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In conjunction with our experimental work on saddle ficld ion sputtering, we have
attempted to apply the Monte Carlo program TRIM (TRansport of Ions in Matter) to
calculate the sputter yields for a variety of noble gas sputtering applications. Comparison
with experiments are shown. Information extracted from these analyses have proved useful
in optimizing the experimental sputtering parameters. Calculated sputter yields obtained
utilizing TRIM are presented for noble gas sputtering of a variety of materials common to

nuclear target production.
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1. Introduction

In our work on the preparation of nuclear targets for heavy-ion experiments using
saddle field ion sputtering of various target materials with noble gases [1], it is useful to
know how the sputtering parameters vary so as to maximize the use of the expensive
isotopic material employed. To this end we have attempted to calculate this information
using the Monte-Carlo program TRIM (TRansport of Ions in Matter) [2]. The calculations
provide direction for the physical set-up of the experimental sputtering apparatus based
upon optimized values for the various sputtering parameters. We are not attempting a
rigorous formalism, but instead, merely a guide as to what should work best for a
particular sputtering application.

2. The TRIM Program

The TRIM program calculates the penetration of ions into solids and is based on
the original work of J. Biersack on range algorithms [3] and J. Ziegler on stopping theory
[4]. We will not attempt to present detailed source code or explanations of the various
routines except those pertaining to the present sputtering calculations. The program itself
is extremely simple to execute with user friendly input screens and visual displays of the
interacting ions within the target. TRIM is a DOS application requiring the standard 640k
memory and a math co-processor chip. In the Windows environment, we run TRIM in the
background, allowing the use of the computer while the calculations are being performed.
We are using TRIM Version 92.12.

When the TRIM program is invoked it will ask which type of calculation is
requested. For our purposes here we wish the detailed sputtering calculations. Next it will
prompt the user as to what kind of graphics (if any) to plot on the screen. The input
parameters required for TRIM calculations include the incoming ion, its energy (from 10
eV to 2 GeV/amu) and incident angle into the target, the composition of the target, which
may contain compounds and up to three layers of differing materials and the thickness of
each layer. The calculations may be carried out indefinitely, we however chose a maximum
of 1000 incoming ions for all the calculations presented here. Observations of the
outputted sputter yields show this to be adequate for reproducible results. Special
treatment may be requested for the ions and target atoms leaving the target. Again we
choose to have TRIM create a datafile of the energy and trajectory of the atoms sputtered
from the target.

The program then begins the calculation with an incoming ion as it enters the
target, and all kinetic phenomena related to the ions energy loss within the target. The
target atom cascades are followed in detail including those which are sputtered from the
surface. The display on the computer monitor consists of the chosen input parameters and
plots showing the ion trajectories within the target. For increased speed these plots are
normally turned off. Also shown on the screen is the number of ions the calculations have
followed so far and how many are transmitted or backscattered. Finally the sputter yield




for the ion/target combination is given as atoms/ion and the energy in eV/atom of the
sputtered target atoms.

3. Sputtering Calculations

Sputtering is defined as the removal of near-surface atoms from the target. In this
case whenever a atom from a cascade within the target has an energy greater than the
surface binding energy of the target material and a trajectory which crosses the plane of
the target surface. The surface binding energy of an atom to the surface of the target
material is difficult to calculate, so as an estimate, the heat of sublimation for the target
material is used. Although this value for the surface binding energy may be determined, in
discussions with P. Sigmund [5], using the heat of sublimation proves to be a valid
assumption. The sputtering calculation gives as output the sputtering yield, which is
defined as mean number of target atoms sputtered per each incident ion. We are not
attempting a detailed theoretical approach to the phenomena of sputtering, we will leave
that to the theorists. We give here the description of the sputtering calculations supplied
with the source code for TRIM.

During sputtering, only those cascades which reach back to the surface of the
target give rise to the sputtering yield. Therefore it is adequate to use a thin target layer
for the simulations. Although we input a thickness of 1.5 mm which is, on the average, the
thickness of the metal foils we employed in our experiments [6], for the target “window”
inputted to the program it is recommended for heavy ions, to use 40 to 50 A target
thickness. This reduces the time spent calculating those cascades which do not reach back
to the surface, and therefore do not contribute to sputtering. For light ions where
backscattering may occur from deeper within the target, thicker target thicknesses of 300
to 500 A is adequate. The backscattered ions will cause sputtering when they exit the
target surface. For the initial simulations for the noble gas ions of argon and krypton
which were employed in these experiments a target thickness of 50 A was used.

‘ Finally, the sputtering yield is highly dependent on the surface binding energy
which, for real surfaces, changes under ion bombardment due to the surface roughness. As
the sputtering involves mainly the first monolayer of the target, for heavy targets (i.c. Ni
or heavier), the energy loss of the target atom traversing this monolayer approaches the
surface binding energy so that changes in the surface roughness on this order may change
the sputtering yield. This sensitivity of sputtering yield to the surface binding energy may
be plotted during the program calculation.

More recently J.P. Biersack along with W. Eckstein have written a sputtering
version of TRIM which takes into account more specific details of the sputtering process,
distinguishing between primary and secondary collisions. Also treated specifically are
energy and total angular distributions for ions of non-normal incidence. Although the more
detailed sputtering parameters available from the TRIM.SP program [7] would be useful
for the study presented here, we do not have access to this computer code at present.




3.1  The dependence of the sputtering yield on the energy of the noble gas sputtering
beam

As the energy of the incident ion increases from zero to some finite value where
enough energy is available from the collision to allow the target atom to leave the surface,
sputtering may then occur. This threshold energy depends upon the particular ion-target
combination. The sputtering yield initially exhibits a quadratic dependence on the incident
ion energy, and at higher energies, approaches a maximum. At even higher energies the
sputtering yield actually decreases as the incident ion penetrates the target much further
and collisions with the target atoms occur too deep to reach back to the surface.

As an initial first check of the sputtering calculations, a comparison study was
conducted exploring the energy dependence of the noble gas ions on the sputtering yield
from nickel and gold targets. For this study TRIM calculated the sputter yield from these
targets using argon and krypton ions for energies from zero through 45 keV. In
magnetron sputtering which employ plasmas for ionization [8], the sputtering ions impinge
upon the target normal to the surface or at zero degrees for these calculations. In our
experimental arrangement [9] we use focused ion beam sputtering from a saddle-field ion
source positioned at 60 degrees with respect to the normal. The sputtering yields were
therefore also determined for ions incident to the target at an angle of 60 degrees. In
Figure 1a and b we plot the sputtering yields for argon and krypton ions respectively, on
nickel and gold targets as a function of energy. Calculations are shown for ions incident at
zero and 60 degrees. Measurements carried out in our laboratory are presented as well as
comparisons from previous work on these same ion-target systems [10]. As shown in
these plots, the calculations obtained using TRIM compare favorably with the
experimental data.

3.2 The dependence of the sputtering yield on the angle of the incoming sputtering
beam

. The dependence of sputtering yield on the incident ion angle is well known. This is
not surprising as the incident ion must impart to the target atom a velocity with a
component in the outward direction from the surface in order for that particle to be
sputtered. This velocity component increases at incident ion angles away from 90 degrees.
The general rule for this dependence was first given by Molchanov and Tel’kovskii [11] by
the relation

So
Se =
cos 0

where S, is the sputter yield at normal incidence.

Having satisfied ourselves with an initial understanding of the program results and
success with the energy dependence study, we now embark upon an investigation of the
dependence of the sputtering yield on the angle of the incoming ion beam. As was ‘




previously mentioned, we employ, in the preparation of nuclear targets, a focused ion
beam sputter gun which is positioned at an angle of sixty degrees with respect to the
normal to the target surface. We would like to determine the optimum angle for mounting
the source so as to maximize the yield as in most instances the sputtering target is
comprised of precious separated isotope. The sputtering process is dependent on the
species and energy of the sputtering ion as well as the angle of incidence. There is also a
variation of the sputter yield with the target material. Therefore, for our investigations into
the angular dependence of the sputter yield we once again perform the calculations for
combinations of argon and krypton ions incident on nickel and gold targets this time ata
fixed energy of 6.8 keV. This energy was chosen as the manufacturer of the sputter source
has determined that the actual energy of the ion exiting the source is 85% of the voltage
potential within the source [12]. For our experimental data the source was operated at

8 keV.

We show then in Figure 2 plots of the sputter yield vs. angle of the incident ion for
the four ion-target systems chosen. The sputter yield shows an increase with angle away
from the normal which reaches a maximum between 65 and 70 degrees. Included in the
plots along the right side y-axis is the number of backscattered ions as a function of the
incident ion angle. Clearly as the angle of the incoming ion beam approaches 90 degrees
with respect to the normal (zero degrees) a high percentage of the ions are merely
backscattered and therefore cannot participate in the sputtering of target atoms. So there
is some trade-off as to the positioning of the sputter source for maximum yield. In our
experimental apparatus the source is mounted at an angle of 60 degrees with respect to the
normal which turns out to be a good choice.

3.3 The angular distribution of sputtered particles

The angular distribution of the atoms sputtered from the target is also dependent
upon the angle and energy of the incident ion beam. For normal incident ion beams of
intermediate energy, the distribution of the sputtered particles has been shown by
Andersen [13] to be cosine in nature. The distributions calculated by TRIM are assumed
" to possess a cylindrical symmetry perpendicular to the target surface about the point of
ion impact. For non-incident ion beams this symmetry breaks down. Not withstanding we
attempted to extract the angular trajectories of the target atoms sputtered from the surface
using TRIM in order to get a feeling for the shape and direction of the sputtered particle
distribution.

During the execution of the TRIM program one may request that a data file be
constructed which contains information on the sputtered particles leaving the surface of
the target. Included within this datafile is the number, final trajectory and energy of
sputtered atoms. A modified version of the BASIC program TRANSMIT.BAS which is
included with TRIM was written to analyze the energy and angle of the sputtered atoms
and calculates a statistical distribution. The output of this program (SPUTTER.BAS) is
entered into a spreadsheet for further analysis and polar plotting. A sample run using
TRIM to calculate the angular distribution of nickel atoms sputtered by 1 keV hydrogen




ions incident on the target at an angle of 70 degrees, was performed and the resulting
polar plot compared with that obtained using TRIM.SP [7]. The plots compare favorably
in trajectory of the sputtered particles with the TRIM.SP results giving a somewhat wider
angular distribution.

Our apparatus confines us to energies below 10 kV and we prefer to operate at a
source potential of 8 kV which gives rise to a actual ion beam energy of 6.8 keV as given
earlier. For our purposes we will employ noble gas ions, primarily Ar and Kr incident to
the surface at 60 degrees with respect to the normal. Using now these parameters, a series
of calculations were performed using TRIM for Ar and Kr ions on a wide variety of
elements common to nuclear target preparation. In Figure 3 we show polar plots of the
angular distribution of sputtered Ni and Au atoms using 6.8 keV argon and krypton
beams. These distributions show a forward direction and a maximum of approximately 30-
36 degrees relative to the normal to the target surface. For our experimental set-up, the
collection of the sputtered material is accomplished on a target backing foil which is
positioned 30 degrees relative to the normal so as to maximize the collection efficiency.

Because of this forward asymmetry, the exact shape of the distribution is difficult
to visualize. The breakdown of the cylindrical symmetry which occurs for non-incident ion
beams gives rise to azimuthal distributions of the sputtered particles which are not
provided by TRIM. Biersack and Eckstein show an azimuthal distribution for 1 keV H
atoms incident at an angle of 80 degrees on a nickel target [7]. The sideways spread in
sputtered particles extends to greater than +/- 30 degrees from the forward direction. For
our experiments, a determination of this azimuthal distribution would provide a better
value for the efficiency of collection of the sputtered material. For our purposes here, only -
a knowledge of the forward directed angle of the distribution is necessary for the optimal
placement of the backing foil used to collect the sputtered particles.

4. Experimental Results

In our laboratory, for the preparation of the nuclear targets needed for heavy-ion
accelerator based physics experiments, we employ focused ion beam sputtering as one
method of production [1]. The compact sputter source contains a specially shaped central
anode which produces a saddle field ionization of the gas used. For our purposes here, we
will discuss operation of the sputter source using the noble gases argon and krypton. A
series of depositions were made involving a number of elements used for nuclear targets.
Comparisons may be made with the results calculation using TRIM by making a
measurement of the ion beam current together with geometrical considerations of the
target deposition.

4.1  Description of the saddle-field ion source

For the measurements included here, we employed a Model B21bW wide beam
sputter gun {14] obtained from the VCR Group, San Francisco, CA 94080, USA. The




source is designed to operate at levels up to 10 kV with beam currents as high as 250 pA.
This water-cooled sputter gun is mounted in an aluminum holder positioned at an angle of
60 degrees with respect to the normal to the sputter target surface. A photograph of the
experimental apparatus is shown in Figure 4. As shown earlier this is approximately the
optimal angle so as to maximize the sputter yield. The distance from the source to the
sputter target is adjustable along aluminum rails which maintain this angle. The sputter
source to target distance is 5 cm. '

The substrate, upon which the sputtered material is collected in order to prepare a
target, consists of a suitable backing foil mounted on our standard ATLAS target frame.
This substrate is positioned approximately 2 cm above the sputter target. The short
distance increases the collection efficiency, making it possible to produce targets using
small amounts of enriched isotopic source material. The backing foil is placed on a
aperture mask facing the sputter target at an angle of about 30 degrees with respect to the
normal. This being the position used so as to maximize the collection of the sputtered
material. As previously determined for a number of elements common to target
production, the sputter yield reaches a maximum at an average angle of 30 degrees with
respect to the normal. For the determination of the deposition rates presented here, a
small, carefully weighed thin glass disk is employed as the substrate.

4.2 Discussion of beam current measurements

The symmetrical geometry of the saddle field ion source produces in addition to
the sputtering beam, a rear directed beam which is collected by an aluminum monitor
plate. The beam exits through the 1.5 mm diameter rear cathode and impinges upon this
electrically isolated current monitor allowing a determination of the ion beam current to be
made. The measured beam current does not take into account the neutral component of
the true beam intensity since the neutral particles are not detected by the current monitor.
For our sputter rate measurements given here, the total beam intensity must be derived as
the neutral particles incident on the target also contribute to the sputtering yield [15].
Using the published ion current and neutral component measurements supplied with this
saddle field sputter gun and extrapolating to the applied source potentials used in our
experiments, we estimate the neutral component of the total beam intensity to be on the
order of 20%. Figure shows a plot of ions + neutrals vs. accelerating voltage extrapolated
to 10 kV.

The normal operating parameter for this wide beam sputter source was an
accelerating potential of 8 kV. Maintaining a partial pressure for the noble gas used of
1-2 x107° torr Ar or Kr within the source gives rise to a plasma current of 2 mA. Under
these conditions, the ion currents achieved varied between 40 and 50 pA averaged over
the one hour duration of the deposition measurements.

4.3  Comparison with calculations




For a comparison with the simulations obtained using TRIM, values for the
experimental sputtering yield must first be derived. From our experimental depositions and
adopting the erosion rate calculations of Maier [16] we derive a value for the experimental
sputter yield using the equation

chp = R
37.32* M*1,

where R is the erosion rate of the material and M is the mass of the species being
sputtered. The total beam intensity, I, is given in mA and is derived from the measured ion
beam current and modified to include the neutral component.

In order to derive the erosion rate R, we use the measured average film thickness
condensed per hour, T which is given in units of pg/cm® h.

R=nD> T
4n

The diameter of the measured deposit, D is equal to 0.953 cm in our experiments.
Maier assumes a cosine distribution for the sputtered atoms, with the efficiency given as

n=1-__k
(h*+D?/4)

where for our geometry h is equal to 2 cm. In the experiments conducted by Maier

N = 12.3 % and for our geometry this collection efficiency would calculate to 5.3 %,
again, assuming a cosine distribution. As we have shown, the sputtered particle
distribution exhibits a forward direction due to the non-incident ion beam. This non-
incidence of the ion beam brings into question the assumption of a cosine distribution for
the sputtered particles. This forward asymmetry also produces a azimuthal distribution of
sputtered atoms. A more exact determination of the collection efficiency for our
experiments requires knowledge of the angular distribution of the sputtered particles
including the azimuthal component. We choose an efficiency of 10 % as a reasonable
value for 1 until a detailed examination of the total angular distribution can be determined.

Given now the experimentally determined sputter yields for a number of elements
used in target production and obtained using sputtering beams of the noble gases argon
and krypton, we show in Tables I and II the comparison with TRIM calculations. For the
calculated sputter yields, the energy of the sputtering beam was 6.8 keV and the incident
angle 60 degrees. The simulations were done within a surface target layer 300 A thick
which takes into account the oblique incidence of the incoming ion beam. The TRIM
calculations were carried out for 1000 incident ions.

We find close agreement for many of the ion-target combinations shown. In some
instances it appears that the calculated yield is much higher especially in the case for argon




on zinc. We must once again stress that modeling done within TRIM doesn’t take into
account the surface erosion of the sputter target. For the zinc we attribute this to its heat
of sublimation which is the value TRIM is using as an approximation to the surface
binding energy.

s. Conclusion

In conclusion we find that a better understanding of the sputtering process in the
production of nuclear targets has been achieved using the simulations provided by TRIM.
Optimization of the experimental parameters used in our laboratory will lead to higher
sputter yields and efficiencies regarding the use of enriched separated isotope. The yields
derived for noble gas sputtering using TRIM compare favorably with the experimental
data. Detailed calculations on specific systems may be further explored using this

computer program.
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Tables

Table I - Table Experimental Sputter Yields using 6.8 keV argon ions incident at an angle
of 60 degrees relative to the normal to the surface of the sputter targets as
compared to Calculated Sputter Yields using TRIM. The targets were comprised
of elements common to the preparation of nuclear targets

Table I I - Table Experimental Sputter Yields using 6.8 keV krypton ions incident at an
angle of 60 degrees relative to the normal to the surface of the sputter targets as
compared to Calculated Sputter Yields using TRIM. The targets were comprised
of elements common to the preparation of nuclear targets

Figure Captions

Figure la. Plots of the calculated Sputter Yield vs. Energy of argon ions at zero and
60 degrees using TRIM. Experimental data points from the present work
and comparisons with previous work are also plotted.

Figure 1b.  Plots of the calculated Sputter Yield vs. Energy of krypton ions at zero and
60 degrees using TRIM. Experimental data points from the present work
and comparisons with previous work are also plotted.

Figure 2a. Plots of the calculated Sputter Yield vs. Angle of the 6.8 keV argon ions
incident on nickel and gold sputtering targets using TRIM. Also included is
the calculated Backscatter Ions vs. Angle. The curves have been fitted and
smoothed.

Figure 2b. Plots of the calculated Sputter Yield vs. Angle of the 6.8 keV krypton ions
incident on nickel and gold sputtering targets using TRIM. Also included is
the calculated Backscatter Ions vs. Angle. The curves have been fitted and
smoothed.

Figure 3a. Polar plots of the Angular Distribution of the nickel and gold sputtered
atoms by 6.8 keV argon ions incident at 60 degrees relative to the normal
to the surface.

Figure 3b. Polar plots of the Angular Distribution of the nickel and gold sputtered
atoms by 6.8 keV krypton ions incident at 60 degrees relative to the normal
to the surface. ' ‘

Figure 4. Photograph showing the B21bW Wide Beam Saddle Field Ion Source and
experimental sputtering set-up.




Table |

ARGOIN

Target Experimental
Foil Yield

(atoms/ion)

Calculated
Yield
(atoms/ion)




Table i

EKRYPTON

Target Experimental Calculated

Foil B Yield Yield

(atoms/ion) (atoms/ion)
C 1.42 2.52
Mg 16.09 , 11.78
2731 11.16 8.39
Ti 7.28 6.84
Cr 13.24 14 .48
Fe 18.71 14.77
Ni 17.80 17.51
Cu 26.48 22.92
Zn 49.63 54 .59
Mo 8.99 9.58
Ag T 28.98 24 .54
Sn 20.03 14.32
W 10.60 8.26
Pt 14 .56 13.19
197ay 20.60 18.93
Pb 21.66 14.92
209g; 22.04 12.87
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