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Harold F. Winters, H. Coufal, C. T. Rettner, and D. S. Bethune
IBM Research Division, 650 Harry Road, Alrnaden Research Center, San Jose, California 95120-6099

(Received 26 June 1989)

We have measured the energy transferred to a gold surface by impinging He, Ar+, and Xe+ ions

with kinetic energies in the range 5 —4000 eV. This same quantity has been determined for He, Ar,
and Xe atoms colliding with a Pt(111) surface. The ion studies employed a novel highly sensitive

pyroelectric calorimeter together with a carefully designed compact ion gun. Pulses of nearly

monoenergetic ions from the gun were directed at a gold film evaporated directly onto a pyroelec-
tric material that develops a voltage proportional to the energy deposited. The atomic studies were

made with supersonic beam techniques, whereby energy transfer is inferred from time-of-flight dis-

tributions of the incident and scattered species. The results from these very different experiments

are in good agreement and give a fairly complete picture of energy transfer from incident rare-gas

atoms and ions to these heavy-metal surfaces. For energies above about 10 eV, the ions transfer at
least 60% of their energy, with Xe transferring the most and He the least. For lower incident ener-

gies, the energy transfer decreases, approaching zero-energy intercepts of -60%, 20%, and 5% for
Xe, Ar, and He, respectively. The implications of these experimental results for the effective-mass

concept, the binary-collision model, 1ow-energy stopping powers, lattice penetration, and the theory
of physical sputtering are considered, and we address the relevance of these findings to the techno-

logically important processes of plasma etching and deposition of sputtered thin films and to
particle-spacecraft interactions and controlled thermonuclear fusion.

I. INTRODUCTION

Knowledge of the amount of energy that an incoming
atom or ion transfers to a surface during a collision is
essential for the accurate modeling of many technologi-
cally important processes, including sputtering, plasma
etching, and ion implantation. It is also crucial to the es-
timation of the drag on spacecraft' and to the design of
thermonuclear fusion reactors. In the latter case, for ex-
ample, energy losses from the plasma to the reactor walls
have important consequences for the particle and energy
balance of the system.

The efficiency of energy transfer can be described quan-
titatively in terms of the energy reAection coefficient,
R (E; ), the mean value of the fraction of the incident en-

ergy E, rejected from the surface, or equivalently, in

terms of the energy deposition coefficient, f(E, ):—1 —R(E; ). This quantity is expected to be a function
of the mass, kinetic energy and angle of the incident
species, as well as the mass of the substrate atoms and
possibly the surface morphology. Theoretical expressions
and phenomenological descriptions for R(E, )remain un-.
tested because of an almost complete absence of relevant
experimental measurements below a few keV. In part
this is because of the considerable experimental
difficulties associated with these measurements, particu-
larly at low energies.

In this paper we report the first results of a systematic
study of energy deposition from singly charged rare-gas
ions to surfaces. We have employed a novel pyroelectric
calorimeter to measure the energy deposition coefficient,

f(E; ), for He, Ar, and Xe ions striking a gold surface
with energies in the range 5—4000 eV. These measure-
ments have been supplemented for energies below 15 eV

by supersonic atomic-beam measurements of the energy
that neutral He, Ar, and Xe atoms lose in collisions with
the similar Pt(111) surface. Taken together, these mea-
surements describe rare-gas energy loss to heavy-metal
surfaces for collision energies ranging from 4000 eV
down to essentially zero.

While there have been a number of previous studies of
energy deposition for ions with energies above 3500
eV, and a range of theoretical calculations and simula-
tions, ' ' we believe that this is the first reliable experi-
mental study for lower incidence energies. Early work by
Winters' was difficult to interpret as measurements were
made with a poorly defined incidence angle. Similarly,
the results of Gesang, et al. ' were taken in a somewhat
ill-defined plasma environment where accurate current
measurements are difficult to make. Eckstein and Ver-
beek' and Sorensen' have published some results for en-

ergies down to 1500 eV, but these are restricted to the
case of protons.

Sections II A and II B of this paper describe the experi-
ments conducted with ions and atomic beams, respective-
ly. Sections III A and III B give the corresponding exper-
imental results, which are compared to each other in Sec.
III C. Sections IV A —IV G discuss some implications of
these results for binary collision models, sticking proba-
bilities, lattice penetration, physical sputtering, plasma
etching, sputtered thin films, and particle-spacecraft in-
teractions and controlled thermonuclear fusion. Section

41 6240 1990 The American Physical Society



41 ENERGY TRANSFER FROM RARE GASES TO SURFACES: 6241

V gives a summary of the results and some conclusions.
To give a brief overview of our results, we find that for

incident kinetic energies above about 10 ev, all of the ions
transfer at least 60%%uo of their energy, with Xe transfer-
ring the most and He the least. For lower incident ener-
gies, using the atomic-beam method, we find that the en-
ergy transfer from Xe remains above 60%o as the collision
energy approaches zero, while for Ar and He collisions
with the surface become increasingly elastic, with less
than 20% and 5% energy transfer, respectively, in the
low-energy limit.

II. EXPERIMENTAL

tail elsewhere. ' The principle behind this device is that
an output voltage is generated at the back surface of the
calorimeter in proportion to the temperature of a py-
roelectric film, which rises in response to energy deposi-
tion. For the purpose of these measurements a gold film
is deposited directly onto the front surface of a pyroelec-
tric film, which is then grounded and masked by a 3.2-
mm aperture through which ion bombardment occurs.
The sensitivity of this device is such that adequate
signal-to-noise ratios can be obtained with a beam inten-
sity of l pA/cm (corresponding to a total incident
current of -80 nA).

A. Ion-beam experiments

The relevant experiments are conceptually simple. We
wish to measure the fraction of the kinetic energy of an
incident ion that is deposited in a solid. This requires
preparation of ions of a known energy that can be direct-
ed at a target surface, and the quantitative detection of
the amount of energy deposited and the number of ions
striking the surface. In practice, such measurements
must overcome space-charge limitations on beam Aux,
which demands careful experimental design as well as a
sensitive detection method. Our approach has been to
combine a highly sensitive calorimeter with a novel ion
gun.

1. Pyroelectric calorimeter

Energy deposition measurements are made with a spe-
cially built pyroelectric calorimeter, which is displayed
schematically in Fig. 1, and that has been described in de-
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FIG. 1. Pyroelectric calorimeter. The modulated-ion beams
bombard the grounded front surface of the calorimeter through
a 3.2-mm-diam aperture. The signal goes from the back elec-
trode through two spring contacts (indicated by arrows) to a
lockin detector.

2. Ion-beam generation

To generate monoenergetic ion beams of this intensity
down to a few eV required the development of a compact
ion gun designed to minimize energy dispersion. Its prin-
ciple of operation is rather unusual and will therefore be
described in some detail. The general layout is shown in
Fig. 2. Electrons are accelerated from the cathode into a
virtually field-free region defined by electrodes F, E, D,
and C, where they generate ions as a consequence of
electron-atom collisions. Typical potentials for all elec-
trodes with respect to the filament are given in the figure
caption. The electrons are decelerated and reversed in
direction in the region between electrodes B and C. The
electron beam is concentrated and maintained on the
center axis of the tube by a coaxial magnetic field. Most
of the ions exit the end of the tube away from the cathode
for the following reasons: First, the ions are forced away
from the cathode by an electric field between electrodes G
and F, and second, the ions are prevented from going ra-
dially to the wall by the line charge associated with the
electron beam. Therefore, they leave through electrode
C, are accelerated by B, focused by A, and collide with
the grounded front surface of the calorimeter. We esti-
mate, using known ionization cross sections and the
geometrical path length, that most of the ions generated
in the field-free region are eventually collected by the
calorimeter. This is supported by measurements made
with a Faraday cup detector in place of the calorimeter.

The ion energy remains well-defined because nearly all
of the ions are generated and extracted from a field-free
region. The ions are all singly charged because the elec-
tron energy is maintained below the level that would be
needed to generate the doubly charged species. This has
been experimentally verified by focusing the beam into a
quadrupole mass spectrometer, which showed no appre-
ciable intensity in peaks due to doubly charged ions.
Sufficiently large currents are obtained because of the
large collection efficiency and because the small distances
minimize space-charge problems. The gun is typically
operated with an internal noble-gas pressure of 1X10
Torr in a vacuum system where the base pressure is in the
low 10 ' Torr region. These operating conditions elimi-
nate charge exchange and impurity ions as problems.

During a typical set of runs the ion current to the sam-
ple is held constant by controlling the electron-beam ex-
traction potential on electrode 6 and the ion focusing po-
tential on electrode A. The potentials with respect to the
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filament of all other electrodes are held constant. The ion
energy is controlled by biasing the entire gun with respect
to ground, so that the cylinder E is at V; with respect to
ground. The beam is chopped by application of a square
wave to electrode 6, which gates the electron beam.

Figure 3 shows the ion current to the calorimeter as a
function of the bias voltage, V, , the potential difference
between the (grounded} front surface of the calorimeter
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FIG. 3. Current-to-sample vs tube-bias voltage, V„between
the grounded sample and electrode E.

and the field-free region where the ions are generated.
The curve shows that the ions have enough energy to
reach the calorimeter when this potential difference is
positive and not enough when it is negative. This is, in
fact, a retarding potential curve, and one can immediate-
ly see that the ion current drop is centered at V, =0, so
that the mean ion energy in eV will be given quite accu-
rately by the applied potential, V;, and also that the ener-

gy spread of the ions is not more than +1.5 eV. Note
that nearly the full current of the gun is still obtained at 3
eV.

Measurements with this gun were supplemented by ex-
periments with a commercial ion gun (PHI 20-115),
which was employed for most measurements with ener-
gies above about 500 eV. For this work the associated
electronics were modified so that the focus voltage and
the voltages that control the ion and electron energies
could be varied continuously. Custom raster electronics
were also used in order to produce an ion beam with a
square-wave form.
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FIG. 2. Low-energy ion gun used in measurements up to 500
eV. Typical electrode potentials with respect to the 51ament:
VH 1 57 VG 1 17$ VF 34 Vg ( Vt Vftl ) 33/ Vg) 3 1 y

V& =31, V& = —267, V& =4.8, for Xe gas.

3. Procedures and calibration experiments

Measurements are typically made with an ion-beam
modulation of 1-3 Hz. The energy input due to the ion
beam striking the grounded gold surface produces a
modulated heating of the pyroelectric calorimeter, which
induces a voltage at the calorimeter's back surface. This
modulated voltage is detected using lockin techniques.
The output voltage is linearly proportional to the energy
input as indicated by the observation that the output sig-
nal is linear with ion bombardment current under all con-
ditions. The intercept of the signal versus current curve
is close to zero at all ion energies.

The proportionality constant for the calorimeter was
established in two independent ways. In the first, the
calorimeter surface was illuminated with a —l-m%' He-
Ne laser where the optical absorption coeScient was as-
certained from reAectivity measurements. This calibra-
tion was performed under conditions identical to those of
the ion-beam experiments and is estimated to be accurate
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to better than 5%. A second method is based on mea-
surement of the amount of energy transferred from a
4000-eV singly charged xenon ion beam to a carbon film
for which we assume that the deposition coeScient
f(E, =4.000 eV,Xe) is 0.99. This value was demonstrated
within experimental error to be independent of energy be-
tween about 500 and 4000 eV, and therefore calibrations
could be performed over this entire range, although it
was typically done at 4000 eV. These two calibrations
agree to within their mutual uncertainties. All data re-
ported here have been referenced to scale factors deter-
mined by the latter method, i.e., with f(E; =4000 eV,Xe)
taken to be 0.99. We estimate that this value of 0.99 has
an uncertainty of the order of a few percent.

This calibration could be routinely employed by depos-
iting carbon onto the gold film and bombarding the
detector with a (3000—4000)- eV Xe+ beam. At first car-
bon layers were deposited by magnetron sputtering.
However, it was soon discovered that carbon (with some
hydrogen) that was deposited by bombardment with
methane ions produced the same results. Therefore, after
measurements for a given substrate material were com-
pleted, a carbon layer was deposited using methane ions
and the calibration factor determined. A typical value
was 15.7 V/W.

Determination of f(E, ) values required measurement
of both the total deposited energy and the number of ions
hitting the sample. An accurate measurement of the ion
current to the sample surface was accomplished by using
a Faraday cup with an aperture size identical to that of
the calorimeter holder (see Fig. 1). The use of the Fara-
day cup quite successfully eliminated the influence of
secondary electron emission when the PHI ion gun was
used. Unfortunately, the magnetic field associated with
the ion gun shown in Fig. 2 also focused secondary elec-
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FIG. 4. Auger spectrum for the evaporated gold 61m deposit-
ed on the calorimeter surface. The conditions are believed to be
typical of those existing during energy deposition experiments.
Gold peaks are designated by their characteristic energy. Car-
bon is indicated by a C.

trons back out of the Faraday cup. Since the secondary
electron yield is relatively independent of energy below
about 500 eV, the relative current measurements were ac-
curate, but the absolute values were distorted. This prob-
lem did not introduce a large error into the xenon data
because the secondary electron coeScient is small. How-
ever, the error for helium would have been significant.
Therefore, the data for this ion gun was normalized to
that of the PHI gun at 300 eV.

It is conceivable that a fraction of a monolayer of a
light adsorbate could influence energy transfer to the
high-mass-number substrate. It was therefore important
to estimate surface contamination levels. The electron
beam needed to perform Auger spectroscopy destroyed
several calorimeters prior to calibration because of
overheating and/or arcing resulting in the loss of data.
Therefore, routine Auger analysis was not performed.
However, Auger spectra were taken after the data had
been accumulated under conditions that were considered
to be typical. An example is shown in Fig. 4. The sur-
face is clean except for a small carbon peak, from which
we estimate an upper limit for carbon coverage of a few
percent of a monolayer.

B. Atomic-beam experiments

In order to determine f(E; ) for even lower values of
E;, and to obtain an independent check of the ion-beam
results, we have carried out a separate energy-transfer
study over the range 0.1-15 eV using supersonic beams
of He, Ar, and Xe atoms incident on a Pt(111) single
crystal. A comparison of Pt with Au is justified because
the interaction potentials commonly used in collision
physics (such as the Moliere, Lenz-Jensen, Thomas-
Fermi, etc.) depend only upon the atomic numbers and
internuclear separation. Therefore, since Pt is adjacent
to Au in the periodic table and has similar chemical and
physical properties, we do not anticipate any large quan-
titative difference in the scattering behavior. The high-
energy He, Ar, and Xe atoms are generated in a super-
sonic atomic-beam source attached to a beam-surface
scattering apparatus that has been described in detail pre-
viously. ' Briefly, the supersonic beam is directed at a
sample mounted in a UHV chamber on a manipulator
that permits accurate control of the surface temperature
and incidence angle. The beam energy is varied by
changing the nozzle temperature (up to 2200 K) and can
be determined from atom flight times between a high-
speed chopper and a differentially pumped rotatable mass
spectrometer. ' The chopper is situated at a distance of
10.7 cm from the sample and rotates at 400 Hz to give
beam pulses of about 7 ps full width at half maximum
(FWHM). The rotatable mass spectrometer is a further
10 cm from the sample. Time-of-arrival distributions at
this detector are analyzed to obtain the energies of scat-
tered species, as described elsewhere. ' We also measure
angular distributions of scattered atoms by rotating the
mass spectrometer around the sample and recording the
signal versus angle using phase-sensitive detection refer-
enced to the chopper.
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III. RESULTS

A. Ion-beam results

where Ed (E, } is a component of the deposited energy
that depends on E;, and Ed represents an energy deposi-
tion that is independent of kinetic energy and is given by
the zero-energy intercept of the Ed versus E; curve. We
will argue in the following that the energy-dependent
term, Ed (E; ) must be very close to f(E; )E;, where

f(E; ) is the fraction of the ion kinetic energy deposited in
the lattice.

In addition to the transfer of ion kinetic energy to the
surface, there are at least two other processes intrinsic to
the ion-surface collision process that effect the overall en-
ergy increase of the sample and its temperature rise,
which is ultimately the quantity measured by the py-
roelectric detector. The first of these is energy loss due to
secondary electron emission, which reduces the net ener-

gy deposited by an amount E,. This loss is likely to be
negligible for Xe+, but could be as much as 5 eV per ion
in the case of He+. In all cases we expect only a weak
dependence of this loss on E;, so that E, will contribute

100

90

80

70

60

M

40

30

LJ 20

10—

0
0

l i I i I

20 40 60 80 100

Incident Kinetic Energy (ev)
120

FIG. 5. Energy per ion deposited into the gold surface of a
pyroelectric calorimeter as a function of incident kinetic energy
for Xe+, Ar+, and He+, for an incidence angle of 0'.

Figure 5 shows the energy deposited per incident ion
into a gold lattice as a function of the incident kinetic en-

ergy, E, of the impinging ions in the range 5 —100 eV. It
is apparent that the energy deposition increases more or
less linearly with E; over this range. It is also apparent
that significant energy is deposited in the limit of zero ki-
netic energy. This suggests a relationship for the deposit-
ed energy, Ed, of the form:

—EKE(E )+EO

Ed —Ed
f(E; )= (3)

Support for this approach comes from the fact that for
Xe+ at E, = 100 eV, where we expect f(E; ) -1, and

f(E; )E; =100 eV, we find E~ =Ed+100 eV, to within the
accuracy of the measurements (k2 eV). That is to say
that the total energy deposited exceeds that due to the es-
timated transfer of ion kinetic energy by an amount very
close to Ed.

The actual Ez values obtained are 12+1 eV for Xe,
15+2 eV for Ar, and 22+3 eV for He. These values are
remarkably close to the ionization potentials (IP's) of the
gas phase atoms, which are 12.1, 15.8, and 24.6 eV, re-
spectively. There is no obvious reason why these two sets
of numbers should be so close, since the neutralization
energy for the ions is expected to be IP minus P, where P(-5.3 eV) is the surface work function for gold. Al-
though the thermodynamics of the calorimeter-
electronic circuit system are subtle, we do not believe
that it would be physically correct to identify Ed with the
IP values, because to gain the full IP on neutralization
would require a source of electrons at vacuum potential
that can be "donated" to the calorimeter, to liberate an
energy equal to P, thereby canceling the work function
term. However, considering the experiment as a whole,
one can argue that the electron that is originally removed
from the atoms in the ion gun is likely to deposit "work
function energy" into the ion gun. This being so, any
scheme where these ions are later neutralized without
providing work function energy could be potentially used
to violate energy conservation.

We conclude that the measured intercepts are roughly
5 eV higher than the ion neutralization term. One possi-
ble explanation of this, that there is an offset in the ener-

gy calibration of the ions, seems to be ruled out by careful

predominantly to Ed. A second potentially important
process is damage to the lattice due to atomic displace-
ments resulting from ion bombardment. This disordering
could certainly store energy relative to the defect-free
substrate. However, all results reported here refer to an
approximately steady-state condition of the sample after
fairly long-term bombardment. We presume therefore
that there are roughly a constant number of such dis-
placements and that it is unlikely that such effects will

significantly affect Ed, particularly in the low-energy
range where they would be most significant to our
analysis.

In addition to these effects, which would reduce the de-
posited energy measured calorimetrically, extra energy
may be deposited inadvertently by incident neutrals,
x rays and electrons emanating from the ion gun. How-
ever, we believe that the net effect of these terms must be
either small or relatively independent of E;. Thus we cal-
culate f(E; ) assuming

Ed=f(E; }E;+Ed,
where Ez is found by extrapolating the data in Fig. 5 to
E, =0, identifying it with the low-energy intercept as al-

ready mentioned. We then take
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measurements of retarding potential curves such as that
shown in Fig. 3. Such measurements always indicate that
the ion kinetic energy is very nearly equal to the tube bias
voltage with respect to the (grounded) sample, V, . If this
calibration is correct, then either the ion current value
used is too low or additional net energy per ion is actually
being deposited by some process such as those already
mentioned. Since the Faraday cup current measurement
is believed to be accurate, we suspect that an additional
mechanism for energy transfer is operating. For exam-
ple, it is possible that energy could be deposited by elec-
tron bombardment of ion-induced secondary electrons
from electrode 8, which could be partially focused into
the calorimeter by the line-space charge associated with
the ion beam, and could arrive at the sample with two or
three hundred eV of energy. Only one or two high-
energy electrons per 100 incident ions would carry
sufficient energy to account for the additional energy
deposition measured here.

Figure 6 displays the values of f(E, ) calculated using

Eq. (3) and the data in Fig. 5 for He+, Ar+, and Xe+
ions incident on the gold surface with E; in the range
5 —500 eV. Curves showing f(E, ) with E, ranging up to
4000 eV are displayed in Fig. 7. The data show that over
95% of the incident kinetic energy is deposited into the
lattice by Xe ions with energies above 10 eV. For Ar and
He the fraction of kinetic energy deposited is less, but is
always greater than 60% for E, ~ 5 eV. The reproducibil-
ity of these values for different calorimeters and for runs
taken over a long period of time is about 3% for Ar+ and
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FIG. 7. Fraction of the kinetic energy of Xe+, Ar+, and He+
deposited in gold for an incidence angle of 0' and incidence en-

ergies up to 4000 eV.

Xe+, and about 4% for He+. The short-term reproduci-
bility is much better. The difference between long-term
and short-term reproducibility suggests that surface mor-
phology, surface structure, and the presence of embed-
ded, noble-gas atoms may slightly change the measured
values for deposited energy. These are small effects, how-
ever, which are not important to any of the conclusions
drawn in Sec. IV.

It is expected that the amount of energy deposited into
the surface will depend somewhat on the degree of rough-
ness, ' which for example, will effect the mean number of
collisions with the surface prior to reflection. Roughness
is a parameter that is difficult to measure or control. The
calorimeter itself has some inherent roughness as indicat-
ed by a typical scanning electron microscopy (SEM) pho-
tograph shown in Fig. 8(a). The deposition of evaporated
films may produce additional roughness, and ion bom-
bardment can also cause the roughness to change. This
can be qualitatively seen from the SEM photographs of
lightly and heavily ion bombarded gold surfaces shown in
Figs. 8(b) and 8(c), respectively. As a check for effects of
roughness, energy deposition was measured for three
different calorimeters that had gold surfaces that had
been exposed to different ion fluences. We find that the
fraction of kinetic energy deposited is within +2% of the
mean for the three calorimeters across the fu11 range mea-
sured. As indicated by the micrographs in Fig. 8, the ap-
parent roughness of the samples at that magnification
(10000X ) is very different; nevertheless, the amount of
energy deposited is quite similar. It is possible that
differences in roughness on a finer scale still might be im-
portant for kinetic-energy deposition, but unfortunately,
we were unable to get good micrographs with higher
magnification for these samples, so we cannot evaluate
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(c)

FIG. 8. Scanning electron micrograph of the gold surface. (a) Unbombarded area. (b) Lightly bombarded sample. (c) Heavily
bombarded sample used in most of these experiments. The white dots indicate a length of 3 pm.

this possibility.
Figures 9(a)—9(d) show x-ray patterns for a gold

powder standard and for evaporated gold films that were
subjected to varying doses of ion bombardment. The as-
deposited gold films were preferentially oriented in the
[111]directions as can be seen by comparing Figs. 9(a)
and 9(b). Comparison of the x-ray spectra for the un-
bombarded surface [Fig. 9(b)] with that of the lightly
bombarded surface [Fig. 9(c), corresponding to Fig. 8(c)]
indicates that the orientation changes somewhat with ion
dose. A marked difFerence is observed between the light-
ly bombarded sample [Fig. 9(c)] and the heavily bom-
barded sample [Figs. 9(d) and 8(c)). Despite this evidence
for considerable crystallographic changes, as already not-
ed, these changes did not cause a large change in the frac-
tion of ion kinetic energy deposited.

B. Atomic-beam results

While ion-beam measurements are well suited to stud-
ies above 10 eV or so, they are not suitable for estimating
f(E, ) or 8 (E; ) for lower energies because at such low en-

ergies uncertainties in the ion energy distribution and Ed
become increasingly important. We have therefore sup-
plemented the ion-beam rneasurernents with atomic-beam
studies that can be extended to arbitrarily low energies.
In this case we employ hydrodynamic accelerations using
conventional supersonic molecular-beam techniques.
By heating our nozzle to 2200 K and seeding in H2, we
have obtained Xe and Ar beam energies as high as 14.3
and 7.2 eV, respectively. For these two atoms measure-
ments were not made below about 1 eV, since the results
would be sensitive to the attractive well (-0.3 and 0.1

eV for Xe and Ar, respectively) and to the surface tem-
perature in this thermal scattering regime. Thus trapping
becomes important for Xe below about 0.5 eV and Ar
scattering can be superelastic, with f(E; ) & 0 at low ener-
gies, where surface thermal energy may be transferred
to translational motion of the scattered atoms. In the
case of He, such efFects are less important, since the mell

depth is very small ( &0.01 eV) and the atoms move at
high velocities for a given energy, making energy transfer
from the surface inefBcient. On the other hand, we were
unable to obtain He energies above 0.6 eV because only
Hz is available as a lighter carrier gas, and the mass ratio
gain in energy given by seeding is limited to a factor of 2.

Rather than using a direct calorimetric technique, en-

ergy deposition was estimated in this case from detailed
rneasurernents in which we obtained velocity and Aux dis-
tributions for scattered atoms as a function of scattering
angle. This process is illustrated in Fig. 10, which shows
a plot of the kinetic energies of Xe atoms after scattering
from an 800-K Pt(111) surface at angles between 5 and
65' from the surface normal. Here the incident atoms
had an energy of 6.8 eV (with a FWHM spread of & 1 eV)
and collided with the surface at an angle of 30' from the
normal. Also shown in this figure is the angular distribu-
tion for the scattered species. Averaging the energies
over this angular distribution gives a value for the mean
energy of the scattered atoms of (EI ) =2.3 eV, which is
marked as a dashed line in the figure. In this case we ob-
tain

f(E =6.8 eV)=1 —2.316.8=0.66 .

Note that this result strictly applies only to those atoms
scattered in the plane defined by the beam axis and the
surface normal. However, careful comparison of the ob-
served Aux distribution in this plane with the measured
total beam intensity indicates that the scattering distribu-
tion has a similar width out of plane, suggesting that
similar inelastic energy losses would be observed for
atoms scattered out of plane.

Results such as those displayed in Fig. 10 have been
obtained for incidence angles of 15', 20', 30', 45', and 60'.
Extrapolation to 8,. =0' then provides estimates for f(E; )

at normal incidence, for comparison with the ion-beam
work. Measurements could not be made at 0; =0 direct-
ly, as this involved aligning the beam along the surface
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normal, in which case angular scans of the detector
would be restricted to large scattering angles by the
machine geometry. Figure 11 is a summary plot showing
the variation of the fraction of kinetic energy deposited
by He, Ar, and Xe atoms colliding with the Pt(ill) sur-
face versus incident energy. For each atom the data cov-
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FIG. 10. Mean Anal translational energies of Xe atoms scat-

tered from Pt(111) at different final angles. Here the incidence
energy was 6.8 eV, the incidence angle 30' with respect to the
surface normal, and the surface temperature 800 K. The dashed
line indicates the overall mean over all final angles obtained by
appropriate averaging over the angular distribution that is
displayed as a solid curve.
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ers the accessible energy range. These results were ob-
tained at a surface temperature of 800 K, but f(E, ) is
found to be relatively insensitive to this temperature for
energies above 1 eV. It is seen that the inelasticity is
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ture was again 800 K.

FIG. 13. Composite curve displaying the fraction of the ki-
netic energy of He+ and He deposited into Au and Pt(111) sur-
faces. Note that the ion data were obtained with two different
ion guns, as labeled. The curve represents a nonlinear least-
squares fit to the data based on Eq. (4), as discussed in the text.

greatest for Xe at high energies, with f(E; ) & 90%, while
for He at low energies the scattering is almost perfectly
elastic.

As already mentioned, energy deposition is expected to
be affected by surface roughness. The results obtained
for different incident angles permit us to quantitatively
assess this effect. Figure 12 shows how energy deposition
varies with incidence angle for the highest-energy Xe and
Ar beams. Specifically, a plot is given of the relative frac-
tion of kinetic energy transferred to Pt(111) as a function
of incidence angle, normalized to the value measured at
8;=0. Interestingly, we find that the deposited energy
decreases roughly as cose, , i.e.,

f(8; ) /f (8; =0') -cos8, .

Such a dependence is indicated by the solid line in Fig.
12. This simple empirical relationship can be used to es-
timate the energy deposited into an arbitrarily rough sur-
face. It can be demonstrated that if the spatial frequency
spectrum is "white" (a rather severe assumption) down to
a minimum length scale described by a wavelength k, the
mean value of cosO,-, for particles incident along the mean
surface normal is given by (1—

m Bz /A, ), where 5z is
the mean-square height variation of the surface, and it is
assumed that 6z ((A,.

C. Comparison of ion- and atomic-beam results
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close relationship between the two types of processes in-

volving ions and atoms colliding with a metal surface,
since at low energies the ion is expected to be neutralized
by an electron from the metal before it actually en-
counters the hard wall repulsive potential. There are two
major differences between the ion-beam and atomic-beam

It is natural at this point to try to relate the measure-
ments of energy deposition for ions and atoms so that we
may give a unified description covering the entire range
of energies examined. Indeed there is an intrinsically

FIG. 14. Composite curve displaying the fraction of the ki-
netic energy of Ar+ and Ar deposited into Au and Pt(111) sur-
faces. The curve represents a nonlinear least-squares fit to the
data based on Eq. (4), as discussed in the text.
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studies. First, comparing energy transfer from ions with
that from atoms requires care. In particular, the image
potential seen by an ion as it approaches a metal surface
will accelerate it somewhat, thereby converting electronic
to kinetic energy. It can be estimated that an ion could
gain up to 3 eV in this process, prior to the "hard" col-
lision with the surface. At the same time, the amount of
electronic recombination energy gained when the ion is
finally neutralized also varies with distance from the sur-
face in such a way that as the ion kinetic energy in-
creases, the recombination energy decreases by an equal
amount. Thus the "kinetic" energy scales in Figs. 6 and
7 have a slight ambiguity with respect to the atomic-
beam case. Second, it is not intuitively obvious that ener-

gy transfer to a polycrystalline Au surface should neces-
sarily be the same as to a Pt(111) surface. The samples
differ both in the nature of the metals and their morphol-
ogy. We do not, however, believe that there should be
major differences between Pt and Au as far as these mea-
surements are concerned since, as was mentioned earlier,
the interaction potentials and masses are similar. We ex-
pect the atomic mass to be the most important energy-
transfer parameter in the structure scattering regime, and
these two elements differ in mass by only 1 amu. Mor-
phologically, these two surfaces are again quite similar,
with the Au preferring to expose ( 111) facets and having
a lattice spacing only 4% bigger than for Pt. However,
we note that the Debye temperature and melting point of
Pt are 35% and 66% higher than Au, respectively, sug-
gesting that Pt is appreciably harder. This could conceiv-
ably inAuence energy transfer at the very lowest energies.

The preceding reservations aside, it is clear from Figs.
6 and 11 that the ion- and atomic-beam studies are basi-
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FIG. 16. Summary of results for the fraction of kinetic ener-

gy loss to Au (Pt) by He, Ar, and Xe. These curves are the Atted
curves displayed in Figs. 13—15 and based on Eq. (4).

cally in good agreement, and thus we are encouraged to
construct composite curves from these two sets of data.
The combined results showing the fraction of kinetic en-
ergy transferred to the metal by Xe, Ar, and He, respec-
tively, are displayed in Figs. 13—15. The gradual de-
crease in energy-transfer efficiency with falling incident
energy accelerates sharply at very low E;. Also shown in
these figures are fits to the Ar and Xe data based on the
empirical function:
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f2(E; ) = [1—exp( E; /c )jf, (E; ) . — (4b)

Optimum nonlinear least-squares fits were obtained over
the full range of the data up to 4000 eV. Best fits were
obtained for He with a =4.44 eV, b =0.303, and
c =1.923 eV; for Ar with a =9.73 eV and b =0.472; and
for Xe with a =0.577 eV and b =0.644. These functional
forms were chosen rather arbitrarily because they give
quite accurate representations of the measured data.
They do not have an obvious physical basis, and thus we
caution the reader against extrapolation beyond the range
of the measurements. For completeness, Fig. 16 displays
semilog plots of the fitted curves for the three species.

IU. DISCUSSION

For the He data we found that a much better fit was ob-
tained if the function in Eq. (4a) was multiplied by an ad-
ditional term:

FIG. 15. Composite curve displaying the fraction of the ki-
netic energy of Xe+ and Xe deposited into Au and Pt(111) sur-
faces. The curve represents a nonlinear least-squares fit to the
data based on Eq. (4), as discussed in the text.

A. High-energy collision dynamics

Most modern approaches to the theory of ion-solid col-
lisions at high (keV) energies are based on the binary-
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collision model, which assumes that incident particles
lose energy and momentum to a solid by way of a series
of binary or isolated collisions. Physical sputtering, for
example, can be modeled as a multiple-collision process
involving a cascade of moving atoms. The essence of this
model is that energy transfer essentially occurs to one
collision partner at a time. That is to say any given tra-
jectory can be thought of in terms of a series of en-
counters in which the incident atom or ion sequentially
strikes single target atoms. However, such a picture is
not expected to be valid for arbitrarily low energies. For
example, Robinson and Torrens 5 have discussed the lim-
itations of the binary-collision model and suggested that
it is inappropriate for copper atoms moving through a
copper lattice below about 9 eV, and below 33 eV for
gold atoms moving through a gold lattice.

The incident species can interact with and simultane-
ously accelerate more than one substrate atom in one of
two ways, leading in either case to a breakdown of the
binary-collision approximation. One possibility is that
for sufficiently low energies the distance of closest ap-
proach to the surface is comparable to or greater than the
lattice spacing, so that the effective interaction must in-
volve several substrate atoms. Carter has summarized
the work of Arifov and Gurvich who showed that this
situation could be modeled by assuming that the struck
atom had a large "effective mass. " A second possibility is
that even when the collision range is relatively short,
several lattice atoms may be accelerated at once via
bonds between the "struck" atom and other substrate
atoms. For example, if the substrate bonds were
infinitely stiff, the incident atom would need to transfer
momentum to the whole crystal at once, and the effective
mass of the target would be that of the crystal. A crude
estimate of the energies below which this kind of "collec-
tive" response could be expected can be derived by equat-
ing the velocity of the incident particle to the sound ve-
locity of the metal (about 3250 m/s for both Pt and Au).
This gives an energy of 55 meV/amu, or 0.22, 2.2, and 7
eV for He, Ar, and Xe, respectively. Both of these effects
can be expected to be negligible at sufficiently high ener-
gies, where turning points are small compared to the dis-
tances between atoms and when the target atom moves a
negligible distance during the time of an encounter.

Since energy transfer from Ar+ to gold, for example, is
more efficient than to a particle several times as heavy as
gold, we expect that an increased effective mass at low
ion energies would lead to an increase in reflected ion ki-
netic energy compared to the predictions of a binary-
collision model. This increase of reflected energy is not
observed for incident ion energies down to at least 20 eV.
Considering the uncertainties in both the experiment and
calculations, we conclude that the data in Figs. 5—7 are
consistent with the TRIM code calculations of Eckstein
and Biersack, which are based on the binary-collision
approximation. However, it is possible that an increase
in effective mass is responsible for the sharp decrease in
energy deposition at the very lowest energies (see Figs.
13—15). In particular, the rapid rise in reflected energy
observed in the atomic-beam studies over the 1 —10 eV
range could be interpreted in terms of a corresponding in-

crease in effective mass over this range. To test this idea,
we consider the energy-transfer dynamics in terms of a
hard cube model, which is found to successfully ac-
count for a wide range of results in the low-energy re-
gime. ' Here the scattering process is modeled in
terms of an equivalent collision between the incident
atoms and a single cubic target atom of a given mass.
Neglecting any attractive interaction, we find for Xe and
Ar colliding with Pt(111) at 10 and 7 eV, respectively,
that our results are consistent with an effective mass of
—1.5 Pt atoms in both cases, rising to about 5 Pt atoms
in both cases below about 1 eV. We believe that this be-
havior mostly reflects the fact that with increasing energy
the turning point moves in toward the surface, leading to
stronger interactions with fewer atoms. Rough estimates
for the turning point of Ar approaching Au, on a poten-
tial of the Lenz-Jensen type, support this conclusion,
since for this case the turning point varies from -2.5 A
at 1 eV, to 1.7 A at 10 eV, compared to the lattice spac-
ing of 2.9 A. Angular distribution measurements are also
consistent with this picture. For example, the width of
such distributions pass through a minimum in the region
of 1 or 2 eV, becoming broader again at higher ener-
gies. The high-energy broadening is attributed to
so-called "structure scattering, " which occurs when the
incoming atom senses the structure of the individual sur-
face atoms.

Once the distance of closest approach is short com-
pared to the lattice spacing, incident atoms will on aver-
age only be reflected after two or more sequential col-
lisions, leading to higher-energy losses. To detect devia-
tions from the predictions of an isolated binary-collision
model in this case requires more detailed simulations,
such as those based on the so-called 'TRIM code."
From the simulations of Eckstein and Biersack we esti-
mate R (E; ) values for He, Ar, and Xe colliding with Au
at 1000 eV of 0.25, 0.10, and 0.01, respectively, which is
in reasonable agreement with our data. Thus our esti-
mates can only provide limited insight into the dynamics
of what may ultimately be a rather complex scattering
process. Nevertheless, our results are not inconsistent
with the assumption that an isolated binary-collision
model may be a reasonable approximation for energies
above about 20 eV or so.

B. Lattice penetration

Increasing the energy of incident atoms or ions beyond
the point where the distance of closest approach falls ap-
preciably below half the lattice spacing will on average
cause them to penetrate deeper and deeper into the lattice
before being reflected back into the vacuum. Eventually
some may become trapped or implanted. Since this re-
quires lattice disruption, one expects the threshold energy
for trapping to exceed the bulk displacement energy.
Thus implantation may be energetically possible at 10 or
20 eV. However, it may remain an improbable process
up to much higher energies. An indication of lattice
penetration would be the observation of energy deposi-
tion levels requiring large numbers of binary collisions.
Although trajectory calculations would be needed to
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make a definitive statement, it seems very unlikely that
an incident ion would make more than three or four col-
lisions unless it penetrated at least the first atomic layer
of the lattice. The maximum energy that can be
transferred in a collision between two atoms is given by

(5)

dE maxnS„(E)—:—n — Tdcr,
dL "

o
(6)

where n is the atom density, S„(E)is the nuclear stop-
ping power for density n and a particle energy E, T is the
energy transferred in a collision, do. is the differential
cross section for transfer of energy between T and
T+dT, T,

„

is the maximum possible energy transfer,
and L is the distance traveled through the lattice. Fol-
lowing Sigmund, and using an inverse power potential
approximation to a Born-Mayer potential (i.e., m =0),
the stopping power at low energies becomes

where M& and Mz are the masses and E; is the incident
energy. We then obtain y=0. 96, 0.56, and 0.08 for Xe,
Ar, and He on gold. The average energy loss will be con-
siderably lower. Using the low-energy cross section sug-
gested by Sigmund, the average energy transfer is es-
timated to be less than one half (possibly one third) of
these values. Therefore, for 20 eV Ar and Xe to lose
60% and 95% of their energy, as indicated by Fig. 6, on
average should require up to five such collisions, while
for He to lose 60% of its energy requires more than 25
collisions. This latter number for He is so large that we
believe that lattice penetration must be occurring in this
case even at 10 eV. The Ar and Xe energy losses could in

principle be achieved in one or two collisions if these
were to involve close-to-optimum energy transfer. Such a
high probability for strong collisions could arise if the
surface potential were to "steer" the incoming atoms to-
wards low-impact parameter collisions. However, in the
absence of such "steering, " the large average number of
collisions strongly suggests that Ar penetration is occur-
ring at energies as low as 50 eV, where the energy
transfer of 75% approaches that expected for even two
strong collisions. Indeed, even the —50% energy loss for
Ar close to 10 eV could in principle be due to a fraction
of the incident species penetrating. At lower energies,
however, in the range of the atomic-beam experiments,
the quasispecular angular distributions observed, togeth-
er with the associated velocity distributions argue against
appreciable penetration. The increased energy transfer in
this low-energy range is instead attributed to effective-
mass effects, as already discussed.

It is also possible to view the large fractional energy-
transfer results [f(E, ) &60%, for He and Ar and &95%
for Xe], in terms of nuclear-stopping-power formalism of
Lindhard and Sigmund, ' using an interaction potential
appropriate for the relatively low particle energies of in-
terest here. In this treatment, the rate at which an ener-
getic ion (neutral) loses energy as it travels through a lat-

tice is given by '

4M)M2S„(E)= Co E,
(M, +M~)

(7)

where Co has traditionaly been taken to be 1.81 A (but its
value is somewhat uncertain and may be as much as
twice that large). Substitution of (7) into (6), followed by
integration and algebra, leads to

—1

4M(M2
nCo

(Mi+M2)

, ln
E

where E, is the incident energy, and E is the remaining

energy of the ion after it has traveled a distance L. We
infer from our data that at 20 eV an average incident par-
ticle would leave the surface with a fraction E/E; =0.4
(He, Ar) and E/E; =0.05 (Xe) of its incident energy. The
corresponding distances from Eq. (8) that these particles
would need to have traveled through the lattice to suffer
the observed energy losses are 107 A for He, 31 A for Ar,
and 15 A for Xe. These distances are not precisely
defined, since atoms traveling along a surface might re-

quire longer paths to lose a given amount of energy, while
an increased value of Co or perhaps some "focusing" or
"steering" effects could increase the effective stopping
powers and reduce the travel distances required to obtain
the observed energy losses. Despite these uncertainties, it
seems clear that for a 20 eV He ion to lose half of its in-

cidence energy it must penetrate the lattice and suffer
numerous collisions prior to being trapped or reflected
back into the gas phase. For Ar and Xe the situation at
this energy is much less clear cut, since the estimated
travel paths are of the order 2 —10 lattice spacings long.
However, if these range estimates are even approximately
correct, they would suggest that at 20 eV some of these
particles may first penetrate the first atomic layer before
returning to the gas phase.

C. Trapping probabilities

Kornelsen has measured the probability that noble-

gas ions of a given energy wi11 be trapped in the lattice.
For Ar on tungsten (mass 183.85) the trapping probabili-
ty is very small ((0.1) for ion energies below 100 eV.
Close and Yarwood suggested that it was reasonable to
assume that the ion would be trapped if it penetrated the
lattice, and reflected if it did not. If this were the case
then Kornelsen's data could be interpreted as an indica-
tion that lattice penetration decreases rapidly for ion en-

ergies below 100 eV. An alternative interpretation is that
permanent trapping requires that the incident argon be-
comes embedded several atomic layers beneath the sur-
face. Atoms that fail to penetrate to such depths diffuse
back to the surface and are desorbed into the gas phase.
We believe that these results favor the latter interpreta-
tion since, as we already argued, penetration of the first
atomic layer is probably occurring for E, as low as 50 eV
for Ar. Moreover, Fig. 14 shows that the energy
transferred by Ar increases gradually over the range
20—100 eV to a point where the overall energy transfer
appears to be beyond what could reasonably be expected
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in the absence of penetration. It seems likely then that
the first surface layer is penetrated at relatively low ener-
gies, but at these energies the atoms are rarely trapped.
This would imply that the hypothesis of Close and Yar-
wood is incorrect and that Kornelsen's data yields little
definitive information about lattice penetration.

D. Physical sputtering

Sigmund's theory of physical sputtering suggests that
the yield (atoms per ion) is proportional to the quantity of
energy deposited in a narrow region close to the surface.
Moreover, at low energies most of the transferred energy
is expected to be deposited within a few A of the surface.
For example, less than 1% of 500 eV Xe+ ions penetrate
more than 7.5 A into tungsten, and similar results
would be expected for gold. Therefore, if the theory were
applicable, it might be expected that the sputter yield
would simply be proportional to the total deposited ener-

gy. Unfortunately, experimental data is generally
presented as a function of incident ion energy rather than
of deposited energy. One of the original motivations of
this research was to provide the data necessary to convert
from incident to deposited energy in order to determine
whether the use of this parameter would make compar-

ison with theory more meaningful and lead to additional
insight. Following this idea, Wehner s sputter-yield
data was plotted as a function of deposited energy in the
range up to 500 eV. Results for Ar+ (Fig. 17) clearly ex-
hibit a nonlinear behavior. Similarly, since Fig. 6 shows
that the deposited energy and incident energy are almost
equal for Xe+ on gold, one can simply examine Wehner's
original data and see that it is also nonlinear. These ex-
periments, therefore, suggest that in this low-energy re-
gime the sputter yield is not in fact strictly proportional
to energy deposited into the surface region. This result is
not particularly surprising since Sigmund always believed
that the theory would be somewhat inaccurate at low en-
ergies.

It is also interesting to estimate the fraction of energy
carried away by sputtered-gold atoms. The reflected ki-
netic energy at 100-eV incident energy is about 28 eV for
Ar+ (see Fig. 6). The sputter yield at this energy is
roughly 0.25, and a high estimate for the energy carried
away per atom would be 10 eV (see Ref. 46). Hence, less
than 10% of the reflected energy is due to sputtered
atoms, and the rest must be due to reflected energetic
neutrals. At 500 eV the yield is 2.5 and the reflected en-

ergy is about 75 eV. A similar estimate would suggest
that up to 30% of the reflected energy could be carried
away by sputtered-gold atoms.

E. Plasma etching
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FIG. 17. Sputter yield vs deposited energy in eV/ion.
Sputter yields are from Ref. 45 and the deposited energy is from
Fig. 6.

One of the major driving forces that caused the entire
semiconductor industry to change from wet-chemical
etching processes to plasma-assisted etching was that an-
isotropic profiles could be fabricated in a plasma environ-
ment. The openings in the mask could be faithfully re-
plicated without significant sideways etching occurring
underneath the mask. The success of this procedure was
a consequence of ion-induced chemistry. The etching re-
action produced volatile products where the ions hit the
surface; whereas, the reaction was very slow in other
areas. However, ion-induced etching also has some
deleterious consequences; e.g., damage is produced by the
bombardment. ' For this reason many investigators
are attempting to perform ion-induced etching with very
low-energy ions in order to minimize the damage. For
some systems this may also have undesired consequences.
Ions may hit the surface beneath the mask openings and
be reflected away from the hit surface as energetic neu-
trals that could subsequently collide with the sidewalls.
This could produce undesirable sidewall etching, as illus-
trated schematically in Fig. 18.

Sidewall etching would be largest when it is induced by
light ions colliding with a heavy substrate. Tungsten
etching in a fluorocarbon plasma is a case in point. The
data of Fig. 6 suggests that as much as 40% of the energy
of a CF3+ ion might be reflected away from the tungsten
surface. It should also be remembered that the particles
of a molecular ion tend to act upon the lattice indepen-
dently. For example, a 400 eV CF3+ ion acts more like
four 100 eV particles than as one 400 eV particle. The
energy-reflection coeScient is larger for particles with
lower energies, enhancing the possibility of undercutting



41 ENERGY TRANSFER FROM RARE GASES TO SURFACES: . . . 6253

MasIIIII
~ 0

asIIII

FIG. 18. Schematic diagram illustrating possible influence of
reflected neutral species in plasma-assisted-etching environ-
ments.

of the mask. There are also etching reactions where the
ambient environment contains hydrogen and helium.
As Fig. 6 demonstrates, a significant fraction of the kinet-
ic energy of these light species will be reflected in col-
lisions with solid surfaces, and it is known that energetic
light ions can also give rise to significant ion-induced
etching. The importance of sidewall etching due to
reflected energetic neutrals in a real plasma-assisted etch-
ing environment remains to be determined, but this data
indicates that it would be worth investigating.

F. Sputtered thin films

In the middle 1960's, Winters and Kay showed that
argon was incorporated into metal films deposited by
glow-discharge sputtering in a situation where there was
little or no ion bombardment of the growing film. They
realized that there would be no argon incorporation into
the film unless energetic ( —100 eV) argon particles were
colliding with the surface, and therefore suggested that
ions being accelerated into the target were reflected as en-
ergetic neutral-argon atoms that subsequently embedded
themselves and were trapped in the growing film. It was
also suggested that the number of particles and amount
of energy reflected away from the target would depend
upon the target mass. This is now a generally accepted
picture of this phenomena even though there is no
definitive evidence. Subsequently it was proposed that
bombardment of the growing film by reflected energetic
neutrals influences other film properties, such as stress, "
lattice parameters, the concentration of chemically ac-
tive gas, etc. Data from the set of experiments will allow
investigators to estimate the amount of energy reflected
from the target, and thus determine whether energetic
neutrals could indeed produce the phenomena attributed
to them. For example, our results can be used to ration-
alize the observation that energetic neutrals reflected
from the target produced an argon concentration of
about 2 at. % in sputtered-tungsten films. ' It is estimat-
ed that under the conditions of those experiments,
reflected neutrals would have carried away from the tar-
get 10%—15% of the incident energy and of course the
fraction of particles that were reflected as energetic neu-
trals would necessarily have been greater than this value.
Therefore the fact that 2% of them were implanted into
the growing film is not unreasonable.

G. Implications for particle-spacecraft interactions

Low
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Interplanetary
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FIG. 19. Kinetic energies associated with various atomic and
molecular species for velocities typical to those of spacecraft.
For each species a range of energies is indicated, corresponding
to relative velocities of 7.8 km/s, appropriate to craft in low

Earth orbit, to 14 km/s, for returning interplanetary craft.

Spacecraft in low Earth orbit pass through the rarefied
atmosphere in this region with velocities a little under 8
km/s. Aero-assisted orbital transfer vehicles are expect-
ed to reach about 10 km/s, ' and craft returning from
planetary missions might be traveling at close to 14 km/s
as they encounter the first atmospheric gases. ' Each
atom or molecule will strike the craft with considerable
kinetic energy at such high relative velocities, exceeding 1

eV/amu in the 14 km/s case. Figure 19 summarizes this
situation, showing the range of energies most relevant to
particle-spacecraft interactions for typical gases. Of par-
ticular note is the case of oxygen, which is a major com-
ponent of the low Earth orbit atmosphere.

Comprehensive modeling of space flight within 100 km
or so of the Earth's surface clearly requires knowledge of
the energy and momentum-transfer characteristics of the
individual particle-surface collisions. Drag forces on sa-

tellites, for example, depend on these momentum-transfer
characteristics. A species that bounces, or is directly
scattered from the satellite surface may transfer much
more momentum than one that accommodates to the sur-

face. Thus orbital lifetimes and even satellite rotation
rates are determined by fine details of the scattering dy-
namics of a number of different species in the 1 —40 eV
collision energy range. Similarly, calculation of the lift-
to-drag ratio for a given craft requires detailed energy
and momentum transfer data, which in most cases, is not
currently available. In a more extreme case, the very fate
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of a surface exposed to an atmosphere for the purpose of
braking during planetary capture will depend on the mi-
croscopic atom and molecule —surface energy-transfer
characteristics. If too much energy is deposited into the
surface, it may simply evaporate.

Many experiments to provide the relevant parameters
have been proposed and carried out, ranging from labora-
tory beam measurements (Refs. 1, 2, 34-38, and 57-62) to
in situ experiments, performed on satellites and even on
the Shuttle. However, the total amount of data ob-
tained is rather small. This is because of the inaccessibili-
ty of the 5-20 eV region, which is too high to reach easi-
ly with supersonic neutral beams and yet so low that
space-charge effects cause major problems for ion beam
experiments. World-wide efforts to remedy this situation
are currently underway, with an estimated 25 groups set-
ting up 0-atom generators in 1986.'

While it is beyond the scope of this paper to apply
these results to space-Sight problems, we believe that
data such as that summarized in Fig. 16 will be of some
value in this context. More importantly, we suggest that
the combination of atomic- and ion-beam methods em-
ployed here may be used to provide specific results as re-
quired, possibly even for the highly relevant cases of as 0
atoms interacting with glasses and metal oxides. '

H. Controlled thermonuclear fusion problems

Much of the interest in the area of thermonuclear
fusion is related to the collision of light ions (He, H2, H)
with a large variety of surfaces. Ito et al. have summa-
rized the available information by plotting the experi-
mental data, computer-simulation data, and the predic-
tions from a new empirical formula as functions of
incident-ion energy. Reference 3 provides graphs for the
projectiles H, D, T, He, and He ions incident on 40 ele-
mental targets of atomic numbers from 3 to 92. For He+
on gold, our values for the energy reAection coefficient,
R(E; ), are smaller than those empirically estimated by
Ito (very roughly by a factor of 1.5 at 500 eV, 1.35 at 100
eV, and 1.25 at 10 eV). It is not clear whether or not
these discrepancies are significant considering the uncer-
tainties in the data and the estimates.

V. SUMMARY AND CONCLUSIONS

The energy deposited into evaporated, gold films by
noble-gas ions has been determined for energies between
5 and 4000 eV using a novel ion-gun together with a sen-
sitive calorimeter. We have also determined the energy
loss of neutral He, Ar, and Xe atoms to a Pt(111) surface
over the range 0—14 eV using supersonic atomic-beam
techniques. For all energies above about 10 eV, the ions
transfer at least 60% of their energy, with Xe+ transfer-
ring the most and He+ the least. For lower incident en-
ergies, the energy transfer from Xe remains above 60%%uo

down to the lowest energy measured ( —1 eV), while for
Ar and He collisions with the surface become increasing-
ly elastic, with less than 20% and 5% energy transfer for
Ar and He atoms respectively, in the low-energy limit.
The effect of surface roughness on energy deposition was

checked by making measurements on samples with
different degrees of roughening because of ion bombard-
ment. The fraction of kinetic energy deposited in these
samples was the same within +2% across the full range
measured, indicating that the varying roughness pro-
duced by the ion bombardment had little effect. Similar-
ly, we found that the observed changes in the crystallo-
graphic microstructure of the gold film produced by this
treatment did not have any strong inhuence on the mea-
sured energy deposition.

For the neutral atoms colliding with the Pt(111) sur-
face, the dependence of the energy lost on the angle of in-
cidence was measured. We found that the deposited
energy decreases roughly as cos8;, i.e., f(8; )I
f(8; =0 )-cos8;. This simple empirical relationship can
be used to predict the energy deposited into an arbitrarily
rough surface for this energy range.

Consideration of the maximum energy loss in a binary
collision suggests that significant lattice penetration
occurs for He+ even for energies as low as 20 eV. This
conclusion is supported by evaluation of stopping power
relationships, which suggest that He would need to travel
over 100 A through the lattice to account for the ob-
served energy loss. The data is less definitive for argon
and xenon but it suggests that they also penetrate the first
atomic layer at close to this same energy. This data pro-
vides no evidence for breakdown of the binary-collision
model for energies down to 20 eV. The data could be in-
terpreted as indicating that this approximation breaks
down at lower energies.

Comparison of this data with the sticking probability
curves of Kornelsen suggests that in the low-energy
range, where the sticking probabilities are small, many
ions still penetrate the lattice, lose most of their energy
and then diffuse back to the surface where they are subse-
quently desorbed into the gas phase. Our results provide
a means to convert from incident energy to deposited en-
ergy for ions incident on the surface. This allowed us to
reexamine earlier sputter-yield data and to address the
question of proportionality between deposited energy and
sputter yield. It was found that in this low-energy regime
the sputter yield is not in fact strictly proportional to the
energy deposited into the surface region.

The increase in rejected energy observed at low energy
suggests that the use of light, low-energy ions to induce
etching reactions in heavy substrates may produce
unwanted undercutting of the mask. Comparison of this
data with measurements of the noble-gas concentration in
sputtered films indicates that the interpretation of those
measurements in terms of the entrapment of energetic,
reAected neutrals from the target is probably correct.
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