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This paper presents the results of bombarding the (100), (110), and (111) surfaces of aluminum single
crystals with a narrow beam of 8-kV argon jons. The crystals were tilted at the angles required to bring
[110], [100], [112], and {111] directions paralle]l to the beam. The experiments were designed to study
the eficct of incident ion direction on cjection directions and etching rates.

Ejection dircctions, as determined from the positious of deposits on hemispherical collectors, were found
to be independent of incident ion direction for a given surface orientation. The quantity of material ejected
along equivalent ejection directions was observed to decrease as the angle of deviation between the incident
ion beam and the ejection direction increased. The principal ejection directions observed were {1107
Apparent [116] ejection directions were observed when (110) and (111) surfaces were bombarded. These
were caused by an abrupt deflection of momentum from {110] directions of the crystal to directions close to
[110] of elementary twins. These are formed by surface atoms in twin positions on (111) surfaces developed,
in the case of the (110) surface, during bombardment, The {1107 directions of an elementary twin are
parallel to certain [114] directions of the cryvstal, and, had multilayer twins been formed, the resulting
ejection would have been along apparent {1147 directions as a result of Silsbee focusing. Ljection along
apparent [116] dircctions was not observed from (100) surfaces presumably because predominant [100]
surface grooves produced by bombardment could not contain (111) facets. Under these conditions [100]
ejection was detected,

Litching rates, as judged Ly the occurrence of matte spots, were least when the beam was parallel to the
close=packed [110] directions and greatest when parallel to high index directions making large angles with
the [110] directions, Low etching rates were also observed when the heam hecame parallel to [100] and

{112] dircctions. Any anisotropy in surface migration rates was shown to be negligible in controlling etching
rates under the conditions of thesc experiments,
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F1G. 1. Schematic diagram of ion source and reaction chamber.
Argon gasinputis regulated by fixed capillary and pressure control.

ion bombardment have been reported.’*~* Here again
the reported data refer largely to surface normal bom-
bardment. However, Haymann®® and Haymann and
Lecomte® did report on etching effects on single crystals
of silver using a well-defined beam of argon ions directed
along chosen crystallographic directions. Experiments
using narrow ion beams directed along chosen crystallo-
graphic directions were thus needed to supplement the
papers cited above,

II. APPARATUS AND TECHNIQUES

The apparatus consisted of a vacuum chamber
(Fig. 1) containing a two-circle goniometer which per-
mitted the specimens to be oriented with any crystallo-
graphic direction parallel to the ion beam or to be
rotated at a fixed angle of tilt to the beam.

The source consisted of a glow discharge tube oper-
ated at 8 kV with argon. The cathode was pierced with

._a 1-mm hole to permit the passage of ions into the bom-

" bardment chamber. The design was similar to that of
Gervais and Trillat.®® Argon, of mass spectrometer
grade, was fed into the gun and the un-ionized gas
passed into the bombardment chamber along with the
ions. Having passed through the pierced cathode, the
ions formed a slightly diverging beam which impinged
on the spécimen held at essentially the same potential

1B G. K. Wehner, Phys. Rev. 102, 690 (1956).
4 G. K. Wehner, J. Appl. Phys. 29, 217 (1958).
18 G. V. Spivak, V. E. Yurasova, I. N. Prilezhaeva, and E. K.
Praudina, Izv. Akad. Nauk SSSR Ser. Fiz. 20, 1184 (1956).
18V, Ii. Yurasova, Sovict Phys.—Cryst. (English Transl.) 2,
754 (1957).
7V, E. Yurasova, E. A, Pavlovskaya, N. A. Tyapunina, and
A. A, Predvoditelev, Kristallografiya 5, 437 (1960),
8 B, B. Meckel and R. A. Swalin, J. Appl. Phys. 30, 89 (1959).
¥ R. L. Cunningham, P. Haymann, C. Lecomte, W. J. Moore,
and J.-J. Trillat, J. Appl. Phys. 31, 839 (1960). .
( 2 G. J. Ogilvie and M. J. Ridge, J. Phys. Chem. Solids 10, 217
1959).
2t J. A, Dillon and R. M. Oman, J. Appl. Phys. 30, 26 (1960)
22 P, Haymann, Compt. Rend, 251, 85 (1960).
33 P. Haymann, thesis, University of Paris (1962),
# P, Haymann and Christiane Lecomte, Compt. Rend. 252,
1746 (1961).
% H. Gervais and J.~J. Trillat, Vide 12, 416 (1937).

as the cathode. It was thus possible to tilt the specimen
for bombardment at any desired angle without modify-
ing the path of the ions since the region between the
cathode and the specimen was free of any significant
field. The total current to the gun was held at 1 mA and
the current to the specimens was usually stable and in
the range of 100-200 uA. The cross section of the beam
at the specimen was about 2 mm?,

Although the pressure within the ion gun was neces-
sarily some tens of microns of mercury, the pressure in
the chamber was maintained at 0.2-0.3 x by creating a
pressure drop along the small hole in the cathode by
rapid pumping. Low chamber pressure was necessary to
prevent back-scattering of material onto the surface of
the specimen. A liquid nitrogen trap was placed between
the silicone oil diffusion pump and the specimen cham.
ber. The background pressure in the system was about
0.01 u. No significant atmospheric contamination was
expected because the heavy current density used in’
these experiments continually exposed a fresh surface.

Ejection patterns were developed on the inner sur-
faces of hemispherical collectors cut from ping-pong
balls. These were placed over the specimens with the
point of bombardment at the center of curvature. A
hole in the hemisphere admitted the ion beam in the
desired crystallographic direction. The patterns were
conveniently analysed by making pinholes through the
hemispheres at the center of each spot in the pattern
and then placing the hemispheres over a point source of
light located so as to produce standard stereographic
projections on a ground glass screen.

In principle, relative ejection rates for different
incident directions could be determined by comparing
the length of time taken to develop visible matte spots
on different specimens. However, bombardment times
were not satisfactorily reproducible from specimen to
specimen, due perhaps to surface contamination during
electropolishing or handling. These uncertainties were
eliminated by a technique involving a single bombard-
ment. The beam was made to strike a flat specimen,
rotating about its normal and tilted in respect to the
beam, at a point about 2 mm from the center of rotation
so that a narrow ring about 4 mm in diameter was swept
out on the surface. Thus, in one revolution, the bfam
became parallel to all the crystallographic directions
corresponding to the tilt of a given specimen, and matte
surfaces appeared first where the beam became parallel
1o the directions of most rapid etching. The trace of the
beam passed through the center of rotation so that any
forward surface migration of atoms did not interfere
with other bombarded areas.

A Sicmens Elmiskop I electron microscope was used
for surface examination. Formvar replicas were :shad-
owed with chromium at 30° in a direction opposite to
that of the ion bcam. A knowledge of the dircction of
bombardment was preserved by cutting a slit in the
grids used as replica supports and orienting them on th?:
specimen parallel to the direction of attack. Latex




spheres, about 0.25 p in diameter, were placed on the
replicas prior to shadowing as a means of distinguishing
between elevations and depressions on the replica.

Single-crystal - specimens  (10-X10-X5-mm)  with
(100), (110), and (111) planes in their surfaces were cut
with a fine jeweller’s saw from a large rectangular
aluminum crystal grown from a seed in a horizontal
graphite boat. The growth and surface normal dircc-
tions were closcly parallel 1o the cubic directions as
determined by a Laue back-reflection photograph. After
culting from the large crystal, each specimen was
ground to increase the accuracy of orientation to within
2° and then planced in an clectric spark crystal-cutting
machine to remove most of the cold-worked metal. These
surfaces were then lightly polished on a scries of five
emery papers, followed by electropolishing for four
minutes in a perchloric acid-alcohol-water solution,
which, by Laue patterns, was found to have removed
all cold-worked material. The analysis of the single
crystal was determined spectroscopically and it was
found to contain 0.0019, Si, 0.0019, Mn, 0.00197, Mg,
0.0019 Fe, 0.005%, Cu, and 0.00069, Ni.

III. RESULTS
A, Ejection
1. I jection Direclions

Early in the investigation two bombardments were
made at 45° to a (100) surfacc at different locations, the
first being parallel to a [110] and the second after
rotating the specimen 45° about its surface normal. It
was found that a matic spot developed much more
rapidly when bombarding in the latter direction than
when parallel to the [110]. As a first step towards
determining the causc of this phenomenon, a survey was
undertaken to sce whether or not the same cjection
directions were operating over a wide range of incident
ton dircetions and surface orientations. The incident ion
directions chosen were the three most densely packed
directions in the fec system, viz, [1107, [1007], and
[112], inorder of decreasing density, and the {1117, the
normal to the closest packed plane. Ejection patterns
were obtained on hemispherical collectors. Table T and
Fig. 2 scammarize these results.

The locations of ejection deposit. maxima for all
bombardments of cach surface arc plotted on the sterco-
gfaphie pole figures in Figs 2(a), (b), and (c). Typical
ejection deposit patterns on hemispherical collectors,
ffpm which these data were obtained, are shown in
I"_gs- 2 (d), (¢), and (f); these patterns were formed
with the incident jon heam paralld to [1127, but all
other incident directions gave similar results except for
reltive intensity of the spots,

It can be seen from 1he pole figurces of Fig. 2 that the
(107 directions registered accurately for all crystals
and this gives an estimate for the experimental error of
about 3°, In Fig. 2 (a) a [100] deposit is also recorded.
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Tasce 1. Tabulation of incident ion and ejection dircctions for

single crystals of aluminum with surfaces prepared parallel to
(100), (110}, and (111).

. Ton beam Angle Letween
Planein  parallel  ion beams and

surface to surface " Ejection directions
(100) [n2] 24°16 Four [1107, one [100]
[111] 35°16 I'our {1107, one [100]
f110] 45°0° Four [110], one [100]
[112] Sio44’ Four [1107], one [100]
(110) (110] 30°0’ Five [110], four [116]
f112] . 35°16’ Five [110], four [116]
[100] 45°0’ Five [110], four [116]
) [111] S4°44 IFive [110], four [116]
(111) [112] 2808’ Three [1107, three [116]
[100] 35°16 Three [1107], three [116]
[110] S4e4d Three [110], three [116]

» [116] of the parent crystal is near [110] of the surface twin. See text.

For the (111) surface the only other dircctions recorded
are close to [116] directions, differing by 6° from the
theorctically significant [114] directions which is dis-
cussed later. For the (110) surface the clongated deposits
between two [[116] arc attributed to overlapping of two
neighboring [116] ejections only, as there was no
detectable deposit around the [100] pole. Ejection has
been reported along [1147] directions by Koedam,®
Anderson’s results! are close to [116] and measurements
on the diagrams published by Nelson and Thompson®
indicate similar results.

Koedam,’ using single crystals of copper, reported
[114] cjection from (111) surfaces only, attributing it to
stacking faults at the surface and pointing out that they
could not modify the direction of output from (100) and
(110) surfaces. Andersont attributed his deviation from
[114] ¢jection from (100), (110}, and (111) surfaces to

an cffective Cu atom diameter of less than 0.8 in the

process of cjecting an individual surface atom from a
twin position on receiving impulses along [110] direc-
tions. On the same basis, the Al atoms appear to have
an cffcctive diameter of about 0.85.

The occurrence of [116] cjection from the (110) sur-
face suggests that the [110] grooves developed during
bombardment probably contain (111) facets on which
surface atoms take up twin positions. Furthermore, no
[116] deposits were found in the case of the (100) sur-
face, which develops grooves with axes predominantly
along [1007. A very few faint grooves with [110] axes
develop also, when the beam trace lies close to a [110]
direction in the (100) surface, but these were too few to
make a detectable contribution to [116] ¢jection.
Theoretically, for (100) surfaces, smooth grooves with
[1007 axes cannot contain (111) facets and it would,
therefore, not be possible for individual atoms to take
up twin positions on them. Deviations from ideal
grooves were apparently insufficient to permit detection
of [116] ejection. These conditions favored the record-













