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Abstract

Surface damage formation on the Ni (1 0 0) and Ni (1 1 1) surfaces induced by Ar` ion bombardment at
low energy (0.1}1.2 keV) and small doses ((5]1015 ion/cm2) was studied with LEED. The degradation of
the di!raction spot intensities was measured directly during ion bombardment. Using the procedure of
Jacobson and Wehner for description of the exponential intensity/dose function, the mean area of damage
per incident ion was determined. The experimental results have con"rmed that partial annealing of the
surface damage takes place at room temperature during ion bombardment. An exponential relationship
observed between point defect concentration and annealing time at higher temperature indicated a "rst-
order reaction. The activation energies for Ni (1 0 0) and Ni (1 1 1) surfaces were determined. ( 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is well known that the low-energy inert gas ion bombardment of solid surfaces is extensively
used in several "elds of surface science and technology. In particular, Ar`, He`, Ne ` ion beams in
the energy range &0.5}10 keV are frequently used in many surface techniques for producing
atomic clean single-crystal faces [1}3] and to remove material quantitatively for obtaining
layer-by-layer depth properties pro"les [4,5]. Low-energy ion beams (probes or microprobes) are
also applied in several surface analysis techniques, in particular, low-energy ion scattering (LEIS)
and secondary ion mass-spectroscopy (SIMS) [6}9], or for ion-lithography technology [10]. The
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inert gas ion bombardment is used to change the chemical reactivity of the metal surfaces [11}13].
In the last few years low-energy ion treatment has found wide application in vacuum coating
deposition technology [14}16].

Consequently, in order to understand the mechanisms of the ion-bombardment e!ects on a great
diversity of surface structures and properties it is very important to study the nature of the surface
damage produced by such treatment. It was established that in the case of semiconductors, ion
bombardment can reduce the surface to a completely amorphous state [17,18]. In contrast to
semiconductors it was demonstrated that the metal surface layers are never made amorphous
although they can become partially disordered with increasing inert gas ion-bombardment dose
[19}24]. However, there is not much quantitative data on metal surfaces because there are major
di$culties arising from the high defect annealing rates even at room temperature in contrast to
semiconductors. Moreover, there are di$culties in determining the type and concentration of the
surface defects. The damage introduced by keV ion bombardment of a metal surface is expected to
consist of vacancies, vacancy clusters, vacancy}ion complexes, interstitial agglomerates, Frenkel
pairs, facets and dislocation loops [2,12,25]. The relation between various types of defects is
dependent on the type of metal and ion as well as ion energy and dose of the bombardment.

To study low-energy ion damage processes which involve only a few surface layers an important
technique is low-energy electron di!raction (LEED). LEED has been shown to be capable of
providing information about the height of atomic steps, and to some extent about the width of
terraces on atomically clean surfaces [26]. Previous LEED studies of the surface damage caused by
ion bombardment have demonstrated that such treatment can change both the intensity and the
width of the di!racted beam (spots) [19,20]. Jacobson and Wehner [17] "rst examined the e!ect of
Ar` ion bombardment of the Ge (1 1 1) surface at energies up to 1 keV. The intensity distribution
of LEED beams in the energy range 15}200 eV was the particular measurement in this study. It was
found that an exponential decrease of the di!raction spot intensity with increasing ion dose was
seen. They also observed that, if the energy of bombarding ions was increased, the ion dose required
to produce a given reduction in intensity, decreased. These results were explained using a model in
which it was speculated that each incoming ion creates a certain damaged area of size a. According
to this model, the fraction of the surface which is damaged, h, is given by

dh/dD"(1!h)a, (1)

where D is the ion-bombardment dose. Solving this equation one can obtain

h"1!exp(!a D), (2)

i.e., the non-damaged area, 1!h, decays exponentially with ion dose in terms of this model.
Park [19] has studied the e!ect of Ar` ions with 500 eV bombardment on the LEED intensity

for a clean annealed (1 0 0) Ni surface. He found that, even at extremely high ion dose, the LEED
pattern was never completely destroyed. It was suggested that the ion bombardment produces
a random distribution of point defects in an initially perfect plane surface. This reduces the e!ective
scattering area of the surface and will result in a decrease in di!raction intensities. However, the
undamaged portions of the surface area are in registry with one another and scatter cooperatively.
Therefore, the di!raction beam width due to bombardment will not be appreciably a!ected in this
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case. The beam broadening observed by Park [19] was explained by assuming a lattice strain
caused by Ar atoms embedded in the lattice.

In studies [20,21] Ne`, Ar`, Kr` or Xe` ion-bombardment induced-damage on Mo (0 1 1),
(1 1 0) and W(1 1 0) surfaces was investigated also by LEED. Degradation, determined from peak
intensities, was observed as a function of ion dose and energy in the range 25}1000 eV. Using the
procedure of Jacobson and Wehner [17], the mean area of damage per incident ion was observed
to be &0.6]10~15 cm2/ion at 50 eV for both Ne` and Xe`, and at 1000 eV 25]10~15 cm2/ion
for Ne` and 9]10~15 cm2/ion for Xe`. LEED patterns from both surfaces of bombarded Mo
were restored by heating at 873}923 K. It was also found that beam broadening occurred mainly
with neon and, was a function of ion dose. The present results also agree with those of Park [19]
and, even at extremely high ion doses, the LEED pattern was never completely destroyed because
the undamaged areas that exist still scatter cooperatively.

The production and annealing of damage on the Ni (1 1 0) surface, induced by 1 keV Ar`
bombardment has been studied with LEED [23,24] and the results were discussed and compared
with previously reported LEIS results [24]. It was concluded that the production of damage on
crystal surfaces which remain crystalline under ion bombardment may be explained in terms of the
nucleation and growth of vacancy clusters. After bombardment at a dose of about 1015 ion/cm2,
extra LEED pattern spots were observed which were interpreted as being due to the formation of
steps and facets.

In the work of Verheij et al. [24] the thermal annealing of Ni (1 1 0) surface damage was also
studied using LEIS. The separate role of thermal processes was investigated by measuring changes
in the height of the damage LEIS peaks following cessation of bombardment for di!erent target
temperatures. For complete annealing of the nickel surface damage, the target had to be heated to
450 K. The data presented [23,24] were, however, not very sensitive to annealing e!ects because of
the time delay between bombardment and measurement (&10 min) and because peak intensities
during annealing could not be measured accurately, since the adverse e!ects of the Debye}Waller
factor and lattice thermal expansion were not considered. Moreover, the e!ect of annealing (in the
interval between bombardment and measurement) on the damage built-up during ion bombard-
ment even at room temperature cannot be neglected in quantitative experiments. The aim of the
present work was to perform more precise measurements of the LEED intensities directly during
the ion-bombardment process and subsequent damage annealing. Because of the low-energy ions
and low doses used it is expected that only point defects were produced.

2. Experimental

The targets used were high-purity (5N) Ni (1 0 0) and (1 1 1) surfaces, prepared by standard
techniques. The crystals with dimensions 10]10]3 mm were mechanically polished using 6 lm
diamond paste and "nally given prolonged electropolishing. This treatment produced smooth
specular surfaces. The samples were then spot welded on to tungsten supports and inverted into the
LEED-AES spectrometer [27]. The target surface preparation in the UHV chamber involved
several sputtering cycles with Ar` (600 eV) and annealing (900 K), and a "nal treatment with
oxygen at an O

2
pressure P"1]10~6 Pa for 15 min with the sample at 750 K. The surface was

considered clean when no traces of oxygen were detectable, the ratio of the Auger carbon peak to
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that of the nickel 848 eV peak was kept below 5]10~3, and a clear (1]1) LEED pattern observed
did not change after further cleaning treatment.

In order to enhance the performance of the LEED system, in particular, the sensitivity and
accuracy, compared to conventional LEED apparatus, we have performed several improvements
in the di!raction re#ex (spot) intensity measurements. Let us brie#y focus here our attention on
such improvements. In order to study the LEED re#ex behaviour under ion bombardment and
subsequent heating, both the re#ex intensity and shape must be measured. With this aim in view we
have developed a special spot-photometry device. Numerous experiments on the temperature
dependence of the spot intensity have shown that the temperature range of investigation is limited
by light from the heated sample. In order to exclude this error we have developed the technique of
intensity modulation of LEED spots. Furthermore, when investigating the temperature or ion dose
dependences of the di!raction spot intensity, the expansion of the crystal lattice must be taken into
account since this causes shifting of the energy maxima of the spots. Because of this, a system of
automatic energy adjustment to the spot maximum intensity during experiments was developed.
These improvements allow one to record the spot intensity maximum variation with ion-bombard-
ment dose, target temperature, and annealing time. The target heating facility, comprising a simple
electron gun mounted behind the target, allowed the temperature to be maintained constant in the
range between 300 and 1000 K to an accuracy of $2 K.

To damage the target surface, it was bombarded with Ar` ions at an angle of incidence of 453.
The argon gas pressure in the UHV chamber was (2}4)]10~3 Pa during the bombardment. The
ion energy E

p
and dose D were varied from 0.1 to 1.2 keV and from 1013 to 1016 ion/cm2,

respectively.

3. Results and discussion

An important point is that we have performed for the "rst time the LEED measurement directly
during ion bombardment. The LEED patterns, were observed slightly o! normal electron beam
incidence (73) to allow study of the (0 0) specular re#ection with the primary electron energy
E
0

between 10 and 200 eV. At the "rst stage of the study we have performed detailed measurement
of the ion dose dependence of both the (0 0) spot intensity and its width. It was shown that, for this
energy range (E

0
), the spatial spot pro"le did not vary over low ion doses D(5]1015 ion/cm2.

However, a slight variation in spot size, i.e. beam broadening, was detected on the I
00

(E
0
)-curves

particularly at higher doses. For higher dose level also the peak energy shifts towards higher
energies by 2}5 eV. So, for D(5]1015 ions/cm2, the ion bombardment mainly a!ected the spot
intensities which were then measured in more detail. Fig. 1 shows some typical examples of the
intensity dependence on bombardment time, i.e. the dose-dependent relationship for E

p
"0.5 keV,

E
0
"96 eV. One can see that the main e!ect caused by ion bombardment is the decrease of the

spot intensity during the bombardment process. It was found for several I(t) functions that for each
E
p
, there is an inherent maximum dose value above which the intensity does not alter, i.e.

a saturation condition is reached. This "nal intensity value was usually 0.2 of the initial intensity I
0
.

We have followed the same procedure as performed by Jacobson and Wehner [17], where the I(D)
function was described by the exponential behaviour expected from Eq. (1). It was assumed that
surface damage is caused by build-up of the point defects. We have plotted I/I

0
vs. dose on
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Fig. 1. LEED (0 0) spot intensity as a function of Ar` ion-bombardment time. E
p
"0.5 keV.

Fig. 2. !log (I/I
0
) as a function of bombardment dose for Ni (1 0 0). E

p
in keV. (1) 0.1, (2) 0.2, (3) 0.3, (4) 0.4, (5) 0.5,

(6) 0.6, (7) 1.2. E
0
"96 eV.

a semi-log scale which indicated that I/I
0

values were a straight line, at least in the region of small
doses. Fig. 2 shows a number of the representative straight lines ln(I/I

0
)"f (D) for the Ni (1 0 0)

surface at several ion energy values. As mentioned above, the mean area damaged per incident ion
(a8 ) may be obtained from the slope of the !log(I/I

0
) vs. dose in ions/cm2. As shown in Fig. 3 for Ni

(1 0 0) and Ni (1 1 1) surfaces a8 increases monotonically in the range of E
p

from 0.1 to 1.0 keV. One
can see from Fig. 3 that the defect formation e!ect for the closer-packed (1 1 1) face is less than that
for the (1 0 0) face. The a8 value measured 10 min after ion bombardment at room temperature was
less by an order of magnitude than that in Fig. 3. These results give a clear indication that fast
thermally activated process are occurring even at room temperature.

M.A. Vasylyev et al. / Vacuum 57 (2000) 71}80 75



Fig. 3. Mean damage area per ion a as a function of E
p

for (1) Ni (1 0 0) and (2) Ni (1 1 1).

The separate role of the thermal process kinetics was investigated by measuring changes in the
(0 0) spot intensity at E

0
"96 eV for Ni (1 0 0) or E

0
"87 eV for Ni (1 1 1) during isothermal

annealing following cessation of bombardment at room temperature. The defects were produced
before annealing by bombardment with 600 eV Ar` at a dose of 8]1014 ions/cm2. Once a given
dose has been reached equal to the saturation damage level, the ion beam was switched o! and the
specimen was heated to the annealing temperature. The (0 0) spot intensity I(t) was recorded from
the start of annealing until a stable value of I

st
(t) was attained. The sets of the isothermal curves for

di!erent annealing temperatures for both crystals are displayed in Fig. 4a,b. A distinct increase in
spot intensity, indicating accurately surface damaged annealing, was observed over the entire
temperature range used, i.e. from 400 up to 900 K. It is also seen in Fig. 4 that the I(t)-function
allows the annealing curves to be characterized by a time constant, above which no damage was
observed. Measurements at several temperatures have shown that this time constant decreased
with increasing annealing temperature. All curves for di!erent ¹ reach "nally saturation values as
seen in Fig. 4. On the other hand, the times required for saturation depend strongly on annealing
temperature. In order to determine the defect-annealing parameters we used the relation between
the LEED intensity and the point defect concentration n [17]:

I
T
(t)"I

0T
[1!a8 n(t)2]. (3)

A plot of ln[1!(I
T
/I

0T
)1@2] as a function of time t for "xed a8 enables one to determine a direct

relationship between n and t. Fig. 5 shows such a function for Ni (1 1 0) as derived from the data in
Fig. 4. One can see in Fig. 5 that all isotherms are drawn as straight lines. Analogous results were
obtained for Ni (111). Hence, the data points for n "t rather well to an exponential function, i.e.

n"n
0

exp(!t/q), (4)

where q is the temperature which is dependent on the mean lifetime of the defect. As already known
[28] the defect-annealing behaviour for a single activation energy e is described by the equation

dn/dt"K
0
na exp(!e/k¹), (5)
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Fig. 4. Intensity ratio (I/I
0
) as a function of isothermal annealing time: (a) Ni (1 0 0), (b) Ni (1 1 1) at temperatures in

K (1) 400, (2) 500, (3) 600, (4) 700, (5) 800, (6) 900.

where K
0

is the kinetic coe$cient, k the Boltzmann constant, and a the reaction order; if the defects
di!use to a "xed number of sinks, a"1. Vacancy and interstitial-atom annihilation corresponds to
the second order (a"2) if these defects have equal concentrations. It is very important to know the
numerical values of the reaction order in order to analyze the defect-annealing behaviour.
Integrating Eq. (5) gives

n"n
0

exp(!t/q),

q"K~1
0

exp(e/k¹) for a"1
and

1/na~1!1/na~1
0

"(a!1) K
0
(t!t

0
) exp(!e/k¹)

for aO1.

Consequently, the above-mentioned exponential relationship between n and t, indicates a "rst-
order reaction in our case. The section applied to the isotherms gives ln q as a function of 1/¹,
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Fig. 5. !ln [1!(I/I
0
)1@2] as a function of annealing time for "xed a8 for Ni (1 1 1) at temperatures in K (1) 400, (2) 500,

(3) 600, (4) 700, (5) 800, (6) 900.

Fig. 6. ln q as a function of 1/¹: (1) Ni (1 0 0), (2) Ni (1 1 1).

which is a straight line with a slope equal to e/k (Fig. 6). From these data the values of e for Ni (1 0 0)
and Ni (1 1 1) were determined to be 0.3 and 0.25 eV, respectively.

It is well known that although LEED intensities are very sensitive to low-energy ion-bombard-
ment damage, they do not distinguish between the various types of surface defects. However, we
might expect, based on the low reaction order observed, that ion bombardment at both low E

p
and

D produces only simple point defects, mainly vacancies and close Frenkel pairs. Under thermal
activation, the Frenkel pairs vanish without reacting with other types of defects, and e may be of the
order of the migration energy for interstitial atoms Ei

m
(0.15 eV for nickel) because of the attraction

between vacancies and interstitial atoms [28]. Point defects in the form of vacancies may be
produced by low-energy ion bombardment at small doses, when only 1}2 surface monolayers are
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sputtered. It is well known that vacancies control the di!usion process in the solid. In particular,
the activation energy for self-di!usion, E

D
, is given by [28]

E
D
"EV

f
#EV

m
, (6)

where EV
f

is the formation energy of a vacancy and EV
m

is the migration energy of a vacancy. On the
other hand, the relation between the formation energy of a vacancy and the activation energy of
self-di!usion is given by [29]

EV
f
"0.55 E

D
. (7)

The values of the activation energy of self-di!usion for Ni (1 0 0) and (1 1 1) surfaces, ES
D
, were

determined in the study [30] to be equal to 0.63 and 0.33 eV, respectively. As the migration energy
of a vacancy has not been documented for Ni we have used relations (6) and (7) to calculate this
parameter. It was found that the values of EV

m
for Ni (1 0 0) and (1 1 1) faces are 0.15 and 0.29 eV,

respectively. In the much studied case of Cu [28] the values of EV
m

were determined for (1 0 0) and
(1 1 1) surfaces to be equal to 0.171 and 0.655 eV, respectively. These values are large in comparison
with bulk data: 1.21 eV for Ni and 0.91 eV for Cu [29].

4. Conclusions

1. Surface damage on the Ni (1 0 0) and (1 1 1) surfaces induced by Ar` ion bombardment at low
energy and small doses were studied with LEED. We report here the "rst observation of the (0 0)
di!raction peak degradation directly during ion bombardment using the more precise measure-
ments of the LEED intensities. The main e!ect caused by ion bombardment in the ion energy
range 0.1}1.2 keV and for doses (5] 1015 ion/cm2 is the exponential decrease of spot
intensity, which did not approach zero for increasing dose. Under present conditions the
equilibrium reached between the rate of the surface damage build-up and annealing. The results
give a clear indication that fast thermally activated processes are occurring even at room
temperature under ion bombardment. Using the procedure of Jacobson and Wehner for
description of the exponential intensity/dose function, the mean area of damage per incident ion
was determined.

2. Thermal process kinetics was investigated directly during isothermal annealing following the
cessation of ion bombardment at room temperature. An exponential relationship between the
number of point defects and annealing time indicated a "rst-order reaction. Activation energies
for Ni (1 0 0) and Ni (1 1 1) were determined to be 0.3 and 0.25 eV, respectively. We might expect,
based on the data observed, that ion bombardment at both low ion energy and small doses
produces only simple point defects, mainly vacancies and close Frenkel pairs.
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