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The paper describes the production of doubly charged ions from solids and gases using a hollow cathode ion
source with an internal evaporator heated by a spiral cathode filament and arc discharge. The obtained currents
were 15 pA for Bi®*, 10 pA for As®>T and AI*T, 8 pA for Kr?* and Xe?T, 5 pA for In>* and Ge?T, enabling moderate
dose implantations (= 10'® cm™3) with doubly charged ions. Characteristics of the ion source are presented and
discussed in order to choose the optimal working parameters. A brief presentation of numerical model of doubly
and singly charged ions in the ion source is given. The calculated results (dependences of ion current on the anode
voltage) are in good agreement with the experimental data.

DOIL: 10.12693/APhysPolA.123.843
PACS: 07.77.Ka, 34.80.Dp, 61.72.uj

1. Introduction

Multiply charged ions are widely used in different fields
of research. Irradiation of solid surfaces with the ions
carrying high charge enables achieving large values of
sputtering coefficient [1]. The bombardment with highly
charged ions leads also to formation of nanostructures [2]
e.g. nanohillocks [3]. Multiply charged ions are used for
modification of properties of metals [4] and polymers [5].
Making use of doubly charged ions (or ions in even higher
charge states) is the simplest way to increase implanta-
tion depth without any changes in the construction of
the implanter, as the kinetic energy of the ion having the
charge n. is n times larger than the energy of the singly
charged ion accelerated by the same voltage.

There are several methods of effective production of
ions in higher charge states. The most popular approach
is based on the electron cyclotron resonance [6, 7]. Other
solutions make use of electron [8] or laser [9, 10] beams
for multiple ionization. Doubly charged ions are also ef-
ficiently produced in arc discharge [11] and liquid metal
ion sources [12, 13].

In the paper we describe the production of beams of
doubly charged ions of gaseous, metallic and non-metallic
elements using an arc discharge ion source with a hollow
cathode and the internal evaporator [14, 15]. The ion
source is a next step in development of a Nielsen [16]
type based arc discharge ion source with a cylindrical
anode [17, 18] which became a basic ion source in the
Institute of Physics in Lublin, offering possibility of im-
plantations with a variety of ions, including ions of rare
earths. It is worth mentioning that the improved version
of the ion source was able to produce ion currents ap-
proximately twice as high as the basic version. This was
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mainly due to the proximity of the arc discharge region
and the extraction opening.

The paper contains a brief description of the ion source
and the experimental setup. The basic characteristics
of the ion source are presented for doubly charged ions,
in a manner similar to that of the cylindrical anode ion
source [19], including the dependences of ion current and
the discharge voltage on the cathode and the discharge
currents as well as on the strength of the magnetic field
the ionization chamber is immersed in. The measure-
ments were done in order to find the optimal values of
operational parameters, resulting in as high as possi-
ble doubly charged ion currents. The numerical model
of doubly charged ions is also presented and discussed.
Some of the results provided by the model are compared
to the experimental data — good agreement has been
achieved.

2. Construction of the ion source

Detailed description of the hollow cathode ion source
with an evaporator could be found in [14] and its
schematic view is shown in Fig. 1. A hollow cathode
chamber consists of two cylindrical parts made of molyb-
denum, separated by a boron nitride insulator. A spiral
cathode filament is fixed between the chamber cylinders
and is made of tungsten wire of a 0.75 mm diameter. The
typical values of the cathode current I, are in the range
25-35 A, usually higher than in the case of a cylindri-
cal anode source due to the fact that the evaporator is
heated mainly by a hot filament. The average lifetime of
the cathode depends on the cathode and discharge cur-
rents and reaches 50 h.

The arc discharge region is between the front part of
the hollow cathode chamber and the funnel-shaped an-
ode. Both these facts (the proximity of the discharge
region and extraction opening and the shape of the an-
ode) result in a high performance of the ion source. Soon
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Fig. 1. Schematic view of the ion source: 1 — cathode
filament, 2 — anode, 3 — gas inlet, 4 — insulators,
5 — evaporator, 6 — extraction opening, 7, 8 — hollow
cathode cylinders.

after the ignition, the discharge is stable with the anode
(discharge) voltage in the range 20-60 V. In many cases
the anode voltage could be only slightly higher than the
ionization potential of the ionized substance — in the
case of indium an ion beam was observed even after the
discharge was shut down, most probably due to the sur-
face ionization on the hot cathode.

One of the most crucial parts of the ion source is an
evaporator: a slim tube made of molybdenum, closed
with a loose-fitted plug or a screw. A typical external
diameter of the evaporator is 3 mm, and its length is
~ 30 mm. The evaporator is filled with the feeding sub-
stance in the form of powder, small flakes or lumps. As
previously mentioned, the evaporator is heated mainly
by the hot spiral filament. A minor role is also played by
arc discharge, due to the distance between the discharge
region and the evaporator.

Vapors reach the discharge volume when they are ion-
ized mostly during collisions with electrons having suffi-
cient energy. Hence, the anode voltage should be at least
two or three times larger than the ionization potential of
the ionized substance.

The ionization chamber is placed inside an electromag-
net. The additional magnetic field compensates the ax-
ial symmetry and the magnetic flux field density up to
14 mT compensates the strong field from the spiral fil-
ament, and plays an important role in plasma confine-
ment, forming the discharge plasma in order to achieve
effective extraction of the produced ions. The ion beam
is pulled out of the source through the extraction opening
(diameter of 1 mm). The beam is formed and accelerated
by a conventional triple lens system. The primary beam
reaches the electromagnetic separator and is divided into
beamlets consisting of ions having the same charge/mass
ratio.

3. Characteristics of the ion source

As in the case of the cylindrical anode ion source, char-
acteristics for doubly charged ions were measured in or-
der to find optimal working parameters for their pro-
duction. The dependences of the ion current and anode

voltage on the anode (discharge) current I,, cathode (fil-
ament) current . and magnetic field flux density B were
determined. Measurements were done for several solids
(Al, Bi, Ge, As, In) and gases (Kr, Xe, He). The results
are shown in Figs. 2 and 3.
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Fig. 2. Ion current (squares) and anode voltage (full
circles) as the functions of discharge current (a), cathode
current (b), and magnetic field flux density (c) for the
doubly charged ions of the solids (Al, In, Bi and Ge).
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Fig. 3. The same as in Fig. 1 but for the inert gases
(Xe and Kr).

Analogously to the case of singly [18] and doubly [19]
charged ions, one observes an increase of the ion cur-
rent with the discharge current for all tested solids. This
is due to the increasing temperature of the evaporator,
which is partially heated by the discharge, leading to
higher vapor pressure in the chamber. One should keep
in mind that dependence of the anode voltage on I, in
the ion source with an evaporator is of much more com-
plex nature than in the case of the arc discharge ion
source with gaseous feeding. In the case of the gas-fed
ion source, one observes the increase of U, with I, for
a constant gas pressure in the chamber. In the case of
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the ion source with an evaporator, the pressure cannot
be regarded as independent of I,, as mentioned above,
and the plasma density increases with I,, leading to the
reduction of U,.

Hence, one deals with two concurrent tendencies: the
fall of U, with the increasing I, is seen for Al and In,
the opposite behavior is observed for Bi, for which lower
values of the cathode current are applied. Ge could be re-
garded as a mixed case, when both trends compete: one
can see that the anode voltage decreases with I, up to
I, = 2 A, then the plasma density rises and the second
tendency prevails. One should keep in mind that pro-
duction of doubly charged ions requires relatively high
U, (70-100 V) — the decrease of discharge voltage re-
sults in lower energies of electrons and leads to less ef-
fective ionization. This could be especially well visible
for the U,(I.) and [on(I.) dependences measured for In
and Bi. Generally, this is a rule in the case of doubly
charged ions production that I. should be as low as pos-
sible. This is mostly due to the fact that the low thermal
emission of electrons increases U,. Moreover, the evap-
orator is heated by a spiral filament, and high I. leads
to high vapor pressure and decreases U,. On the other
hand, excessive reduction of I. may lead to the shutdown
of the discharge.

It is worth noticing that the shape of Iion(U,) depen-
dences may resemble the shape of the electron impact
ionization cross-section dependence on the electron en-
ergy, which could be seen for noble gases (see Fig. 3).

There are two kinds of [;o, (U, ) curves obtained for the
described ion source. For In and Bi, when relatively low
values of I, were applied (= 1 A) one can see a broad
peak at 6-9 mT, and a decrease of the U, with B, as it
was observed for cylindrical anode ion source [19]. In the
cases when higher I, were used (up to 4 A) a stronger
magnetic field that plays a role in forming plasma shape
near the extraction opening, was preferred.

4. Numerical model of doubly charged
ion production

The presented model of ionization describes the cre-
ation of singly and doubly charged ions based on the
experimental cross-section data [20]. It is based on the
assumption that the ionization process could be split [21]
into ng stages, when ng is the ratio of the inner surface
of the cavity and the surface of the extraction opening.
For the sake of simplicity, a spherical cavity of the ra-
dius Rjon = 8 mm was considered. The radius of the
extraction opening was Reyxt = 0.5 mm.

In every stage of ionization a neutral particle passes
on average a distance A (of the order of the chamber di-
ameter) and the probability of ionization to g-th charge
state is

Pi—1—exp (_;> , (1)

where ¢ is +1 or +2, for the singly and doubly charged
ions, respectively. Mean free path until ionization could

be estimated as convolution of energy-dependent ioniza-
tion cross-section and energy distribution of electrons,
taking into account their drift velocity due to the U, volt-
age. The mean free path A2* is the order of magnitude
larger than A*, but for large enough electron concentra-
tions (=~ 10%! m~3) could be in the range of 100 mm.
The extraction probabilities P? for each kind of parti-
cles are proportional to the ratio of the extraction open-
ing and the whole cavity surfaces. The number of parti-
cles in the ¢-th charge state could be then written as
Ef = PI(N{ + R]), (2)
where NI = PIN? is the number of ions created in the
i-th stage, R} is the number of ions that were not ex-
tracted up to the stage i. Relative currents for both types
of ions are obtained by summing N/ over all stages and
dividing the results by the initial number of neutrals Nj.
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Fig. 4. Ton current of Bi®*" as the function of U,: sim-
ulations (a) and experimental results (b).

The calculated Iion(U,) dependences are shown in
Fig. 4a. The ion current of Bi?T ions grows with U,
up to =~ 80 V and then one observes a saturation. The
shape of the curve resembles much the ionization cross-
-section data [20]. Figure 4b shows the i, (U,) curve
measured in the experiment. One can see fair qualitative
agreement of experimental and calculated data — also
the ratio of the doubly and singly charged ions is similar
in both cases. The fact that the spread of electron energy
in the real ion source could be much larger than that pre-
dicted by the Maxwellian distribution may be the reason
for different shapes of curves for Bi™ ions.

5. Conclusions

Characteristics of the hollow cathode ion source with
an evaporator were presented for the doubly charged ions
of the solids (Al, Bi, Ge, In) and also gases (Xe, Kr). Op-
timal choice of the working parameters such as discharge
and filament currents and external electromagnet cur-
rent allows keeping sufficiently high anode voltage and
a proper evaporator temperature resulting in currents of
doubly charged ions in the range of 15 uA (Bi?*), 10 pA
(As?T, A1%*), and 5 pA (In?*, Ge?**). The versatile con-
struction of the ion source makes it suitable also for ion
production using gases. For example the ion currents of
8 pA and 5 pA of Xe?t and Kr?t, respectively, were ob-
tained. Such ion yield enables moderate dose (101° cm~2)
implantations with energies up to 550 keV within a single
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working cycle using UNIMAS-79 implanter at Institute
of Physics in Lublin. A numerical model of the doubly
and singly charged ion productions taking into account
such factors as the geometry of the ion source chamber,
plasma density, anode voltage etc. were presented. The
calculated dependences of ion current on the anode volt-
age are in good agreement with the experimental data.
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