,, on 1/T for ir-
radiated Cu may be associated with the influence of implanted at-
oms and radiation defects on the adsorption process. The initial
sticking coefficient may be assumed to be proportional to be concen-
tration of defects (vacancies), that is o(O) « n, where n, in its turn,
is the quantity inversely proportional to the frequency of vacancy
jumps, n « 1/v, which is determined by the following relation [25]:

v = voexp[-U,,"/(kT)], ()

where v,~10%s™, U,'—activation energy for vacancy migration.
Then,

o(0) o« exp[-U,,"/(ET)]. (6)
On the other hand, according to the second assumption of the
model, the sticking coefficient should increase with a higher rate of
reduction of the number of blocked centres, that is

o(0) o exp[—Eq./(ET)]. (7)

Here, E,. is the activation energy for the desorption of implanted

2_
i [ ]
OL
: il /\‘
| - ,/'\6\,
4L x
ok
i 10L
4 I I I
1 2 3
1000/T

Fig. 9. Oxygen chemisorption rate vs. reciprocal temperature of Cu implanted
with the dose 1.10'® cm™2 of Ar ions for different oxygen exposures.
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argon atoms from the metal.

As aresult, the initial rate of adsorption on the surface with defects

(including both the implanted atoms and vacancies) will be defined as

Vs < exp{[(U," — Eaes)/k — (Es/R)]/T} < exp[E"/(RT)],  (8)
where E" is some effective activation energy determined by the
processes of blocking, migration, desorption. Since
U, ~1.710"%J, E.;.~3.2.10% J, and E, for unirradiated Cu
equals to 18 kJ-mol™?, [(U,,’ - E..)/k — E,/R] will be a positive quan-
tity, and then, the dependence of InV,,, on 1/T in Fig. 9 will corre-
spond to Eq. (8).

The process of annealing results in increasing mobility of vacan-
cies, interstitials and implanted atoms, so that the initial distribu-
tion of defects is expanded and moves deeper into the bulk [26].
Partial annihilation of vacancies and interstitials is also observed.
All these factors promote the reduction of the damage level in a
sample and, apparently, this effect is larger the higher the anneal-
ing temperature. Therefore, the initial adsorption rate (proportional
to the defect density at the surface) would be higher for samples
annealed at lower temperatures, and the amount of oxygen chemi-
sorbed at small exposures would be higher too. When the duration
of O, exposure (and annealing) is increased, the damage level of the
samples, which were kept at different temperatures, becomes equal,
and the process develops then as follows. When the temperature is
raised, the sticking coefficient of oxygen on Cu increases, and ac-
cordingly, the rate of adsorption is also enhanced. The process of
thermal desorption of Ar atoms from Cu at high temperatures
should apparently also have a definite effect on the oxygen chemi-
sorption kinetics, since such a process, according to presented
model, unlocks the adsorption centres.

Thus, the picture varies gradually with increase in exposure, and
the adsorption process follows Eq. (2) more closely. As a result, the
dependence of InV, 4, on 1/T in the temperature range 23—300°C and
for O, exposures of 3—10 L. acquires the shape of the Arrhenius
straight line (Fig. 9). According to Eq. (2), it is possible to deter-
mine the apparent activation energy of adsorption E™, for coverage
0 > 0 from the slope of the Arrhenius plot shown in Fig. 9 (in the
range 23—300°C).

Figure 10 shows the apparent activation energy for oxygen ad-
sorption on irradiated Cu as a function of exposure. It may be seen
that E, increases linearly with O, exposure. This might be explained
by the fact that the adsorption centres characterized by different
E.(0) are gradually filled. It should be pointed out that E", values
for an irradiated Cu surface are much smaller than for an unirradi-
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Fig. 10. Apparent activation energy of oxygen chemisorption on Cu irradi-
ated with dose 110" cm™ of Ar ions vs. O, exposures.

ated one. However, values of the adsorption activation energy are
likely to be due to the presence of radiation defects, which serve as
the adsorption centres at small O, exposures. It is also possible that
lower values of apparent activation energy of adsorption (Fig. 10)
indicate the incorporation of oxygen atoms into the metal lattice
since the values of E™, obtained in the present work for Cu agreed
well with the published magnitude of the activation energy for the
incorporation of oxygen atoms into Cu (6.3—8.4 kJ-mol™).

3. ALLOYS

The first study of the oxygen chemisorption and oxidation of sin-
gle-crystal alloys after preliminary ion bombardment has been per-
formed by Chenakin [18]. AES has been used to study the oxygen
chemisorption kinetics on the (110), (100), and (111) faces of Fe—36
at.% Ni before and after bombardment with 5 keV argon ions to
doses of 10°—10'" ion-cm 2. Clean surfaces were produced by several
cycles of 600 eV Ar" bombardment at an ion current density of 5
wA-cm™ and annealing at 600°C. For the cleaned and annealed sur-
faces (110), (100), and (111), the Ni concentration estimated by
AES amounted to 42, 34.4 and 40 at.%, respectively. Both initial
and implanted specimens were exposed at room temperature to
high-purity oxygen at partial pressures of 1.33-10* Pa (range expo-
sures 0-700 L, 1 L = 1.33-10™* Pa-s) and 1.33:10* Pa (700—-5000 L).
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After each exposure, the oxygen was pumped out, and Auger spec-
tra were recorded.

It was shown that 5 keV Ar" ion bombardment of the alloy re-
sulted in the preferential sputtering of Ni, the depletion being in-
creased with the dose. At a dose of 10'" ion-cm™?, the Ni concentra-
tion on the (110), (100), and (111) faces was 21.8, 21.7, and 17.4
at.%, respectively. The preliminary bombardment resulted in en-
hancement of the alloy oxidation as compared with the unimplanted
sample. The initial chemisorption rate V,,, and the amount of oxy-
gen chemisorbed at 5000 L. were observed to increase with the
growth in ion dose (cf. Fig. 11, a and b). The V,,, increased particu-
larly for the (100) and (111) faces, and its values became close for
all faces. As a result, after an ion dose of 10" ion-cm2, the O, up-
take at 20°C was almost isotropic (Fig. 11, a). Bombardment with
doses of 10 and 10" ion-cm™® did not alter appreciably the oxida-
tion kinetics character (Fig. 11, b); it remained virtually orienta-
tion-independent, although for all the doses used the (100) surface
tended somewhat to retain its adsorption characteristics, namely to
chemisorbed at large exposures more oxygen than other faces.

The orientation dependence of surface depletion with Ni after a
dose of 10! ion-cm ™ seems to be for various crystal faces, which is
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Fig. 11. Oxygen surface concentration as a function of O, exposure at
room temperature for the faces: (100)—1, (110)—2, (111)—3 of Fe—36
at.% Ni crystal after preliminary bombardment with 5 keV Ar" to doses of
10" (a) and 10'" cm2 (b).
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known to be the largest for the most close-packed faces and in ac-
cordance with the capability of primary ions for channelling along
close-packed directions, it decreases for f.c.c. crystals in the se-
quence as follows: S(111) > S(100) > S(110). Accordingly, the Ni
surface concentration for the irradiated f.c.c.-Fe—Ni crystal will
grow in the same face sequence.

Ion bombardment of Fe—Ni crystal produces defects, disorders
crystal structure, and alters the surface composition. In spite of the
noticeable increase in carbon concentration on the high-dose irradi-
ated surfaces as compared with unirradiated ones, V4, rises sub-
stantially (=2 times). Evidently, the surface defects facilitate this
enhancement of V,4, and the increase of V4 on a given face for lar-
ger ion doses is ensured by the growth of radiation damage density.
At a given dose, the damage level will be higher for more close-
packed crystal surfaces, and this will cause the V,, for various
faces to be equalized. With a drought of ion dose, this tendency
seems to be maintained, so, the oxidation kinetics manifests almost
isotropic character in the wide dose range of 10"*~10'" ion-cm™2. The
differences in Fe concentration level after irradiation at a dose of
10'" ion-cm™ do not affect the kinetics appreciably, rather the con-
trary, some stability of the adsorption characteristics for Fe—
Ni(100) may be connected with the role of Ni, the selective sputter-
ing of which was the least for the (100) face.

Annealing of the irradiated Fe—Ni crystal at 300°C for 30 min
eliminates the defects and largely restores the ordered surface
structure. The anisotropy, V,..(110)>V,,(111) >V _,(100), is restored
again, although to a lesser extent. The highest V°,, occurs for the
(110) face, where the Ni concentration is largest. This indicates
that, for irradiated crystals, structural effects predominate over
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Fig. 12. Initial oxygen chemisorption rate as a function of reciprocal tem-
perature for the faces: (100)—1, (110)—2, (111)—3 of Fe—36 at.% Ni crys-
tal irradiated with 5 keV Ar" to a dose of 10'7 cm™2.
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compositional ones too. Figure 12 shows V,, derived from the
curves of C,=f(L) for the Fe—Ni faces irradiated at a dose of 10"
ion-cm™ and exposed in O, at 20—300°C as a function of 1/T. One
can see that the effective activation energy, E,, only slightly de-
pends on the surface orientation and varies in the range from -5 to
-8 kJ-mol™. The negative values, if E, indicating non-activated ad-
sorption, are the consequence of the combined action of such proc-
esses as chemisorption, defect annealing, argon desorption and seg-
regation, and correspond to the conclusions from a model of oxygen
chemisorption on an implanted surface.

4. CONCLUSION

Closer examination of the influence of inert gas ion bombardment
with incident ion energies of order of 1 keV on the surface chemical
activity has been performed by the examples of gas—surface interac-
tion in vacuum conditions, in particular, of the kinetics of oxygen
interaction with surface of Cu, Ni, Fe and Fe—Ni alloy using variety
of techniques. It was reported that gas—surface interactions and
surface reactivity is strongly controlled by the optimal relation be-
tween the energy and the density of the primary ion current as well
as the sputtering rate of the natural oxide and pure metal. The in-
crease in the oxidation rate at high doses may be as results a large
number of defects and the relief created on the metal surfaces.
Point defects (such as vacancies or dislocation emergence points)
and clusters of point defects created at the surface by ion bom-
bardment serve adsorption centres and thus enhance the adsorption
rate. Implanted Ar ions block up the adsorption centres by reducing
the chemisorption energy on atoms nearest to defects so that the
adsorption rate becomes lower. The competitive effect of these two
factors on the adsorption process should determine the kinetic char-
acter of interaction between oxygen and an irradiated metal.
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