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The dependence of the sputtering ratio S (atoms
ion current density was investigated by means of

/ion) on energy, angle of incidence, and mean
an ion gun. The angular distribution of sputtered

particles and the microrelief of the surface were also studied. S ~(ln E)/E was found for ion
energies E =15—55 kev. The sputtering ratio grows with increase of the angle of incidence and
within a certain range is independent of the mean beam current density. For both normal and
oblique beam incidence the angular distribution of sputtered particles differs significantly from
a cosine law. Grooves are formed along the direction of incidence when the beam strikes the
surface at an oblique angle. The data indicate that at intermediate energies momentum transfer
plays the most important part in the elementary sputtering act.

INTRODUCTION

IN several recent investigationsl’11 cathode sput-
tering has been studied by means of an ion beam
instead of a gas discharge. Heavy ions were used
for the most part to study the dependence of the
sputtering ratio on ion energy and mass! %811 and
on target temperature,” as well as to study the mass
and velocity spectra of the sputtered particles10 and
their angular distribution.!! Most of the investiga-
tions were performed with low-energy heavy ions,
but in a few instances®'®'!! the energy was carried
to 256 — 30 kev. However, in some electric vacuum
devices, experimental apparatus and accelerators
light ions are employed with energies measured in
tens of kev or in Mev. In such cases sputtering is
accompanied by many undesired effects which must
be suppressed. Information concerning sputtering
by light ions has been limited to energies up to 2
kev. The sputtering of copper by hydrogen ions of
10 — 50 kev and higher is therefore of decided in-
terest.

1. EXPERIMENTAL TECHNIQUE

The experimental apparatus is shown schemat-
ically in Fig. 1. The hydrogen ion beam was pro-
duced by an ion gun containing a source with a
doubly-confined plasma.lz’13 Commerecially pure
hydrogen passed through the walls of a heated
nickel tube into the gas-discharge chamber of the
source. After ionization in an arc from a hot cath-
ode, in an inhomogeneous magnetic field, the hydro-
gen ions were drawn from the chamber, and were
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FIG. 1. Diagram of apparatus. 1—nickel diffusion leak,
2 —ion source, 3 —ion beam, 4 —electrodes of univoltage
electrostatic lens, 5—target for angle of incidence = 60°,
6 — Faraday cup, 7 —copper-kopel thermocouples, 8 — collec-
tor of sputtered copper.

then focused and accelerated by a univoltage (sym-
metrical ) electrostatic lens. The accelerating po-
tential was measured by a class-1.5 electrostatic
kilovoltmeter.

The ion gun produced hydrogen ion beams with
currents up to 30ma at U = 55kv. However,
smaller currents of 3 —10ma were used in order
to keep the beam from striking and consequently
sputtering the lens electrodes. The ion beam was
observed distinctly and measured visually by means
of the radiation from excited and recombining atoms,
through openings in the electrodes. Difficulties of
experimental design prevented a mass-spectro-
graphic analysis of the beam, since a high voltage
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was applied to the Faraday cup, which was followed
directly by the vacuum apparatus. In order to main-
tain a beam of constant composition the source was
operated under steady conditions. The arc voltage
and current were 100v and 0.5amp; the pressure
was 3 X 10~2mm Hg; the current in the constraining
magnetic coil was 2 amp.

The number of ions striking the target was meas-
ured calorimetrically since electric measurements
by means of a cutoff potential give current values
which are often too high by a factor of 3 or 4. Inlet
and outlet temperatures of the target-cooling water
were measured by thermocouples with 1°C scale
divisions, with a consequent error of 10 — 25%.

The targets varied in design. At angle of inci-
dence o = 0° the target was usually a copper disk
70 mm in diameter and 2 — 4 mm thick, to one side
of which three thermocouples were attached. This
surface was cooled by water. The target used at
a = 60° was an ellipse 1 mm thick produced by a
60° intersection of a plane with a cylinder 70 mm
in diameter. A cooling tube was soldered to the
target perimeter and three thermocouples were
also attached in this instance. The target surfaces
were washed in alcohol before the first experiment
and were subjected to no further treatment.

The collectors of sputtered copper were made
of 260 X 200 X 0.1 mm nickel foil held by two snap
rings against the inside surface of a water-cooled
Faraday cup 80 mm in diameter.

The quantity of sputtered copper was determined
from the changes of target and collector weights,
using an ADV-200 analytical balance for double
weighing to eliminate random errors. The weigh-
ing was accurate to within 0.1 or 0.2 mg. In some
instances an assay balance accurate to within 0.02
mg was used. The sputtered material weighed from
3 to 35 mg.

The experimental error is estimated at 15 —30%
depending on the beam energy. The sputtering ratio
was calculated by means of the formula

S=15m/Q,

2 40 3 40 45 s S5 60 & W W

Hydrogen ion energy, kev

where m is the weight of sputtered copper in mil-
ligrams and Q is the quantity of ions striking the
target measured in coulombs.

The vacuum for the ion gun was produced by a
1000-liter oil diffusion pump with a standard water
trap. A vacuum of 6 X 10”®mm Hg was attained,
while the working pressure was 3 —5 X 107° mm Hg
according to a LM-2 air gauge, or 1 —2 X 10" °mm
Hg when converted to hydrogen.

Measurements of the several experimental pa-
rameters (ion current, accelerating voltage, target
temperature, pressure etc.) were obtained in 5—10
minutes, with a single measurement requiring 5
minutes.

2. DEPENDENCE OF SPUTTERING RATIO ON
ION ENERGY; ANGLE OF INCIDENCE AND
MEAN CURRENT DENSITY

The sputtering of metals by hydrogen and deuter-
ium ions has not been investigated very thoroughly.
The available data are shown in Fig. 2. Gunther-
schulze and Meyer obtained data on copper sputter-
ing in a gas discharge for the energy range 0.3 — 2
kev.!®

When an ion beam interacts with a metal surface
residual gas molecules may form surface films of
different colors and shades (black or blue). A
similar effect, which is probably polymerization,
is produced by electron bombardment of specimens
in electron microscopes. Investigations of this phe-
nomenon are reported in reference 16. Experiments
on copper sputtering using an ion gun (10 — 55 kev)
and in an accelerator tube (300 — 600 kev) provide
a basis for a few remarks concerning the building
up of such films. The formation of a film depends
on the ion current density, sputtering ratio, and tar-
get temperature and on the*presence of a diaphragm
in the path of the beam. With 20 — 600 kev ion en-
ergies at normal incidence, when the copper sur-
face temperature is 50 —100°C a film is not formed
if the density of H; or Dj exceeds 0.5— 1.5 ma/cm?.
At o =60° with H; ions of 15— 55 kev and the
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Data from experiments to determine the sputtering ratio as a
function of ion energy and angle of incidence

Tar~ | De- | Cor- Weight
No. of: .Ton | Ion |Mean ion tg:- 8?;’& Weight of “;r:ta:: :f:n °f;¥;‘g‘ Sputtering
experi-jenergy, cur- | current | porg lions,Q, COPPETON| get for jon| o ratio, Cu
ment | kev rent, densxty:, ture, | cou- collector, weightweight, Pper,| atoms/ion
ma | ma/cm® | o’ | lombs mg mg | 8
Angle of incidence a= 0°
23 10 1.5 0.2 25 | 12.5 3.0 2.110.2 2.3 10.28—0,36
5 20 5.0 0.2 550 | 55 — 36.6 | 0.8 ['37.4|1.04
6 20 5.2 1 0.2 650 | 27.5 — 11.5 0.4 | 11.9 ] 0.65
1 30 8.6 0.45 250 1100 — 23.0 | 1.5 |24.50.37
1 9 10.0 0.6 80 | 50 — 18.3 | 0.75 1 19.1 | 0.57
8 29 9.3 1.1 80 | 93 — 23.4 | 1.4 | 24.80.40
2 39 7.7 0.4 250 | 67 — 13 1.0 14.0 | 0.31
4 40 6.2 0.9 400 | 15 — 3.71025 | 4.0} 0.40
9 40 | 10.5 0.8 80 [ 1.5 — 15.8 | 1.9 17.7 | 0.21
20 48 45| 1.6 1007 | 16.7 3.5 42 10.25| 4.5 0.40—0,31
21 49 9.3 1.3 100 | 75 9.4 |16.4 1.1 | 17,51 0.35—0,19
Angle of incidence 0.= 60°
13 14 3.0 0.07 60 | 15.1 14 13.0 1 0.2 | 13.2 | 1.30—1.40
14 20 5.3 0.13 80 | 19.0 11.9 21,2103 | 215 | 1.7—1.0
11 21 5.1 0.18 40 | 23.0 — 16.2 | 0.35 | 16.6 | 1.1 |
12 26 7.0 0.22 100 | 31.5 — 12.1 1 0.5 12.6 | 0.60
16 30 56| 0.30 100 | 20.1 7.2 10.4 | 0.3 | 10,7 | 0.80—0.54
17 30 5.7 0.16 100 | 20.5 8.3 9.7 0.3 |10.0 | 0.73—0.61
18 30 5.8 | 0.22 100 | 21.0 7.4 9.3 0.3 9.6 | 0.69—0,53
10 31 6.9 0.23 100 | 20.7 — 10.6 | 0.3 10.9 | 0.80
15 2 7.0 0.26 150 129.5| 13.3 |15.3|0.45 | 15.8 | 0.81—0.68
19 40 5.7 0.21 150 | 42.2 6.3 13.0 | 0.65 | 13.7 | 0.49—0.23
22 54 7.3 0.42 240 | 55.0 16,0 34.4]0.80 | 35.2 | 0.96—0,44

same temperature range a film is not formed with
0.2 — 0.4 ma/cm?. Diaphragm apertures in the beam
path assist the production of films, which do not ap-
pear, however, when the target temperature exceeds
400 —450°C. The longest experiment yielded ~ 0.5
mg as the weight of the film at the periphery of the
spot burned by the beam.

The experimental conditions and results are
given in the table. In most instances the weight of
sputtered copper leaving the target was approxi-
mately equal to the weight of the copper deposited
on the collector. Figure 2 shows the sputtering
ratio as a function of energy and angle of incidence.
S as a function of energy is quite well approximated
by the relation S ~ (In E)/E, where E is the ion
energy.

In experiments 1 and 2 it was established by
means of a divided target consisting of nine copper
foils that the radial distribution of beam current.
density can be represented by a Gaussian error

s 28 FIG. 3. Sputtering
® g a5} L ratio as a function of
¥ y - ion current density
'Eg ) : : (¢=10%, o-E =30
g5 1 kev, T = 80-250°C;
a 0 : X —E = 40 kev,

42 Q¢ 05 08 10 12 14 16 18
Hydrogen ion current density, ma/cm? T = 80-400°C

curve. Therefore the column for “Mean ion cur-
rent density” in the table gives the total current to
the target divided by the area of the beam spot.
Figure 3 shows the relation between S and the
mean ion current density.

3. ANGULAR DISTRIBUTION OF SPUTTERED
PARTICLES

The angular distribution of sputtered particles
was investigated by Seeliger and Sommermeyer,!’
who were the first to use ion beams to study cathode
sputtering. When silver and gallium were bombarded
at o =45° by argon ions with 5—10 kev a cosine-
law angular distribution of the sputtered particles
was observed. Guntherschulze!® observed a depar-
ture from the cosine law in the sputtering of silver
by hydrogen ions with 0.5 — 3 kev. A departure from
the cosine law was also reported in reference 11.

For the purpose of studying the angular distri-
bution at « = 60°, 14 nickel foils of dimensions
20 x 20 X 0.1 mm® were attached to the nickel col-
lecting cylinder (Fig. 4). These were weighed to
within 0.02 mg. The experimental results are rep-
resented in Figs 4a and 4b, where the numerals
inside the squares denote the identifying numbers
of the collecting foils and the quantity of sputtered
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FIG. 4. Distribution of sputtered copper on square collect-
ing foils (0= 60°), a—E =40 kev, T = 150°C; b—E = 54 kev,

T = 240°C.

copper in milligrams. In Fig. 4b the bright spot of
deposited copper is represented by crosshatching.
The distribution of sputtered copper at « = 0° was
studied by means of strips attached parallel to the
Faraday cylinder axis. Figure 5a —d shows the
angular distributions of copper for « = 60° and

a = 0°, which in all cases deviate considerably
from a cosine law. This is especially marked in
the case of 54-kev ions. In this case, at a = 60°,
the angular distribution peak is shifted from the
normal to the target by approximately half the
angle of incidence.

4. SURFACE CONDITION

After each experiment it was almost always pos-
sible to observe four clearly defined regions. The
granular structure at the center of the beam spot
was visible even with the naked eye. After pro-
longed bombardment the copper begins to flake off
in this area; strong etching separates the grains
from the surface. The second region, which is a
ring around the center, has the bright red color of
reduced copper. The next ring is light red in color,
while the peripheral region is covered with a trans-
lucent dark film. These regions result from the
nonuniform lateral distribution of current density.

The targets were studied and photographed using
a MS-51 comparator and a MIM-6 metallurgical
microscope. Targets which were bombarded at
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FIG. 5. Angular distribution of sputtered copper. a,b—
E =40 kev, 0= 60°% T = 150°C; c,d—-E = 54 kev, 0= 60°,
T =240°C; e—E =49 kev, ®=0°% T = 100°C. The numerals
on the curves denote the collecting foils as shown in Fig. 4.

a = 0° clearly showed the usual etch figures, cones
and pits* (Fig. 6a). The numbers of cones and de-
pressions increase with the ion current density.
Estimates based on the sharpness of focusing and
resolution of the microscope gave a cone vertex
diameter of ~3pu and height ~30u. Targets posi-
tioned at 30° with respect to the beam exhibited
grooves ~ 5u wide and ~ 30u long instead of cones
and pits (Fig. 6b). The grooves indicate the direc-
tion of beam incidence and increase in number to-
ward the beam center.

5. DISCUSSION OF RESULTS

The reduction of the sputtering ratio with in-
creasing energyT can be accounted for by several

*The presence of pits was pointed out to the author by

V. E. Yurasova.

T Indirect confirmation of this relationship can be found
in the data obtained by B. V. Panin for the behavior of the
ion-ion emission ratio, where a peak is observed at 8—10 kev
(private communication), and also in reference 11.
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FIG. 6. Microrelief of copper surface after sputtering by
hydrogen ions (x130); a—E = 30 kev, j = 1.6 ma/cm?, t = 194
min; b—E = 14-54 kev, j = 0.07—0.8 ma/cm?, t = 842 min.

factors, principally 1) increased ion range in the
target material and the resulting greater depth
from which the diffusion or ejection of displaced
atoms occurs; 2) increased ion energy loss due to
ionization and excitation in the region where the
ion velocity is approximately equal to the velocity
of orbital electrons. The sputtering curve peak
was predicted by Keywell® while the monotonic de-
cline following a (ln E)/E law was derived by
Goldman and Simon!® for ion energies above 50
kev.

atom/ion
Number of displaced
atoms N, atoms/ion

Sputtering ratio S,

Deuteron energy, Mev

FIG. 7. Comparison of the number of displaced copper
atoms with the number of sputtered atoms produced by deuter-
ons with energies of 0.3—-10 Mev.

Preliminary results for copper sputtering by
300 — 600 kev deuterons and in a cyclotron at
1 —10 Mev indicated that the sputtering ratio in-
creases with energy (Fig. 7). These data show
that the theory of Goldman and Simon?® for deu-
teron energies above 300 kev leads to results
which are too low by 3 to 4 orders of magnitude
and that their law is not correct in general.

At the present time the most widely accepted
theory is that of Keywell,® which is based on the
technique proposed by Seitz?’ for computing the
number of displaced atoms, but which was devel-
oped only for energies up to 5 — 6 kev. We have
therefore attempted to establish a relationship be-
tween the number of displaced atoms and the num-
ber of atoms sputtered by a single incident hydro-
gen or deuterium ion in the energy range 0.6 kev
— 10 Mev. Data on the proton-stopping power of
copper were taken from reference 21 and were
extrapolated to the 0.6 — 6 kev region. The stop-
ping power for deuterons was computed from
Warshaw’s data?? for protons with the same ve-
locities as the deuterons. Figures 7 and 8 show
the results of the computations and preliminary
runs, which indicate that about 5% of the displaced
copper atoms are sputtered in the entire investi-
gated energy range.
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FIG. 8. Comparison of the number of displaced copper
atoms with the number of sputtered atoms produced by protons
up to 100 kev.

It is necessary to discuss the possible experi-
mental errors. The composition of the beam was
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known only very approximately because of the lack
of a mass-spectrographic analysis. The beam in-
cluded nitrogen and oxygen ions, resulting from
charge exchange with hydrogen ions, which were
able to induce additional sputtering; we shall now
estimate the corresponding error. The charge-
exchange cross sections for these vapors have been
thoroughly investigated by a number of authors (see
reference 23, for example ) and the value ~5 x 10718
cm? has been obtained for the maximum at 5 kev. In
the univoltage electrostatic lens the mean free path
of ions with this energy did not exceed 6 — 8 cm.

It was easily computed that under the given working
conditions N; and O; could not comprise more
than 1% of the total beam current. This was con-
firmed experimentally by Orfanov,* who studied

the mass spectrum of a beam in a similar gun.
Under the given operating conditions of the ion
source the beam was found to consist of HE (40 —
50%), H{ (30—40%), Hy (30—10%), N; and

0; (1—3%). The sputtering ratio of copper by
nitrogen ions is 2 atom/ion.!! Therefore N; and

O, should not produce an error greater than 6 —
10% in the value of S for hydrogen ions.

The author is deeply indebted to Professor B. K.
Shembel’ for suggesting this research and for his
continued interest. He is also indebted to D. V.
Karetnikov, S. N. Popov, I. F. Kvartskhava, and P. P.
Dmitriev, who made it possible to perform the ex-
periments using the ion gun and the cyclotron.

The author wishes to thank V. I. Lisovskil for
assistance in preparing and conducting some of the
experimental runs; I. N. Slivkov for valuable discus-
sions; and Professor N. D. Morgulis and M. I. Guseva
for discussions of the results.
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