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Ion-surface collision studies at low kinetic energies (1-100 eV) provide a unique opportunity for investigating reactions and
collision dynamics at surfaces. A special ion optics system for generating an energy- and mass-selected ion beam of this
energy is designed and constructed. An ultrahigh vacuum (UHV) reaction chamber, in which the ions generated from the
beamline collide with a solid surface, is equipped with Auger electron spectroscopy (AES) and thermal desorption spec-
trometry (TDS) as in- situ surface analytical tools. The resulting beam from the system has the following characteristics: ion
current of 5-50 nA, energy spread <2 eV, current stability within + 5%, and unit mass resolution below 20 amu. The perfor-
mance of the instrument is illustrated with data representing the implantation behavior of Ar* into a graphite (0001) surface.

Introduction surfaces is a newly developing area where new experimental
data, interpretations, and model calculations are constantly

The dynamics of atomic and molecular collisions on solid emerging. Especially, the interaction with surfaces in the low
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energy (<100 eV) region is of special interest to chemists
since it falls into energy range of chemical reactions. Su-
personic molecular beams of thermal energy (below 1 eV)
have been successfully used to gain insight into the micro-
scopic mechanisms of inelastic scattering, trapping, and
chemical reactions on surfaces.! In the hyperthermal energy
region, however, few experimental works have been carried
out because the highest energy attainable by a seeded
molecular beam technique is limited below a few eV.2 Ion
beams are required in order to gain access to this region as
the ions can be accelerated to any desired energy. However,
there exists an experimental difficulty in transporting and
focusing low energy (<100 eV) ion beams due to the beam
divergence resulting from the space charge effect. Most of
the ion beam studies to the present have been carried out at
higher energies for such reasons, major efforts being put in
ion scattering spectrometry (ISS) in keV regime® and ion im-
plantation®® (MeV region). Now that the reactive ions of
<100 eV have become available, the area of low energy ion-
surface interactions is fast growing as a unique method to
study gas-surface reactions and its recent progress has been
reviewed®.

In our laboratory an instrument which meets the require-
ment for the study of low energy ion-surface interactons has
been developed. This paper describes its construction and
performance in detail. Because of the selectivity and speci-
ficity of the mass—- and energy-selected ion beam for induc-
ing surface reactions, this type of the instrument promises to
be versatile for investigating many areas in ion beam rese-
arches: thin film deposition’, chemical reactions at sur-
faces®™ !9 low energy ion scattering'™'? direct recoil spec-
trometry (DRS)23, low energy sputtering**'?, chemical sput-
tering or dry etching'®’, passivation of metal surfaces'®19,
detection of intermediate states during surface reactions?,
and distinction of isomeric ions by surface-induced dissocia-
tion (SID)?.

Instrument

General Description. The present system for the study
of reactive ion beam-surface interactions mainly consists of
a beamline which generates a mass- and energy-selected
reactive ion beam and a UHV chamber in which ion-surface
collision and in-situ surface characterization are carried out.
The overall appearance of this system is presented in Figure
1.

The operational scheme is as follows. Gases are admitted
into the source to generate ions, which are then extracted
from the source and accelerated to a beam transfer kinetic
energy. The ionic mixture in the beam is mass-selected by a
velocity filter. The mass filtering of the ions is followed by
12° deflection to remove fast neutrals emanating from the
neutralized ions. Just before the collision to the target sur-
face, the ions are decelerated to a desired kinetic energy.
Finally, an ion flux with a narrow kinetic energy distribution
is directed onto the target surface. The reacted surface is in-
vestigated by Auger electron spectroscopy (AES) and ther-
mal desorption spectrometry (TDS).

Reactive lon Beamline. The schematic representation
of the beamline and its associated electric circuitry is shown
in Figure 2. In the followings the components of the beamline
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Figure 1. Side view of ion beamline and UHV chamber. The com-
ponents labeled are: (1) ion source, (2) beamline vacuum housing, (3}
Wien velocity filter, (4) oil diffusion pump with LN; trap, (5) ioniza-
tion gauge, (6) gate valve, (7) 12° deflector, (8) turbomolecular
pump, (9) UHV chamber, (10) viewport, (11) Residual Gas Analyzer
(RGA), (12) nude ionization gauge, (13) 180° hemispherical energy
analyzer, (14) Auger electron gun, (15) electron beam shielder, (16)
leak valve, (17) long travel sample manipulator, (18} turbomolecular
pumping port (backside), (19) sputter ion gun port (backside).

will be described in detail along the ion travel path, i.e., from
the ion source to the target. Gases to be ionized are leaked in-
to the ionization chamber of the source through a variable
leak valve (Granville Phillips), maintaining a discharge
pressure of a few Torr. Colutron ion source, which is an elec-
tron impact discharge type, is used for ion production. Ions
in the resulting plasma are extracted through a small aper-
ture at the anode of the source 0.5 mm diameter). lons are
subsequently focused and accelerated to a beam transfer
kinetic energy (2 keV), in order to minimize the space charge
dilation, by two focusing and accelerating lenses of a tube
shape. Focusing at this stage aims at a 2 mm diameter aper-
ture located just prior to the gate valve by adjusting the
voltages of the lenses and steering plates. The lens geometry
is designed according to an ion optics handbook?.

The beam at this stage contains various chemical com-
ponents and dissociation products. A single ionic species is
required to be chosen for a selective ion-surface reaction.
For this purpose, a Wien velocity filter (Coultron velocity
filter model 600) is inserted in the beam path. It consists of
an electro-magnet, a pair of electrical deflection plates and
guard rings. The deflection plates are mounted between the
two magnetic poles so that the directions of an electric field
and a magnetic field are perpendicular. In this way only the
ions experiencing a balanced force from the electric and
magnetic fields can pass through the filter, resulting'in m/e
selection. The ion focusig effect, which limits the perfor-
mance of the Wien—type filter, has been eliminated in the
current design by introducing guard ring potentials. The
Wien filter has some advantages over sector magnets em-
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Figure 2. Schematic diagram and the associated circuitry of ion beamline. All the components of the beamline are floated at -2 kV with
respect to the anode potential of the source except the extracting, focusing, and decelerating lenses although it is not shown for a simplified
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Figure 3. Potential profile along the beam trajectory.

loyed in previous designs®!%% such as its lower price, com-
p

pact size, and shorter beam travel path.

The ions that pass through the 2 mm aperture are refocus-
ed to the target by an einzel lens. The einzel lens is followed
by a 12° deflector which is designed for the removal of the
fast neutrals that may have survived up to this point or been
generated via collision of ions with the wall. A slit of 5
mm x 10 mm is located after the deflector, followed by two
pairs of steering plates for correcting the beam direction.

Up to this point, the ions are transferred with a beam
transfer kinetic energy. Thus, it is necessary to decelerate
the ions to a desired collision energy. This is done just before
striking the surface, z.¢., in as short a distance as possible, in
order to obtain a high ion current. The final collision energy
is defined as the difference between the anode potential (ion
source) and the ground potential (target). Figure 3 illustrates
the above mentioned potential profile along the beam trajec-
tory. lons are transferred with a kinetic energy of 2 keV after
being extracted from the source. Therefore, all the com-
ponents of the beamline are floated at -2 kV with respect to
the anode potential except the extracting, focusing, and
decelerating lenses.

The gate valve with O-ring seal serves to block the ion
beam, when the beam is not in use, without turning off the
source, as well as to isolate the vacuum chamber from the
beam line. However, the ground potential applied to the
valve disturbs the original beam trajectory. So the ground
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Figure 4. Top view of the UHV chamber and the attached com-
ponents. A and B represent the sample positions for the beam ex-
posure and AES analysis, respectively.

potential region is minimized by attaching a pair of large
disks at the terminals of the cylindrical tube and the einzel
lens as can be seen in Figure 2. The disks protrude into the
gate valve as close as possible from both sides, thus preven-
ting the disturbance of the field free path effectively.

The design of final deceleration lens is the most difficult
part of the ion optics system. A single gap geometry® of a
step potential decelerator was first tried, but unsuccessful in
obtaining reasonable ion currents. In order to improve the
ion current, two additional cylindrical lenses are inserted bet-
ween the flight tube and the grounded cap, the final element.
Their optimum bias voltages can be found by tuning to max-
imize the ion current. A 6 mm aperture at the grounded cap
defines the spatial width of the beam. This deceleration lens
protrudes into the chamber, ending at about 1 cm in front of
the target as shown in Figure 4.
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Figure 5. Residual gas components inside the UHV chamber. The
mass spectra are taken: (a) after baking out (2 x 10-9 Torr), (b) im-
mediately after TSP operation for 2 min, and (c) after overnight TSP
operation (3 x 10-10 Torr).

Differential Pumping. The entire system is differential-
ly pumped at four stages in order to reduce the pressure from
a few Torr inside the source to a UHV (~107!° Torr) in the
analysis chamber.

The source region is pumped by a 600 !/sec oil diffusion
pump with a liquid nitrogen trap. A separate diffusion pump
of the same size is attached to the beam transport housing.
The pressure in this region is measured by a Bayard-Alpert
ijonization gauge, the typical pressure in this region being
~2x 107 Torr. The velocity filter is located between these
two diffusion pumps (Figure 1), and its entrance is blocked
except for a 15 mm diameter aperture which serves as a dif-
ferential pumping baffle. A 345 {/sec turbomolecular pump
(TMP) evacuates the deflector region. The 2 mm diameter
aperture between the deflector region and the beamline, with
the other parts being tightly sealed with an O-ring, reduces
the pressure by two orders of magnitude from the beamline
to the deflector region.

The collision/analysis chamber is pumped by a separate
TMP (345 I/sec) and a home-made titanium sublimation
pump (TSP). The 5 x 10 mm slit installed between the UHV
chamber and the deflector region serves for pressure reduc-
tion. The TMP is mounted on a 6” port at the lower stage.
An elbow connection is used in order to protect the pump
from accidental dropping of tiny fractures off the sample
manipulator and other parts. The TSP is attached in the mid-
dle of the elbow as depicted in Figue 4, and the titanium fila-
ment is off the pumping line in order to prevent the direct
deposition of titanium vapor onto the sample surface. The
residual gas components and the performance of the TSP is
shown in RGA spectra of Figure 5. It can be noticed that the
partial pressure of each component decreases with the opera-
tion of the titanium sublimator. The main constituent in this
UHYV environment is hydrogen largely due to the limit of the
H, pumping speed of the TMP. The ultimate pressure attain-
ed by the combination of the TMP and the TSP is 3 x 1071
Torr.

UHV Analysis Chamber. The UHV analysis chamber
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serves as a stage for sample manipulation and in-situ surface
analysis (Figure 1). The entire body is made of 316 stainless
steel with its internal surface electropolished. Copper gas-
kets are used for flange sealing. The chamber has a three
stage (upper, middle, lower) structure along with the top and
the bottom parts. The top view of the chamber with major at-
tachments is presented in Figure 4.

A long-travel precision sample manipulator (Vacuum Sci-
ence Workshop, VSW) is located at a 8” port on the top of
the chamber. The sample is mounted at the end of the mani-
pulator. The manipulator consists of an XYZ translator, a
probe shaft, and a sample stage. It has a capability of long
Z-directional translation (30 cm). By Z-axis translation the
sample position is accessible to the middie stage as well as to
the upper stage. The axial rotation of 360 ° enables the sam-
ple to be positioned at the two focal points (A and B in Figure
4). Daily operation starts at point A for ion beam exposure,
then followed by 180° retation to point B for AES analysis.

Sample heating is done by electron bombardment from a
negatively biased (-2 keV) tungsten filament located behind
the sample. Sample annealing temperature higher than
700°C can be achieved in this way. The temperature is
measured by a chromel-alume! thermocouple.

Located above the target is a Faraday cup which is an
essential equipment for the daily operation of the ion beam.
The Faraday cup is used for locating the ion beam position,
measuring the ion and electron current density, and probing
the spatial beam distribution. It has a small entrance aper-
ture (0.52 mm diam.) through which ions pass into the inner
cup which is shaped to collect all the secondary electrons.
The front face of the Faraday cup is covered with a copper
foil which is conveniently used as a standard material for
AES spectra.

A quadrupole mass spectrometer is attached to the
chamber in order to perform TDS and residual gas analysis
(RGA). The quadrupole mass spectrometer has a
"T*"-shaped geometry that a secondary electron multiplier
(SEM) is located at 90° to the quadrupole filter axis. A nude
ionization gauge for monitoring the pressure in the chamber
is attached to the lower stage along with a variable leak valve
and a 6" pumping port for the TMP. The leak valve (Varian)
provides precisely controlled gas admission with leak rates
as small as 1 x 107'° Torr-I/sec. All of the parts are bakable
to about 200°C using insulated nichrome wires wound
around the whole chamber.

The chamber is equipped with an Auger electron spectro-
meter (AES) as an in-situ surface analytical tool (VSW). The
primary electron beam for inducing Auger process is inci-
dent onto the sample surface at 45° relative to the surface
normal. The ejecting secondary electrons in the direction of
the surface normal are collected and energy analyzed by a he-
mispherical dispersive analyzer (see Figure 4). The primary
electron beam, when not in use, is shielded from the target
by an electron blocking plate attached to a rotary motion
feedthrough so that unnecessary charging and damaging can
be avoided.

The experimental setup of the AES with its circlity is
schematically shown in Figure 6. The electrons that become
monoenergetic by the dispersive analyzer strike the front
surface of a channel electron multiplier. The amplified pulse
signals are then transmitted vie a pre-amplifier to a rate-
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Figure 6. Experimental arrangement for Auger electron spectros-
copy (AES).

Table 1. Characteristics of Ion Beam

ion source Colutron ion source

(electron impact plasma type)
3~300eV

fixed at 2 keV

40 nA for Ar+ at 100 eV

<2 eV FWHM for Ar+ and Ny+

M/AM =22

kinetic energy
transport kinetic energy
typical ion current
energy spread

mass resolution of the
velocity filter

current stability +5%

beam spot size typically 1~2 mm diameter (variable)

meter where the counting rate (typically 100-200 kcounts/
sec) is converted into an analog signal. Subsequently, the
analog signal is digitized by an A/DC in the interface unit
which transmits the digital data to an IBM AT personal com-
puter through RS-232C communication. In this way, an in-
tegral spectrum (N(E) versus E) is recorded, which is subse-
quently differentiated numerically by a computer software
program.

Performance of lon Beam

Beam Characteristics. The characteristics of the ion
beam are summarized in Table 1. The ion kinetic energy is
variable from 3 to 300 eV. In Figure 7 the plot of Ar* ion cur-
rent versus the beam energy is presented. Below 40 eV the
current starts to decrease slowly with decreasing energy,
while above this value it remains relatively constant. The
Ar* ion current at 3 eV is about ~6 nA. Below this energy, it
is usually difficult to obtain a significant amount of current
density. A current of ~20 nA at 100 eV is routinely available
and a current of up to~50 nA can be obtained in a good con-
dition. From other gases (N,, He, Kr) similar current inten-
sities are obtained. The ionization of N, gives rise to two
ionic species, N,* and N*. The dissociated species N* gives
an intensity about one order of magnitude lower than that of
N,*, in accord with the reported electron impact ionization
cross sections for N* and N,*.24
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Figure 8. Mass spectrum of N3+ resolved by the Wien velocity fil-
ter. The mass selection is done by varying the magnet current while
the deflection plate voltages are fixed.

The mass separation of the beam can be achieved through
the velocity filter with a resolution of M/4M=22. This im-
plies that the separation is possible between C*, CH*, CH,*,
CH,", and CH,* from CH, discharge, not to mention N,*
and N* from N, gas. Figure 8 illustrates the resolving power
of the filter for the N,* beam.

A kinetic energy distribution of a beam is measured by
directing the beam into the energy analyzer operated in a
positive ion detection mode. It can be readily done in the pre-
sent setup because the beam and the entrance slit of the
analyzer are located on the same axis (Figure 4). Typical
energy spectra of N,* and N* are shown in Figure 9. The
energy spread (FWHM) of N,* is ~1.5 eV with a relatively
symmetric profile. N* exhibits a similar energy spread but
the profile contains a significant portion of a high energy tail.
Such an asymmetric energy distribution of N* is qualitative-
ly similar to the earlier result?®. We may consider the follow-
ing mechanisms for N * formation. Process (1) is the dissocia-
tion from an electronically excited N, * yiq repulsive potential
curves exhibiting an appearance potential of 24.3 eV%. Pro-
cess (2) is the two electron ionization of N, followed by Cou-
lombic separation.®>%’
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Franklin and Haney?® have observed a process correspon-
ding to (2), where the N* ions exhibit an appearance poten-
tial of 47.0 eV and a kinetic energy of 4.0 eV. This is in
agreement with the potential curve for N,** (A%11) calculat-
ed by Hurley?. Since the electron impact energy of 90 eV in
the present experiment is well above the appearance poten-
tials of both processes, we consider that the higher energy
fragments are the consequence of the process (2). For Ar*
and He* the energy spreads are ~1.9 eV and ~4 €V, respec-
tively. The larger broadening for He™ seems to result from
more severe source discharge conditions (higher gas pres-
sure, filament current, and electron impact energy) required
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to maintain the helium discharge.

The beam currents are stable within +5% over half an
hour. Since most beam exposures in our experiments dre
shorter than 10 minutes, this stability is sufficient. The final
spot size of the beam can be varied to give either focused or
defocused beams by tuning the einzel lens. The spatial distri-
bution of the beam is measured by translating the Faraday
cup, one example being shown in Figure 10. A spot size of
our favorite choice is~2 mm.

Application to Ar* Implantation into Graphite. As
an example of the performance of this instrument we descri-
be here our study of low energy (<300 eV) Ar* ion implant-
ation into a graphite (0001) surface. This system was chosen
based upon the following considerations: (1) the interaction
involving Ar* (neutralized near the surface®) is purely phy-
sical van der Waals type, and therefore the simplified binary
collision approximation may be appropriate, (2) graphite has
a high potence to accomodate guest atoms between its
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layers, (3) at low energies the number of lattice atoms dis-
placed during the collision is much less than at normal im-
plantation energies (MeV). For such reasons, the graphite-
noble gas ion system is a good candidate for studying phy-
sical implantation in a well defined situation. Furthermore., it
is expected to form a prototype for future investigations on
more complex reactive ion-surface interactions.

The implanted Ar concentration is measured as a function
of ion dose. The clean surface is exposed to an Ar* beam at
increasing doses, the implanted amount being monitored by
AES between each dose. Figure 11 shows the Auger spectra
for the clean and Ar* implanted graphite surfaces. The AES
lineshapes are consistent with other reports from a single
crystalline graphite.® The line shape remains unchanged
upon the ion bombardment, indicating that structural dam-
age is not severe,

The dose dependence of Ar concentration at five different
impact energies are shown in Figure 12. The curves have a
general shape which is convex upward, reaching a plateau at
a saturation dose. At all energies the onset of saturation oc-
curs at a dose of ~2.0 x 10'® jons/cm?. At lower doses the ion
impact leads either to trapping (implantation) or scattering
into vacuum. The slope of the curve at a zero dose yields an
initial trapping probability, the ratio of the number of trap-
ped species to the number of incoming ions. As the lattice
sites become occupied with Ar, a self-sputtering process, the
ejection of the trapped Ar by Ar* impact, starts to compete
with the trapping process. At a saturation dose the rates of
trapping and self-sputtering become balanced, yielding an
apparent trapping probability of zero. Such a behavior can be
described by an exponentially rising curve (eq. 1) derived
from a site—filling model®,

N() =Mac[1_ex9(—dapp¢t)]

where N, is the saturated concentration, o4y iS the apparent
trapping cross section, and ¢ is the ion flux density. The
curves shown in Figure 12 are the fits to this form. As can be
seen from the figure, the initial trapping probability in-
creases with the impact energy, which may be interpreted to
result from the increasing efficiency for C-C bond breakage.
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