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Abstract approved:

A three—-stage, differentially pumped ion accelerator is
used to produce low energy argon ions, which in turn, are used
to bombard the surfaces of piane'nickel single crystals. Nickel
atoms ejected from the crystals are counted using the radioac—
tive tracing method. From the analysis of the angular distri-
butions of ejected atoms, the study of low energy single crystal
sputtering is made possible.

The experimental procedure consisted of pumping down the

9

accelerator to a pressure of 10 torr, outgassing the target by
electron bombardment, generating a well-defined and singly ioni-
zed argon ion beam, and bombarding the target with ions for a
time which is shorter than that required for gases to form a

monolayer on the target surface at the existing residual partial

pressure of absorbable gases.

Three targets, consisting of NiGJ

being elcctroplated on
the surfaces of two (110) and one (111) nickel crystals respec—

tively, were used in this work. Kach target was hombarded with

40-600 eV argon ions at normal incidence except one of the (110)



crystals which was mounted so that its surface normal made an
angle of 20°% with respect to the incident ion beam. Nickel
atoms ejected from the target were collected on a thin molyb-
denum foil. Immediately after each bombardment, the collector
foil was cut into narrow strips, and the residual radioactivity
of each strip was analyzed by placing it under a thin end-window
G-M counter.

The angular distributions of nickel atoms ejected from the
crystals were found to peak at directions corresponding to the
close-packed crystal directions. The atomic intensity of each
peak increased as the ion energy increased while its half-width
remained about 8.50. These results indicate that at low energy
ion bombardment atoms are ejected intensely around the close-
packed direction from a single crystal and focused collisions
may indeed narrow the distribution of the ejected atoms around
this direction.

The sputtering yield curves for nickel atoms ejected along
the [110] direction from a (110) and a (111) nickel crystals
showved that the atomic ejection process was affected by the
structure and atomic binding of the crystal surface and by the
ion energy. At the same ion energy, the £110J sputtering yield
obtained from a (110) crystal was higher than that from a (111)

crystal,



For ejecting nickel atoms with low energy argon ions along
a close-pacied crystallographic direction, the meost prohable
threshold energy for a (110) nickel was found to be 10 eV. For
a (111) nickel crystal, the threshold appeared to have a value
of about 15 eV, These results indicate that the surface binding
energy may be a dominant factor in the atomic ejection process
because the binding energy in a (111) nickel crystal is higher
than that in a (110) nickel crystal. The experimental thresholds
are higher than the threshold values predicted by Harrison-
Magnuson's theory. This may indicate that the atomic ejection
process is a complicated event. Further investigations, both
experimental and theoretical, are desired in order to explain
the ejection phenomenon near the threshold and to claim the

final value of threshold energy.
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ATOMIC FJECTION IN THUE SINGLE CHYSTAL SPUTTERING
0F NICKEL WITH 40 -~ 600 eV ANGON IONS.

I. INTRODUCTION

A. Tefinition of Sputtering

The ejection of atoms from a target as a result of bombard-
ment with particles is called sputtering. This phenomenon was
first observed by Grove (1852) over a century ago. The material
ejected from polycrystalline metal was found to be igotropically
digtributed. Fxtensive study of sputtering was not carried out
till the last decade after Wehner (1955)-discovered that atoms
were preferentially ejected from a single crystal in directions
corresponding to low-index crystallographic directions of that
crystal.

Sputtering experiments deal mostly with the measurements of
the sputtering yield, which is defined as the average number of
sputtered atoms per incident particle, the dependence of sput-
tering yield on the energy of the bombarding particles, and the
angular distribution and energy of the atoms sputtered. (ther
interests in sputtering experiments are the effects on sputtering
yield due to the vﬁriation of incident angle, i.e. the angle be-
tween the direction of the bombarding particle and the surface
normal of the target, due to the mass of the bombarding particle

and due to the target temperature. Sputtering experiments have



been

done on amorphous target, polycrystalline and single cry-

stals, in different forms of geometry, e.g. backward sputtering

from

thin

must

(1)

plane and spherical targets; transmission sputtering of

foils,

B. Experimental Requirements for
Study of Sputtering

The following requirements, listed by Pleshivtsev (1964),

be satisfied by the sputtering experiments:

The target must be annealed and outgassed in a vacuum, and
its purity must be determined, It may be necessary to know
the microstructure, the degree of roughness and hardness of
the target surface, and the way in which it was processed,
In order to make sure that the speed of eliminating the con~
tamination due to the films that frequently form on targets
under -the influence of ion irradiation in the presence of
residual gases exceeds the speed of formation of the films,

the following condition must be satisfied:

18 20

6.25x10""8j >> 3.5x10° pk

where j is the flux density of singly-charged ions at the

target surface in amp/cma, b°25x1018

is the number of ions
incident on 1 cm2 of the sample in one second when the ion
dengity is 1 amp/cmz, 8 is the sputtering coefficient for
the contaminant film in atoms/ion, p is the pressure of re-

sidual gas molecules and in torr, 3°5x1020 is the number of

molecules of nitrogen and oxygen incident on 1 cm2 of the
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sample surface per second at a pressure of 1 torr, and k is
the probability for adhesion of gas molecules upon impact
with the target surface.

(2) Ion beam used for bombarding a sample should have a minimal
energy dispersion (1-5%) and should not contain foreign
ions. The convergence or divergence of the ion beam must
also be minimal (1-3°).

(3) The total number of sputtered particles must be measured
with an accuracy of 1-5%. Sputtered particles should not
be permitted to return to the target, and if sputtered-
particle collectors are used, it is necessary to know the
number and energy of the reflecﬁed ions and atoms and be
sure that they do not cause appreciable sputtering of the

collector or the mass that is deposited on it.

C. Purpose of the Study

A large number of experimental results of medium and high
energy sputtering, i.e. sputtering by particles with energy
higher than 1 keV has been accumulated. Theoretical discussions
in understanding these sputtering phenomena have been increasing-
ly successful. In recent theories, the random collision cascade
is frequently applied to explain the main feature of the atomic
ejection process. The cascades of moving target atoms generated
as a result of the multiple collision induced by the bombarding

particles cause the ejection of target atoms. Sigmund (1969)
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has proposed a theoretical model of sputtering yield of amorphous
and polycrystalline targets based on the collisions characterized
by the power approximation of the Thomas~I'ermi cross section to
quite accurately reproduce the experimental sputtering yields.,
The theory of sputtering yield of solid targets using a power
potential law by Xanaya and his group (1973) also gives results
in good agreement with experiment. In single crystal sputtering,
the regular lattice structure apparently affects the atomic ejec-
tion process. Nelson et al. (1962) applied Silshee's focused
collision sequences to explain the anisotropic ejection that
atoms received energy from the primary collisions at several
lattice distances beneath the target surface caused the ejection
of the surface atoms via collision sequences along the close-
packed crystallographic directions of the crystal, Underdelinden
(1966) suggested that channeling of the incident ions had in-
fluence on the anisotrophy of the single crystal sputtering.

When the incident particle energy is reduced below 1 keV,
the energy exchange between particles in the target will occur
nearer to its surface hence fewer atomic collisions will be in-
volved in the ejection process, At certain limit of incident
particle energy, only those target atoms which experience the
most energetically efficient collisions and receive sufficient
energy can overcome the surface binding energy of the target and
be ejected, Further reducing the incident particle energy will

not induce any ejection of target atoms, This limiting energy



is called the threshold energy of sputtering for that certain
sample. Unce this energy is determined, information related to
the atomic collision in the ejection process, to the surface
binding energy and structure of the target, can be derived. The
study of low energy sputtering, i.e. sputtering by particles with
energy less than 1 keV, will help to understand the insight of
collision phenomenon near the target surface and to develop and
improve getter-ion pumps, ion microscopes and techniques like

ion beam drilling, since their operations depend on the sput-
tering mechanism.

Interest in single crystal sputtering has recently increased
because it is a phenomenon involved in many interesting atomic
collision effects and can be used to identify mechanisms present
in sputtering of materials.

The objective of this work was to study the angular distri-
butions of nickel atoms ejected backwardly frem plane nickel
single crystals as a result of argon ion bombardment with energy
less than 600 eV._ From the analysis of angular distributions
obtained in experiments, atomic ejection mechanism under bombard-
ment with low energy ion was investigated, and then directional
sputtering yields versus ion energy from each crystal were eva-
luated, and finally the threshold energies of sputtering for the
crystals were determined.

The apparatus and procedure used in the experimental work

will be described in chapter two, experimental results will be



discussed in chapter three, theoretical developments in low
energy single crystal sputtering will be summarized in chapter

four, and conclusions will be presented in chapter five.



II. EXPLERIMENTAL

A. Apparatus

The experimental arrangement employed in this work is the
one constructed by Cuderman (1968) in his study of low energy
polycrystalline nickel sputtering. It cousistg mainly of an ex-
perimental tube which is shown in Figure 1 for producing an ion
beam and a pump system.

The experimental tube is a linear, three-stage, differen-
tially pumped glass tube, housing a Nier-type ion source and an
extracting electric lens system (Stage 1), accelerating or de-
celerating electric lens system (Stage II), apd a target-
“collector assembly (Stage III). 'The assembly, a movable unit
which can be inserted into or be withdrawn from the tube through
the tube end, ﬁas a target support, an outgassing chamber and a
collector support, Thg collector support is a steel cylinder of
24 mm i.d. by 18.3 mm wide by 0,75 mm thick and has two slits: a
front entrance slit of 3.2 mm wide by 9.5 mm long for communi-
cating with Stage IIAand allowing ions to pass through and hit
the target which is mounted such that its surface to he bombarded
is at the center of the collector support and faces the entrance
slit; a rear slit of 6 mm wide by 12 mm long through which the
target can be withdrawn into the outgassing chamber for outgas-
sing, siid back into its position in order that it may be bom-~

barded and withdrawn afterwards. The long sides of both slits
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Figure.1., A schematic of the experimental tube
- (A) Activating magnet; (C) Collector support;
G) Argon gas; (I) Ion chamber;
M) Collimating magnet;
L) Electric lens system;
0) Outgassing chamber; (T) Target.




are oriented parallel to the axis of the cylinder.

Ultra high purity argon used in the experiment was purchased
from Union Carbide Corporation. The gas is introduced into the
experimental tube through a gas—line which is connected to the
tube through a Granville~Phillips ultra high vacuum valve which
is closed all the time except during introducing argon gas into
the tube for ion production. The gas~line is connected to a
separate pump system through a valve.

Singly ionized argon ions, produced. in the ion chamber using
an electron impact method, are extracted, accelerated or deceler-
ated, and finally focused on hitting the target surface. The
ions are monoenergetic and in the energy range from a few eV to
more than 1 keV, depending on the requirement of the experiment,
with an energy spread such that 98% of the ions, at a given
energy, are within = 0.4% of the average energy.

A Varian conflat flange was installed at the tube end near
Stage I1IT such that the tube can be opened and closed without
cracking the glass. Ylectric wiring was improved over the ori-
ginal Cuderman arrangement. Controls were added to all trap
ovens, diffusion pump heaters and ion chamber filament such that
whenever the cooling water to the diffusion pumps was off, simul-
taneously all the ovens and diffusion pump heaters would be swit-
ched off and the ion chamber filament would be disconnected from
its batteries during bombardment. A switching circuit was added

to the target outgassing circuit to provide on-off pulsing out-
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gassing.

BB. Target Preparation

Three plane nickel single crystals, with cross section of
3.2 mm by 9.6 mm and thickness of 9.6 mm, labelled as crystal A4,
B and C respectively, were used as targets. They were grown by
Aremco Products, Inc., using RF-EB float method, with purity of
99.99%, and supposed to have orientation (110), (111) and (111)
respectively., |

Because small amounts of sputtered material were expected,
a radioaétive tracing method was used to detect the nickel atoms
ejected from the crystal after each bombardmen@. Usually this
me thod involves either a radioactive target or activating the
material cdeposited on a collector foil by neutron bombardment.
The first manner was chosen in this work.

The crystals purchased were not radioactive., In order to
have them fitted for the experiment, the face of each crystal to
be bombarded was electroplated in a dilute solution of Ni63 iso-~
tope, a beta emitter of half-life of 92 years and mean energy of
67 keV, in a chemicai form of Ni012 in 0.5M HC1. The isotope
was purchased from New England Nuclear, with a specific activity
of 12.10 mCi/mg. Verma and Wilman (1971) have shown that nickel
film electrodeposited on a copper crystal surface has the same
structure and smoothness as its substrate, up to a plating cur-

. : 2 .
rent density of 600 mA/cm . Fach nickel crystal was electropo-
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lished and rinsed with distilled water, electroplated with a
current density of about 1 mA/cm2 for 40 minutes, then rinsed
with a plentiful supply of distilled water. Assuming the current
efficiency during the plating to be 100%, the Ni~63 film on each
crystal surface had a thickness of the order of 2000 monolayers.

Thin molybdenum foil, of thickness of 0.125 mm, was used to
collect the sputtered atoms. Ilach foil was cut to the size of
the inner surface of the collector support cylinder, about 17 mm
by 66 mm, with a rectangular hole of 9.6 mm by 3.2 mm at its
center, and was clipped to the inner surface of the cylinder such
that its hole coincided with the entrance slit of the latter

prior to each experiment,

C. Experimental Procedure

After mounting a crystal and a collector foil on their res-
pective supports, the target;collector assenmbly was carefully
inserted into the experimental tube and the conflat flange was
tightened after connecting the electrodes in the assembly to the

lead=-throughs in Stage III of the tube. The system was pumped
down with three mercury diffusion pumps, which were connected to
the respective stages of the experimental tube, backed up with
forepumps to a pressure of about 10“6 torr, The main bakeout
oven was lowered over the experimental tube to heat it to a tem-
perature of 15000 before removing the three high vacﬁum cold trap

dewars, the tube and the high vacuum cold traps were then baked
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out at 200°C for 20 hours. The trap ovens were then shut off
and removed when they reached a temperature of about 10000, and
the cold traps were submerged in liquid nitrogen after they
cooled to room temperature. The bakeout cycle was completed
after the main oven was switched off and removed when the ex-
perimental tube cooled down to room temperature. The system pre-
ssure was reduced to 1()-'9 torr about 20 hours after the comple-
tion of bakeout. The gas—line was also evacuated with its own
pump system at the same time, to a pressure of 10—4 torr, and
was heated at a temperature of 200°C for outgassing.

Before the ion hombardment, a series of outgassing proce-
dures was carried out., Firstly, by biasing the filament negative
at 105 volts and the collector positive at 48 volts in the ion
chamber, the filament was outgassed with a heating current of
2.8 amperes until the ion chamber pressure during the outgassing
returned to its original reading. The electron current arriving
at the collector was about 0.2 mA and was collimated by means of
an external permanent magnet. Secondly, the crystal was drawn
into the outgassing chamber in the target-collector assembly by
means of an external magnet, then biased positive at 150 volts
with respect to the filament in the outgassing chamber and bom-
barded with electrons on its four sides at a temperature of
130000 for about two minutes. This outgassing procedure was re-
peated until the Stage 1II pressure during a bombarding interval

remained the same as it was just prior to the outgassing.
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Upon the completion of outgassing, the gas—-line was purged
with argon gas then pumped out to 10-4 torr. This purging pro-
cedure was repeated about 20 times to insure that the argon
purity during the ion bhombardment was maintained., The gas-line
was then disconnected from its pump system by closing the valve
between them and let in argon gas,

Using a torque wrench to slowly open the Granville-Phillips
valve, argon gas was introduced into the experimental tube

7

through the gas—line until Stage 111 pressure reached 10 torr,

5

this also resulted in a pressure of 10~ 7 torr in the ion chamber.

10: 0.51!:10“10 amp was then turned on and

An ion beam of 5.0x10
focused onto the target surface for a bombardment of 20 min.

At the end of the bombardment, the Granville-Phillips valve
9

was shut off. VWhen the system pressure returned to 10; torr,
ion chamber filament, power supplies and the diffusion pump
heaters were switched off. The high vacuum cold trap dewars were
removed when the diffusion pumps cooled to room temperature. The
forepump cold trap dewars were removed when the high vacuum cold
traps returned to room temperature.

The experimental tube was opened to air after warming the
forepump cold traps to room temperature and shutting off the
forepumps. Upening the conflat flange, the target—collector as-
sembly was carefully removed from the tube. The collector foil

was unclipped from its support, flattened and transferred on an

adhesive plastic.
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The experiment was repeated with different ion energies for
the same crystal. The same procedure was then carried over to
the other two crystals respectively.

Immediately after each experimental run, the collector foil
was carefully cut into strips of preset size, 1.257 + 0,109 mm
wide by 17 mm long. Following the cutting, each strip was placed
a few mm under a 1.4 mg/cm2 G.M. end-window counter which was
shielded in a lead chamber of thickness of 5 cm, and the residual
radioactivity of the strip was determined at a background coun-

ting rate of 830 cph (counts per hour), for a period of at least

one hour.
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II1. EXPERIMENTAL RESULTS

A. General Nature of the Experimental HResults

The first aim of the experiment was to investigate the
atomic intensity profiles of ejection patterns condensed on the
collector foils, from each crystal separately, at different ion
energies. The major features of the angular distributions of
nickels atoms deposited on the collector foils are graphically
illustrated on Figpres 2, 4 and 7, for crystals A, B and C res-
pectively, in terms of B-particle counts per hour above the
background activity, as a function of ejection angle, i.e. the
mean angle subtended by each strip of the collector foil relative
to the ion bean.

In general, Figure 2 shows prominent peaks at angles of a
few degrees with respect to the ion beam, and relatively small
peaks at angles between 30° and 600; Figure 4 shows two sets of
asymmetric peaks at angles of 18° and —220; while IMigure 7 shows
two sets of peaks at angles between 1()0 and 500, and between -—100
and ~40°, Note that for crystal C, the ion bombardments were
performed in such a Way that the crystal was tilted at an angle
of 20° with respect to the ion beam, while for the other two cry-
stals, the ions bombarded their surfaces perpendicularly. Also
the faces of the crystals exposed to the ion beam were at 2 mm
in front of the center of the collector support during the bom-

bardment.
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Figure 2. Angular distribution of nickel atoms ejected
from crystal A by normally incident argon ions,
as a function of hombarding energy.
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gram of crystal A,

Stereo

Figure 3.
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Figure 4. Angular distribution of nickel atoms ejected

from crystal B by normally incident argon ions,
as-a function of bombarding energy.
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Figure 5. Stereogram of crystal B.
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Figure 6. Stereogram of crystal C.
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Figure 7.

Angular distribution of nickeloatoms ejected
from crystal C, inclined at 20 to the
incident argon ion beam, as a function of
bombarding energy.
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B. Interpretation of the Angular Distribution Patterns

The distribution curves in Figure 2 clearly indicate that
most of the nickel atoms were ejected backwardly from crystal A
along a direction at a few degrees with respect to the ion beam,
while ejection of atoms also took place along directions between
300 and 60°. If the epitaxy film grown on the crystal surface
has an orientation as its substrate specified by the manufac-
turer, i.e. a (110) orientation, and since the [110] direction
is just the surface normal of the crystal, then the appearence
of the prominent peaks provides the evidence that nickel atoms
are ejected easily along the [110] direction as a result of argon
ion bombardment. The ejection of atoms at a few degrees away
from the normal of the crystal surface may be explained by as-
suming either the crystal surface was not vertical to the ion
beam during the bombardment or the surface plane of the crystal
was not exactly a (110) plane. X-ray diffraction analysis was
performed on the surface of cfystal A to study its orientation.
By positioning the crystal relative to a copper Kd. radiation so
that many of its crystallographic planes were oriented to obey
Bragg's<law and gave a diffracted x-ray beam which was detected
by a scintillation counter. The results were plotted on a
stereographic projection which is shown in Figure 3. The stereo-
gram reveals that crystal A indeed has a (110) structure except

that the (110) plane tilts at an angle of about 1° with respect



23
to the crystal surface. Since the Ni-063 film on the crystal
surface had the same structure as its substrate, the position of
the prominent peaks explains such tilting. The smaller peaks
are not the evidences of nickel atoms being ejected along any
[1002 direction as the stereogram shows that the [100]} and [010]
directions point along the long side of the crystal surface hence
any nickel atoms ejected along these directions would not con-
dense on the long side of the collector foil. Obviously these
smaller peaks also belong to the category of the (110> spots,
they are weaker because only part of the atoms ejected along
these directions condensed on the collector foil and because the
argon ion beam was directed near the [110] channel, the [101] and
[011] ejections fell into a minimum, a‘result similar to that ob-—
served by Chadderton et al. (1972) from a (100) copber crystal,

a result in accord with the prediction of Onderdelinden(1968).

In Figure %, the two sets of peaks indicate that nickel
atoms were ejected along the directions at angles of 18° and -22°
from crystal B respectively, as a result of argon ion bombard-
ment. According to the manufacturer, crystal B should be a (111)
crystal. A stereogram of crystal B is shown in Figure 5 which
reveals that the crystal surface exposed to the argon ion beam
indeed almost has a perfect (111) orientation. The peaks thus
represent the {110) and {101) spots and are again the evidences

of nickel atoms being ejected along the close~packed directions,

for this case, from a (111) crystal. Because the {1107 and {101)
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spots condensed on the collector folil were not lying on its cen-
ter line, the peaks should appear closer to the ion beam, i.e.
at angles smaller than 35.260 which is the angle hetween a [110]
and a [111] direction in a cubic crystal. The asymmetry of these
two similar spots was due to the crystal being rotated 50 ahout
the ion heam direction. This rotatién resulted in bringing the
{110)» spot closer to the center line of £he collector foil to
appear as a ~20° spot while moving the {101% spot further away
to appear as a 180 peak.

The only crystal surface left for identification is the one
on crystal C. This crystal should be a (100) crystal, so should
the structure of the Ni-63 film plated on it, but the stereogram
of it shown in Figure 6 reveals a (110) orientation. Indeed the
angular distribution of nickel atoms ejected from this crystal
showed a similar pattern as the one ohtained from crfstal A, It
can be concluded that crystal € is just another (110) crystal
and was mishandled by the manufacturer ﬁhile the crystal was cut
or grown. In order to make use of this crystal, ion bombardment
vas done in such a way that the crystal was tilted at an angle
of 20° with respect to the ion beam. The angular distribution
of nickel atoms ejected at three different ion energies are shown
in Figure 7. The tilting of the crystal resulted in an ion bom-
bardment being directed near the [221] direction of the crystal.

The two sets of peaks at angles between ~-10° .4 -40%, and at
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angles between 10° and 300 thus may indicate that nickel atoms
. were ejected along the [110], and [101] or [011] directions of

the crystal respectively.

C. Analysis of the £110% Spot Patterns

The angular distribution of atoms ejected as a‘result of
single crystal sputtering is usually expressed in terms of the
variation of atomic intensity about a close-packed preferential
direction. "The ejection profiles have been observed for several
metals, and they all show a distribution approximately Gaussian
in the intense region except a smooth cutoff with an extended
tail. In order to explain this departure, Endzhecets et al.
(1963) suggested that the anisotropic ejection was accomplished
by an isotropic ejection due to the background sputtering from
the ejection of atoms not at their normal lattice positions.
Chapman and Kelly (1967) proposed that the ejection distribution
was a result of the superposition of a preferential ejection
distribution and a background e jection distribution, and the

anisotropic ejection was assumed to be

5(8) = 5(0) exp(~ —75-)

where 8 is the angle of ejection made with respect to the pre-
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ferential direction. The ejection intensity along this direction
S(0) and the half-width Bw of the distribution were adjusted to
give the best fit to the experimentally measured ejection dis-
tribution. Distortion exists in the distribution pattern ob-
tained in the sputtering experiment in which the atomic intensity
is determined by the mass collected on either a hemi-cylindrical
or a hemi-spherical foil. Hoffer (1974) suggested that, exclu-—
ding condensable metal like copper, the incomplete nucleation
during the condensation process of the ejected atoms on the col-
lector foil might cause the distortion and make the ejection pat-
tern to appear sharper than actually it should be.

The sources of distribution disturbance in this work might
include: (1) geometric effect, e.g. the collector foil might
not be in the exact form of a cylindrical surface during the de-
positing of material, (2) slicing effect, e.g. the cutting of
collector foil into strips might remove certain amount of nickel
atoms in the process, the narrower the strip, the finer the de-
tail of the pattern, but the pgreater the disturbaQCP.

In general, the height of the peak obtained in this work
increases as ion energy incréases although the exact relationship
between them still requires further investigation. The half-
widths of all peaks, regardless of the crystal structure, were
found to be about 8.50 and independent of the ion energy, at
least for argon ion energy up to 600 eV.

Comparing the shapes of the peaks, the following observa-
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tions are obtained:
(1) The prominent ¢110> peaks obtained from the (110) crystal

appear sharper than all other peaks.

)

(

) The peaks obtained from the (111) crystal show the ap-—

pearance of a shoulder structure.

(3) The smaller peaks obtained from the (110) crystal are ap=~
proximately asymmetric about 500 with respect to the ion
beam, while the two sets of peaks obtained from crystal C
are asymmetric about 300 and -16° respectively.

Thg last two features are interesting because the development of

a similar structure was also observed by Chadderton et al.

(1972). 1In their 10-80 keV Ar' ion bombarding a (100) copper

crystal experiment, double peaks appeared at the ¢101)» spot pat-

tern when the incident ion beam was tilted at a few degrees away
from the [001] channel and at the {011% and (Iﬂl) spot patterns
when the incident ion beam was directed at a few degrees away
from the [101] channel.

Nelson (1971) has demonstrated that peak height of (110>
spots in the ejectioh patterns from (100) surfaces of gold is
dependent on the mass of the impinging ion, the greater the mass,
the higher the ratio of the random to pretferential ejection. lle
proposed that the variation of the ratio with ion mass and energy
was due to the changes in the proportion of the randomized cas-
cade and in the depth of the cascade below the target surface.

Chadderton and his group suggested that the origin of the spot
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structure might depend on the cascade structure. When the ion
beam is "crudely" split into channelled and random componeﬁts at
the crystal surface, cascades are generated both immediately at
the surface itself due to the primary collisions there and in
the bulk‘of the crystal following dechanneling. As the angle be-
tween the ion heam and the crystal surface increases, the frac-
tion of cascades at the geometrical surface remains essentially
the same while the cascades inside the crystal are brought closer
to the surface due to the increase of dechanneling probability.
The latter make an additional contribution to the ejection of
target atoms, both in and out of the ejection direction. This
explanation seems applicable to the result of this work. The
appearance of a shoulder structure in the peaks obtained from
tﬁe (111) crystal provides the sign of a double peak in its early
developing stage because the argon ion beam was actually incident
at about half of a degree away from the [111] axis in the cry-
stal. The double peak becomes evident from the ejection of nic-
kel atoms along the [101] or [011] direction in the (110) crystal
when the ion bheam bombarded the crystal along a direction at
about 4° awvay from the [110] channel and from that aldng the
[110], [101] or [011] directions in the crystal C when the ion
beam was directed along the [221] channel of the crystal. It
can be concluded that actually the peéks in the angular distri-

butions obtained from (111) crystal should be asymmetric about

-27° and 26° respectively, i.e. the angles of [110] ana [011]
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directions make with respect to the ion beam along the center
line of the collector foil, Similarily the double peaks ap-
peared in the angular distributions of nickel atoms ejected from
the (110) crystal are asymmetric about the [101] or [011] direc~
tion because they make an angle of 500 with respect to the ion
beam along the center line of the collector foil, while the two
sets of double peaks obtained from crystal C should be asymmetric
about the [101] and {011] direction respectively because they
are at angles of -160 and 300 away from the ion beam direction
respectively.

The sharpness of the prominent (1105 peaks obtained from
the (110) crystal may indicate that focused collisions took place
or at least affected the atomic ejection process.

Fixperimental half-widths of {110> peaks exist for Al
(~10.5%), Cu(~9°) and Au(~6°) (Lenskjaer et al., 1974). In-
cluding nickel, all these metals have f.c.c. crystal structure.
There is a tendency that the higher the atomic weight of the

element, the narrower the half-width of the {110% peak. The

same relationship is true hetween the focusing energy E;lo and
the half-width. This indicates that the half-width of the <110)

110

PR the atomic

spot pattern may depend on the focusing energy E

mass of the material, as well as on its surface binding energy.
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D. €£110] Sputtering Yield
and Sputtering Threshold

The spot profiles obtained in the present radioactive coun-
ting technique can be made evident by an integration of the to-
tal number of nickel atoms into a solid angle defined by each
strip of the collector foil, then the sputfering yield as a
function of ion energy can be exaimined. Figure 8 shows two
[110] sputtering yield curves, by plotting the peak counting rate
versus the argon ion energy, for the (110) and (111) crystals
respectively. At the same ion energy, the number of atoms ejec-—
ted along the [110] direction from a (110) crystal is higher than
that from a (111) crystal. This indicates that the binding ener-
gy of a crystal surface may be a dominant factor in the direc-
tional ejection process because the surface binding energy of a
(111) nickel crystal is higher than that of a (110) nickel crys-
tal. The sputtering yield also appears to be a sensitive func-
tion of the angle between the incident ion and the ejected atom.
In general, hoth yield curves almost have the same shape,

The sputtering data of Stuart and Wehner (1962) and of
Cuderman (1968), for sputtering of nickel by Ar+ ions, are also
shown in Figure 8 to permit comparison with the results of this
work., Note that the 750 yield in Cuderman's data represents the
ejection of nickel atoms alongy the [110] direction from a highly
ordered polycrystalline nickel. Thg ordinate scale of Figure 8

was chosen such that the 200-eV yield of Stuart and Wehner and
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the 750 yield of Cuderman at 200 eV coincide with the present
[110] yield for the (110) crystal at 200 eV,

At ion energies between 100 eV and 600 eV, the [110] sput-
tering yields obtained in this work increase with a slower rate
than that-at ion energies below 100 eV as the ion energy increa-
ses. This may indicate that a change in collision mechanism
takes place at ion energy near 100 eV. The appearance of a knee
structure in the yield curve at 100 eV was probably due to a
rapid increase of the number of the focused collision sequences
near the threshold and a reduced rate of such increase at ion
energies higher than 100 eV.

The number of target atoms ejected from a target increases
as the ion energy increases until the latter reaches a limit
above which the number of atoms ejected will remain the same or
reduce if the ion energy is further increased. Cuderman's yield
curve shows a rapid saturation at ion energies above 300 eV.
Such saturation, however, does not occur in the [110] yield
curves of this work. On the other hand, at ion energies below
100 eV, the present'yield; decrease at a faster rate than that of
Stqart and Wehner and of Cuderman as the ion energies decreases,
Siqce the target used by Stuart and Wehner was polycrystalline
nickel and that used by Cudgrman was also polycrystalline nickel
except that it had a highly ordered structure, while the targets
used in this work were well-oriented single crystals, the chan-

neling of incident ions and the ejection of target atoms along
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the cloge—packed direction seem to increase the number of ejec~
ted near the threshold.

The experimental sputtering threshold is determined from the
ion energy at which the sputtering yield is a minimum or zero.
From Figure 8, the most probabie threshold energy required to
eject nickel atoms along a [110] direction from a (110) nickel
crystal as a result of argon ion hombardment is found to be about
10 eV. DBecause of the statistical errors in measuring foil acti-
vities, the following limits have to be placed on the most pro-
bable value of the extrapolated threshold: 5 eV ET'< 15 eV,
For a (111) nickel crystal, the threshold appeared to have a
value of about 15 eV. Stuart and Wehner reported a 21-eV thre-—
shold for ejecting nickel atoms from polycrystalline nickel, and
Cuderman's results indicated a threshold value betwecen 18 eV and
25 eV for ejecting nickel atoms along the U110} direction from a
highly ordered polycrystalline structure of nickel, as a result
of bombardment with argon ions, while a threshold of 9 eV was
obtained by Askerov and Sena (1969) in their experiment of bom-
barding polycrystalline nickel with low energy mercury ion. The
sputtering threshold seems to depend on the binding energy and

structure of the target surface, and the mass of the ion.
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Figure 8. [110] sputtering yields for Ar bombardment
of (110) and (111) nickel crystals.
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IV. THREORETICAL

A. General Discussion

When an ion hits the surface of a target, collision proces-
ses with the target atoms take place. The incoming ion collides
with a target atom near the surface, it can displace the latter
locally to form a vacancy-interstitial pair, or the collision
wvould start a foc@sed collision sequence which can result in
damage to the target. The incoming particle thus can either
penetrate into the target, depending on its initial energy, and
finally be trapped inside the target, or scatter away from the
target. The collision between the ion and the target atoms can
also cause the ejection of target atoms from the target. |

At low energy ion bombardment, the atomic ejection would be
expected as a pure surface effect because the penetration of
ions, especially the heavy ones, is generally small.

In the low eﬁergy region, the interatomic potential V(r) is
not well known because it varies rapidly with the distance r

between the interacting partners. 7The Born-Mayer potential
. _
V(r) = & exp(~ —) (1)

where r is the interatomic distance, A is a constant, and a is
the screening radius, is often used to study the atomic collision

and ejection phenomenon. The values of A and a are often fitted
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empirically to one observed property, and then the potential
function is used to determine other physical properties.
Generally, the evaluations of these two constants by Abrahamson
(1969), based on a Thomas-Fermi-Dirac (TFD) approximation, are
thought to be applicable in this energy range of interest. Table
I shows the values of the two constants for Au, Cu and Ni. 1In
order to describe the collision process analytically, the two-
body hard—-sphere collision is usually employed because it is
simple to handle. However this approximation is generally sus-
pect at very low energies, and it also fails to reproduce certain
effects, e.g. the replacement collision. A more realistic soft
collision model is also often used to explain the collision pro-

cess in this energy range.

B. Focused Collision Sequences {Focusons) '

In treating the problems of sputtering and radiation damage
of solids, Silsbeé (1957) proposed that, by using a billiard ball
collision model, a correlation between sucessive collisions being
implied by the structure of a crystal could lead to the propa-
gation of an energy pulse, or a sequence of collisions, along a
close-packed line of atoms inside the crystal. His analysis was
considerably extended by Leibfried (19Y58).

Consider a row of atoms, represented by spheres with radius
Il and interatomic distance d between two adjacent atomic centers

in the row direction, if the nth member of the row, with energy



TABLE I. PARAMETERS IN BORN-MAYER POTENTIAL
FOR Cu, Au AND Ni
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Abrahamson

#

Anderson”

and Sigmund Fmpirical

Metals Af{keV) a(a)

A(kev)  a(a) A(keV) a(a)

Au 59,47 0.29 36.51 0.22 200,00 14,33
% %
Cu 13.92 0.28 8.12  0.22 22,50 13%.00
Ni 13,27 0.28 7.70  0.22
Lf ] Al ] Al v o w110
CABLE I1. YOCUSING ENERGIES E

FOR Au, Cu and Ni

. . Anderson _, . . - .
Collision Metals Abrahamson & Sigmund Empirical Experiment
*
Au 770 102 310 170+25
Hard- i
sphere Cu 296 47 40 50+107"
(ev) Ni 313 53
Au 386 49 137
Soft Cu 154 23 31
(ev) Ni 164 25

# Anderson and Sigmund
## Farmery and Thompson
*  Thompson (1968)

** Gibson et al. (1960)

(1965)
(1968)
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En’ moves in a direction Gn with respect to the row, as shown in
Figure 9, and the initial velocity of the remaining atoms as they

are struck makes sucessively smaller angles 6 0 eees with

ntl’ " n+2?
)

respect to this row, then from triangle 00 0 the following

1’

relations can be obtained:

Sin 9n+1 - h (2)
Sin 0 2R :
n
and
(21{)2 = h? + a2 -2nd Cos o _ (3)

Solving h from Equation (3) results:

2K 2R 2R

h . d Cos 6 - {1 - ( d Sin 6 )2}'%
n n .

Defining o = d/2i, and using Equation (2), the relationship be-

tween the angle 6n+ 0f the knocked on to the angle Gn is found

1
to be

Sin 8
n

‘s 2,. 2
+q = Sin Gn{#COS LI (1 - o “Sin Bn)%}. (4)

Conservation of momentum and energy requires

] ]
= +
VnCOS Gn anos 9n vn+1CQS 9n+1

1 ] 1 ]
vSin 8 = vy Sin§ -v Sin 6
n n n . n n+1 n+1



Figure 9,

An illustration

of focusing effect.
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and

2 _ v, .2

v + v
n n ntl

] '
where v is the velocity of the incident atom and Gn is its angle

with respect to the row after the collision. Note that

The energy transferred in the collision is found to be
13 =R 0052(9 +8 ..). (5)
n+l n n n+l
Using Equation (4) and the following equation derived from it

Cos 8 = o Sin29 + (1 - o 2Sin29 )éCos ) (&)
n n " n n '’

+1
Equation (5) can be rewritten into

. . 2.. 2 )
B = Bn(l - o “Sin en). (5)

The interaction distance 2K can be determined from
E = 2V(2R) (6)

where £ is the kinetic energy of the moving atom.

When d £ 4Rt and Bn 15 en, the impulse will be focused into

+

the row in successive collisions. A quantity used to describe

the focusing action called the focusing parameter f(En,On) is
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defined as

en+1

£(£_,8 ) = 5 . (7)

Focusing occurs when £(E,8) € 1. The maximum energy of an atom
to start a focused collision is called the focusing energy Ef
and at which the focusing parameter is equal to one.

In a f.c.c. crystal, the [110] direction has the smallest

d, hence focused collision can be expected predominantly in this

direction. The focusing energy E}lo is" determined from
110 = av(datt?). (8)

For small angle scattering, the focusing paraméter‘fllo(E) is

found to he independent of angle and given by

110
110\ _ _d )
f (h‘) 21( 1 . (9)
Duesing and Leibfried (1965) showed that the value of Ef'’ de-

termined from the focusing parameter based on the soft collision
appeared to be in better agreement with experiment than that
based on the hard~sphere collision, and that for small angle
scattering the focusing parameter could be approximately expres-

sed as

E) ~ (‘;ﬁéxr-)m (10)
£

f110(
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with 0 ¥ m % 4. A comparison between the theoretical and ex-

110

perimental values of Ef

for Au, Cu and Ni is shown in Table II.

As soon as the momentum vectors are focused along the row
direction, and if there is no energy loss, the focused collision
chain would be infinitely long. However, the moving atom is per-
turbed by the potentials of atoms in the neighboring rows, at the
moment of collision, the moving atom has already transferred a
part of its kinetic energy into the potential energy with respect
to an atom in a neighboring row. Other posibilities of energy
loss can also exist, i.e. the atoms in the collision chain may
not be perfectly in line as a result of their thermal vibrations.
Nelson, Thompson and Montgomery (1962) have shown that the mean
angle of deviation, as a result of thermal vibrations of atoms
with respect to the row direction at target temperature T, is
given by

Co>? = 3 § - —2 [0,139 - 0.047(5—&)] (11)
Myed 0L (1) T b o

at T« or

D’

{0>° = 12kT ,{1 -t (2 )} (12)
ML (L) (em2l M) L

at T >®P , with



42

p110
_ 2a 't
L= 4110 In(=5~)

1= (425

where@ﬂ) is the Debye temperature of the target, M2 is the mass
of a target atom, ¢ is the speed of light, k is the Boltzmann's
constant and ¥ is the energy of a target atom to start a colli-
sion sequence. The DNebye temperature for nickel is 3790K
(Paakkan, 1974).

The next nearest neighbor direction in a f.c.c. crystal is
the [100] direction. Because dlo0 is so large, focusing can only
occur as a result of the lenses formed by the surrounding four
rows of atoms. 7This mechanism is called lens focusing (Nelson
and Thompson, 1Y01). Any<atom to start or to relay a collision
sequence along the [100} direction has to pass through an atomic
lens before it transfers its energy to the next atom in its row,
hence the focusing energy for this direction is determined from
the energy of the atom needed to pass through the potential bar-
rier in the middle of the lens.

Itkis generally considered that single crystal sputtering
is mainly a result of focused collision sequences in the target,
directed either forwardly or backwardly, with sufficient energies

to eject the surface atoms at the ends of the sequences. These

collision sequences are started by the bombarding ions or by the
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target atoms scattered through one or more than one non-focused
collisions, hence the target atoms ejected are found to be dis-
tributed predominantly near the close-packed crystal direction
where the focusqd collision sequences are expected.

lHarrison et al. (1966) have performed computer simulations
of high enerpgy sputtering process and concluded that the ejection
patterns observed in the sputtering experiments did not neces-
sarily arise as a consequence of focusons and the magnitude of
sputtering yield could he explained by the primary collision
events taking place uite close to the crystal surface (scc).
However their calculations were produced under conditions at

which focusons were not expected to be significant.

C. Analysis of Fjection Patterns

Atomic ejection pattierns obtained from single crystal sput-
tering experiments show characteristic spots corresponding to
the ejection of target atoms along certain clese-packed crystal
directions. Lehmann and Sigmund (1966) suggested that the ap-
pearance of svwot patterns in single crystal sputtering could be
explained by simply assuming the crystal surface to have a regu-
lar structure. Surface atoms could be ejected from a crystal
when they received sufficient energy from the impinging particles
to overcome the surface bhinding energy of the crystal. Since the
energy distribution of these atoms was found to strongly peak at

small energies, the atomic intensity of the spot pattern would

have pronounced maxima in the crystal directions wherc atomic
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ejection required a minimum of energy.
Two mechanisms of single crystal sputtering have been pro-
posed:
(1) Close-neighbor sputtering.
Atoms in the uppermost surface layer of a crystal can be
ejected very easily by means of a collision started by one
of its close neighbors beneath the target surface.
(2) Assisting sputtering.
Atoms in layer just beneath the crystal surface have to pen-
etrate more or less symmetric rings of surrounding atoms be-
fore being ejected. KEjection of these atoms can take place
along the axis of an atomic ring. Because of the relatively
high potential barriers, these ejection patterns can occur
at several hundred eV bomharding ion energy.
A sketch of these two mechanisms is shown in Figure 10.
For random slowing~down of atoms within polycrystalline tar-
gets of Cu and Ni under bombardment with Ar+ ions of 900 eV, the
energy distribution of subsurface atoms can be approximately re-

presented by

{

gk, ) ~ (—%) (13)

-

I

(0echsner, 1970) where El is the energy of the subsurface atom
and U is the surface binding energy of the target. Assuming

that this isotropic energy distribution is also applicable to
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Figure 10, Lehmann-Sigmund single crystal
sputtering mechanisms.
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the subsurface atoms in a single crystal and that the scattering
Letwveen a surface atom and one of its close neighbors in the

crystal is expressed by

q = f(al,hl)e1

where 6 and 91 are the angles of the surface atom and its close
neighbor making with a close-packed direction of the crystal, the
angular distribution of surface atoms sputtered around the consi-
dered direction, according to the close-neighhor sputtering of

Lehmann and Sigmund's theory, is given by
00

-2, \

s(9) ﬂ»';/g(hl)f (Ll) dl,

with
U

¢ 1 .
30 +
Cos {(1 m)e}
For small angles with respect to the ejection direction, the
surface binding energy U can be assumed to be independent of

angle 8. The focusing parameter, for Born-Mayer interaction and

small angle scattering, can be approximately expressed hy

[

f(E1)~v'(E1/Ef)m, 0 &€nm%

then



h7

81}

5(8) = 5(0) cos(1*2m) {(1 . 1 )o } (14)

m

U
with half-width
1
COS—1 (711)2 1+2m
gw = I m * (15)
f
1+ ( )

This result shows the dependence of $(8) and Gw on the ratio of
Ef/U and the value of m. Using the least square method to fit
Equation (10) to the focusing parameter derived by Duesing and
Leibfried (1965), the value of m was found to be equal to 0.485
if Abrahamson's parameters in Born-Mayer potential were used and
equal to 0.404 if Anderson and Sigmund's parameters were used.
Several values of Ow are shown in Table III. The influence of m
and Ef/U on S(®) is shown in Figure 11. In general, the smaller
the value of m, the wider the spread of the distribution, On |
thg other hand, the sharpness of the distribution increases as
the value of Ef/U increases. Thg value of E;lo for nickel can
be estimated by substituting 9w= 8.5° into Fquation (15) and was
found apvroximately equal to 68x22 eV, with U =5.11 eV,

It was mentioned by Lenskjaer et al. (1974) that assuming
the energy distribution of subsurface atoms to be collimated

around the [110] direction and have the form



TABLE III. DEPENDENCE OF HALF-WIDTH 0

ON m AND Ef/U v

Qw(Degrees) m
Ef/U 0.404 0.485
0,00 34,350 33.000
4,00 12,490 11.150
4,94 11.820
29.54 5.350
40,00 6.32 4,730

TABLE IV. SUHFACE BINDING AND SPUTTERING
THRESHOLD ENERGIES FOR Ni.

Crystal surfaces (110) (100) (111)
U (eV/atom) 5.11 555 5.61
Nearest-
neighbors 7 8 9
Next~-
nearest- 4 5 3
neighbors
By (eV) 5.38 9,10 7.77

C110]
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Atomic Intensity
(Arbitrary units)

1.0
e
e I(8) = exp(—92/293)
} LEIMANN & SIGMUND
0.5 |
m = 0.485 m = 0,404
Eg/U = 29.54 7 Bp/U = &.94 5
L ] L i

10° 20°
Angle with respect to [110] axis

Figure 11. Angular distribution of surface atoms

ejected near 110 axis from a
f.c.c. crystal.
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\ —2 2,,,2
g(hl,el)'v El exp(—el/zew)

where 91w is the width of the distribution, the half-width Ow
was found to be in good agreement with experiment, Using

6, = 10°

1w , the half-width of the {110> peak was reduced by a fac-

tor of 4. They suggested that if the width 8 was determined

1w
by focused collision sequences, the last collision in such a
sequence leading to the ejection of target atom might sharpen
the angular distribution of ejected atoms substantially.

As Thompson (1968) pointed out that if tocused collision
scquences led to the ejection of atoms near the close-packed
directions, a narrower range of angles and smaller spots in the
ejection patterns could be expected. To determine the width le,
he suggested to use the mean square angle of deviation given by

Fquation 11 or 12 and average it over the energy spectrum of the

ejected atoms.

D. Low Energy Sputtering Yield

By assuming that cascades of atomic collisions induced
sputtering, Sigmund (1969) developed an intergrodifferential
equation for sputtering yield of amorphous and polycrystalline
targets from the general Boltzman transpoert equation. For ion

#
energy £ less than E defined by
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2 2

() (16)

a

+ %Y
M,+M /162

M, R, H
2 2%+ 1,

€
E = 0,023

where Ml, M2 and Zl, Z2 are the mass numbers and atomic numbers
of the bombarding ion and target respectively, ay is the Bohr
radius, the sputtering yield at perpendicular incidence was
found to be

M_M

S(E) = 0.30% b 12 5 {1 (17)
(M, +M,)

where b is a constant depending on the mass ratio MQ/Ml' Apﬁrt
from the mass numbers M1 and M2, Equation 17 shows that the low
ion energy sputtering yield depends on the surface binding ener-
gy U, and especially linearly on the ion energy E. From the
experimental work of Wehner and his group (Behrisch, 1964), ex-
perimental yield curves are indeed linear at energies from E
down to somewhat below 100 eV, especially for not-too-light ions
where E* is not too small. FIor Ar+-Nijsputtering experiment,
according to Sigmund's theory, a linear yield curve should be
expected at energies below 220 eV if a ' is chosen to be 0.28 2
or 460 eV if a is chosen to be 0.22 . For both cases, b = 0.3,
For single crystal sputtering, Sigmund suggested that only
some modifications were needed to Add to the theory of amorphous

and polycrystalline target sputtering in order to describe the

dominant effects of the regular lattice structure in single
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crystal sputtering. The anisotrophy of atomic ejection from a
single crystal was accounted for by a reduction of ion energy
deposited near the crystal surface when ion bombardment was
directed along a channeling direction.

In the single crystal sputtering theory of Onderdelinden
(1966), based on Lindhard's theory of channeling (1965),4the in-
cident ion beam is thought of as being split into two parts: one
part aligning with one of the open channels of the crystal and
resulting in no sputtering, the other part movingArandomly
through the crystal and producing the same sputtering effect as
if it were moving in a polycrystalline target of the same subs-
tance. Onderdelinden derived the following expression for

single crystal sputtering yield

I3 h] : n
. . = 6hklihkl(h"\o)spolv.(h)
5(hkl\(L’ L Cos ! (18)

where E is the ion energy, ¥Pis the incident angle of ion making

with the (hkl) surface normal, Sp is the sputtering yield of

oly.

the polycrystalline target, P is the probability of an ion

hkl

entering the random part of the ion beam and e}ﬂdLis an effi-

cency factor accounting for any orientation dependence of the
sputtering mechanism.

The probability Ph is calculated from Lindhard's theory,

kl

which is based, in turn, on his approximate treatment of the

scattering of particles which interact according to a Thomas-
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Fermi potential, and is given by

2 2 V’Q -1
pO pO
(e #) (= -

p-(0) p2(0) T (c¥)?

(19)

for W(C 4’2 where (// is the angle of the incident ion beam

making with respect to a channel axis and 1<C<«2, and
2 -1
p, = (W nd)

where n is the atomic density of the target and d is the separa-

tion between two adjacent atoms along the axis,
p_(0) = Y¥.a

which is the minimum distance from the channel axis in which an
ion, moving parallel to that direction, can enter the aligned

beam, and

1
A a, 2 2 4
. 172 B e
qlg {20350 ) ,/5 ] 2/3 ( d ) [5%] . (20)
a0 by

Onderdelinden found out that, the half-widths of minima in the
[10@], [?11}, and [hll] directions appeared in the sputtering
yield curves which were obtained by rotating a (100) copper cry-

stal about a [011] axis and bombarding it with 5 - 35 keV argon

-t
-+

ions were approximately proportional to I and in good agree-

ment with the values of V}Q given by Equation (20), and concluded
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that channeling of ion showed influence on thg single crystal
sputtering phenomenon.

Onderdelinden's model has been applied to explain the ex-
perimental sputtering yields of single gold and aluminum crys-
tals, quite satisfactorily, to ion energy as low as 5 keV by
Robinson and Southern (1967). At sufficienﬁly low ion energy,
Lindhard pointed out already that Equation (20) might overesti-
mate the angle ij’ and also overlap of atoms in the neighboring
rows may occur, corrections must be made to Underdelinden's
theory before it can be applied to low enerpgy single crystal

sputtering.,

E. Sputtering Thresholds

The minimum energy for sputtering (threshold energy) is a
very important physical quantity in deriving the information re-
lated to the atomic collision process near a farget surface and
in studying the atomic ejection mechanism. Fven in the most
efficient collision sequences, ions with this primary energy can
only transfer an energy to a target atom equal to the surface
binding energy of the target and cause the latter to be ejected.

All low energy single crystal sputtering experiments show
the preferential ejection of target atoms in directions corres-
ponding to the close-packed crystallographic directions of the
target. Thevejection patterns persist to the lowest bombarding

ion energies.
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Harrison and Magnuson (1961) developed a sputtering thre-
shold theory based upon the Silsbee effect by assuming that, a
surface atom, which was in turn an end member of a focused col~-
lision chain, could be ejected from a target if it acquired a
certain amount of energy equal to or higher than the surface
binding energy of the target. for mass ratio k&=~M1/M2‘< 1,
they derived an expression for the single crystal sputtering
threshold energy, along a direction at an angle ® with respect
to the normal of a (hkl) crystal surface

U 1

E(8) = ——;-‘l—,:_l_{l_ %Tm[u wsinZe - Cos 8 (1- sZsinZe)? ]}
with T = mlMg/(M1 + M2)2, and U, , is the atomic surface bin-
ding energy of the crystal.

- By using‘a Morse potential for the (100), (110) and (111)
surfaces of cubic crystals and assuming that the atomic planes
were true planes, i.e. there is no atom protruding above or be-
low the planes, and including the surface relaxation effects,
Jackson (1973) showed a comprehensive calculation of the surface
binding energies. For f.c.c. metals, his results show the fol-
U

lowing trend of surface binding energies: U U

£ £
110~ 7100~ 7111°

which is in the reverse of the order of the surface relaxations.
The surface binding energies calculated by Jackson and the sput-
tering threshold energies along the [110] directions, obtained

by substituting Jackson's surface binding energies into Ilarrison
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and Magnuson's equation, for the (110), (2100) and (111) nickel
crystals are listed in Table IV. The Harrison-Magnuson theory
predicts a threshold value of 5.4 eV for ejecting nickel atoms
along the [110]) direction from a (110) crystal, and a threshold
value of 7.8 eV from a (111) crystal. The most probable thre-
shold energy required to eject nickel atoms along the [110]
direction from a‘(110) nickel crystal obtained in this work was
10 eV, while for a (111) nickel crystal the threshold appeared
to have a value of about 15 eV. The higher experimental thre-
sholds than the theoretical predictions may indicate that the
collision model coupled with the chaining mechanism used by
Harrison and Magnuson is too simple to explain the sputtering

threshold satisfactorily.
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V. CONCLUSIONS

Low energy single crystal sputtering provides information
for atomic collision and ejection processes near a target sur-
face., While the theory for explaining this phenomenon is still
in the developing stage, improvements in experimental technique
and results will enlarge the understanding of the collision and
ejection mechanisms and help to improve the theory of sputtering.,
Sputtering experiments furnished the evidence of directional
phenomenon, i.e. ejection of atoms from a target, especially
along the close-packed direction in a single crystal, and led to
the development of Silsbee's focused collision sequences,

The results of this work clearly and strongly exhibit the
ejection of atoms along the close-packed crystal direction in a
f.c.c. erystal as the angular distributions of nickel atoms,
whether they were ejected from a (110) or a (111) nickel crystal,
peak at angles corresponding to the [110] direction or others
belonging to the same category. The amount of nickel atoms
ejected as a result of ion bombardment with energy less than
600 eV was small. Radioactive tracing technique shows the advan-
tage over other techniques because it is sensitive to such small
number of radioactive atoms hence the sputtering experiment does
not require a large dose of ions or a lengthy bombardment which

could result in contamination on or damage to the target surface.
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In_low energy single crystal sputtering, the binding energy
of a crystal surface may be a dominant factor in the atomic ejec-
tion process. At the same ion energy and ejection along a [110]
direction, the sputtering yield was found higher from a (110)
crystal than that from a (111) crystal.

The half-widths of (110 peaks in the ejection patterns of
nickel atoms obhtained from nickel single crystals bombarding
with low energy argon ions were found to be independent of the -
ion energy; or to be insignificant at least, up to an argon ion
energy of 600 eV, as they all showed an extent of about 8.50.

The half-width of a <110> peak may depend on the focusing energy
E;lo, surface binding energy and atomic mass of the target, as
suggested by Lehmann and Sigmund.

In Lehmann and Sigmund's model of single crystal sputtering,
the appearance of {110> spot is explained by using the fact that
atoms lying along the [110] direction experience the lowest bin-
ding energy hence can be ejected from the crystal easier than_
those lying along other directions. On the other hand, in the
focuson model of single crystal sputtering, the development of
a sequence of focused collisions is required hefore the end mem-
ber of this chain which is located at the crystal surface and
receives sufficient energy to overcome the surface binding energy
of the crystal can he ejected. Recently, Leqskjaor et al. (1974)
linked the focuson to the Lehmann and Sigmund's theory because

such connection gave a half-width of the ¢110)» peak in good



agreement with experiment. This approach, at the present time,
seems quite acceptable.

The experimental threshold energy required to eject niclkel
atoms along the [110] direction from a (110) nickel crystal as
a result of low energy argon ion bombardment was estimated to
bev10 eV. For a (111) nickel crystal, the threshold energy ap-
peared to have a value of about 15 eV. These results provide
a rough estimate of the sputtering thresholds for nickel single
crystals under low energy argon ion bombardment. Further work
is still required before the final values of threshold energies

can be claimed.
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