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The energy deposited into carbon, silicon, copper, silver, and gold surfaces by He*, Ar*, and Xe*
ions impinging with kinetic energy in the range 100-4000 eV has been measured. These studies em-
ployed a highly sensitive calorimeter together with a modified physical electronics instrument ion gun.
Pulses of ions from the gun were directed at the film that had been evaporated directly onto the py-
roelectric material. A voltage proportional to the energy deposited is developed across the material and
sensed with a lock-in detector. Xe* deposits more than 95% of its energy between 500 and 4000 eV for
all materials. The other ions deposit at least 80% of their energy in this range. The dependence of ener-
gy deposition upon ion and substrate mass and ion energy is about that expected from calculations and
physical principles. The energy reflection from surfaces is also investigated by computer simulation us-
ing the TRIM.SP program. The experimental trends are semiquantitatively reproduced by the simulation,
but there are some quantitative differences in the absolute results. As would be expected from previous
calculations, the energy-reflection coefficients do not appear to scale with the ratio of target mass to ion
mass or with reduced energy. The implication of these results for the understanding of collisional pro-
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cesses at solid surfaces will be discussed.

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
design of thermonuclear fusion reactors where energy
losses from the plasma to the reactor walls have impor-
tant consequences for the particle and energy balance of
the system.’

The efficiency of energy transfer can be described semi-
quantitatively in terms of the energy-reflection coefficient
R (E), the mean value of the fraction of the incident ener-
gy E reflected 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, ki-
netic energy, and angle of the incident species, as well as
the mass of the substrate atoms and possibly the surface
morphology. Theoretical expressions and phenomeno-
logical descriptions for R (E) remain untested because of
an almost complete absence of relevant experimental
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measurements below a few keV. In part this is due to the
considerable experimental difficulties associated with
these measurements, particularly at low energies.

In this paper we report results of a systematic study of
energy deposition from normally incident, singly charged
noble-gas ions to surfaces. We have employed a novel py-
roelectric calorimeter to measure the fractional energy
deposition F(E) for He, Ar, and Xe ions striking carbon,
silicon, copper, silver, and gold surfaces at energies in the
range 100-4000 eV. The criteria for choosing target ma-
terials was their atomic weight and their ability to remain
free of contamination under ion bombardment and
ultrahigh-vacuum conditions.

There have been a number of previous studies of ener-
gy deposition for ions with energies above 3500 eV (Refs.
4-9) and a range of theoretical calculations and simula-
tions.!” 13 However, there has been little work at low
ion energies. Early work by Winters'* was difficult to in-
terpret as measurements were made with a poorly defined
incidence angle. Similarly, the results of Gesang, Oechs-
ner, and Schoof!’® were taken in a plasma environment
where accurate current measurements are difficult to
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make. Eckstein and Verbeek!® and Sorensen!’ have pub-
lished some results for energies down to 1.5 keV, but
these are restricted to the case of protons. More recently,
Winters et al. investigated the energy deposition into
gold and platinum in the range between 1 and 4000 eV
with helium, argon, and xenon ions.! There have also
been several reviews of the subject.!® 22

The first theoretical estimates of the reflection
coefficients were derived by Sigmund, who showed that it
was possible analytically to calculate the energy con-
tained in the tail of the collision cascade which extends
through the surface.'® He considered the relative amount
of energy reflected from the surface,

R (E)=Eout/Ein ’

when ions of mass M, are incident on target atoms of
mass M,, and coined the term “sputtering efficiency” for
this parameter, which is called the “energy reflection
coefficient” in the present paper. Sigmund’s calculations
indicated the general size of R (E), that it was indepen-
dent of incident ion energy above about 1 keV, that the
reflected ion (neutral) carried away a significant amount
of energy for large values of M, /M, and that R(E) is a
function of M,/M,, i.e., that it depends upon the ion-
target combination only through the mass ratio. Certain
aspects of this theory do not quantitatively agree with ex-
perimental data; some dependence on incident energy and
M, /M, is typically observed in experiments. The pre-
dicted trends are, however, substantiated at low energies
by the present work and at larger incident energies by
previous investigations.

Eckstein and Biersack have investigated the back-
scattering of heavy ions from surfaces by computer simu-
lation using a binary collision model and the TRIM.SP pro-
gram.'”> They showed that the particle and energy-
reflection coefficients scale with the ratio M,/M, and
with a reduced energy € for € >0.02 at normal incidence.
They found that at lower energies the scaling breaks
down. The reduced energy ¢ is defined by

e=aM,E, /| Z,Z,e M,+M,)],

where Z | and Z, are the charge of the incident and tar-
get ions and a the Firsov screening length for the col-
lision, @ =0.8853a,(Z 12 +2Z1/2)72/3, with a, being the
Bohr radius.

II. EXPERIMENTAL

The apparatus has been previously described in detail!
and therefore it will only be reviewed briefly in this sec-
tion. The relevant experiments are conceptually simple.
We wish to measure the fraction of the incident energy
that is deposited into the solid. This requires preparation
of ions of a known energy which can be directed at a tar-
get surface, the quantitative detection of the amount of
energy deposited, and the number of ions striking the sur-
face.

A commercial ion gun (PHI 20-115), which was used
for all measurements, is shown schematically in Fig. 1.
For this work the associated electronics were modified so
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FIG. 1. Schematic diagram of a PHI (20-115) ion gun. V,
and ¥, are potentials with respect to the ground. F, and F, are
filaments.

that the focus voltage and the voltages which control the
ion and electron energies could be varied continuously.
Custom electronics were used to apply a 3-Hz modula-
tion voltage to the x deflection plates in order to produce
at the sample under study an ion beam with a square-
wave time dependence. The ion energy remains well
defined because the ions are generated and extracted from
a field-free region. The ions are singly charged because
the electron energy (the potential difference between the
cathode and anode) 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 appreciable intensity at mass peaks due to doubly
charged ions. Using the same technique, it was also es-
tablished that ions from impurity gases had negligibly
small intensity.

In Fig. 2 the ion current to the collector surface is
shown as a function of the potential difference between
the ion gun anode (see Fig. 1) and the collector. The de-
crease in ion current near zero potential difference occurs
because not all of the ions have enough energy to reach
the collector surface. The curve shows that the ion ener-
gy in eV is 8 V less than V', (see Fig. 1) and that the ener-
gy spread is approximately 3—4 eV.
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Calibration procedures and a detailed description of
the calorimeter have been previously published,”?* and
therefore only a brief account will be given here. Mea-
surements are typically made with an ion-beam modula-
tion frequency of 1-3 Hz. The energy input due to the
ion beam striking the grounded surface produces a modu-
lated heating of the pyroelectric calorimeter, which in-
duces a voltage at the calorimeter’s back surface. This
modulated voltage is detected using lock-in 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 (see Fig. 3). The intercept of the signal-versus-
current curve is close to zero at all ion energies.

The calibration of the calorimeter was established in
two independent ways. In the first, the calorimeter sur-
face was illuminated with a ~1-mW He-Ne laser where
the needed absorption coefficient was ascertained from
reflectivity measurements. The laser power was chosen
such that the laser-induced temperature modulation was
of the same magnitude as the ion-beam-induced heating
to eliminate all errors due to any conceivable nonlinear
response of the calorimeter. The absolute laser power
was then determined with a NBS-traceable thermopile.
Then the laser beam was modulated with a mechanical
chopper to obtain full modulation of the laser. By adjust-
ing rotational speed of the mechanical chopper such that
the beat frequency between ion-beam modulator and
modulated laser beam was zero within experimental er-
ror, we ensured that modulation frequency and all over-
tones during the calibration were identical to those dur-
ing the other experiments. This is crucial because of the
1/f frequency dependence of the observed signal and
nonideal response of lock-in amplifiers.”* The calibration
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FIG. 3. Deposited energy vs ion current to calorimeter.
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was, therefore, performed under conditions that are iden-
tical to those of the ion-beam experiments and is estimat-
ed to be accurate within 5%. A second method is based
on the measurement of the amount of energy transferred
from a 4000-eV singly charged xenon-ion beam to a car-
bon film, for which we assume that the deposition
coefficient F(E) 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 reported here have been referenced to scale
factors determined by the latter method with F(E) taken
to be 0.99. The fact that carbon has a small mass, a very
small sputter yield, and a small secondary-electron
coefficient makes it reasonable to assume that virtually all
of the incident energy is deposited into the substrate;
hence, the assumption of 0.99. We estimate that this cali-
bration has a possible uncertainty of a few percent. Cali-
bration was accomplished routinely at the conclusion of
the experiments with a given sample by depositing carbon
onto the film and bombarding the detector with a 3—4-
keV Xet beam of well-defined intensity and ion energy.
At first, carbon layers were deposited by magnetron
sputtering. However, it was soon discovered that carbon
(with some hydrogen) which was deposited by bombard-
ment with methane ions produced the same results.
Therefore, after measurements for a given substrate ma-
terial was completed, a carbon layer was deposited using
methane ions and the calibration factor determined. A
typical value was 15.7 V/W.

The primary uncertainty of the results is related to the
calibration. If in the future it is determined that F (E) for
4000-eV Xe™t on carbon is slightly different from 0.99,
then the entire set of data can be corrected. The data
taken on the same calorimeter are extremely reproduci-
ble. Hence the relative values for F(E) as a function of
ion energy and mass should be accurate to better than
2%. Measurements were made on three different
calorimeters for gold and copper and on two different
calorimeters for silver. When all the data from all
calorimeters obtained under equivalent conditions (same
ion mass and energy, 5-25 independent measurements)
are averaged, the standard deviation is typically 1%-2%
of the mean. This implies that when the differences from
sample to sample, the changes in surface condition with
fluence, and the reproducibility of the measurements are
taken into account, there is an estimated uncertainty of
less than 2%. The uncertainty in the calibration must be
added to this estimate.

It is conceivable that a fraction of a monolayer of a
light adsorbate could influence energy transfer to the
high-mass substrates. It was therefore important to esti-
mate surface contamination levels. The electron beam
needed to perform Auger spectroscopy destroyed several
calorimeters because of overheating and/or arcing result-
ing in the loss of the calorimeter prior to calibration. In
this context it is important to remember that the calorim-
eter was designed such that a minimum heat input effects
a maximum temperature increase. This can lead to a
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temperature increase above the Curie temperature of the
pyroelectric where it is depolarized. In addition, a ma-
terial with a very large pyroelectric figure of merit was
selected, ensuring that the temperature increase causes a
maximum signal voltage across the sensor element. Be-
cause of the fact that the calorimeter is only several um
thick, to minimize lateral heat loss in the device, even a
relatively small voltage can lead to electric fields above
the breakdown field of the pyroelectric. Therefore, rou-
tine Auger analysis was not performed during an experi-
ment. However, Auger spectra were taken after the data
had been accumulated under conditions which were con-
sidered to be typical. Auger spectra for gold were shown
in a previous publication.! Typical examples for copper
and silver are shown in Fig. 4. The surface is clean ex-
cept for a small carbon peak, from which we estimate an
upper limit for carbon coverage of a few percent of a
monolayer. Auger spectra for carbon and silicon films on
the calorimeter were not successfully obtained. However,
data taken on control samples in another vacuum system
with a poorer ultimate pressure indicate that the carbon
is atomically clean. Similar data for silicon indicate some
oxygen and a small quantity of argon. The amplitude of
the silicon Auger peak is at least 7 times that of the oxy-
gen. Examination of the Auger spectra between 70 and
100 eV showed little or no evidence for silicon dioxide. It
is possible that the oxygen which was observed was incor-
porated into the film during deposition.
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FIG. 4. Auger spectrum for the evaporated copper and silver
films deposited on the calorimeter surface. The conditions are
believed to be typical of those existing during energy deposition
experiments. Substrate peaks are designated by their charac-
teristic energy. Carbon is indicated by a C.
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The pressure in the vacuum system was always less
than 3X 107! Torr prior to the experiments. During the
experiment, the noble-gas pressure was about 1X107°
Torr.

III. COMPUTATIONAL METHOD

For the calculations we used the Monte Carlo program
TRIM.SP, which is described in detail in Ref. 12. The pro-
gram is based on the binary-collision model and uses a
randomized target structure. Weak collisions with large
impact parameters are taken into account as simultane-
ous collisions. This is an approximate way to account for
interactions with more than one atom at a collision site.
The krypton-carbon interaction potential was used.?*
This potential has been shown to be a good average for
most ion-target combinations.?> For the inelastic energy
loss, we applied a 50%-50% contribution of a nonlocal
loss according to Lindhard and Scharff?® and a local loss
due to Oen and Robinson.?’ The inelastic stopping data
from Ziegler’s tables®® were used for He. For the noble
gases we used a cutoff energy of E equal to 0.5 eV and a
surface binding energy of zero. For sputtered particles a
planar surface potential was assumed with a surface bind-
ing energy as designated in Tables I-V. For comparison
of calculations with experiment it should be assumed that
the calculated values for R (E) have a statistical uncer-
tainty of less than a few percent, but the systematic un-
certainty may be larger than 20%.

IV. RESULTS
A. Carbon

The fraction energy deposited into carbon for He™,
Ar*, and Xe" in the energy range between 100 and 4000
eV is shown in Fig. 5. Data along with calculated results
are tabulated in Table I. Helium, argon, and xenon
transfer most (98%) of their energy to the lattice in the
range between 500 and 4000 eV. Both, calculations and
experiment, indicate that the ion masses do not have
much influence on the amount of energy carried away by
the reflected ion (neutral) when the target-mass-—to—ion-
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FIG. 5. Fraction of the incident energy of Xe™, Ar*, and
He* deposited in carbon for normal incidence at ion energies
up to 4000 eV.
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TABLE 1. Energy deposited into carbon. F(E)=fraction of energy deposited by ion,
R(E)=1—F(E), R (I)'=fraction of energy carried away by reflected ion (neutral), Y (E)=fraction of

energy carried away by sputtered particles, Y =sputter yield, and U;=7.40 V.

TRIM
Energy F(E)expg F(E)TRIM R(E) Y(E) R(I) Y
He—>C
4000 1.0 0.995 4.53x1073 3.45X107%  4.18X1073 4.08X1072
1000 1.0 0.986 1.36X1072 1.29X 1073 1.23X 1072 5.44X1072
500 0.97 0.981 1.89X 1072 1.79x 1073 1.71Xx 1072 521X1072
300 0.95 0.976 2.40X1072  2.05X107% 2.19X107? 4.62X107?
100 0.965 3.52X 1072 1.43%x1073 3.38X1072  2.06X1072
Ar—C
4000 0.98 0.995 495X107% 4951073 0 6.32107!
1000 1.0 0.996 4.09%x1073 4.09%x1073 0 2.64X107!
500 0.99 0.998 2.55X1073 2.55X1073 0 1.23Xx 107!
300 0.96 0.999 1.24%x1073 1.24X1073 0 4.96X1072
100 0.90 1.00 2.27X107° 2.27X1073 0 7.35X107*
Xe—C
4000 0.99 0.997 3.10x1073 3.10x1073 0 5.99%x107!
1000 0.99 0.999 1.20Xx1073 1.20X 1073 0 1.28X 107!
500 0.99 1.00 3.47X107* 347X107* 0 3.00x1072
300 0.97 1.00 5.22X107°%  521X107° 0O 3.89%x1073
100 0.93 1.00 1.74X107¢ 0 0 0

mass ratio is less than 3. The main influence of ion mass
for this small ratio is to change the quantity of energy
carried away by sputtered particles. For carbon the
sputter yield is small, and hence this contribution is al-
ways less than 1% (see Table I).

Below about 500 eV the experiment shows that the de-
posited energy decreases, while calculations indicate it to
be constant for argon and xenon and to decrease slightly
for helium. In any case the agreement between theory
and experiment is reasonably good for carbon.

The use of the PHI ion gun for energies below about
200 eV leads to more uncertainty in the results than is
present at higher energies. Hence the sharp decrease in
F(E) shown in Fig. 5 at energies below 100 eV is sugges-
tive, but needs to be verified with a better defined ion
beam such as that described in Ref. 1.

B. Silicon

Figure 6 shows the fractional energy deposited into sil-
icon for Het, Ar™, and Xe™ in the energy range between
200 and 4000 eV. Data along with calculated results are
tabulated in Table II. Argon and xenon transfer most
(98%) of their energy to the lattice in the range between
700 and 4000 eV. At smaller energies, F(E) increases
from about 0.98 to 1.00 for xenon and decreases for argon

observed experimentally is greater than predicted. For
example, at 300 eV the predicted value is 0.90 and the ex-
perimental value is 0.76 (see Table II).

C. Copper

Figure 7 shows the fractional energy deposited into
copper for Het, Ar™, and Xe" in the energy range be-
tween roughly 100 and 4000 eV. Data along with calcu-
lated results are tabulated in Table III. The points in Fig.
7 and the data in Table III are unweighted averages of
measurements taken on three different calorimeters. The
mean value for the standard deviation calculated for all
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4000 eV. Table II shows that at lower energies argon de-
posits less energy than predicted. For example, at 300
eV, F(E) is predicted to be 0.99 and is observed to be
0.95. The data are even more striking for helium. Both
theory and experiment indicate that F(E) will become
smaller with decreasing energy, but the decrease which is
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FIG. 6. Fraction of the incident energy of Xe*, Ar*, and
He™ deposited in silicon for normal incidence at ion energies up
to 4000 eV.
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TABLE II. Energy deposited into silicon.

COUFAL, WINTERS, BAY, AND ECKSTEIN

S

F(E)=fraction of energy deposited by ion,

R (E)=1—F(E), R (I)=fraction of energy carried away by reflected ion (neutral), Y (E)=fraction of
energy carried away by sputtered particles, Y =sputter yield, and U;=4.70eV.

TRIM
Energy F(E)gp F(E)rmv R (E) Y(E) R(I) Y
He—Si
4000 0.949 0.966 3.38X 1072 6.47X 1074 3.32X 1072 8.00X 1072
1000 0.88 0.931 6.88X1072 1.99X1073 6.68X 1072 1.04X 107!
500 0.83 0.913 8.66X 1072 2.88X1073 8.37X 1072 1.01x 107!
300 0.765 0.901 9.88X 1072 3.37Xx1073 9.54% 1072 8.77X 1072
100 0.873 1.27X107! 2.61X1073 1.24X 107! 4.43%X107?
Ar—Si
4000 0.98 0.992 8.63x1073 8.34x1073 1.68X 1077 1.19
1000 0.98 0.991 9.34x1073 9261073 7.64%X 1073 0.66
500 0.959 0.992 7.64X1073 7.58 1073 6.04X107° 0.40
300 0.946 0.994 5.73x1073 5.65x1073 8.09X 1073 0.23
100 0.999 1.17X 1073 1.10X1073 7.12X 1073 0.031
Xe—Si
4000 0.98 0.992 7.87X1073 7.87X1073 0 1.48
1000 0.98 0.994 5.98Xx 1073 5.98x103 0 0.55
500 0.985 0.996 3.87x1073 3.87X1073 0 0.26
300 1.004 0.998 2.09%X1073 2.09%1073 0 0.11
100 1.00 9.38X 1077 9.24X1073 0 3.48x1073

measurements of F(E) at a given energy is 0.0175. F(E)
for argon and xenon are equal within experimental error
at high energy and diverge slightly below 500 eV. Above
about 750 eV roughly 98% of the energy is deposited into
the lattice. At smaller energies F(E) decreases some-
what, but is generally above 0.9. F(E) for helium is 0.91
at 4000 eV and decreases to about 0.82 at 300 eV.

There are only a few sources of data in the literature
which can be compared with the present work. These in-
clude Koborov et al.” who measured R (E) for He' on
copper at 4 keV and obtained a value of about 0.09,
which is identical to the results obtained in the present

> 5
& &
€1.0 10 €
§ 1O mpezans—t—s—r—s—s s ° %
2ool - B
oot e or
~ 24 b
S08f 7 102 3
S o
So07} - xet los 2
- . Art } on Copper w
o6} - He' 104 8
3 3
805} 105 %
a o«
o4 L L " L L L L 1 ' 0.6 !IL
W 0 1.0 2.0 3.0 40 50 W
S lon Kinetic Energy (keV)

FIG. 7. Fraction of the incident energy of Xe™, Ar*, and

He" deposited in copper for normal incidence and ion energies
up to 4000 eV.

work (see Table III). Furthermore, extrapolation of the
work of Schou, Sorensen, and Littmark from 5 to 4 keV
gives about the same value.> Moreover, Oen and Robin-
son have calculated the energy reflection from copper in
the energy range between 10 and 20 keV using the
binary-collision cascade simulation program MARLOWE. 13
There is good agreement between our experimental re-
sults and their calculated values over the entire energy
range. The agreement between these investigations and
the present work gives confidence in the reliability of the
data.

The agreement between our experiment and TRIM.SP
calculations (see Table III) is excellent at 4000 eV and
reasonable at all energies. However, the experimental
values for argon and xenon tend to decease faster than’
the theory would suggest. The opposite is true for heli-
um. The calculations indicate that the reflected energy
R (E) is dominated by sputtered particles for argon and
xenon and by reflected energetic ions (neutrals) for heli-
um.

D. Silver

The fractional energy deposited into silver for He ™,
Ar?, and Xe™ in the energy range between roughly 100
and 4000 eV is shown in Fig. 8. Data along with calcu-
lated results are tabulated in Table IV. The data points
in Fig. 8 and Table IV are averages of several experi-
ments taken on two different calorimeters. F(E) for ar-
gon and xenon are equal within experimental error above
1500 eV and diverge below this energy. F(E) tends to
decrease with decreasing incident energy for all three
gases. The relative magnitude of the decrease is of course
largest for helium and smallest for xenon with argon be-
ing intermediate. At 4000 eV xenon deposits 98% of its
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F(E)=fraction of energy deposited by ion,

R(E)=1—F(E), R (I)=fraction of energy carried away by reflected ion (neutral), Y (E)=fraction of
energy carried away by sputtered particles, Y =sputter yield, and U, =3.52 eV.

TRIM
Energy F(E)yp  F(E)rim R(E) Y(E) R Y
He—Cu
4000 0.905 0.90 9.74X1072 8.52X107* 9.66X107%2 1.92X107!
1000 0.867 0.83 1.66X 107! 248X107% 1.64X107! 2.13X107!
500 0.837 0.81 1.93%x107!  3.49%X107% 1.90X107' 1.91X107!
300 0.821 0.785 2.15X107!'  3.88X107* 2.11X107! 1.60Xx107!
100 0.70 0.73 271X107Y  2.87X1073  2.68X107!  7.77X1072
Ar—Cu
4000 0.977 0.976 235%X1072  1.85X1072 501X107° 3.5
1000 0.972 0.963 3.68X1072 2.85X107% 8.62X107% 227
500 0.954 0.959 4.14X1072  3.03X1072 1.11X107% 1.55
300 0.941 0.958 4.19X1072  2.87X1072 1.32X107% 1.05
100 0.90 0.968 3.19X1072  1.34X107% 1.85X107% 0.265
Xe—Cu
4000 0.978 0.98 1.97X1072  1.97X107%2 0 4.15
1000 0.976 0.978 2.19X1072  2.19X1072 0 2.13
500 0.978 0.982 1.80X 1072 1.80X1072 0 1.17
300 0.964 0.987 1.32X1072  1.32X107% O 0.65
100 0.96 0.997 2.79%X1073  2.79%X107° 0 0.089

energy into the lattice. This value drops to 96% at 500
eV. The corresponding values at these energies for argon
are 97% and 90% and for helium are 89% and 80%, re-
spectively.

Schou, Sorensen, and Littmark® have measured the
energy-reflection coefficient for helium from silver at 4
keV and obtained a value of 0.13, which is to be com-

TABLE 1V. Energy deposited into silver.

pared with the value of 0.115 obtained in the present
work. These numbers are equal within experimental un-
certainty.

The theoretical and experimental values for the magni-
tude of F(E) are in reasonable agreement for argon and
xenon at most energies (see Table IV). However, in a
manner analogous to copper, there is a tendency for the

F(E)=fraction of energy deposited by ion,

R (E)=1—F(E), R (I)=fraction of energy carried away by reflected ion (neutral), Y (E)= fraction of
energy carried away by sputtered particles, Y= sputter yield, and U, =2.97 eV.

TRIM
Energy F(E)y, F(E)mpm R(E) Y(E) R(I) Y
He—Ag
4000 0.885 0.842 1.58 107! 7.58X 1074 1.57%X107! 0.200
1000 0.835 0.77 2.30x107! 1.71X1073 2.28X107! 0.182
500 0.80 0.736 2.64X107! 221X1073  2.62%x107! 0.151
300 0.765 0.716 2.84x107! 227X1073  2.82x107! 0.120
100 0.670 0.663 3.37x107! 1.17X1073 3.36 X107} 0.043
Arv+Ag
4000 0.97 0.95 4.86X1072 2.38X 1072 2.48X1072 4.22
1000 0.94 0.928 7.17X1072 3.49X 1072 3.68X1072 2.64
500 0.90 0.917 8.23Xx1072 3.82X 1072 4.41X1072 1.83
300 0.85 0.912 8.75X 1072 3.68Xx1072 5.07X 1072 1.28
100 0.68 0.905 9.47X 1072 2.39X107? 7.08X 1072 0.44
Xe—Ag
4000 0.98 0.974 2.61X1072 2.59%X 1072 2.37%X1074 5.79
1000 0.96 0.97 2.94X1072 2.91X1072 2.89%10* 2.85
500 0.955 0.973 2.67X1072 2.63%X107? 3.88x107* 1.71
300 0.95 0.979 2.14X1072 2.11X107?2 3.45x1074 1.05
100 0.992 7.64X1073 6.95Xx 1073 5.07Xx1074 0.21
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FIG. 8. Fraction of the incident energy of Xe™, Ar*, and
He" deposited in silver for normal incidence and ion energies
up to 4000 eV.

experimental values to decrease faster with decreasing en-
ergy than do the theoretical ones. In contrast, F(E),
for helium is about 0.05 larger than F(E)1, at both 4000
eV and 300 eV; i.e., the theoretical and experimental
values are slightly different, but the energy dependence is
about right. The calculations indicate that most of the
reflected energy is carried away by reflected ions (neu-
trals) for helium. Reflected ions and sputtered particles
make roughly equal contributions for argon. In the case
of xenon, most of the energy is carried away by sputtered
particles.

TABLE V. Energy deposited into gold.
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FIG. 9. Fraction of the incident energy of Xe™®, Ar*, and
He™" deposited in gold for normal incidence and ion energies up
to 4000 eV.

E. Gold

Figure 9 shows the fractional energy deposited into
gold for Het, Ar™, and Xe* in the energy range between
50 and 4000 eV. Data were taken with two types of ion
guns and on several calorimeters. Therefore, the results
are believed to be quite reliable. Data along with calcu-
lated results are tabulated in Table V. The points in Fig.
9 and the data at 200 eV and above in Table V are un-
weighted averages of all measurements taken on three
different calorimeters. On the average, the standard devi-

F(E)=fraction of energy deposited by ion,

R(E)=1—F(E), R(I)=, fraction of energy carried away by reflected ion (neutral), Y (E)=fraction of
energy carried away by sputtered particles, Y =sputter yield, and U;=3.80¢V.

TRIM
Energy F(E)ey F(E)rv R(E) Y(E) R (1) Y
He— Au
4000 0.87 0.77 2.32X1071  526X107%  2.31X107!  0.131
1000 0.81 0.70 3.03X107!  991Xx107* 3.02X107! 0.106
500 0.79 0.67 3.34X107"  9.42Xx107% 3.33Xx107!  0.0742
300 0.76 0.64 3.57X1071  7.63X107%  3.56X107!  0.0498
100 0.71 0.59 4.14X107!'  7.28X107° 4.14X107' 546%x107°
50 0.67 0.54 456X107"' 0 456X107' 0
Ar—Au
4000 0.94 0.89 1.07X107"  2.60X1072 8.11X107% 3.68
1000 0.90 0.86 1.39X 107! 3.57x107%2 1.03X107!' 2.10
500 0.85 0.84 1.52X107!  3.61X107% 1.16X10"!' 1.38
300 0.81 0.834 1.64X 107"  331x1072 1.31X107! 0.93
100 0.73 0.81 1.90X107!  1.86X107% 1.71X107! 0.27
50 0.67 0.79 2.08X107"  548x107% 2.02X107!  7.43Xx107?
Xe—Au
4000 0.98 0.956 442X1072  3.75X107%  6.69X1073 595
1000 0.97 0.95 516X1072  4.14X1072 1.02X107% 2.87
500 0.96 0.95 498X1072 377X107? 121X107% 1.71
300 0.94 0.956 4.44%1072  3.11X107% 1.33X107% 1.07
100 0.95 0.973 2.73X1072  1.07X107% 1.66X107% 0.216
50 0.94 0.981 1.90X1072 1.73X107® 1.73X107% 0.027
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ation is 2.0% of the mean value of all measurements for a
given energy. Some data for gold has been published pre-
viously.! Subsequent comparison of gold with other sub-
strates led to the conclusion that the calibration in these
experiments was approximately 2% high. This occurred
because the measurement with 4000-eV Xe™ scattering
from a gold film, which was used along with a measure-
ment on carbon for calibration, was about 2% too low as
is obvious from Fig. 7 of Ref. 1. The data shown in Fig. 9
and Table V have been corrected using the improved,
new calibration.

Xenon transfers more than 90% of its energy to the
lattice for all ion energies between 100 and 4000 eV. Cal-
culations indicate the same result. However, the experi-
ments indicate that F (E) decreases slightly at lower ener-
gies, while the calculations suggest a slight increase. The
theory indicates that most of the reflected energy is car-
ried away by sputtered particles. At lower energies the
sputter yield and the average energy carried away per
sputtered particle become smaller. Hence F(E) becomes
larger. This argument is rather convincing. That the ex-
periment shows the opposite trend must originate from
the fact that R (I) (the fraction of the incident energy car-
ried away by reflected ions) is larger than calculated for
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the lower incident energies of the ion.

Argon transfers 67% of its energy to gold at an in-
cident energy of 50 eV and 93% at 4000 eV. The calcu-
lated values are 79% and 89% at these energies. The
theory is low at high energy and high at low energy. This
trend is similar to but larger than that observed for xenon
on gold. Gold is the only substrate investigated where
the mass ratio is large enough so that F(E) differs
significantly between argon and xenon at 4000 eV.

Calculations for helium on gold predict more reflected
energy than is observed for all energies. At 4000 eV,
TRIM.SP predicts a value for R (E) of 0.23 (see Table V),
while a value of 0.13 is observed. At 300 eV the respec-
tive values are 0.23 and 0.36.

V. DISCUSSION

This paper presents experimental and numerical data
for 15 ion-substrate combinations that are summarized in
Fig. 10. As expected, on the basis of the mass ratio, heli-
um on gold has the largest energy-reflection coefficient
(0.13) at 4000 eV. At 300 eV the reflection coefficients for
gold, silver, and silicon are all similar. The energy
transfer generally deceases with decreasing ion energy
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FIG. 10. Fraction of the incident energy of ions deposited into various substrates. On the left side are shown TRIM calculations

and on the right side the corresponding experimental data.
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and increases with mass ratio. The decrease with ion en-
ergy is most pronounced for helium scattered from the
silicon samples. Moreover, in contrast to other systems,
xenon ions scattered from a silicon substrate exhibit an
increase of the energy transfer with decreasing ion ener-
gy. Considering the mass ratio, silicon seems to behave
somewhat differently at low energy than do the other sub-
strate materials. The ion-energy dependence of the sil-
icon data is, therefore, not typical and might be attribut-
ed to sample preparation. A careful characterization of
these samples showed, however, no peculiar features for
the silicon films other than the slight oxygen content.
This should, however, not affect the data appreciably.

Helium transfers the same fraction of its energy to car-
bon as do xenon and argon over most of the energy
range. In contrast, helium transfers a smaller fraction of
its energy to silicon. Since the sputter yield is small for
helium, most of the reflected energy R (E) is carried away
by reflected helium ions (neutrals). Therefore, the
carbon-silicon comparison indicates that at the higher en-
ergies the reflection of energetic ions becomes important
when the mass ratio M, /M is somewhere between 3 and
7. This conclusion is consistent with all experimental
data presented in this paper. At lower energies reflected
ions carry away significant energy for even smaller mass
ratios.

Eckstein and Biersack have used the TRIM.SP program
to check reduced energy scaling of the energy-reflection
coefficient R (E) for ion-target combinations with the
same mass ratio.!> Their results suggested that the scal-
ing is fulfilled for € >0.02, while for lower incident ener-
gies the divergence for different ion-target combinations
is increasing. Their conclusion that scaling does not ap-
ply at low energies is consistent with our data (see Fig.
11).

Experiments and calculations using the TRIM.SP pro-
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gram agree within their mutual uncertainties for at least
one incident ion energy for 14 of the 15 combinations.
For He-Au the calculations predict more reflected energy
than is observed at all incident energies. Both theory and
simulation indicate that the amount of reflected energy
increases as the mass ratio M, /M, increases. A similar
trend is observed experimentally as shown in Fig. 10.
The calculations show that the reflected energy should in-
crease as the incident ion energy decreases. This general
trend is also observed in the experimental data. The fact
that the calculations correctly predict the trends which
are observed experimentally indicates that the TRIM.SP
program gives a reasonable description of the physical
situation in this energy range.

Nevertheless, there are differences between the calcula-
tions and experiment which are outside the range of ex-
perimental uncertainty. The deposited energy measured
experimentally is estimated to be accurate to 2% for in-
cident energies above 200 eV. This assumes that the cali-
bration with carbon is correct and includes variation
from sample to sample, systematic changes with ion dose,
and fluctuations from run to run. The reflected energy
derived from calculations can change up to 20%, depend-
ing upon assumptions. Of the 15 ion-target combina-
tions, calculations and experiment are in reasonable
agreement over the entire energy range for five: Xe-Ag,
Ar-Cu, Xe-Si, He-C, and Xe-C. The calculations on
average predict more reflected energy than is observed
for He-Au, He-Ag, and He-Cu. The calculations tend to
predict less reflected energy than is observed for Xe-Au,
Ar-Ag, Xe-Cu, He-Si, Ar-C, and Ar-Si. In one case, Ar-
Au, the Trim calculations give values lower than experi-
ment at high energy and higher than experiment at low
energy.

The systems where there is good agreement over the
entire energy range tend to be situations where almost all
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ratio M, /M, for each of these combinations is given in parentheses.



44 ENERGY TRANSFER FROM NOBLE-GAS IONS TO . ..

the energy is deposited into the lattice. The systems
where more reflected energy is predicted than is observed
tend to be light ions colliding with heavy substrate ma-
terials. When the calculations predict less reflected ener-
gy than is observed, the situation is characterized by the
fact that there is agreement at high energies where most
of the energy is deposited into the lattice and disagree-
ment at lower energies where more is reflected. Even in
systems where there is agreement within the experimental
uncertainties over the entire energy range, there appears
to be a tendency at low incident energies to reflect more
energy than predicted. A possible explanation, which has
been discussed previously,! involves the concept of an
effective mass.

It is suspected that the fraction of the collisions which
is adequately described by the binary collision approxi-
mation slowly decreases as the ion energy becomes small-
er. Particles with certain impact parameters may strong-
ly interact with more than one substrate atom at a time.
This situation might be described by assuming that the
effective mass of the substrate is greater than one atomic
mass. The larger effective mass would then lead to more
reflected energy than is predicted based upon the binary
collision approximation. This mechanism was previously
postulated to explain the sharp increase in reflected ener-
gy observed for gold in the low-eV range.! It may be that
the fraction of the collisions, which cannot be described
as binary, increases relatively slowly until the incident en-
ergy is reduced to about 20 eV, at which time it begins to
increase rather precipitously. This postulate would ex-
plains the rather small deviations between experiment
and theory observed in the present work and also the pre-
viously observed sharp increase in reflected energy start-
ing around 20 eV.

Whereas some of the disagreement between theory and
experiment may arise from the inadequacy of the binary-
collision model and possibly the method that TRIM.SP
uses to correct for nonbinary collisions, it is unlikely that
all of it does. This is especially true for the three systems
where less energy is reflected than is predicted. The larg-
est disagreement between simulation and experiment is
for He-Au, which coincidentally also has the largest mass
ratio. Therefore, calculations for He-Au, which use a
variety of interaction potentials, electronic stopping for-
malisms, and screening lengths, are shown in Table VI.
Comparison of the experimental data from Table V with
the calculations in Table VI shows that experiment does
not agree with theory under any conditions. Therefore, it
does not seem likely that the input parameters to the
TRIM.SP program are the cause for the disagreement be-
tween theory and experiment.

Tabata and co-workers have developed empirical for-
mulas for the energy reflection coefficient. Preliminary
results are contained in Refs. 29 and 30. The most recent
revision of the formulas along with a graphical presenta-
tion of the predicted value for the energy-reflection
coefficient as a function of incident energy have been
compiled for helium in Ref. 3. Comparison of their pre-
dicted results with our data shows reasonably good agree-
ment for silver, copper, and carbon. Both our data and
the empirical formula indicate less reflected energy for
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TABLE VI. TRIM.SP calculations for energy reflected from
gold under bombardment by He*'. Interaction potentials are
KR-C (krypton-carbon), Moliere, and ZBL (Ziegler, Biersack,
and Littmark). The inelastic loss is described by formalisms due
to Lindhard and Sharff (LS) and Oen and Robinson (OR). A
Firsov screening length (FSL) is used. R (E)=energy reflection
coefficient, R (N)=particle reflection coefficient, and U,=3.8
ev.

Energy (eV) R(E) R(N)

KR-C, 0.5 LS+0.5 OR, FSL

50 0.456 0.679
4000 0.232 0435
Moliere, 0.5 LR+0.5 OR, FSL
50 0.532 0.738
4000 0.237 0.428
ZBL, 0.5 LS+0.5 OR, FSL
50 0.496 0.706
4000 0.244 0.439
KR-C, OR, FSL
50 0.420 0.645
4000 0.221 0.419
KR-C, OR, FSL
50 0.496 0.715
4000 0.226 0.429
KR-C, 0.5 LS+0.5 OR, 0.8 FSL
50 0.392 0.629
4000 0.200 0.400

silver than is predicted by the TRIM.SP calculations.
However, considering the possible uncertainties in the ex-
periment (2%) and theory (3% —-6%), the agreement is not
bad. For copper the empirical and TRIM.SP calculations
are within experimental uncertainty equal to the experi-
mental results. For carbon the empirical formula,
TRIM.SP calculations, and experimental results are all in
agreement. For silicon the empirical formula and
TRIM.SP calculations are in agreement, while the experi-
mental results indicate more reflected energy than pre-
dicted. For gold the predictions of the empirical formula
lie between the TRIM.SP calculations and experimental re-
sults. It is interesting to note that the empirical formula
and experiment are in reasonably close agreement for
4000-eV helium on gold, but digress at lower energy.
Could the data be influenced by surface roughness?
This is a difficult question to answer experimentally.
Most of the ion-substrate systems reflect more energy
than predicted. Multiple scattering due to surface rough-
ness would, however, lead to the opposite behavior. Dur-
ing the course of an experiment, part of the sample is
sputtered away. From optical reflectivity measurements
it was clear that the sample surface was roughened dur-
ing the sputtering. Repeating ion-energy-transfer studies
under identical conditions for samples that have been ex-
posed to various ion doses showed that the data were
reproducible within 2%, i.e., the influence of surface
roughness on the experiment is very minor. We, there-
fore, tentatively conclude that surface roughness does not
in general account for the differences between the experi-
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mental data and simulation.

Could the data be influenced by ion channeling? Ion
bombardment of single-crystal or polycrystalline silicon
is expected to produce an amorphous layer at the surface.
Therefore, channeling should not be important for this
system. It is also probably unimportant for carbon.
However, deposition of copper, silver, and gold produces
polycrystalline material with preferred orientation. In
our opinion it is possible but not probable that channel-
ing influences the data at these small energies.

VI. SUMMARY

This paper gives a comprehensive set of calculated and
experimental values for the energy deposited into carbon,
silicon, copper, silver, and gold surfaces by Het, Ar™,
and Xe™ ions at normal incidence with kinetic energies in
the range 100—4000 eV. The dependence of energy depo-
sition upon ion and substrate mass and ion energy is
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about that expected from previous work. The experimen-
tal trends are reproduced by the calculations which sug-
gest that the binary-collision approximation is a reason-
able approach for semiquantative estimates. Neverthe-
less, there are some quantitative differences in the abso-
lute values, particularly at low incident ion energies and
large mass ratios. Arguments and data are presented
which suggest that the differences between experiment
and simulation are not due to input parameters used in
the calculations or due to surface roughness influencing
the experimental results. It was not possible to demon-
strate scaling laws with reduced energy or mass ratio.
The scaling laws are probably operative for larger in-
cident energies than those used in these experiments.
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