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SINGLE ATOM SPUTTERING EVENTS: DIRECT OBSERVATION OF NEAR-SURFACE d
DEPLETED ZONES IN ION-IRRADIATED TUNGSTEN'

By
*
Michael I. Current, Ching-Yeu Wei and David N. Seidman

Cornell University, Department of Materials Science and Engineering
and the Materials Science Center, Bard Hall, Ithaca, New York 14853 USA

ABSTRACT

The three-dimensional spatial arrangement of vacancies contained in depleted
zones (DZs), of ion-irradiated tungsten specimens, was determined with atomic reso-
lution by the field-ion microscope (FIM) technique. These DZs were detected in the
near-surface region of specimens which had heen irradiated in situ at <15 K with 20
keV w+,5u keV W+, Kr+, Cu+ or Ar+ ions. The values of the ion dose employed were
small (51013 ions cmfe); therefore, each DZ analyzed was the result of the impact
of a single projectile ion. At the irradiation temperature (5;5 K) both the self-
interstitial atoms and vacancies were immobile, so that the primary state of radiation
damage was preserved. The following properties of each DZ were determined: (1) the
total number of vacancies; (2) the number of vacancies in the near-surface region;
(3) the spatial extent--that is, the dimensions required to determine a volume; (4)
the average vacancy concentration; (5) the average vacancy concentration associated
with the near-surface region; (6) the first-nearest neighbor cluster distribution for
the vacancies in the near-surface region; (7) the radial distribution function of all
the vacancies; (8) the distribution of vacancies as a function of depth normal to the
irradiated surface; and (9) the sputtering yield. Most af the gbove properlics of
the near-surface DZs had similar values to those of the DZs detected in the bulk of
the FIM specimens. The total number of vacancies detected in the near-surface region
was approximately consistent with theoretical estimates of the average sputtering
yield. The sputtering yield of individual DZs exhibited significant fluctuations

from the measured average sputtering yield.

T This research was supported by the U.S. Department of Energy under Contract No.
DE—A§O2-76ERO315. Additional support was received from the National Science
Foundation through the use of the technical facilities of the Materials Science
Center at Cornell University.
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§ 1. INTRODUCTION

The study of sputtering--the erosion of solid surfaces és a result of energetic
particle bombardment--has produced a voluminous experimental and theoretical liter-
ature over the past decade; for reviews, see Carter and Colligon (1968), Sigmund
(1972), Andersen (19T4), McCracken (1975) and Thompson (1978). The bulk of the ex-
perimental studies can be roughly divided into the following two broad categories:
(1) the measurement of the amount, energy and direction of ejection of the target
material as a function of the mass, energy and direction of impingement of the inci-
dent ions or atoms (Thompson 1978); and (2) microscopic observations of the changes
in the topology of the surface caused by the sputtering processes (for examples, see
Hermanne 1973 - and Whitton et al. 1978). The typical microscopic observations of

p)

sputtered surfaces were for specimens which had been irradiated to high doses (lOl -

19

10 ions cm_g) and were made with modest spatial resolution (100 - 10,000 Z).
There have also been several attempts to utilize the atomic resolution of the field-
ion microscope (FIM) to study radiation damage, produced by low-energy ions, in the
surfaces of tungsten specimens (Gregov and Lawson 1972 and Walls et al. 1976).

We recently employed the FIM technique to study the sputtering of clean tungsten
surfaces by 30 keV Cu+ ions (Current and Seidman 1980). And in this paper we have
presented the results of a systematic and quantitative FIM study of the vacancy struc-
ture of displacement cascades--hereinafter called depleted zones (DZs )--which were
produced in the near-surface region of tungsten specimens by 20 keV W+, 30 keV W+, Kr+,
Cu+ or Ar+ ions. The character of DZs in the near-surface region--defined precisely.
in §3--was essential to understanding sputtering on an atomic scale. The temperature
of the specimen was maintained at <15 K throughout the course of the in situ irradiation
and subsequent examination of the specimen by pulse field evaporation. For a specimen
temperature of <15 K, in the case of ion-irradiated tungsten, both vacancies and self-
inters£itial atoms (SIAs) were found to be immobile (Scanlan, Styris and Seidman 1971la

and 1971b and Seidman 1978). Thus our experimental conditions preserved the primary

state of radiation damage; that is, the three-dimensional spatial arrangement of point
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defects, after all the initial energy of the projectile ions had been dissipated”and S
in the complete absence of any long range migration of the point defects produced by
the irradiation. The values of the doses employed for the irradiations were small
enough so that.each DZ detected was associated with the impact of a single projectile
ion; therefore, there was no overlap of the DZs.

The DZs that contained a portion of thelr volume in the near-surface region were

analyzed coﬁpletely--with atomic resolution--and their principal properties were com-

pared with those DZs found in the bulk of the FIM specimens (Wei 1978, Wei and Seidman -

1979 and Current, Wei and Seidmap 1980). : Their prinéipal properties
were found to be very similar to these same properties for the DZs found in the bulk
of the specimens. Radiation damage theory was uéed to calculate values of these
featureé and, in general, reasonable agreement was found between the experimental

and theoretical values. The totai number of vacancies detected in the near-surface
region was found to be approximately consistent with estimates of the average value
of the theoretical sputtering yield. However, the values of the sputtering yields

for individual DZs were as much .as seven times greater than the average value of the
measured sputtering_yield; thus5§roviding direct evidence for the existence of fluctu-

‘ations in-the sputtering yield.

§ 2. EXPERIMENTAL DETAILS
2.1. Specimen Chemistry and Preparation

The FIM specimens were preﬁared from two-pass zone-refined tungsten rods (Wilson
and Seidman 1975) which had been grown so that the specimen axis was parallél to the
(111] crystal axis. This partiéular orientation was chosen because it maximized the
number of high-index planes expgsed on the surface of an FIM specimen. The zone-
refined rods were electropolished to a diameter of "0.25 mm in a 1N solution of a
NaOH at a potential of 4 V (a.c.). Sharply pointed (100 X radiusAtip) FIM specimens
were then prepared4from the 0.25 mm diameter -ods employing the same 1N NaOH.solution.

<. (o]
The specimens were then field evaporated to a radius of greater than 250 A.
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2.2. The Irradiation Procedure
A Hill-Nelson (1965) sputtered-metal ion source provided an ion beam of the var-
ious projectileé used for the irradiations. Thé ion beam was analyzed magnetically
and directed into an ultra-high vacuum FIM which was attached to the Hill-Nelson ion
source via a three-stage differentially pumped flight tube (Scanlan, Sytris and Seidman
1971a). This arrangement allowed for the in situ irradiation, of FIM specimens, at

10 torr with a gas pressure of (2-5)x10—6 torr measured above the diffusion

(5-10)x10"
pump which evacuated the ion source. All irradiations were performed in situ with the
specimen at <15 K, in the absence of both the imaging electric fiéld and gas. The
maintenance of a low background pressure in the FIM during an irradiation was essential
to preveqt any possible surface corrosion effects due to the adsorption of gases from

ol
the background gases in the FIM. TFor a typical flux of 2xlOlO ions cm 2 sec l, a

3

dose df leO12 ions cm_2 was collected in A5 minutes. Dosés in the range lO12 to lOl
ions cm-2 producgd from one to five, well separated DZs in the volume of the FIﬁ‘specimens
examined. For the flux and dose values employed the time required to form an adsorbed
monolayer was always greater than the irradiation period. Upon the complefion of an
irradiation the voltage was returned immediately to the best image voltage value to
prevent the adsorption of gases from the background pressure.

The temperature of the FIM specimen was monitored; during the course of each
experiment, with a miqiature platinum resistance thermometer mounted near the tail
of the cryostat. For further details regarding the cryostat, temperature measurement,
the sputtered-metal ion source and the irradiation facility, see our earlier publi-

cations (Seidman et al. 1969, Seidman and Scanlan 1971, Scanlan et al. 19Tla, Pétroff

and Seidman 1973 and Wilson and Seidman 1975).

"+ Mulson and Muller (1963) observed, by field-ion microscopy, corrosion effects
on tungsten surfaces in partial pressures of Np and CO. Theupressures of the
gases used by Mulson and Miller were at least a factor of 10" to 10° greater
than the partial pressure of these same gases in our FIM. At a background
pressure of 6x10~10 torr the main residual gases in our FIM were hydrogen
and CO. For the vacuum conditions we employed there were no
observable corrosion effects. '
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2.3. 'Data recording system and the analysis of ciné film d

The helium FIM images were observed with the aid of an internal image-
intensification system based on a Galileo 76 mm diameter channel electron-multi-
plier array (Brenner and McKinney 1970). The FIM images were recorded on Kodak Plus-X
35 mm negative film with the aid of an Automax ciné camers equipped with a 1000 ft.
film chamber.

The examination of the bulk of an ir?adiated specimen was ‘accomplished by the
dissection of each specimen, on an atom-by-atom basis, employing the pulse field
evaporation technique (Robertson and Seidman 1968, Seidman 1973, 1976 and 1978).

An FIM image was recorded (typically a 1 sec exposure) after a field-evaporation pulse
had beeg applied to the specimen; this pulse had a widtﬁ of 5 msec and an amplitude
of "20% of the best image voltage. On the average, each field evaporation pulse
removed one to~tﬁree atoﬁs from a (512)'plane. Approximately 1000 feet of film
(’\fl.6x_'l_0kl frames) were exposed du?ing the pulse dissection of a single irradiated
specimen. The exposed and developed ciné film was analyzed with a Vanguard Motion
Analyser which was equipped Wwith x-v crosshairs and a position readout. (Scanlan et
al. 1969); the motién analyser was interfaced to a Houston Omnigraphic 200 x-y re-
corder (Wei 1978).

The ciné film was first scanned to locate the general positions of the DZs in
the FIM specimen. The DZs were then reconstructed in three dimensions, by analyzing
the ciné film on a frame-by-frame basis and locating £he positions of all the atoms
and vacant lattice sites+——hereinafter vacancies--in each low index plane where radi-
ation damage was found (Beavan, Scanlan and Seidman 1971, Wilson and Seidman 1973,

Wei 1978, Wei and Seidman 1979 and Current and Seidman 1980). The observed radiation
damage was separated into the following two groups: (1) vacancies - they were often
found in closely associated clusters (i.e., DZs); and (2) SIAs which were generally.
found at a distance from the DZs (Beavan, Scanlan and Seidman 1971 and Wei and Seidman

1980). 1In this paper only the results concerning the vacancy damage were presented.

+ At the irradiation temperatures (<15 K) we employed the equilibrium concentration
of thermally generated vacancies was, of course, totally insignificant.



-5=-

A network of fiducial marks which had been scratched in the phosphor screen,
of the internal image-~intensification system, were used to compensate for the slight
shifts in the centering of the individual frames of film during the scanning pro-

cedure. On the average, 50 frames of film were recorded and analyzed for the pulse

"dissection of each atomic plane. The complete set of lattice site positions for all

the vacancies, in the different (hkl) planes, for each DZ were transformed to a
single coordinate system based on the [100], [010] and [00%] unit vectors of the

body-~centered cubic lattice (Wei 1978).

§ 3. .THE NEAR-SURFACE REGION

The majority of the experimental and theoretical results on sputtering have
been concerned with the atoms that were ejected from the surface of the target,
rather than the detailed point defect nature of the resulting radiation damage in
the surface. In order to compare our results to this large body of information we
made a first-order estimate of the depth, measured from the initial surface of the
target, through which tungsten atoms were most likely able to have contributed to
the ejected flux of atoms produced by the impact of a single ion on the target.
This so-called source depth has been generally--although not universally--believed
to have a thickness of the order of a few atomic layers. First, we used Sigmund's
(1969g and l969b) continuum treatment of sputtering and obtained a first order esti-
mate of this source depth of 6.5 Z for tungsten. A.series of molecular dynamic
computer simulations of the ejection of copper atoms (Harrison et al. 1978,
Winograd et al. 1978 and Garrison et al. 1978 and 1979) from a thin crystallite
of copper, produced by the impact of a 600 eV Ar+ ion on low-index planes, suggested
lhat most of the ejected atoms were located initially within the first two atomic
layers (that is, @ thickness of a few angstroms). Alternatively, in the microscopic
theory of sputtering developed by Thompson (1978) for crystalline materials, -an
important contribution to the sputtering yield was ascribed to focused collision
sequences; this contribution was in addition to the contribution from DZs--collision

cascades in Thompson's terminology. In other research on ion-irradiated tungsten
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we have actually measured the range of replacement collision sequences (Beavan,
Scanlan and Seidman 1971 and Wei and Seidman 1980). Thus, even though the source
o

" depth we defined in this paper was less than 3 A, it was not our intention to ex-
clude the possible role played by focused collision sequences in sputtering.

Figure 1 exhibits: (a) an FIM micrograph of a (433) plane; (b) a drawing of
the primitive unit cell (OABC) of the (433) plane and the projection of the atoms
that layed within OABC; (c) a photograph of a ball model of the (433) plane.

Table 1 lists the coordinates of the atom positions for the first five layers of

the (433) plane. The atoms which were actually imaged in a singleé FIM micrograph
(tig. la) resided in the topmost (zeroth) layer or the crystal. The atoms 1n Lhe
zeroth layer of the ball model of the (433) plane (fig. 1lc) were indicated by dark
balls. The hard sphere ball model of the (433) plane (fig. lc) showed that the

atoms in layers 0 to ﬁ were visible when the (h33).plane was viewed along a direction
normal to this plane. This crystallographic information was used to define a source
depth.

Guided by the results of Harrison and his co-workers the following definition,
of the source depth, was used for the high index planes of tungsten examined in this
study :

The near-surface lattice sites were those occupied by hard-sphere atoms

whose geometric centers were visible, within the two dimensional primitive
unit cell of an (hkl) plane, when viewed along a direction normal to this
(hkl) plane in a hard sphere model; that is, along the [ hkl] direction
for a cublc crystal.
The set of atoms which occupigd the near-surface lattice sites defined the near-
surface region. The thickness of this near-surface region, as measured from the
zeroth layer, was taken to be the source depth; that is, it was assumed to be the
origin of the sputtered atoms. It is emphasized that this definition did not

exclude  the possible contribution of focused collision sequences to the sputtering

yield. The vacancies detected in this near-surface region, after an irradiation,



were denoted near-surface vacancies.

Table 2 presents the important parameters used to describe the near-surface
region for the principal (hkl) planes used in this study. It should be noted that
the thickness of each near surface region listed in Table 2 was less than the
lattice constant (ao) of tungsten (3.165 Z). To examine the atomic details of the
three to six planes that were in the near-surface region required extremely care-
ful pulse dissection sequences; thus, for these planes, the average number of frames
of film recorded and analyzgd was 250 to 300--while for the rest of the specimen the

average was 50 frames of film per plane.

§ L. RESULTS

In this section detailed results were presented on all the DZs that had
a portion of their vacancy structure contained within the near-surface region. A
total of ten DZs were detgcted that satisfied this condition. These DZs were pro-
duced as the result of in situ irradiations, at <15 K, arith 20 or 30 keV.W+, Kr+,
Cu+ or Ar+ ions. At a temperature of <15 K we have demonstrated that the SIA in
tungsten was completely immobile. (Scanlan, Styris and Seidman 19T7la and 1971b,
Beavan, Scanlan and Seidman 1971, Seidman 1973, Seidman, Wilson and Nielsen 1975a
and 1975b, Wei and Seidman 1979). Thus the present experiments examined the primary
state of radiation damage in the complete absence of any post-irradiation point-defect

long-range migration effects.

Figure 2 exhibits field-ion micrographs of the (222) plane and vicinal planes
both before irradiation (fig. 2a) and after field evaporation of two planes following
the irradiation with 30 keV Kr  ions to a dose of 6x1072 ions cm 2 at 10 K (fig. 2b)..
All the rediation damage produced in the (332), (343) and (543) planes was the result
of the impact of a single 30 keV Kr+ ion. Four near-surface vacancieés (out of a
total of 51 for this DZ) were detected in the third atomic layer of the (332) plane
imaged. The radiation damage exhibited in fig. 2b was typical of what we observed
in the.surface of the specimen immediately after an irradiation. Figure 2c¢ isAa

schematic diagram of the FIM micrograph shown in fig. 2b.
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Figure 3 is a cross-sectional view of the overall primary state of radiation

63 +

damage in a tungsten specimen which had been irradiated with 30 keV "“Cu ions to

- (o]
a dose of é7.5x1012 ions cm 2 at <11 K. The first 50 A of this specimen was ex-

 amined employing ’\JSXlO3 field-evaporation pulses and the remainder of the specimen

was examined using an additional N9.5x103 field-evaporation pulses. This figure,
in conjunction with fig. 2, illustrates the general ideas behind the pulse dissection
experiments.

4.1. The spatial arrangement of the vacancies within the depleted zones.

First we present pictorial representations of the three-dimensional spatial
arrangement of the vacancies contained within all the near-surface region DZs.  The
bR TEP graphics computer program developed by Johnson (1965, 1970) was used to gener-
ate these pictorial representations. The coordinates of the vacancies were used as
the input data for the OR TEP program; the direction along which the DZ was viewed
was a quantity that could bf varied in this computer program. In all the figures of
the DZs presented (figs. 4-10) the open and solid circles represented the vacancies,
and the length of each connecting bond (i.e., the rod) shown was equal to the first
nearest-neighbor.distance (2.74 X)in the tungsten lattice.- The solid circles repre-
sented those vacancies in each DZ that were in the near-surface region; they were
the near-surface vacancies. The tungsten atoms in the perfect lattice surrounding
the DZs were omitted for clarity. The pictorial representations of the DZs were

exhibited in order of decreasing mass of the projectile ion CMl),'

Figure L shows a DZ which was created by the impact of a single 20 keV W+ ioén.
. This DZ, denoted DZUb, was tirst reported on by Beavan, Scanlan and Selidwan (1971).
It contained a total of 81 vacancies of which 23 were within the first three (1k1)

planes that comprised the near-surface region.

+ TFor the 20 and 30 keV ion irradiations we found a total of 32 DZs. Ten of these
DZs had a portion of their volume contained in the near-surface region and the
remaining 22 DZs were in the bulk of the FIM specimens. Seven of the ten DZs
which had a portion of their volume in the near-surface region were analyzed in
complete atomic detail. The properties of these seven DZs constituted the principal
results discussed in this paper. Sixteen of the 22 DZs found in the bulk of the
specimens were also analyzed completely and their properties provided a reference

group for comparison with the properties of the seven near-surface Dis.
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Figures 5 and 6 exhibit two different examples of DZs created by the impact
of single 30 keV W+ ions. DZ2c¢ (fig. 5) contained a total of 123 vacancies, of
which 45 were in the near-surface region. In the case of DZ2c, the incident ion beam
was parallel to the [8 11 5] direction; the ion beam was at an angle of 80° with
respect to the normal to the éhll) plane. Whereas for DZ3b, the incident ion beam
direction ([8 11 5]) was at an angle of 85° with respect to the [L11] direction;
see figs. 5 and 6. It contained a total of 127 vacancies, of which 47 were in the
near-surface region.

Figure 7 exhibits DZllba; it was created by a single 30 keV Kr+ ion and contained
103 vacancies and 36 near-surface vacancies. The 30 keV Kr+ ion beam was parallel
to the [El3] direction, which made an angle of 75° with respect to the [S43] direction.
The view of DZlha shown in fig. Tb was obtained by a L0° clockwise rotation about
the [010] direction. Note the orientation of the reference vectors (100], [010] and
{001] in the lower left hand corners of figs. Ta and Tb.

Figure 8 shows three different views of DZiTb; it was created as a result of the
impact of a single 30 keV Cu+ ion. The incident ion beam was parallel to the [KBl]
direction, which made an angle of 60° with respect to the normal to the (512) plane.
Figure lba is a view of the DZ along the [113] directions; this direction is almost
tangent to the (512) plane. The view in fig. 8b was obtained by a 25° clockwise ro-
tation about the [010] direction; fig. 8c was obtained by an additional 15° clockwise
rotation about this same direction. Figures 8a and 8b illustrate the fact that for
30 keV ion damage in tungsten, where M1 was significantly less than the mass of the

target atom (M there was a general tendency toward the formation of large sub-

o)
clusters (or subcascades) within the DZs (see figs. 8a and 8b). The DZTb contained
150 vacancies within the first 25 Z from the same surface. Fifty-one of the total
of the 200 vacancies were located in the near-surface region.

Figufe 9 exhibits DZTc which was also created as a result of thé impact of a
single 30 keV Cu+ ion. The incident Cu+ ion beam was -parallel to the [K3l] direction
and it made an angle of 80° with respect to the normal to the (433) plane. This DZ

contained a total of 14l vacancies of which 54 were in the near-surface region.
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Finally, fig. 10 exﬁibits DZ10a which was created as a result of the impact of .
a single 30 keV art ion.’ The.incident Ar' ion beam was parallel to the [Ihg] direction
and made an angle of 70° with respect to the normal of the (L41ll) plane. This DZ con-
tained a total of 192 vacancies, of which 70 were in the near;surface region;

4.2. The number of vacancies and the dimensions ‘of the depleted zones

The total number of vacancies (V) and the number of vacancies within the near-
surface region (vns), for each DZ, were listed in Table 3. Also listed in this table

were the average total vacancy concentration (<cv>) and the dimensions of each DZ

(X Ae and <A>).

1°

The volume used to calculate <cv> was an irregularly shaped one. It was cal-
culated employing a series of rectangularly shaped slabs that were normal to the -
[100] direction--the thickness of each slab corresponded to four (100) interplanar
spacings~-and the four peripheral surfaces of each slab were constructed to include
all the vacancies contained within this volume of the crystal. The quantity <cv>
was defined as the total number of vacancies divided by the total number of lattice
sites contained in the volume, of the DZ, as defined above. In an effort to take
into account the irregular shape of each DZ, the above procedure was repeated for
the rectangularly shaped slabs that were normal to the [010] and [001] directioms,
respectively. Thus the <cv>s listed in Table 2 were the average values ot these
three different determinations.

To determine the dimensions (A A2 and <A>) of a DZ, the thirteen <100>, <110>

l,
and <l11>-type directions were employed. For each specific [hkl] direction, the

three-dimensional distribution was projected into a plane to produce a two-dimensional
distribution; that is,; the number of vacancies as a function of distance; in angstroms,
for that [hkl] direction. The standard deviations were calculated for each of these

13 different distributions and the largest one was denoted G The quantity Xl was

1

defined to be equal to 20 The dimension Ag was the average value of twice the

1

standard deviations for the distributions which were perpendicular to the direction
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associated with Al. The average diameter (<A>) of a DZ was then defined as+

<A>=[A (A2)2] 1/3; (1)

1

and the volume associated with <A> was denoted by de and it was given by
o 3
vy, = (<Y (2)
3 2
This volume was approximately 80% greater than the one we used to calculate <cv>.
The results prasented in Table 3 demcnstrated that at constant values of ion energy

(El) and M, the value of <c > decreased as M1 was decreased, and concomitantly the

2
values of Al’ A2 and <A> increased.
4.3. Pirst-nearest neighbor vacancy cluster distributions
The presence of a large number of first-nearest neighbor bonds, in figs. 4 to
10, clearly demonstrated that the vacancies were associated in the forﬁ of clusters
within the DZs. In this séction we considered the first-nearest neighbor distribution
of vacancies in the near-surface region. To quantify the vacancy cluster problem
we introduced a quantity dénoted the fraction of clusters of size n (fn), which was
given by
nmax‘ _
RN DI
no nfdg s (3)
where Nn was the number of first-nearest neighbor vacancy ciuspgrs of sizé n and

nmax was the size of the largest vacancy cluster. The quantity

n
max

:;.Z=:1 o / - ()

was equal to the total number of first-nearest neighbor vacancy clusters. In fig. lla

we plotted fn versus n for the near-surface vacancies which were contained in all the

+ The average radius (<A>/2), as defined by eqn. (1), was different from the radius
of gyration employed by Sigmund, Scheidler and Roth (1968); in general, we found
that <A>/2 was approximately equal to one-half of the radius of gyration.
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DZs. The best fit line to the data in fig. lla was given by:

) -(2.5%0.5) (5)

b

£z (0.7510.05

this equation was valid between n equal to one to approximately five. For values

of n35 there were a fewilarge clusters which produced large fluctuations in the
behavior of fn.

However, it was found poséible to represent all the vacancy cluster data by one
equation if the quantity fn was divided by An, where An was a number which repre-

sented an interval in cluster size. The resulting equation was

n
max

— i ) .— -“
£ = (fn/An)— Nn An L Nj i (6)
J=1

where physically & represented the fraction of vacancy clusters of size n in the
interval An. 1In fig. 11b we plotted & versus n. The values of An were selected as
follows; for 1< n <5, An=l; for 6 < n <10, An=5; and for n>10, 4n=10. The best
fit line to the data in fig. 11 was given by

)n-(2,5i0,5); (7)

g = (r /on) = (0.75%0.05
the slope of this line (-2.5) was found to be insensitive to the choice of An. More
generally, we discovered that eqn. (7) described the quantity fn/An for all the va-

cancies in all DZs analyzed; for these DZs the value of E, ranged from 15 to TO keV

1
and M1 was varied between the mass of Ar (39.95 emu) and W (183.85 amu).
In addition to the quantities fn and §, we also employed the quantity Fn’ which

was given by the expression

F =N /v ' (8)
3] n

physically this quantity represented the fraction of monovacancies (Fl)’ divacancies

(F,), etc., in each DZ. 1In fig. 12 we plotted Fl versus (M2/M1). The value of F

2 1

increased as M1 was decreased; for all the vacancies contained within the DZs detected
that had a portion of their vacancy population in the near—surface‘region. The range

of values found for the bulk DZs also exhibited the same behavior (Wei 1978, Current,

Wei and Seidman 1980). Correspondingly, Fl decreased as M, was increased;
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that is, a larger fraction of the vacancies were detectedin very large first-nearest
neighbor clusters for large M, (see fig. 1lla).

4.4, Radial distribution function

The degree of clustering of the vacancies, on the scale of the order of the
dimensions of each DZ, was determined by measuring a specially defined radial distri-
bution function (<N(i)>). The quantity <N(i)> was defined as the average number of
vacancies in the B spherical shell around a vacancy (Wei l978);lthis ;B spherical
shell was enclosed between the spheres of radii ri-l and r. The thickness of each

shell was set equal to ao and the number of vacancies in the ith shell was denoted

by B(i,j). The quantity <N(i)> was then given by

\Y
ai)> =L %" Bi,g); (9)
J=1

where the sum on J extended over all the Vv vacancies contained in each DZ.

- The quantity <N(i)> was plotted as a function of r. (fig. 13) for thé'seven
near-surface DZs displayed in figs. 4-10. These radial distribution functions ex-
hibited the same trends that the OR TEP pictorial representations indicated (figs.
4-10) but in a more quantitative fashion. For example, the dramatic breakup of DZTb
into two iarge subclusters (fig. 8) waé particularly evidenf in its radial distri-
bution function (fig. 13e). Also the increase in the average diameter of a DZ with
decreasing Mi, at constant El, was evident from a comparison of fig. 13b with 13g.

4.5. Radiation damage profiles

The temperature at which each specimen was maintained was below the onset of
long-range migration of either the SIA or the vacancy. Thus the position of each
vacancy was a direct reflection of the deposited damage energy, for transferred
energlies greater than the minimum threshold energy of h3.eV'(Maury'§i:§g, 1978).

Figure 14 exhibitsf--in histogram form--the fraction of vacancies per 4.5 Z
interval, as a function of depth along the normal direction to the irradiated sur-

face for six different DZs; these constitute radiation damage profiles. Also shown

t The method of comparing the experimenﬁal data with the TRIM calculations, shown
in this figure, was suggested by Mr. D. Pramanik.
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for comparison are the calculated damage profiles--the smooth solid line—-measuréd -
in terms of the fraction ofAthe total deposited damage energy (see § 5.2) as a
function of depth. These profiles were calculated imploying the Monte Carlo simu-
lation program, TRIM, developed by Haggmark and Biersack (1978); this program employed
an amorhpous target and assumed branching binary collisions. In this figure we also
indicated: (1) the mean value of the experimental damage profile by, for example,
x> (DZ2c: W+ ion); and (2) the mean value of the calculated damage profile by, for

3 W ions, 80° incidence). The damage profiles were calculated -

example, <x>D (TRIM: 10
as a function of depth along the normal to the particular (hkl) plane of interest,

with the ion beam parallel to the experimentally determined irradiation direction.

§5. DISCUSSION

§5.1. The spatial arrangement of the vacancies within the depleted zones

Figures 4-10 exhibited atomic resolution images of the spatial distribution of
vacancies contained within DZs, which were created as the result of the impact of a
single energetic ion+ with a tungstén specimen. ‘These DZs had not collapsed into
a lower energy configuration--for example, a dislocation loop--despite their high
local vacancy concentration (v2 to 15 at.%). Thus the tungsten atoms which remained
inside each DZ formed an unambigious, although somewhat distorted, b.c.c. crystal
structure. This high stability of the DZs to collapse allowed the full utilization
of the atomic resolution of the FIM technique. In the case of ion-irradiated tungsten
the so-called yield factor (Y), determined by transmission electron microscopy (number
of visible defect clusters created per incident ion), was always significantly less

than unity tor K. equal to 30 keV (Seidman 1976); the value ol T for tungsten has

1
been determined to be less than 0.1 (Buswell 1970 and Hausserman 1972). Therefore,
these studies. complemented the transmission electron microscope studies of ion damage in

metals (e.g., see Eyre 1973, Wilkens 1975, Merkle 1976, Jenkins and Wilkens 1976, Ruault,

Bernas and Chaumont 1979) as we observed that portion of the radiation damage which

T Employing the same geometric argument as the one used previously (Beavan et al.
1971, Wilson and Seidman 1973, Wei and Seidman 1978) it was estimated that the

maximum number of ion hits on the cross-sectional area of each DZ was alwgys %ess
than one. This value was an upper bound because it neglected the straggling in

the range of the incident ions.
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was not visible by means of the transmission electron microscope technique.
A visual examination of figs. 4~10 showed that the DZs had the following important

physical properties: (1) as M1 decreased, at constant E the average diameter and

1°
therefore the volume of the DZ increased--compare fig. 5 (30 keV W+ ion) with fig. 10
(30 keV Ar' ion); (2) the vacancy concentration within the volume of the DZ was highly
non-uniform--e.g., see fig. 8 (30 keV Cu+ ion); (3) the value of <cv> decreased as
N& decreased; (L) the tendency toward subcluster formation increased as M1 decreased;
(4) the fraction of vacancies in the near-surface region of each DZ was approximately
constant; and (5) the fraction of vacancies that existed as monovacancies increased
as M1 decreased. The analyses we performed were largely aimed at the quantification
of the qualitative observations.

5.2. The number of vacancies and the dimensions. of the depleted zones

In this section we compared the measured quantities Vv and <\> (see §L.2)
with: (1) experimental values of these quantities for a larger set of DZs (16)
which were created in the bulk of the specimens and analyzed by the same techniques;
and (2) values of the v and <A> which were calculated employing the assumptions of
linear cascade theory and an amorphous solid model (e.g., see Sigmund 1977).

Figure 15 exhibits the quantity Q as function of M1 for the data listed in
Table 2. The dashed lines--labeled "Range of values for bulk DZs"--indicated the
full range of the measured values of v for all DZs created in the bulk of the speci-
mens by 30 kKeV projectile idns. The values of V for the DUZs detected in the near-
surface region were generally within. the range of v values measuredfer DZs~esund
in the Wiz ¢ tHe specimens. (

Since each DZ was created by one incident ion, we obtained an experimental
value for the number of Frenkel pairs‘éreated by a projectile ion; in our case this
number was simplylv-—the number of vacancies contained in each DZ. We based our
analysis on a modified form of the classical Kinchin-Pease equation (1955) which has
been discussed extensively by Robinson and Torrens (1974). The average number of

stable Frenkel pairs (<v> ) given by the Robinson-Torrens model is:

R-T
<V>p o = KE/2E,, ' (10)
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~

where K was the displacement efficiency, E the average damage energy and Ed a

sharp displacement threshold energy. The original Kinchin-Pease equation is

W o= E1/2Ed, (11)

where E. was the average energy of the incident projectiles. The quantity E. was

1
related to E through the expression:

1

~

E=E -Q (12)

where é was the total energy lost from a displacement cascade through all inelastic
processes; in the case of metals fhé inelastic energy transfers did not produce
displacements. In the original Kin;hin—Pease model, the atoms were considered to
be hard spheres and for this case Kk was equal to one. The use of more realistic
atomic potentials yielded values of K less than one. For the displacement cascades
We.studied, low-energy recoil atoms dominated and it was shown both analytically
(Sigmund 1969 c¢) and from computer simulations (Robinson and Torrens‘l97h, Norgett,
Robinson and Torrens 1975) that a value of 0.8 for kK was appropriate for the
prgsent experimental situation. For Ed we employed the minimum measured value of
43 eV (Maury et al. 1978). The values of é were calculated employing the tabulations
of Winterbon (1975).

The Kinchin-Pease equation predicted a constant value of 349 vacancies; this
value was clearly too high (see fig. 15). Equation (10) predicted a value of 218
aqd 187 vacancies for 30 keV W+ and Ar+, respectively; the small but steady decrease
in v with decreasing Ml‘was caused solely by the variation in Q. The calculated
véiue of <v>

can be taken to be 200, for E, = 30 keV, over this range of Ml.

R-T 1

TQ% value of <v> for the DZs in the near-surface region was l’-t8.+ And the value of
tﬁis quantity for the set of 15 DZs found in the bulk created by 30 keV ions was
183£4T7. The observed spreéd in v, at each value of Ml’ was mainly the result of the
energy straggling of ions along their t;ajectories in the FIM specimens. It was

concluded that: (1) the DZs observed in the near-surface region had approximately

This number was for the six DZs which were completely analyzed for E1= 30 keV.
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the same <Vv> as the DZs detected at greater depths; (2) and the measured values
of <v> were described reasonably well by the Robinson-Torrens version [eqn. (10)]
of the Kinchin-Pease equation; and (3) the good agreement between our <v> and

< implied that the SIAs and the vacancies in the DZs were well separated from

>
VIR

L

one another during the primary displacement events. ' Experimental results sub-
stantiating point (3) have been recently obtained (Wei and Seidman 1980).

Figure 16a is a plot of the quantity <A> (8L4.2) versus the Linhard, Scharff
and Schigtt (1963) reduced energy parameter (€); the experimental data are listed
in Table 2. The values of £ were calculated from the expression

2
M2El Z1Z2e

M +M,) [ epp

(13)

where Zl and 22 were the atomic numbers of the projectile and target atoms, re-

spectively, e was the charge on an electron and a was the screening length for a

T-F
Thomas-Fermi potential (Winterbon 1975). The principal utility of € was that, for

moderately heavy projectile ions in heavy targets, the <A>s and--to a reasonable

approximation--the <cv>s of the DZs scaled for all combinations of M1 and E We

1
used the 16 DZs created by 20 or 30 keV ions and found in the bulk for comparison

with the seven DZs found in the near-surface region. The range of <A> values measured
for the DZs which were found in the bulk of the épecimens was indicated by the dashed
lines lubeled range of values for bulk DZs. The values ot <A> for the DZs, detected

in the near-surface region, were found to lie within this range. One theoretical

t

measure' of the "expected" diameter (<D6>) of a DZ was given as

) K (14)

2

<D > = 2[6<Ax2>D 5<y2>

§ D

t+ The experimental data on tungsten did not support Lucasson's (1975) suggestion
that an average threshold energy of 110 eV should be used for E. and that a
multiplicative factor of 0.23 should be substituted for k/2. The line in fig.
15 denoted <v>p represents Lucasson's expression; it was clear that <v>p did not
represent our data.

e
+ Note this definition was consistent with the definition of <A> in eqn. (1).
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where (<Ax2> )% and (<y2>D)5 were the second moments of the average elastically-

D
deposited—ehergy distribution measured parallel and perpendicular, respectively, to
the direction of the incidenf ion-beam; § was a contraction factor to take account

of the smaller volume occupied by the elastic-energy distribution produced by a
single ion (Sigmund, Scheidler and Roth 1968, Westmoreland and Sigmund 1970). Figure
16a demonstrated that the measured values of <A>, in this & range, were consistently
smaller than the <D6> values. Since the FIM determinations represented a fairly
direct measure of the elastically-deposited-energy distribution, for transferred
energies greater than Ed’ fig. 1l6a indicated that the quantity <D6> was an upper
bound to the average <A> of a DZ created by a single ion.

Figure 16b is a graph of the quantity'<cv>'versus €. The values of <cv> for fhe
seven DZs detected in the near-surface region and analyzed in complete detail (see
Table 3) are plotted on this graph. 'The error bars for these values of <Cv> reflected
the variation in the measurement of the volume of a DZ and hence the absolute
vacancy concentration.T The dashed lines indicated the range of measured <cv>s for
the set of DZs found in the bulk of the specimens. This graph demonstrated that all
the DZs detected in the near-surface region had values of <cv> which were similar to
the values measured for the DZs detected in the bulk of the specimens. We detfined

the theoretical average vacancy concentration (ct~) in a DZ to be given by

where Qc was the atomic volume and the factor 0.30 accounted for the presence of va-

cancies outside the ellipsoid of average radius <D5>/2. Figure 16b demonstrated

that the values of c:"were within the range of values measured for the bulk Dis.
5.3. Concentration of near-surface vacancies

The concentration of near-surface vacancies (<cv>ns) contained in DZs was taken

to be the ratio of Vns (see Table 3) to the total number of atomic sites contained

T The quantity <cv> was calculated from the volume which was described in detail.
in §4.2 and not the volume based on eqn. (2).
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in the (hkl) planes used in the analysis of the near-surface portion of the DZs;
‘the number of these sites varied between =~ 150 for DZOb (20 keV W+) and 2650 for
DZ10a (30 keVlAr+). The variation of <cv>ns with € is shown in fig.'lT; the dashed
curves in this figure indicated the full range of the measured average values of
<cv> for all the DZs created in the bulk of the specimens. The values of <cv>

ns

were generally within the renge of values of <cv> for the bulk Dis.

The smaller values of the coordinatioﬁ numbers for th; atoms in the near-surface
region could have led to a higher value of <cv>ns--compared to <cv>--if the minimum Ed
for this region was significantly less than the Ed for the bulk. Fox example, a
reduction of E; from 43 eV to the sublimation energy (8.7 eV) would have produced a
nearly five-fold increase in the value of <cv>ns' Such a large influence of the
coordination numbers on the production of point defects in the near-surface region
was not observed in our studies.

5.4, PFirst-nearest neighbor vacancy cluster distributions

Figure 11 demonstrated that it .was possible to describe the distribution of
the first-nearest neighbor vacancy clusters by a single equation. In addition,
the same functional dependence [egn. (7)] was found to hold for: (1) the near-surface
vacancies in a single DZ (Current and Seidman 1980); (2) all the vacancies contained
with a single DZ (Current and Seidman 1980); and (3) all the vacancies contained with-
in DZs which had been created by the impact of single ions with M1 ranging from 39.95

(Ar) to 183.85 (W) amu and E, ranging from 15 to 70 keV (Current, Wei and Seidman

1
1980). The fact that the cluster distribution functions for the vacancies
contained within the near-surface region and the bulk of the specimens were essentially
the same indicated that the prdcess of vacancy formation was not significantly altered
for the near-surface vacancies by the presence of the surface. This was in agreement
with the discussion presented in 85.3.

The general trend that Fl increased as M2/M1 increased --that is, with decreasing

Mi ~-for all the vacancies contained within the DZs--was a physically reasonable re-

t A possible relationship between the first-nearest neighbor vacancy cluster distri-
butions and the sputtering of multiation clusters (multimers) was discussed in the
Appendix.
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sult; since it was expected that the value of <A> would increase as Ml was decreased

and the value of vV would remain approximately constant--at a constant E. of 30 keV--

1
for the range of Ml studied. These two results implied that the mean spacing between
any two displacement events, which led to permanent vacanciés, increased as M1 was
decreased; thus, it was anticipated that the value of Fl would increase with decreas-
ing Ml' It is expected that with a further decrease in Ml-—at constant damage energy
(El-Q)-—the value of F, would continue to increase.

5.5. Radial distribution function [<N(i)>]

The graphe of <N(i)> versus ri,shown in fig. 13,exhibited two major trends. as
Ml was decreased from 183.85 (W) to 39.95 (Ar) amu. These trends were: (1) the
spatial extent of the DZs increased; and (2) there was a'tendency'for the DZs to
break up into sub-clusters—--this effect was clearly seen in fig. 13(e) (also see
fig. 8). Sigmund, Scheidlef and Roth (1968) predicted that for M, << M, there should
be subcluster formation--subcascades in'their vernacular. The tendency to form large
subclusters, for M1 << M2, was also observed for the DZs detected in the bulk of the
tungsten FIM specimens; for example, seelfig. 1 in the paper by Wei and Seidman
(1979). The two major trends observed were a result df: (i)'an increase in the
total path length and projected range of the projectile ion with decreasing Ml; and
(2) an increase in the mean free path of the prbjectile ion--with decreasing Ml--
between‘collisions that involved large energy transfersﬂ

5.6. Radiation damage profiles

Each experimental radiation damage profile exhibited in fig. 1k represented the
distribution of vacancies contained within a single DZ. Even for this limited number

of vacancies it was clear that the experimental values of <x>_ were reasonably close

D
to <x>D (TRIM). The procedure of plotting the fraction of vacancies per specified
depth interval versus depth for all the vacancies in a single DZ constituted the
first step in the construction of a radiation damage profile with atomic resolution.
This procedure applied to a larger number of DZs yielded beautiful radiation damage

profiles (Current, Wei and Seidman 1980) in agreement with the calculation of damage

distributions.
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It has recently been realized that the depth resolution of analytical techniques
that involved sputter depth-profiling of alloys was limited by the effects of the
disorder and enhanced diffusion created by the impact of the ion beam on the sample
(Webb, Carter and Collins 1978, Liau, Tsaur and Mayer 1979 and Rhen, Danyluck
and Wiedersich 19791 .. The. results presented in fig. 14 demonstrated that
the radiation damage produced by a single ion extended, from the surface, to a depth

coﬁparable to <x>_ (TRIM). 1In the régime of high point'defect concentration it is

D
expected~-—at elevated temperatures--that the diffusion rate of the atoms constituting
an alloy will be enhanced. Thus each DZ--produced by a single ion in the sputtering
process--can result in so-called atomic mixing due to displacement events and the
transport of matter due to enhanced diffusion effects.

5.7. Sputtering

It was pointed out in §3 that it is generally, although not universally, bglieved
that the source depth-—for the majority of sputtered atoms--has a thickness of the
order of a few atomic layers. This result was obtained from several different models
of the sputtering process: that is; (1) an analytical model of the elastically de-
posited energy distribution (Sigmund 1969. & and 1969 b; (2) Monte Carlo calculations
of the trajectories of recoil atoms (Shimuzu 1977 and Haggmark and Wilson 1978)5 and
(3) computer-based molecular dynamic models (Harrison et al. 1278,,Winograd et al.
1978 and Garrison et al. 1978). We defined a source depth consistent with the above
result, ;rhich allowed us to determine values of \)ns’ for each DZ that had a portion
of its vacancy popﬁlation in the near-surface region; see 83 and Table 1. In the
present section we discussed the relationship of vns to values of the theoretical

sputtering yield [S,, (6)] and demonstrated that our observations provided direct

th

evidence for the existence of fluctuations in the méasured sputtering yield.

We defined a yield of vacancies found in the near-surface region as,

3 '= total number of observed near-surface vacancies
v total number of DZs detected in the FIM specimens

-2 ns

~ total number of ion hits. (16)
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It was assumed that the total number of DZs detected in the specimgns was equal éo
the totsal number of ion hits. The total number of DZs included those DZs Yhich were
found in poorly resolved planes and were not analyzed in atomic detail. The measured
values of ;vns’ the total number of DZs and Sv are listed in Table 4 for the 20 and
30 keV W+ and, 30 keV Kr+ and Cu+ ion irradiations. The results for the 30 keV Ar+
irradiations were not included since only a limited volume of the FIM specimen was
examined and Sv could not be determined to the same degree of accuracy as in the
other cases. The values of Sv for the 30 keV irradiations were all 18 near-surface
vacancies per ion.

The calculated values of sth(e) are also listed in teble 4. The calculations
were based on the amorphous target model of Sigmund (1969a and 1969b) for the case
of angle of incidence, 8 = 60° so that

84, (60°)28,, (0°)/cos 60°=2 éth(o°)
and a surface binding energy equal to the sublimation energy for tungsten (8.7 eV).f
The values of Sth(60°)--for the 30 keV ions--varied from 14 to 19 atoms per ion.

The approximate agreement between these values and tﬁe~measured Sy values

was taken as evidence that, indeed, the majority of the sputtered atoms produced by
the impact of a single ion came from atomic sites in the near-surface region. These
results did{ggi exclude the possibility of a contribution to the sputtering yield
from focussed collision sequences.

The observation of sputtering effects on an atomic scale--as is possible with
the FIM technique--yielded information about statistical fluctuations between indi-
vidual sputtering events as well as average effects. It was suggested some time ago
that the theoretical sputtering yield for a single ion can differ substantially from

the average value of the theoretical sputtering yield (Sigmund 1969 a and 1969 b).

Westmoreland and Sigmund (1970) estimated that the number of sputtered atoms produced

T The gquantity sth(e) was evaluated for 6=60° to approximately take into account the
large angles of incidence of the ion beam (see §4.1). The question of the proper
value of the surface binding energy to use in the calculation of the theoretical
sputtering yield can result in a 50% uncertainty in the predicted value of this
quantity (Haggmark and Wilson 1978). In view of this problem we have simply
employed the sublimation energy.



-23-

by a single ion can vary by at least a factor of ten from one ion to the next; they
also showed that the ejection of twice the average number of sputtered atoms per ion
was not uncommon. The molecular dynamicAcalculations of Harrison et al. (1978) for
the impact of 600 eV Ar' ions on the (111) plane of copper also exhibited large |
fluctuations in the sputtering yield. TFor example, the impact of ste,Ar+ ions
produced no ejected atoms while others produced as many as 13 copper atoms; the
average calculated sputtering yield was six atoms per ion for the (111) plane.

The fraction of DZs which contained Vns near-surface vacancies is shown in fig.
18 as a function of vns’ Note that over 60% of the DZs detected in the FIM speci-
mens contained no near-surface vacancies angd--by implication--produced no sputtered
atoms. However, those DZs which did contain near-surface vacancies contained a

typical value of 45 near-surface vacancies per ion; this value was 2.5 times greater
than the average valﬁe of §_ of 17.7. . For DZ10a (30 keV Ar') the value of S, was seven
times greater than this average value. These fluctuations in the observed value of Sv
represent the first direct measurements which implied fluctuations in the sputtering yield
per ion that ranged from zero to approximately three times the average sputtering yield.
§ 6. SUMMARY

1. The three-dimensional spatial arrangement of vacancies contained in depleted

zones (DZs) in tungsten was determined by the field-ion microscope (FIM)A

technique. The DZs were detected in the near-surface'region of specimens which

Lad been irradiated in situ at 15 K with 20 keV W', 30 keV W', Kr', Cu' or Ar

ions. Each analyzed DZ had been produced by a single projectile ion.

2. The values of properties of the DZs found in the near-surface gegion were similar
to the values of these same properties for DZs which were detected in the bulk
of the FIM specimens. In addition, the value of these properties were in reason-

able agreement with estimates based on radiation damage theory.

3. The total number of vacancies detected in the near-surface region was in approxi-
mate agreement with theoretical estimates based on Sigmund's continuum model of

the average sputtering yield. The number of vacancies in the near-surface region
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of individual DZs ranged from three to seven times the value of the measured

average sputtering yield.
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APPENDIX

SPUTTERED ION MULTIMERS AND THE NEAR-SURFACE FIRST-NEAREST NEIGHBOR VACANCY
CLUSTER DISTRIBUTIONS

Charged multimers (multi-atom clusters) have been detected during the
sputtéring of both polycrystalline and single crystal tungsten surfaces, by
Staudenmaier (1972 and 1973); the specimens were bombarded, at 250°C, with
150 keV He+, Ne+, Ar+, Cu+, Kr+, or Xe+ projeétile ions. BStaudenmaier made
the following observations: (1) the average energy of a multimer decreased
as the size of the multimer increased; (2) multimers containing as many as
12 tungsten atoms were detected for an 150 keV Xe+ bombardment; and (3) both
the yields and the maximum myltimer ;ize increased as Ml was increased at
constant El' On the basis of his observations Staudenmaier suggested that
the multimers were generated by "collision cascades--DZs in our nomenclature--
which happened to penetrate through the surface of the target." This problem
has been studied theoretically by Winograd et al. 1978 who employed a computer
simulation approach, to6 observe the dynamics of multimer formation for a solid
copper target bombarded by 600 eV Ar+ ions. They detected the formation of
dimers and trimers within less than &h K (the interaction range) of the bombarded
surface; however, the multimers did not form by a diréct ejection process. They
also found that all the multimers detected originated ffom a roughly circular
region--on the surface-- within an area of <70 X 2 and that most of the trimers
contained at least one pair of atoms that were originally flrst-nearest neighbors
in the bombarded surface.

The implications and relationship of our work to the above experiments
and calculations wereas follows: (1) the increase we observed in the size
of the largest nearest-neighbor vacancy cluster with increasing M1 at constant
El’ was consistent with Staudenmaier's observalion that both the yield and
maximum multimer size increased with the wvalue of Mlg and (2) our observation

of a significant fraction of first-nearest neighbor vacancy clusters in the

near-surface region wasrelevant to Winograd et al.'s result concerning trimers.
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Thus, it wasour opinion that the distribution of first-nearest ﬁeighbor
vacancy clusters in the near-surface region must be related to the distri-
bution of multimers observed in the type of experiments and calculations per-
formed by Staudenmaier and Winograd et al., respectively.

To substantiate the above conjecture we used Staudenmaier's (1972)
data (see figs. 2, 3 and 4 of his paper) and plotted it in a form that was
similiar to the one we used.in fig. 11 (b). That is, we plotted the fraction
of clusters of size n per interval An, [In./(AnSZIJ)], versus cluster size (n).
The quantity In represented the measured intensity of clusters of size n

(in arbitary units)--obtained from Staudenmaier's energy spectra--for dif-

ferent energies of the sputtered clusters (Espec)' This data is plotted in
Fig. 19 for different values of Espec (15, 30 and 15 to 1250 eV); also inci-
cated on this figure are the three lines O.75n_2, O.TSn—e'5 and O.TSn_3.

The most striking common features of the results shown in figs. 11 (b) and 19
were: (1) the fraction of clusters of size n per interval An versus n was
independent of Ml; and (2) the fractions of sputtered multimers and near-surface

- b
vacancies showed a similar dependence on cluster size (n (2.5 1)).

In addition
the increase in the size of the largest multimer observed by Staudenmaier,

with increasing Ml’ can be compared with our observation--for the larger set

of data which included all the DZs found in the bulk of the specimens-~that the
size of the largest first-nearest neighbor vacancy cluster size increased with
increasing Ml' These comparisons suggested that the formation of stable multimers

was closely tied to the ejection of atoms from a small region of the surface--

specifically, from a network of first-nearest neighbor atomic sites.
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Table 1: Table of atomic positions for the (433) plane of the bec lattice

Co-ordinates of Position¥*

Atom Relative to

Relative to 0 X Y Z

Cubic Axes B I R
A 0 -2 2 4 0 0 2.8284 0 0
B 3 -3 -1 2 1t 0 1.h1k2 41231 0-
1 1 -3 1 4 'f -2 2.8284 1.6977 -=0.3430
2 2 -U 0 L 1L =L 2.8284 3.3955 -0.6860
3 0 -2 0 2 4 -6 1.b1k2 0.9701 =1.0290
L 1 -3 -1 2 11 -8 1.k1k2 2.6679 =1.3720

* The axes OX and OY are indicated in fig. 1 and 0Z is the unit vector

normal to the (433) plane. The coordinates were given in terms of the

length ao/2, where a_ was the lattice parameter ot the standard non-

primitive unit cell. The coordinates relative to O X Y Z were given

both in exact form and alsc numerically tn four significant figures.
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Table 2: Important parameters used to describe the near-surface region

Plane Interplanar Number of layers which Thickness of near-
Spacing ‘ were visible in a ball surface region
(hkl) nkl (R) model construction of (Z)

the (hkl) plane.

(222) 0.912 3 2.7k
(332) 0.67k L 2.69
(433) 0.542 5 2.71
(543) 0.LL7 6 2.68
(k11) 0.745 3 2.23
(521) 0.577 > . 2.88
(721) 0.430 5 | 2.15
(631) 0.L466 6 2.79

(622) 0.LTT 6 - 2.86




TABLE 2: Measured values of the parameters used to characterize each depleted zone.

Energy of

Deplezed Total number - Number of Average Largest Diameter Perpendicular Average
projec- Ton _ zone of vacencies  vaczancies total Diameter to the direction of Diameter of
tile ion (Dz) (vw) - within th=2 vacancy of theoDZ ki--lg in DZ S<A>)
(Ei) in - near-surface concentra- A in “in g
keV region (Vv tion <cy>

e ﬂS) in atomic %
20 W Ob 81 23 13.9 16 9 11
30 W lc - L6 —_— - - _—
30 W 2c 123 ks 9 18 13 15
30 W 3b 127 47 b Ly 16 23
30 Kr' 1ha 103 36 5.3 35 © 1k 19
+
30 Cu 6b — 2l —— - — —
+ .
30 Cu To 200 51 5.5 37 : 20 25
30 cu’ Te 1LYy 5k 4.6 26 20 22
+ .
30 Ar 10a 192 T0 1.8 L9 33 38
+

30 Ar 10b —_— Lo S — _— ———




TABLE 4: Parameters relevant to the sputtering behavior of tungsten surfaces by 20 or 30 keV metal ions

Total number

Energy of Total number Measured sputtering Theoretical sputtering
projectile of near-surface of DZs in the yield (vacancies per for an incident angle
ion (E;) vacancies specimen - ion) 5 of 6 = 60° (atoms per ion)
. . . = o
in keV Ion (Zvns)' (ion hits) v sth(e 60°)
+

20 W 23 2 11.5 16.2

30 W 138" 8 17.2 19

30 Kr' 36 2 18.0 15.4

30 cu’ 129" 7 8.4 13.8

These numbers are the sum of the near-surface vacancies for three DZs; see Table 3 for the

the individual wvalues for each DZ.

—EE.—



Figure Captions

Figure 1:

Figure 2:

Figure 3:

(a)

(b)

(a)
(b)

(e)
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An FIM image of the vicinal region around the (222) plane
of tungsten; note the ten atoms in the outermost (zeroth)

layer of the (433) plane.

The primitive mesh (OACB) of the (433) plane and the
projection onto that plane of the afoms which lay in the

first four planes underneath the zeroth layer.

A ball model of a (k33) plane, built on a (200) plane, showing
the five layers of Qtoms which were visible in ‘this constructiown.
The atoms in the primitive mesh and the set of atoms in the four
underlying planes are labeled as in (b). The atoms which were

visible in an FIM image are indicated by the dark balls.

An FIM imageof atungsten specimen prior to an irradiation.

An FIM image of the same specimen after an in situ irradistion
with 30 keV Kr+ ions and the pulse field evaporation of two
(332) layers. The vacancies visible in the (332) plane were

[o]
1.34% A below the irradiated surface.

A schematic of the FIM image shown in (b) indicating the
visible atoms (solid black circles) in the (332) plane as
well as the four vacant sites (small open circles) which were
located during the full, pulse ficld evaporation of this
(332) plenc. Theees vacant sites wereamong the near-surface

vacancies in DZlba (fig. 7).

A cross-sectional view of an FIM specimen which had been irradiated
o+ . .

with 30 keV Cu ions. Two uf the five DZs dctected in this specimen

had a portion of their volume in the near-surface region; they are

displayed in figs. 8 and 9.



Figure k:

Figure 5:

Figure 6:

Figure T:

Figure 8:

Pigure 9:
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An OR TEP isometric view of a. DZ created by a single 20 keV W+
ion. DZOb contained 81 vacancies of which 23 were in the near-

surface region (filled circles).

An OR TEP isometric view of DZ2c which was created by a single
+
30 keV W ion. DZ2c contained 123 vacancies of which 45 were in

the near-surface region (filled circles).

An OR TEP isometric view of DZ3b which was created by a singlé~
+
30 keV W ion. DZ3b contained 127 vacancies of which 47 were in

the near-surface region (filled circles).

(a) An OR TEP isometric view of DZllka which was created by a
: +
single 30 keV Kr ion. DZlka contained 103 vacancies of

which 36 were in the near-surface region (filled circles).

(b) An OR TEP isometric view of DZlLa which was obtained by a
40° clockwise rotation about the [010] direction of the
view in (a). Note the relative orientations of the [100], [010]

and [001] directions.

(a) An OR TEP isometric view of DZTb which‘was created by a single
30 keV Cu+ ion. DZTb contained 200 vacancies of which 51
were in the néar—surface region (filled circles).

(b) An OR TEP isometric view of DZTb which was obtained by a 25°
clockwise rotation about the [0I0] direction.

(c) An OR TEP isometric view of DZTb obtained by an additional

15° rotation about the [0I0] direction of the view in (b).

An OR TEP isometric view of DZTc which was created by a single 30
+
keV Cu ion. DZTc contained 1Ll vacancies of which S4 were in

the near-surface region (filled circles).



Figure 10:

Figuré 11:

Figure 12:

Figure 13:

Figure 1k:

Figure 15:
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An OR TEP isometric view of DZ10a .which was created by a single
+ - .
30 keV Ar ion. DZ10a contained 192 vacancies of which T0 were

in the near-surface region (filled circles).

(a) A plot of the fraction of first nearest-neighbor clusters
of size n (fn) among the near-surface vacancies as a function
of cluster size (n) for all the DZs detected which had a

portion of their volume in the near-surface region.

(b) The cluster size data shown in (a) displayed as a'céntinuous
spectrum (fn/Ap) with interval sizes, An = 1 for n< 5; An=5 for
6< n £ 10; and An = 10 for n> 10.

The average value of the fraction of monovacancies for vacancies

in the near-surface DZs as a function of the target—to—brojectile

mass ratio. The range of values of the fraction of monovacancies

for the DZs found in the bulk of the specimens is indicated by

the dotted lines.

The radial distribution function (<N(i)>) as a function of the

shell radius r, for the sevén near-surface DIs.

(a) to (f), The measured fraction of the total number of vacancies
per L4.5 X interval for six near-surface DZs created by 30 keV
ions (histogram) and the calculated fraction of elastically de-
posited energy (smooth curve) as a function of depth normel to

o]
the irrediated surface. [x(A)].

The number of vacancies per DZ (v) for sixz near-surface DZs which
were created by 30 keV ions as a function of the projectile mass
(N&).' The range of values for v for thc DZe found in the bulk of
the specimens is indicated by the dotted lines. Also indicated are
the theoretical estimates for the average value of V according to
the Kinchin-Pease (<v>K_P), Robinson-Torrens (<v>R_T) and Lucasson

(<v>L) models.



Figure 16:

Figure 17T:

Figure 18:

Figure 19:

=37

(a) The average DZ diameter (<A>) as a function of the Linhard-
Scharff-Schidtt energy (€) parameter for seven near-surface
DZs. Also indicated are the range of values for <A> for the
DZs found in the bulk and an estimate of the diameter of a

DZ according to the model of Sigmund et al. (<Dg>).

(b) The average vacancy concentration (<cv>) for seven near-
surface DZs as a function of €. Also indicated are the
range of values of <cv> for the DZs found in the bulk of
the specimens and an estimate of the vacancy concentration

<V> <D.>.
based on <V R-T and DS

Concentration of vacancies in the near-surface region (<cv>ns)
for ten near-surface DZs as a function of €. Also indicated is

the range of values for <cv> for the DZs found in the bulk of

the specimens.

The fraction of DZs with vns near-surface vacancies as a function

+
of vns for all of the DZs created by 30 keV W+, Kr or Cu+ ions.

The fraction of stable charged multimers, ejected from tungsten
during bombardment by 150 keV ions, as a function of miltimer size
n; from the data of Staudenmaier (1972). Shown are the charged
multimer tractions for sputtered cluster energies of (1) 1l5eV,

for all ions (@); (2) 30eV, for Xe' ions (Q); and (3) the average
for all energies between 15 to 1250 eV and all ion masses (<>).

Compare this figure with fig. 11b.
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