Industrial Gridless
Broad Beam lon Sources
and The Need For Their

Standardization

PART 3

Fort Collins, CO

This article “Industrial Gridles Broad
Beam lon Sources .. consists of 4 parts.
Part |, published in the April 2009 issue of
VT&C consisted of the “Introduction” and
“Closed Drift lon Sources. Part 2 is "End-
Hall lon Sources”. Part 3 covers “Non-
Traditional lon Sources” and “Linear lon
Sources”. And, Part 4 covers “Hall-Cur-
rent lon Sources Basic Operation Param-
eters Problems and Solutions” and “The
Need for Standardization of lon Sources”.

elow there are presented several
B broad beam ion sources that have

design different from the “classic”
closed drift or end-Hall types described in
Part 1 and Part 2 of this article. However,
such sources produce ion beams that can
be utilized in the thin film technology ei-
ther for sputtering, or as ion assist devices,
or for other purposes (stress control, de-
signed or preferred crystal orientation and
bonds, hardness, etc).

It seems that one of the first ion sources
having certain similarities with the end-
Hall type was developed in early 1970es
and its description was published in [46].

In Figure 14. there is presented the
schematic drawing of the Hall-current ion
source for development of low energy
ions, where: 1 is exit area for neutralized
ion beam; 2 is a front flange; 3 is a dis-
charge channel made of dielectric mate-
rial; 4 is an anode connection with a Power
Supply (PS); 5 is a back flange; 6 is cath-
ode with a HF; 7 is a working gas; 8,9, 10
is a system of electromagnetic coils for
non-uniform axial-symmetric magnetic
field distribution in a discharge channel.

Magnetic field in the discharge channel
is sufficient for magnetization of electrons
(et >> 1). At the same time, ions are not
magnetized (w;T; < 1), in the similar way
like it takes place in Closed Drift thrusters-
ion sources. The ion source was operated
in stable conditions with several working
gases, such as Hydrogen, Nitrogen and
Argon, at discharge voltages V,= 150-600

V and with discharge currents I, = 0.15-
1.0 A. Also it was reported that the ion
beam angular divergence was 16° and the
ion beam energy was close to the dis-
charge voltage in eV.




Figure 14. Stationary plasma source of low
energy ions [46]

Figure 15a. Schematic drawing of DynaVac
ion source [47] with peripheral magnetic field.

Figure 15b. DynaVac ion source assembled
with a water-cooled magnetic system [48].

In Figure 15a there is shown the
schematic drawing of the ion source
produced by DynaVac Company [47]. A
photographic picture of this ion source is
shown in Figure 15b. The magnetic field
is made by 40 button-like magnets 30a
and 30 b with the diameter of about 12.7
mm and with a thickness of about 5 mm;
the anode 28 is placed at the discharge
chamber bottom; a working gas 26 is
applied through the holes 17 from under
anode, where in end-Halls usually is
placed a gas distributor-reflector. Magnets
30a, 30b are water-cooled through the
water line 13a, 13b.

The peripheral magnetic field of teeth
like configuration can be described as a
strong alternating magnetic field with the
maximum value at the upper part of the
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Figure 16. “Cold cathode” ion source of Denton Company [49]. Main parts: 16 — internal
magnetic pole serving as a “cold” cathode; 14 — external magnetic pole; 26 — permanent magnets;

34 — anode; 40 — Hot Filament.

discharge channel. The discharge in such a
chamber can be considered as discharge
with oscillating electrons and a relatively
high anode area. According to the com-
pany’s advertising information [48], the
maximum applied power into a discharge
channel is 1200 W with the discharge volt-
age range of 150-600 V and the discharge
current from 0.5 to 7 A. The maximum gas
mass flow is 50 sccm. Willey [SOb] states
that the source has been operated continu-
ously at 1500 W and the discharge currents
up to I;,= 10A. Normal operation is below
V,=300V and about V4 = 90V has been
achieved at the discharge current [;=3.5A.

In Figure 16 there is shown the
schematic drawing of the Denton com-
pany ion source having a circular anode
34 surrounded by magnets 26 [49]. This
source is called a cold cathode ion source,
but it has a HF Tungsten wire 40 for
discharge ignition, working gas ionization
and neutralization of ions with low energy
electrons.

Typical cold cathode ion sources do not
have any HFs or HCs and usually external
flange, or conducting plates in the
discharge channel used for development
of electrons.

According to independent investiga-
tions [50a, 51] this ion source works quite
well with inert and reactive gases and was
used for certain thin film tasks with mod-
erate discharge currents maximum up

to 2-3 A and the discharge voltages up
to 250-400 V.

This source has a mean ion energy [51]
of E; = (0.4-0.7)-eV, depending on
pressure. At low operating pressures from
(1.5-2.0) - 10-* Torr a mean ion energy is
about E; = (0.6-0.7)-eV; at higherpressures
from about 4 - 10~ Torr its mean ion beam
energy is about E; = 0.4eV,. Also, the
range of pressures for operation is from 1.5
t0 5.5 - 10* Torr.

Despite that this ion source does not
look as regular end-Hall ion source, it
should be considered as the source with
certain main features of the end-Halls. As
one can see, the magnetic field lines are
quite divergent, and the radial component
H, is at the ion source’s exit part [*similar
to end-Halls] and there is a magnetic
strong longitudinal component H,. This
means that it can operate at low discharge
voltages (energies) like the end-Hall. Also,
in similarity with the end-Hall ion source
and presence of a prominent longitudinal
magnetic component that should direct
generated in discharge channel ions not
only into the exit area, but into the opposite
side — into the bottom — the reflector’s side,
and that can lead to its substantial erosion,
similar as it takes place in the end-Hall
with the gas distributor-reflector.

In Figure 17 there is shown the
schematic drawing of a Hall-current ion
source developed by a group of Chinese
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Figure 17. Hall-current-magnetron type ion
source developed by University of Hong Kong
group [52]: 1- discharge channel; 2 — cathode
serving as magnetic pole; 3 — annular anode;
4 — SmCo permanent magnets; 5 — hollow cath-
ode serving as inner magnetic pole; 6 — anode
support post; 7—inner shield; 8 — outer shield; 9
— back shunt; 10 — working gas; 11 — insulator

scientists headed by P.K.Chu [52]. This
ion source has an annular anode 3 and a
cylindrical “cold” cathode 2 that also
serves as an external magnetic pole.

An inner shield 7 and an outer shield 8
designed to make a mirror-like magnetic
field profile in an upper part of a discharge
channel. Because there is no heated cath-
ode with electron emission the source op-
erates more as a closed drift ion source of
anode layer type. Its range of discharge
currents is I; = 0.5 - 4 A, the discharge
voltages range is from V4 =300 —480V;
the mean ion energy E; = 0.5eV, (in eV).

In Figure 18 one can see the ion source
of an ion magnetron type, in which an
electron drift is closed around a magnetic
field direction [*in regular closed drift ion
sources an electron drift is closed around
the direction of acceleration of ions].
Such type of ion source can be used for
processing of cylindrical form targets, in-
side of targets. Also, such type of ion
sources have been used in the Russian
space program for removal of extra posi-
tive charges accumulated on surface of a
space satellite.

In Figure 19 there is shown the
schematic picture of an ion source of
anode layer type. In this ion source, there
are no accelerating electrodes; because of
this, it is possible easy to change discharge
voltage and other parameters. Its principle
is similar to the ion source with an elec-
tron drift around a magnetic field [53].

The combined features of end-Hall and
Anode Layer are in the ion source devel-

Figure 18. Ion Source with anode layer with ion
beam propagating along azimuth: 1 — cathodes;
2 —anode [53]

oped by Belarusian State University [54] is
shown in Figure 20. This ion source in
the end-Hall regime provides an ion beam
currentup to [; » 1.5 A at a mean ion energy
of 30-180 eV (V4= 50-300 V) at pressures
of 7.5 -107-4 -10* Torr with noble and
reactive gases; and in the Anode Layer
“vacuum” regime it has an ion beam
current up to 90 mA with mean ion energy
of 300-2000 eV at pressures of 7.5 - 10--
4 -10* Torr, and an ion beam current up
to 1 A with mean ion energy of 100-250 eV
at pressures of 7.5 - 103-1.5 - 103 Torr.

Despite of the fact that the recent ten-
dency in development of ion sources is a
narrow range of operation parameters for
certain thin film or other vacuum technol-
ogy tasks, such combination of end-Hall
and Anode Layer features can be quite use-
ful for some universities laboratories look-
ing for various ways in the synthesis of new
materials

In Figure 21 there is presented the
schematic drawing of a Hall-current ion
source that can be classified as a variety
of end-Halls [55]. This ion source has a
hollow anode and a cathode on the source’s
axis in a form of a HF. An electromagnetic
coil provides magnetic field value in the
acceleration region about 1500 G. Working
gases are Hydrogen and noble gases with
the mass flows up to about 60 sccm (Hy-
drogen). The maximum discharge voltage
is V4 = 200-600 V; the discharge current
range is I; = 1-5 A. This particular design
has a quite unusual part of the discharge
channel that is so-called the reflector of
electrons 3. As one can see in Figure 21
this reflector is under a floating potential
that is lower than the anode’s 2. The elec-
trode that is under a floating potential helps
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Figure 19. Ion source generating a wedge
like ion beam [44]

to prevent a discharge current exit out of a
discharge channel and to focus a plasma
flow. [*Low-energy high-current ion
sources, in particular MPD sources-
thrusters are notorious for the electric cur-
rent extension outside a discharge channel.

Figure 21. Hall-current ion source for techno-
logical tasks: I-cathode;2-anode3- reflector of
electrons; 4 — electromagnetic coil [55]
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Figure 22. Two-stage ion source with extended
acceleration region [56]

This type of ion source with external mag-
netic filed coils also experienced some dis-
charge current moving outside the ion
source’s front flange.] It also helps to in-
crease pressure in discharge channel and
to reduce the ignition voltage. The HF life-
time was usually about 10 hours.

In certain cases, especially when it is
necessary to have ion beams of light gases
such as Hydrogen and at high energies
over 1000 eV there are utilized two-stage
modifications of anode layer ion sources.
The distinctive feature of such ion sources
is the utilization of two successive anode
layers. The first one is for the development
of ions, and the second one is for the ions
acceleration.

In Figure 22 there is shown the
schematic design of a two-stage ion source
[56], where: 1 is a working gas; 2 is an
anode of the first stage; 3 is a cathode of
the first stage [*serves as anode for the sec-
ond stage]; 4 is a cathode of the second
stage; 5 is a magnetic path; 6 is a cathode-
neutralizer. Both stages are placed in the
magnet’s circular gap with the changeable
pole’s end-pieces. Cathodes and anodes
of both stages are made usually of Molyb-
denum. The first stage anode also serves as
a gas-distributor. The gas-distributor must
provide a high azimuthal uniformity of ap-
plied working gas [*The importance of the
azimuthal gas distribution uniformity will
be specially analyzed in one of our further
publications.]. This is achieved by correct
selection of a gasdynamic resistance of gas
flow applied in to the anode. The gasdy-
namic resistance must be significantly less
than resistance of the holes, through which
a working gas comes in to the discharge
chamber. In the two-stage Anode Layer ion
sources this is achieved by utilization of
large number of holes (about 200) with
small diameter of about 0.8 mm each.

Vacuum Technology & Coating * June 2009

The configuration of a circular gap and
magnetic field are selected from different
requirements. First of all, it is necessary to
provide a magnetic field value correspon-
ding to the theoretical estimations. Second,
it is necessary to find the ion beam opti-
mum magnetic focusing in order to mini-
mize an ion bombardment of the discharge
chamber. It is desirable to place the second
stage behind a magnetic field maximum in
order to have favorable conditions for dis-
charge process, in particular, for accelera-
tion of ions. [* The importance of a positive
magnetic gradient for the Closed Drift
thrusters-ion sources was discussed in our
previous publication [2].] Third, it is nec-
essary to reduce the dimensions of a flight
area with an expanding magnetic field after
the ion source’s exit flange. Because in this
area there can be developed the conditions
for development of an ion beam electro-
static instability. [*This problem will be
also discussed in one of our further publi-
cations. |

In Figure 23 [56] there is shown
the scheme of the multichannel ion source.
The ion source has the common magnetic
system, which is in comparison with an
assembly of the cylindrical Anode Layer
Thrusters-Ion Sources [59] [*Described in
the next chapter of this article] makes pos-
sible to reduce substantially its mass for the
same applied electric power. It was proved
experimentally that all four channels prac-
tically do not influence on each other.

Figure 23. Scheme of a multichannel ion
source [56]

Two-stage ion sources require, in
general, two independent Power Supplies
(PS). Stability of the system significantly
increases when two PS with optimized
external characteristics (with active ballast
elements) are utilized [57].

The operation of a two-stage Anode
Layer Ion Source at low discharge volt-
ages V4 <500V was possible only at prac-
tically complete neutralization of an ion
beam flow. Insufficient neutralization leads
to the increase of an ion beam current to
the magnetic system’s poles [58]. Opera-
tion of ion source at low discharge voltages
V4 =200 - 600 V is also possible with
certain limits on magnetic field and a
working mass flow. In such a case, it is
possible to have a very well focused ion
beam with high stability of all basic
parameters of an ion source.

- —

Figure 24. Single lens stationary (a) and two-lens quasi-stationary (b) Closed Drift ion sources
for high ion beam energies and currents; design and magnetic field distributions along a discharge

channel [59]
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Figure 25. RF ion sources: inductive (left) and capacitive types [60]

There are some technological tasks
that require significantly higher ion beam
currents larger than 10-50 A. For such
cases there was developed the special type
of a Closed Drift ion source, so called a
two-lens [*Magnetic configuration in the
discharge channel sometime called as a
lens, because its design is similar to a fo-
cusing of electrically charged particles by
magnetic field] of a magnetic layer design
[59] operating in the quasi-stationary
regime of operation. This type of ion
source is shown in Figure 24. It is oper-
ated in the quasi-stationary regime with the
pulse duration of t,,. = 5-10 ms, the dis-
charge voltage range is up to V. =4 kV
and the discharge current range is up to
Limx = 2 kA. Magnetic field in the dis-
charge channel is made with changing its
polarity for compensation of the ions az-
imuthal moment at the exit from the ion
source. The ion beam energy and current
measurements showed that the mean ion
beam energy E; ~ 0.7-eV,, and with this ion
sources the ion beam currents I, = 300-
1000 A with the mean ion beam energies
E; = 1200-2000 eV have been obtained.
The unexpected interesting feature of such
a design is that a magnetic focusing in a
two-lens model is more efficient than in the
regular single-lens ion sources.

Such type of configuration can be uti-
lized for certain R&D tasks in Universities
and Governmental laboratories.

Another variety of ion sources is an RF-
type ion source described in [60].

In general, there are two designs of RF
ion sources: the Inductive and Capacitive
types that are shown in Figure 25. Actu-

ally, gridless RF ion sources are quite rare,
but they are frequently used with the certain
design of gridded ion sources.

In the Inductive RF ion source the dis-
charge chamber (usually made of a trans-
parent dielectric material, like quartz, or a
high-temperature resistant alumina, etc) is
surrounded by an RF coil, or Oscillator Cir-
cuit (OC), in which electrons accelerated by
the induced electric field.

In the Capacitive RF ion source the
capacitors electrodes are placed inside the
discharge chamber and electrons are accel-
erated by the oscillating electric field.

Usually gridless RF ion sources operate
at pressures of order of 107 Torr with noble
(Ar, Xe) and reactive gases (O,, N).

RF ion sources are expected to have
lower erosion rates of the discharge cham-
ber. However, the practice shows that such
ion sources at high discharge currents have
their own problems, like deposition of
a discharge channel internal part with con-
ductive materials that gradually reduce
energy transformation into the ionizing
working gas. At this time, there is no any
information about the practical gridless
broad beam RF ion sources that could
operate at high discharge currents reliably
and for long time (hundreds of hours).

Conclusions about
Non-Traditional Ion Sources

One of the purposes of this chapter is
to present not only a review of existing non-
traditional ion sources but to give a certain
perspective to some users and developers of
new and in some cases unusual approaches
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that also can work and produce the ion
beams for varieties of thin film technology.

The described various ion sources show
that it is possible to look for the new ways
in development of ion beams for different
specific tasks. There is still a big room for
inventions and implementations of new
ideas in this field.

Despite that such ion sources are named
here as non-traditional, the DynaVac and
Denton companies ion sources have been
utilized by many users in numerous thin
film processes and quite successfully.

All gridless ion sources described in Part
1 (Closed Drift ion sources), Part 2
(End-Hall ion sources) and in Part 3
(Non-traditional ion sources and Linear ion
sources) have a certain magnetic field from
under 100 G and up to several kG, because
magnetic field is necessary to provide pro-
longation of electrons lifetime in discharge
channel and that electrons would ionize a
working gas and neutralize created ions.
Discharge without magnetic field, as a rule,
goes straight from cathode to anode usu-
ally along a shortest path developing an un-
controllable arc. As it was above discussed,
the magnetic field that magnetizes elec-
trons provides sharp change of a plasma
electric resistance and allows having high
electric fields in plasma volume leading to
high working gas ionization and develop-
ment of positive ions.

For most non-traditional ion sources that
utilized now in the thin film industry we
would recommend to conduct the opti-
mization of major operational parameters
such as the ion beam current I; and energy
E,, aratio of the ion beam current to the dis-
charge current, I/I;, a ratio the ion beam
mean energy to the discharge voltage,
Ei/eV, as function of magnetic field distri-
bution applied in to the discharge channel,
the Volt-Ampere characteristics, for exam-
ple, Vq=1(1,) at certain working gas flows,
or to test an ion source with slightly differ-
ent condition, like V, = f(rn,) for I; =1, 2,
3...5...10 A (if ion source is capable to
sustain high discharge current and the per-
manent magnet will be not overheated).

S.LINEAR ION SOURCES

There are several types of linear broad
beam ion sources: closed drift with
magnetic layer, closed drift with anode

June 2009 ¢ Vacuum Technology & Coating
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Figure 26. First Linear Closed Drift Magnetic Layer Ion Source “racetrack” [61]

layer, and end-Hall type. In some sense,
that is almost exactly the situation exists
with the round type ion sources. However,
there are certain differences in the behav-
ior of linear ion sources in comparison
with the round sources.

The first linear ion source based on the
principle of the closed drift electrons of
the magnetic layer type was suggested
and tested in 1982 [61]. This ion source
is called a “race-track” source and was
about 16 cm long and 4 cm wide. It op-
erated in the following range of main pa-
rameters: the discharge voltages were
from V4 = 200 to 500 V, the discharge
currents were I, = 1.0-4.0 A; the ion
beam current is I; = 0.8-1.8 A; the mean
ion energy is E; = 130-300 eV. The work-
ing gas mass flow (Ar, Xe) is from about
ma = 20-60 sccm for Ar (for Xe is lower
by about 3 times); pressures in vacuum
chamber were p, = 8x107-1x10-3 Torr.
The Hollow Cathode neutralizer is uti-
lized as a source of electrons.

The second linear ion source based
on the end-Hall ion source principles
(magnetic field is at maximum in the
gas-distributor area and decreasing to the
source’s exit) was introduced by K&R
almost together with the cylindrical ver-
sion and was made of three dimensions: 20
cm, 50 cm and 100 cm long. At present
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time these Linear end-Hall ion sources are
produced by Veeco Instruments.

The 50 cm source [62a, 62b] shown
in Figure 27 and can sustain very high dis-
charge currents I; =5 -20 A with Ar, N, and
O, as working gases. The reasonably good
linearity of an ion beam current is observed
at the length of about 40 cm with the linear
ion beam current density equal about ~20—
200 mA/cm. The range of discharge volt-
ages is from V=55 to 150V, and the mass
flow at low discharge voltage is quite high,
up to 200 scem for I; =20 A. Also, two 50-
cm linear sources placed close to each other
can provide about 86 cm length of constant

ion beam linear currents up to about 180
mA/ cm that is quite high value in com-
parison with frequently used now Anode
Layer linear ion sources. These linear ion
sources operate in a similar way as the reg-
ular end-Halls: they produce, in general,
low-energy ion beams from about 30 to 90
eV.

For certain thin film tasks with low ion
beam energies such sources are very good,
but some users want higher ion beam
energies (higher discharge voltages), some
do not want to use a HC cathode-neutral-
izer and some vacuum chambers are not
capable pumping very high working gas
mass flows that are necessary for the end-
Hall linear ion sources.

The third type of linear sources that most
frequently used now is the Anode Layer
type. There are several companies produc-
ers of Linear Anode Layer type ion
sources. They are: Veeco; General Plasma
Inc.; Belorussian State University of Infor-
matics and Radio-Electronics; Applied
Electronics, Tomsk, Russia; Bauman Tech-
nical University, Moscow, Russia; ULVAC,
Japan; and several companies in China and
S. Korea.

Like the cylindrical ion sources, the ad-
vantage of the Anode Layer type linear ion
sources operating in the self-sustained dis-
charge mode is in absence of source of
electrons. However, as it was described in
our previous publication [25], the operation
of ion sources without a source of electrons
leads to substantial increase of a plasma
positive potential generated by an ion
beam. This potential is delivered by non-
neutralized ions on a target, or a substrate.

Tl'ypical ion beam dosage
profileinO ,

=30 20 10

Subtrate Length jem}

L] 10 20 30

50 cm Linear
i : end -Hall Source
N (half -cut away)

Figure 27. 50-cm linear end-Hall type ion source [62a, 62b]. Pictures, Photograph and images

are courtesy of Veeco Instruments, Inc. Ion source shown with a Hollow Cathode and typical ion
beam linear density profile in O, over a flat target at 15 cm from ion source.
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Figure 28a. Veeco’s Anode Layer source ALS 650L [62b]

ALS 1500L

Figure 28b. Veeco’s Anode Layer sources [62.b] in operation: (a) partial view of Veeco’s ALS
340L with operation in Argon (b) Veeco’s ALS 1500L with operation in Oxygen.

Figure 28c. Pointed Pole Anode Layer Linear Ion source produced by General Plasma Inc [63]

Ion beam positive potentials eventually
become neutralized through sparks in
vacuum chamber and on the target and
substrate surfaces. Also, the underneu-
tralized ion beam has a tendency for ex-
pansion.

Veeco’s Anode Layer ion source (ALS
650L) shown in Figure 28a is designed
for either internal or central flange mount
installation. Veeco is focused on electrode

optimization and other design features that
substantially reduce (elemental iron and
chrome) contamination levels on working
substrates that originate from sputtering of
the cathode at the discharge gap as occurs
within most other Anode Layer source
designs. In Figure 28b there are shown
Veeco’s Linear ALISs in action: 340L -
Argon; 1500L - Oxygen.

In Figure 28¢ there is shown a so-called

vtemag @ optonline.net

Pointed Pole Anode Layer Ion Source [63]
by General Plasma Inc that makes nine
varieties of such sources, from 34.5 cm
and up to 338.8 cm of Anode Layer Linear
ion sources, which require working gas
mass flow from about 10 sccm and up to
about 500 sccm. The discharge voltage is
up to 4000 V with the mean ion beam en-
ergy of about 2000 eV. The linear ion
beam current density is several mA/cm.

In Figure 28d there is shown a General
Plasma Anode layer ion source operating
on Oxygen.

In Figure 28e there is shown a 38 cm
linear ion source produced by ULVAC
[64] and in Figure 28f there is shown a
schematic picture of ULVAC ALIS, a dia-
gram of its main parts, and the method of
the ion beam current measurements.

In Figure 28g ULVAC ALIS ion source
is shown in action. One large permanent
magnet of high Curie temperature and
water-cooled is utilized. The range of dis-
charge voltages is V; = 500-3000 V, the
range of discharge currents is I; = 50-300
mA for the Lx-400 type. There are four
different models with various lengths and
applied powers, from about 32 cm to about
160 cm long, from about 450 W and up
to 3000 W. Working gases are Argon,
Oxygen and Nitrogen. It is reported [64,
65] that the ULVAC’s ion sources can
operate in a cumulative mode at quite high
pressures above 7.5 - 107 Torr.

As one can see, from outside the Linear
Anode Layer ion sources made by Veeco,
General Plasma Inc and by ULVAC look
quite similar. However, according to the
specifications, they operate quite differ-
ently. Unfortunately, there is not much of

Figure 28d. General Plasma Anode Layer
Linear Ion source in action operating with Oxy-
gen. (Courtesy of General Plasma company)
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Figure 28e. Anode Layer Linear 38 cm ion
source produced by ULVAC [64]

Anode Cathode
, Placad at a distance 150mm
apart from the ion sourca
Y ok
Gas IN v E‘Eﬁ,ﬁ"zﬁ.‘f’*‘ plae
Discharge Ty
power Beam
supply

] A
2000V/IA T Pemanent magnet sé“r’;;-pump L

Figure 28f. Schematic picture of ULVAC
ALIS; diagram of main parts, and measure-
ment of ion beam current.

\

Figure 28g.. ULVAC Anode Layer Linear lon
source in action operating with Argon [65]
(courtesy of ULVAC company)

scientific publications about physical
processes and operations in such ion
sources [*Except Russian publications
that practically unknown in this country].

For those who make ALIS and who use
them, it is necessary to remember that
ALIS has two main regimes of operation.
The first one is a high-voltage (1000-4000
V) “vacuum” regime with a collimated ion
beam, and it exists at low pressures of
working gas of Py, < 103 Torr; and the
second one is a comparatively low-
voltage (500-1000 V) regime with a
highly spread ion beam at higher pressure
of P> 103 Torr. [*As it was above noted
ULVAC reported [64, 65] that their Linear
Ion Sources can operate in the accumula-
tive mode at quite high pressures above
7.5 103 Torr. In the regime with a
collimated ion beam (most frequently
used in practice) the discharge current
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increases with the discharge voltage.
Increasing the working gas pressure leads
to transition in the highly spread ion beam
with the discharge current values that can
be achieved much higher than with the col-
limated ion beam. The condition n, = n,
(there is no limit by the space charge for the
ion current) begins to be performed at
higher pressures in the discharge channel.
However, there is no more control over the
ion energy and beam collimation.

By increasing the working gas pressure
there is observed an increase of a number
of interactions of ions with neutral atoms
leading to a charge exchange of high-en-
ergy ions and low-energy atoms according
to the scheme:

A+enaxgeﬁc + Bolhenna] _)Aoenergeﬁc + B+Ihenna] + AE

During such interaction, an ion passing
near atom takes away from a neutral parti-
cle its electron, preserving its velocity and
direction of motion. In the exchange of
charges a fast ion becomes a fast atom and
a slow atom becomes a slow ion.

The developed low-energy ions, in gen-
eral, are far from anode and can not be
accelerated to the total anode potential.
This process leads to expansion of ions
energy distribution and an ion beam.

Some users are confused with difference
between the charge-exchange and recom-
bination processes between electrons and
ions. In the pressure range of 103-5-10-3
Torr the recombination process can be
neglected.

across its short or minor beam is shown
in Figure 28h for opertaion in the high
voltage “vacuum” regime. The ion beam
current density (mA/cm?) is peaked above
each channel and scales with the anode
discharge current settings. In typical appli-
cations, this beam current density is inte-
grated along the minor beam axis to pro-
vide an ion current linear density (mA/
cm). With special design and control of the
anode cathode gap, it was possible to
achieve the ion current density uniformity
is held to within +/-5% over the active
beam length as illustrated in Figure 28i
(Veeco [62c]). As for most all Anode Layer
on sources, the ion beam linear current
density is peaked at the ends due to the
radial turn of the closed-drift track.[62c].
Here are the considerations about meas-
urements of an ion beam current by a large
opened target. There are several sources of
errors in such measurements from the real
ion beam current. The first error is due to
presence of the secondary electrons emit-
ted by a target during collisions of ion
beams with a target. The secondary elec-
tron emissions are determined by the ratio
of a number of electrons leaving a target’s
surface to a number of incident electrons
0. This value should be utilized for the
correction of the measured ion beam
current I, that must be divided by the
140, or I; = I,,.,/(1 + 8). The value of &
varies substantially of energy and a sort
of gas. For Argon it can be from 0.1 for
energies under 1000 eV and significantly

A typical illustration of the ion beam cur- - pigher at higher energies.
rent flux profile of anode layer sources
2.0
;e Discharge
9 Current
= 1.5
= 750 mA
g
@ 500 mA
5 1.0 4 "
a
§ 250 mA
B
3 0.5 4
=
=]
==
0.0 ; : . : .
-150 -100 -50 0 50 100 150
Position Along Beam Minor Axis (cm)

Figure 28h. Typical ion current density beam profiles across the short axis of Veeco’s ALS 340L
(340mm) for operation in Ar at V 4, =3kV at various discharge currents at a probe distance of

10 cm [2]
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Figure 28i. Typical ion beam linear current density levels (integrated across source) along the
major beam axis of [a] Veeco ALS 1500L (1500mm) for operation in Ar at V .. = 3kV at
various discharge currents at a probe distance of 10 cm. [62.c]

A large size target measurements can
produce another error due to existence of
the charge-exchange ions [*Especially at
pressures over 10+ Torr; see our recent
publication in VT'&C about various factors
influencing on the main ion source pa-
rameters, including the charge-exchange
particles [25]]. The screened probe can be
used for the correction of charge-ex-
change particles presence [66] [*In our
following publications it is planned to
present detailed analysis of operation of
the probes for measurements of the cur-
rent and energy of ion beams produced by
the ion sources].

There is another factor. The underneu-
tralized ion beam, as it was above men-
tioned, takes place with the Anode Layer
high voltage linear ion sources, applies
very high positive potential ( over several
hundred volts) to the measuring target
causing high number of neutralizing small

sparks that produce effect similar to devel-
opment of secondary electrons. As it was
above discussed in Part 1 of this article, in
some cases, the sensitive targets receiving
even much smaller positive potential as low
as 6.4V can cause damage by sparks lead-
ing to an ion beam neutralization [12].

Because Anode Layer Linear ion sources
do not have external electron sources, some
producers utilize an external flange surface
under a ground potential as a “cold’ cath-
ode for partial neutralization of a positive
ion beam flow. In such a case, an external
flange becomes severely sputtered by an
ion beam. Though, General Plasma Inc. de-
veloped the optimized magnetic field be-
tween the pointed magnetic poles(PPALS).

In Figure 28j there is shown the etch
rate comparison between PPALS ion
source and a conventional ALIS. The etch
rate with PPALS was possible to reduce
more than several times.

25

—=— GP1 PPALS™
(20 sec)

—ea— Conventional
Linear lon

Source (20 sec) —

Etch Depth (nm)

\/../

\,
A\

. |
5 [

T T
125 175 2.25 75

T
3.25 375 425 475 5.25 575

Distance from Edge of Sample (in)

625 675

Figure 28j.
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In Figure 29a one can see a picture of
five operating small end-Halls of EH-200
[67] type that substitute one long linear ion
source. The advantage of small ion sources
is that they consume a low anode working
mass flow and can operate with discharge
voltage up to 200 V — 300 V (medium ion
beam energy is about 140 eV — 210eV);
a linear ion beam current density is about
40 mA/ cm on the axis; an ion beam
completely neutralized with only one
Hollow Cathode electron source.

As a further example, an end-Hall ion
source array system was demonstrated
using multiple Veeco Mark I+ ion sources
Figure 29b with independent hollow
cathodes used for each source in order to
provide wide-area coverage [67b]. Veeco
informed that such clustered arrays simu-
lating linear ion source have been used
in industrial applications for deposition of
relatively thick tribological coatings and

Figure 29a. Cylindrical small ion sources of
EH-200 type [67a] placed as a linear array to
substitute one long linear end-Hall source. All
five ion sources utilize one Hollow Cathode for
neutralization of ions.

Figure 29b. Operation of multiple cylindrical
end-Hall sources (three Veeco Mark I1*); work-
ing gas is Ar for wide area assist and etch
applications [67b].
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Figure 29c. Multisectional linear AL thruster-ion source and connected 10 small AL thrusters-
ion sources with the effect of a linear device [68].

for ion beam assisted deposition of alu-
mina-based films within data storage ap-
plications.

In Figure 29c there is shown another
approach to the utilization of assembly of
several small ion sources with a bunch of
separate connected ion sources in a form
of a linear ion source [68].

The cluster assembly of several large
AL sources can also be used for obtaining
broad beam area processed by the ion
sources. One of such examples is shown
in Figure 30a and in operation is in
Figure 30b. The combined operation of a
cluster assembly showed some unex-
pected results, like reduced level of the
discharge voltage and current oscillations
in comparison with just one thruster-ion
source [68].

Because there are many companies
making and utilizing the high-voltage lin-
ear ion sources without external source of
electrons, it is necessary to give certain in-
formation about a proper way of utilization
of such sources.

For those, who regularly use the high
voltage Linear Anode Layer ion sources
and want to know about the presence of
single and double ionized particles (which
carry double energy in comparison with
the single ionized particles), it is the im-
portant to remind [*Also, see one of our
previous publications [25]] that, as a rule,
with the increase of the discharge voltage
the portion of single ionized atoms falls
and the flow of double ionized particles in-
creases. General considerations indicate

Vacuum Technology & Coating * June 2009

also that at small mass flows (5-20 sccm)
these flows become equal at the discharge
voltages of about 600-700 V for Xe [*Xe
first ionization potential is 12.13 eV, and the
second ionization potential is 21.21 eV] and
for 800-1000 V for Ar [*Ar first ionization
potential is 15.8 eV, and the second ioniza-
tion potential is 27.6 eV]. At larger mass
flows the equality of single and double
ionized particles flows takes place at higher
voltages [69].

Well optimized closed drift ion source
permits the operation with quite high elec-
tric powers without having a water cooled
anode. For example, the thruster-ion source
SPT-100 that operates at [; = 4.5 A and V,
=300 V, with total applied power of 1350
W and can operate up to 1500 W as radia-
tion cooled. Other types of ion sources,
like end-Halls with such powers require a
water-cooled anode, or anode can become
overheated.

In work [69] there were conducted
experiments with two different dimension
cylindrical type closed-drift thrusters-ion
sources. Special attention was given to
operation at high discharge voltages. Volt-
Ampere Characteristics (VAC) have been
registered at discharge voltage range
V4=200-1000V with working gas Xenon.
There was measured a presence of single
and double ionized particles, the ion
sources were optimized for a magnetic
field [see Part I Figure 4] for a thrust
(directly connected with an ion beam
current). As experiments showed, with
increase of the discharge voltage in the

www.vactechmag.com or www.vtcmag.com

Figure 30a. Assembly of three Anode Layer
Thrusters-lon Sources [68]; one Hollow
Cathode is utilized for all assembly.

Figure 30b. Assembly of three Anode Layer
Thrusters-Ion Sources in operation with one
hollow cathode [68].

high voltage Closed Drift ion sources, it
is necessary to increase the value of

magnetic field at the source’s exit plane.
The number of single and double ionized

particles was estimated theoretically
according to [70] and experimentally
confirmed in [69]. In [70] a plasma flow
coming out of a thruster-ion source was
considered as a completely ionized
medium consisting of single and double
ionized ions M, and M,, and particles that
were not accelerated m*. The portion
of not accelerated particles can be due to
various reasons: flow through discharge
channel without ionization, loss of ions
in discharge channel walls and their
transformation into neutral particles.

In Figure 31a and 31b one can see
the mass flows of single, double and neutral
particles in one of closed drift ion sources
operating with working gas Xe at two
different anode mass flows 40 and 15
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Figure 31a. Closed Drift Ion Source of Magnetic Layer type. Single, double and neutral parti-
cles in ion beam as function of discharge voltage V5; working gas Xe; anode mass flow m, =40
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Figure 31b. Closed Drift Ion Source of Magnetic Layer type. Single, double and neutral
particles in ion beam as function of discharge voltage V,; working gas Xe; anode mass flow

m, =15 sccm [69].

sccm. As one can see, the number of single
and double ionized particles for m, = 15
sccm becomes equal at about V4 =600V,
and with further discharge voltage increase
the majority of particles are becoming as
double ionized particles. For the higher
anode mass flow m, = 40 sccm such
equalization will take place at about V4 =
900-1000 V. Since these numbers are for
working gas Xe, for Ar the double ionized
particles will be shifted into the larger
discharge voltages by about 200-300 V.

Conclusions About Linear Ion Sources

As one can see the Linear Ion Sources
are also made with the different ap-
proaches in the generation of ion beams.
There are several types of Linear Ion
Sources based on the following principles
of operation:

12

I. Closed Drift of Magnetic Layer type
(magnetic field with a positive mag-
netic gradient; substantial distance be-
tween anode and exit flange-external
pole) utilizing the cathode producing
electrons, either a HC, or a HF; oper-
ates from low discharge voltages of
about V,= 100V to higher voltages of
about V,; = 600-800 V.

II. End-Hall type (magnetic field with a

negative magnetic gradient utilizing a
HC electron source); operates at low
discharge voltages of about V=50V
to about Vy=150V.

IIL. Closed Drift of Anode Layer type

(magnetic field with a positive mag-
netic gradient; short distance between
anode and exit flange-external pole); it
does not utilize external source of elec-
trons. These linear ion sources are most

vtemag @ optonline.net

widely used with the high voltage (high
energy) ion beams for cleaning of var-
ious objects before applying on them
thin film depositions provided by the
low energy ion beam. Linear Anode
Layer ion sources operate in two main
regimes: vacuum and regular.

1. Vacuum BE-discharge, in which the
distribution of potential and electron
concentration do not depend on the neu-
tral atoms concentration, the discharge
current is proportional to pressure in a
wide range of pressures. In the vacuum
regime BE-discharge operates at the
magnetic fields of about B ~ 2000 G and
up, at pressures P = 7.5 - 105 -7.5 - 10+
Torr [*Some companies claim that their
ALIS can operate in the vacuum regime
at higher pressures]. With the pressure
increase over the critical value the BE-
discharge makes transition in to the
regular modification with n, = n;. The dis-
charge structure in such a case is deter-
mined by the character of arrival of
neutral atoms, by the processes of ions
generation and various instabilities.

Also in the vacuum regime:

2. The energy of electrons is high; it is
close to the applied potential difference
(eVy). The ion beam mean energy is
much lower than in the ion sources that
have electron sources for an ion beam
neutralization. For the Linear and cylin-
drical ALIS E; ~ (0.1-0.5)-eV,. Also, it is
necessary to take into account that when
a target becomes positively charged with
about 100-500 eV (that takes place in
reality with many ALIS operating with
discharge voltages up to 3000 V), these
values of 100-500 eV must be subtracted
from the ion beam energy distribution.
As it was above described, the most
important problem for ALIS operating
without external source of electrons is to
find a proper way for adequate neutral-
ization of positively charged ion beam
coming out of ion source. Existing meth-
ods of utilization of grounded surfaces of
discharge channel and external flange are
not effective. They cause significant
sputtering of such grounded surfaces.
There is a good problem for solution
to find simple, efficient, lasting long
method of ion beam neutralization.
The utilization of hot filaments can help
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as

neutralization, but hot filaments do not
last long and they will be intensively
sputtered and also can contaminate an
ion beam. One of interesting solutions
suggested in [71] is utilization of addi-
tional discharge over an ion source’s
front flange. Such discharge can provide
neutralizing electrons and substantially
change an ion beam energy distribution
increasing its mean energy. [*In our
previous publication [25] there was
discussed impact of negative ions on
contamination of ion source’s discharge
channel and was given suggestion [72]
about utilization of additional discharge
outside an ion source for prevention
from negative ions moving into an ion
source’s discharge channel.]

3. The anode layer thickness is order of
Larmour electron radius value.

4. The Hall current does not depend on
heating of electrons.

In the vacuum regime an ion beam looks
well collminated and in the regular

regime it is quite divergent. The main prob-
lem with the Linear ALIS is presence

of
ne
of
ev

highly positive ion beam that is not
utralized that can cause for certain types
processes sparks and oscillations. How-
er, with the correct selection of techno-

logical processes, in which it is not nec-
essary to have completely neutralized ion

be

am, the Linear ALIS is a very attractive

device.

General conclusion about Anode Layer

Ion Sources. Any ion sources that can
operate in the self-sustained mode (dis-
charge can be maintained without utiliza-
tion of an external source of electrons) [1]
still should use a source of electrons for
adequate neutralization of a positive ion
beam.
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