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ABSTRACT

A new approach to application the internal evaporator in an arc discharge ion source is presented, namely a cru-
cible with a plug made of feeding substance. This solution is suitable especially for high-melting point metallic
feeding substances. The ion source was tested using Ni and Cr. Basic ion source characteristics, i.e. dependences of
ion current and discharge voltage on discharge and filament currents as well as on the external magnetic field flux
density are shown and discussed in order to find optimal working conditions. The maximal ion currents were 18 pA
for Ni* and 38 pA for Cr'. The stability of the ion current was also tested. It was proven that ion source is able to
provide intense ion beam current long enough to perform irradiations with the fluence of ~5x10" ¢cm? confirming

the usefulness of the design for ion implantation purposes.
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INTRODUCTION

Over several decades ion implantation tech-
nique has become a very popular tool for modi-
fication of physical and chemical properties of
semiconductors [1-3] (actually, ion implantation
is one of cornerstones of semiconductor indus-
try), metals [4, 5] and polymers [6, 7] as well
as production of new materials [8]. As there is a
wide variety of technological processes involving
different dopants, fluences and flux densities dif-
ferent solutions are developed based on a multi-
tude of ion sources [9, 10], which are a crucial for
obtaining good quality high intensity ion beams.

Implantation of transition metals like Cr or
Ni could be used for enhancing the corrosion
resistance of metals and alloys [11-13] as well
as for improvement of their tribological [14],
fatigue [15] and erosive [16] properties. It was
also shown that formation of intermetalic Laves
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phases in titanium and ZrNb alloy is possible via
Cr* ion implantation [17, 18]. Irradiation with
Cr* ions can also change magnetic properties
of semiconductors like InGaN or CdTe [19, 20]
as well as minerals like rutile [21]. It was also
shown that Ni* implantation followed by an-
nealing leads to formation of magnetic nanopar-
ticles e.g. in silicon [22], SiO, [23] or ZnO [24].
A similar combination of Ni* implantation and
annealing enables change of optical properties
of sapphire [25]. Implantation of Ni* was also
used to modify structural, physical and chemical
properties of polymers [26-28]

One of the most useful method for high melt-
ing point metal ion beams is using the MEVVA
(MEtal Vapor Vacuum Arc) ion sources [29,
30]. Another effective and widely used method
is MIVOC (Metal-lons-from-VOlatile-Com-
pounds) employing volatile (usually organic)
compounds supplied as a feeding gas to the
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electron cyclotron ion source [31-34]. The other
methods that should be also mentioned here are:
plasma sputtering [35, 36], laser ablation [37] also
in the version combined with electron cyclotron
resonance [38] or electron beam ionisation [39].

Arc discharge ion source with cylindrical an-
ode and an internal evaporator was developed in
Institute of Physics in Lublin ten years ago. It was
initially dedicated for production of rare earth’s
and aluminum ions [40, 41], but soon proved its
effectiveness for a variety of other ions becoming
almost universal solution used for ion implanta-
tion purposes in Lublin [42, 43]. The versatility
of that particular kind of ion sources is due to the
possibility of tailoring of the internal evaporator,
namely size and placement inside the source [44].
It should be also mentioned here that ion source
could be feed with chlorine and fluorine contain-
ing working gases like CCl,, HCCI, or CCLF,
which proved to work well for production of Mo*
and Ta" ions [45, 46] as well as rare earths’ ions
using their oxides [47].

The arc discharge ion source in its standard
version (i.e. with an internal evaporator filled
with small metal lumps as feeding substance)
provided a moderate current of ~10 pA (Cr* ions)
and 40 pA (Ni* ions). The current was, however,
unstable and decreased rapidly with time as the
feeding substance near the evaporator tips was
spent. This effect was mostly due to the fact that
relatively large power (both of the arc discharge
and delivered to the cathode filament) was re-
quired to provide high enough pressure of feeding
substance vapors, as the melting points of con-
sidered substances are rather high (1455 °C for
Ni and 1907 °C for Cr). To summarize up, total
achievable fluences were much below 10 cm?
within the single working cycle. Some test with
hydrated chlorides of Ni and Cr were performed,
but the achieved currents were not satisfactory.
Moreover, in the case of chromium chloride a
very broad and intense peak covering the masses
51 and 52 was observed, coming most probably
from some molecular ions containing Cl (HCIO
seems to be a probable explanation).

The current paper presents a new approach to
production of Cr" and Ni* ions with an internal
evaporator placed inside the discharge region.
This time feeding substance has a form of relative
large plug/screw that has direct contact with the
discharge plasma. The paper contains brief de-
scription of the ion source as well as experimen-
tal setup. Some basic working characteristics of

the ion source are shown and discussed in order
to find optimal conditions for possibly large ion
beam production. These characteristics are: de-
pendences of extracted ion current and discharge
voltage on the discharge and filament currents on
the magnetic field flux density imposed by a sur-
rounding electromagnet. Moreover, dependence
of the ion current on time/cumulated fluence is
presented and commented.

EXPERIMENTAL

The ion source used for Ni* and Cr* ion beam
production was the arc discharge ion source with
cylindrical anode, described in previous pa-
pers [40—44]. Its cross-sectional view is shown
in Figure 1.

Both the anode and cathode filament mounts
(that form the discharge chamber) are made of
molybdenum, although any other refractive metal
could be used. The anode and filament mounts are
separated by cylindrical insulators made of boron
nitride. The discharge chamber has the internal
diameter of ~11 mm and the length of ~20 mm. A
spiral cathode filament is made of tungsten wire
of 0.75 mm in diameter and has typically 67
coils. The hot filament is the source of primary
electrons that ignite and maintain the discharge in
the region between cathode and anode. The fila-
ment is heated by the filament current /  reach-
ing 40 A. The discharge current / may be set up
to 4.5 A (note that electrical connections of the
ion source are shown in Figure 2). The arc dis-
charge is ignited by setting the anode voltage U,
to approximately 100 V and then increasing the
filament current (and consequently the amount of
primary electrons) until the discharge burns After
a short period of time the discharge voltage U,
stabilizes at much lower values (20-40 V depend-
ing on the ionized substance). It should be men-
tioned here that the ion source chamber is placed
inside the electromagnet coil. The purpose of the
external magnetic field is to partially compensate
the strong magnetic field from the spiral cathode
as well as to shift the discharge plasma as close as
possible to the extraction region in order to im-
prove performance.

The feeding substance is usually placed in-
side the evaporator closed by threaded plug/
screw. The crucible/evaporator is heated to very
high temperatures by both the filament and the
discharge plasma, and the vapors of feeding
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Fig. 1. Cross-section of the ion source: 1 — spiral cathode filament, 2 — anode, 3 — cathode
filament mounts. 4 — insulators, 5 — extraction opening, 6 — evaporator
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Fig. 2. The scheme of electrical connections of the ion source and extraction electrode

substance reach directly the discharge region,
where they are ionized by electrons. Such a so-
lution work especially well for substance char-
acterized by high vapor pressure and low melt-
ing point. However, placing lumps of the high
melting point metal like Cr inside the evaporator
results in a mediocre beam current for a limited
time — namely until the Cr lumps close to the cru-
cible tip are melt and evaporated. On the other
hand, placing the metal lumps or powder directly
inside the chamber is not a good solution — the

22

short circuit of anode an cathode is inevitable.
As it was already mentioned earlier a variety of
evaporators was used with the considered ion
source, varying in length and weight. For our pur-
poses we decide to use relatively small (length of
~2 cm, see Figure 3) evaporator made of molyb-
denum. It should be noted that the plug is made
of the feeding material (Cr or Ni in the considered
case). Such approach guarantees high enough va-
por pressure as the feeding material is in contact
with the discharge plasma. The feeding material



Advances in Science and Technology Research Journal 2022, 16(5), 20-27

@3

19

Ni, Cr
| q or other
\ feeding substance
Mo

Fig. 3. The schematic view of the evaporator

could be also put inside the crucible (in the form
of lump, powder of even a rod) in order to extend
the working cycle of the ion source after the plug/
screw is evaporated.

The ions produced in the discharge are pulled
out through the extraction orifice of the diameter
~ 1 mm due to the extraction voltage V=25 kV.
The ion beam is then formed using a lens triplet.
The initial beam reaches a 90° sector field sepa-
rating electromagnet. The obtained mass-separat-
ed beam is accelerated using the final additional
voltage V' =75 keV. The mass separated ion cur-
rents can be measured using a retractable Faraday
cup placed behind the acceleration tube. It should
be mentioned here that the sample chamber itself
is a kind of Faraday cup that enables measure-
ments of the ion current at the target, when the
beam sweeping system is active.

RESULTS

Characteristics of the ion source were de-
termined as soon as the ion source works stable
i.e. approximately 20 minutes after the discharge
was ignited. In order to find the optimal working
conditions characteristics of the ion source were
measured, including dependences of ion current
and discharge voltage on the discharge voltage / ,
filament current /_ as well as on the magnetic in-
duction B.

Figure 4 shows the dependences of the mass-
separated ion currents of Ni” and Cr* on the dis-
charge current / . measured when the other work-
ing parameters (like filament current / and mag-
netic induction B) were constant. In both cases
the feeding substance had a form of a plug in the
evaporator. For both substances increase of I
with I was observed. This was due to the rising
crucible temperature as well as electronic density
and, consequently, ionization probability. The
rise of /. (I ) curve was followed by the satura-
tion which was observed for ~/ =1 A for Cr and
for higher values of discharge current (/ =3 A) in

the case of Ni. This saturation may be caused by
mostly by the decreasing discharge voltage (and
consequently, electron energy) with 7, which
leads to less probable ionization by impinging
electrons, as the rule-of —a-thumb says that op-
timal U, should be 3—4 larger than the ionization
potential. It should be noticed that in both cases
the saturation takes place when U, falls below
40 V. Another reasons could be the increasing ion
recombination probability as well as screening
of the extraction field when the plasma density
is growing. Maximal ion currents are 38 pA and
18 pA for Cr* and Ni*, respectively.

Figure 5 presents dependences of / and U,
on the filament current /. A typical behavior (that
was previously observed in most cases [40—44])
was also seen for Ni: the /| current initially grows
with 7 up to certain value (due to the increasing
electronic density and vapor pressure — as the fila-
ment and crucible become more and more hot),
then a decrease of ion current is observed.

This degradation of ion source performance
could due to the fact that the U, and, as it was
mentioned previously, electron energy decrease
with rising plasma density. One should have in
mind that electron impact ionization cross-sec-
tion dependences on energy have maxima for sev-
eral electronvolts. Therefore, U (1) and I (I ) are
closely related to the behavior of the dependence
of electron impact ionization cross-section ¢ on
the electron energy E. It is especially well visible
if we transform U (I ) and I, (/) into [, (U ) as in
Figure 6.

In the case of Ni the shape of /, (U)) closely
resembles the typical trend of typical o (E) de-
pendence. The dependences of U (/) and I, (1)
characteristics for Cr* could be understood in the
same way, but one deals with the descending part
of the corresponding o (£) curve. This is due to
the fact that characteristics for Cr* were measured
for smaller discharge current (0.7 A) and the de-
crease of the extracted ion current would require
much higher filament currents. Maximal ion cur-
rents are achieved for approximately 50 V (Ni*)
and 20 V (Cr").

The third pair of considered characteristics
are the dependences of / and U, on magnetic in-
duction. They are shown in Figure 7.

The magnetic induction was measured us-
ing the LakeShore model 450 gaussmeter. In
both cases rather high B values were required
(near 12 mT). This is different than most of
results obtained in previous papers with closed
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Fig. 8. Ion current (Cr") measured on
the target as a function of fluence

evaporator, when a maximum for intermediate
B values (near 7 mT) was observed. Such B
value was required to compensate the magnetic
field from the spiral cathode. In the considered
case of Ni and Cr plugs the strong magnetic
field is needed to push the discharge plasma
near the extraction opening and enhance ion
source performance. One can see that the ion
current increases smoothly (the case of Cr) or
less smoothly (for Ni there is a broad plateau
in the range from 7 mT up to 11 mT) with the
magnetic flux density, or, in other words, with
the current in the external electromagnet. As
in the case of the dependences on he discharge
current the increase of B leads to the reduction
of discharge voltage.

Figure 8 shows the evolution of the ion cur-
rent at the target (when the beam sweeping sys-
tem of the implanter is active) as a function of the
implantation fluence (instead of time).

One can see that the ion current is rather
fast reduced to 60% of initial value, but af-
ter that the ion current remains on the same
level. Of course some corrections of working
parameters are needed (like slight increases of
discharge current and reduction of the filament
current in order to keep the discharge voltage
in its optimal range) and there are visible signs
of these actions — temporary increases of the
ion current. These corrections are necessary
as the feeding substance near the plasma melts
and evaporates during the ion source operation
and the evaporator temperature needs to be
increased. The presented irradiation with the
fluence 5x10'5 ¢cm™ was performed within ap-
proximately 1.5 hour.

CONCLUSIONS

A new solution enabling production of ions of
high-melting point metals using an arc discharge
ion source with semi-opened evaporator. The
ion source was tested using Cr and Ni as feed-
ing materials, although the presented approach
seems to be applicable to other refractory met-
als. Some chosen basic working characteristics of
the ion source were presented and discussed in
the paper in order to find optimal conditions for
effective ion beam production. It was found that
typical currents 18 pA and 38 pA were achieved
for Ni* and Cr*, respectively. Optimal discharge
voltage should be kept in the range 20-50 V. In
the tested cases / =2 A is a good choice, although
the discharge current has to be increased during
ion source operation in order to increase tempera-
ture of the parts of the evaporator that are farther
from the discharge region. The stability of the ion
source was tested for ~100 minutes, which is a
fair result for the internal evaporator based ion
source. The presented approach enables Ni* or
Cr* implantations with fluences 5x10' cm™? with-
in a single working cycle of the implanter.
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