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Abstract. A broad-beam low-energy ion source with a 2.5 cm nominal beam 
diameter intended for research and technology applications was performed. The 
operation of the source is based on electron impact ionization in low-pressure 
gas discharge. Discharge and beam characteristics of the source were studied in 
different operating conditions. Two types extraction acceleration systems with 
different design were examined. For argon ions, at ion energies near I keV, ion 
beam densities up to 0.5 mA/ cm2 were achieved. The spatial unifonnity index 
of the beam was evaluated to be about 0.5 . The ion source was designed as an 
UHY-compatible autonomic unit. 

PACS number: 52.90.+z 

1. Introduction 

Ion beams created by broad-beam ion sources have an extensive utilization in a great 
variety of research and technology applications such as dry cleaning and etching, ion 
surface modification of solids, thin film processing (ion beam sputter deposition, ion
assisted deposition, etc.). Generally, the ion beams in these applications when compared 
to the conventional plasma techniques, i. e. different types of plasma sputtering/ etching 
methods and devices, offer a number of advantages: independent control of ion energy 
and ion current density, finite ion energy distribution width; well-defined charge state 
and beam direction; space separation of ion generation and appliance zones. The 
technological advance in ion sources with ions produced by a discharge of low-pressure 
gas through direct current electron bombardment has been outlined in several articles 
[l - 3]. The extraction/ acceleration system of the most popular modification of such 
ion sources comprises two multiaperture grids. This modification, applied mainly in 
sputtering and etching, is capable to produce low-divergent beams with high-ion current 
densities only at high-ion energies. 

It has been proved recently that thin films grown by ion assisted physical vapour 
deposition have better properties when using low-energy ion bombardment at high ion 
densities. The specific requirements of this process can be satisfied to a great extend by 
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incorporating a third grid to the conventional two-grid extraction/ acceleration system. 
Such a tlu·ee-grid system allows to retain an acceptable beam divergence at low-ion 
energies without strong limitations in ion-current densities. 

In I.his work we describe the operation, design and characteristics of a small-size 
low-energy broad-beam ion source witl1 three-grid ion optics for research, mainly in 
the field of thin film ion-assisted deposition, and technology applications. The ion 
generation is based on direct-current electron bombardment of low-pressure gas. 

2. Operation and Design 

The ion beams is extracted from ionized gas, or plasma, created by an electrical dis
charge. The discharge is obtained by applying a voltage between an electron-emitting 
hot-filament tungsten cathode, C and an anode cylinder, A, Fig. I. Since the electrons 
are most effective in ionising gases when their energy is low, the anode voltage is 
held at 30 to 60 V. At the source operating pressure, usually in the 10- 2 Pa range, 
an electron emitted by the cathode must travel at an average of I m before undergo
ing an ionising collision. This distance is much greater tlrnn the discharge chamber 
dimensions. Therefore, to enhance the ionization efficiency, a coaxial magnetic field 
created by a solenoid is applied. This provides cycloidal electron trajectories, thereby 
greatly increasing ilie average electron patl1, respectively the probability of ionization . 
An increase of gas pressure over an optimal value results in insignificant changes, but 
a decrease causes a strong reduction of ion generation or suppression of the discharge. 
The discharge chamber is formed by the anode as well as by the plate R and the 
plasma grid G l , bot11 being set at cat11ode potential. The produced ions recombine on 
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the discharge chamber walls except for those reaching through random thermal motion 
the plasma sheath around the holes of the plasma grid to become ion beam. The region 
within the anode cylinder contains nonunifonn plasma with a higher density near to 
the discharge axis. Likewise, the density of the extracted ion beam have a nonuni
fonn distribution throughout the beam diameter. The spatial beam unifonnity index, 
as defined in Ref. [ l ], is represented by the ratio of average-to-maximum beam current 
densities. For small beam diameters of several cm, comparable with the discharge zone 
dimensions, this index ranges from 0.4 to 0.6 [I]. Beams with higher values of this 
index, up to 0.9, can be extracted from discharge chambers with dimensions larger than 
the beam diameter, or by a special (multipolar) configuration of the magnetic field [2, 
4] , or by design and operating compromises. 

The extraction/ acceleration system comprises three precise optically aligned multia
perture grids Cl, C2 and C3, Fig. 1. The discharge plasma and the anode, being at the 
same potential within-several volts, are set at the desired potential U b, with respect to 
the grow1d, thus detennining the ion energy. The second accelerator grid is negatively 
biased with respect to the ground at a potential Uacccl, usually set at least 200 V lower 
than the ground potential in order to provide a barrier against penetration of electrons 
from the neutralizer back to the discharge chamber. The electric field between the 
plasma grid and the accelerator grid extracts ions from the plasma through the plasma 
grid holes formed into small beamlets. These ions, further accelerated in the gap be
tween the grids, escape the ion source as a composite beam. The maximum extracted 
current density is detennined by Child's law 

§ (.!1..)1;2 u 3;2 
· 9 m, ex tr 

J = l2 (I) 

where co is the space permittivity, q and rn are the charge and the mass of ions 
respectively, Uexrr is the potential difference between the grids, and l is the distance 
bet\veen them. The ion sources usually operate at extracted current densities essentially 
lower than that quoted by Eq. (1). The ions accelerated in the gap between Cl and 
C2 are then decelerated by a third, decelerator grid, set at ground (facility) potential. 
Thus, the ion energy remains invariable in the space between the source and the target. 
The incorporation of a decelerator grid to the ion optics concerns the collimation of the 
ion beam. For two-grid ion optics the angle of beam divergence depends on the ratio 
R of beam potential (ion energy) and the extracting (or total accelerating) potential 
Uextr = Ub + Uaccel, applied between the plasma and accelerator grids 

R = Ub < 1. 
Uextr -

(2) 

Lower beam divergence requires as high as possible values of R [1 ]. This means that 
well-collimated beams with high ion-current densities (high Ucxtr) can be formed with 
low U accel and high Ub, i.e. at high icn energies. With a decelerator grid incorporated 
to the ion optics, the beam divergence can be sufficiently reduced at low-values of R, 
this making possible to achieve relatively high beam current densities (higher Uacce1, 

respectively higher Uextr) at low ion energies. 
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For a beam-spread angle reduction because of the high ion density in the beam, 
charge neutralization is required. It is accomplished by injection of electrons in the 
beam. The electrons are emitted from a tungsten filament (neutralizer N, Fig. 1), 
immersed in the outgoing ion beam. After passing the plane of the neutralizer, set at 
ground potential, the ions follow straight trajectories. 

The ion energy spread in the beam is within several e V because of the nearly unifonn 
plasma potential where the ions originate from. The fraction of doubly charged ions 
must be kept as low as possible by a proper choice of the discharge voltage, depending 
on the working gas species. In our case, assuming argon as a main working gas, the 
discharge voltage was chosen to be about 50 V. Therefore, the expected fraction of 
doubly charged argon ions is less than 5 %. The working gas is introduced in the 
discharge chamber through a precise dosing valve. 

Two different modifications of ion optics were examined. In the first, type I, the 
gaps Cl - C2 and C2 - C 3 were 1 mm and in the second, type 2, those gaps were 
1.5 mm. Regarding the breakdown voltage in vacuum, a gap of 1 mm is sufficient up 
to 2 kV, the highest total potential difference between Cl and C2, needed for a nonnal 
source operation. Considerations concerning the electric insulation of the constructing 
elements used, as it will be discussed below, Jed us to the second modification, although 
lhe ion current density of the extracted beam, according to Eq. (1), is expected to be 
lower than that of the first modification. However, this is a reasonable compromise 
from a practical point of view as far as, by this way, the endurance of source operation 
before cleaning or replacement of insulating elements become necessary, was greatly 
increased. According to tl1e statements given in Ref. [2] for a typical three-grid design, 
in botl1 types of ion optics the ratio "gap-to-first grid hole radius" is equal to unity, while 
the grid hole diameters are in proportion 1 :0.64:0.80 for Cl, C2 and C3, respectively. 
To increase t11e grids transparency we adopted a hexagonal alignment of the holes. The 
grids were made of 1 mm thick titanium sheet. This material was chosen taking into 
account a specific application: thin film ion-assisted deposition of titanium compounds. 
Thus, the undesirable contamination of the films with extrinsic species as a result of grid 
sputtering is eliminated. On the other hand, regarding mechanical and etc. properties, 
titanium is a convenient material for such purposes. E. g., the titanium sputter yield is 
slightly higher than that of molybdenum, material widely used for preparing of grids. 

The ion source is intended to provide a beam with a nominal diameter of 2.5 cm 
(one inch), detennined by the perforated part of the grids. Designed as an autonomic 
unit, the source is UHV (ultra-high vacuum) compatible. 

3. Characteristics and Discussion 

3.1. Discharge 

In this study the only working gas used was argon. 
The electric characteristics of the discharge, voltage and current, together with the 

gas pressure and the strength of magnetic field are t11e main parameters determining 
the discharge state. We studied the influence of different parameter variations over the 
discharge searching a maximum ion current density of non-neutralized beam, extracted 
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from the plasma. All measurements of ion current density were carried out by a Faraday 
cup without using an electron suppressing electrode in front of its collector. By this 
reason, the values of measured cunent densities were corrected to account for the 
secondary ion-electron emission. For argon ions at energies around 1 keV, the value of 
the secondary ion-electron coefficient of copper (collector material) has been estimated 
to be 0.25 [5]. The gas pressure in the discharge chamber, by a rough estimate, was 
varied from 2.5 to 6.5 x io-2 Pa, but the results reported bellow are presented according 
to the pressure measurements made in the main vacuum chamber: from 0.9 to 2.4x 
10-1 Torr, respectively l.2-3.2x 10-2 Pa. The magnetic induction was measured at 
the discharge axis. Ion optics of type 1 was used in this investigation. 
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Fig. 2. Beam density dependence on Ar-
pressurc and magnetic induction: 
1.0 A/ 55 V discharge; I keY ion energy; accel
erating grid grounded; type l ion optics 

The dependence of beam intensity on the pressure and magnetic induction for a 
1.0 A/ 55 V discharge is presented by the diagram in Fig. 2. Similar results as those 
in Fig. 2 were obtained for discharge cunents in the range of 0.5 to 1.5 A, where the 
discharge voltages changed slightly. As a standard, in this set of measurements, l kV 
extraction potential, equal to the beam potential, i. e. Uaccel = 0, or accelerator grid 
grounded, was used. Somewhat lower values of magnetic induction are required for 
highest-beam intensiti"es at extracting potentials under 500 V but such low-extracting 
potentials are not important for the practice. Thus, this diagram determines the values 
of the two parameters, pressure and magnetic induction, at which a maximum ion-beam 
density is achieved: p = 1.5xl0-4 Torr and B = 60 Gs. These values were established 
as optimal for the source operation and were used in all further characteristic studies, 
as well as in applications. 

3.2. Beam 

Firstly, we present characteristics obtained by type 1 ion optics. Fig. 3 shows a family 
of curves, representing the dependence of ion-current dens\ty on ion-energy for different 
extracting potentials at 1.5 A discharge current and 45 V discharge voltage. In each 
case we set at least 200 V negative accelerating potential in order to provide a barrier 
for the electrons from the neutraliser, as it was discussed above. The results given 
bellow were obtained without using beam-charge neutralisation, thus eliminating the 
influence of electrons injected in the beam on the accuracy of ion current measurements. 
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The starting points for curves 4, 5 and 6 (Fig. 3) correspond to a maximal accelerating 
potential of 800 V. This limit was imposed by the breakdown voltage of G2 to ground, 
with a critical value of 1 kV, due to metallisation of insulating elements as a result of 
sputtered material from the accelerator grid subjected to intensive ion bombardment. 

Fig. 3. Ion-current density as a function of 
ion energy for different extracting poten
tials with type l ion optics: 1.5 A/ 45 V 
discharge 
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The general feature seen in Fig. 3 is that the ion-current density increases with in
creasing extraction potential with a clear indication for saturation at extraction potentials 
above l 000 V. Further, for a fixed extraction potential the ion current density increases 
also with ion energy. An explanation of this trend can be an improved beam collimation 
(and consequently an increased ion-current density in the centre of the beam where this 
quantity was measured at higher ion energies. As it was discussed earlier, the beam 
divergence decreases at higher values of R. Any point of a given curve in Fig. 3 has 
its own value of R as the R-values of different points of the same curve increase with 
ion energy. They also vary for each curve in a different range, e. g. from 0.33 to 
0.83 for curve 5. The peculiarities observed at low-ion energies, curves 3 and 4, are 
not accidental and they were confirmed by measurements at other discharge conditions 
(discharge currents of 0.5 A and 1.0 A). The explanation of these peculiarities requires 
a special investigation of beam extraction and formation, including direct beam spread 
angle measurements, which is out of the scope of this study. 

The beam characteristics with type 1 ion-optics were examined at different discharge 
powers. ln this case we kept the accelerator grid grounded; thus the ion energy was 
entirely detennined by the extraction potential while R was equal to unit. The practical 
advance of such a staging concerns applications which do not necessarily require neu
tralization of the beam charge, in so far as in this mode of operation a barrier against 
electron backstream is not provided. The dependencies of ion current density on ion 
energy, presented in Fig. 4, show that a saturation at levels determined by the applied 
discharge powers is achieved at energies higher than 1200 eV. We found that, due to 
voltage breakdowns, there exist limitations in using high discharge powers at high ion 
energies. Similar results were obtained for two different argon pressures, lower and 
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higher than L5x 10-4 Torr. It was validated that the reason for such breakdowns is 
again insulator metallisation. 

With R = 1 higher ion-current densities were obtained at the same extraction po
tentials as it can be seen from the comparison of the results for 1.5 A/45 V discharge 
given in Fig. 4 with those in Fig. 3. For example, 270 µA/cm 2 were obtained at 1000 V 
extraction potential (1000 eV ion energy, Fig. 4) while a value of about 240 /tA/ cm2 
was registered at 1000 V extraction potential (curve 4, Fig. 3) the ion energy being 
800 eV. 
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We studied the capability of type 1 ion optics for ion extraction from the discharge. 
The total ion current extracted from a 1.0 A/ 55 V discharge by a grounded accelerator 
grid is shown as a function of ion energy in Fig. 5. The measured distribution of the 
total ion-current on the accelerator (G2) and on the decelerator (G3) grids is also shown 
in this figure together with the beam current, presented by a bold line. The latter was 
calculated as a difference of the total extracted current and the sum of currents on G2 
and G3. The beam current close to 5 mA saturates at energies above 1300 eV. 

Because of problems discussed above when we used type 1 ion optics, we designed a 
new, much more ensured against breakdowns grid pack with 1.5 mm distances between 
the grids. This ion optics (type 2), examined in extreme conditions (high discharge 
powers, high accelerating voltages, long time of operation etc.) exhibited excellent 
behaviour and it was preferred, although its current capacity, according to equation ( 1 ), 
is expected to be lower than that of the former type. The ion-current characteristics 
with type 2 on optics for 1.0 A/ 55 V <lischarge are given in Figs 6 and 7. The ion
current density dependencies on ion energy for three different extracting potentials 
800 V, 1200 V and 1600 V (Fig. 6) show, to some extent, a qualitative similarity with 
the analogous plot for type 1 ion optics (Fig. 3). The ion-current densities, however, 
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are more than twice lower. Fig. 7 presents total extracted ion-current as well as ion 
currents on G2 and G3 as a function of ion energy, respectively of R, measured at 
1600 V extracting potential. These currents vary slightly in the whole energy range, 
from 200 eV to 1400 eV, but the ion-beam current (bold line in Fig. 7 given by the 
product i1ota1 - ic2 - ic3) increases with ion energy and it saturates at a level of about 
1.5 mA at energies higher than 800 eV. Another important point is that we observed an 
inversion in ion currents on G2 and G3, i.e. ic3 > ic2 at energies higher than 600 eV. 
Possibly, in this case the registered redistribution of the total ion current is controlled 
by R but we were not able to give a correct explanation of this effect with the available 
experimental data. 
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Figure 8 presents the radial distribution of beam density measured with type 2 ion 
optics at following conditions: 1 A/ 55 V discharge; 1400 eV ion energy and 1600 V 
extracting potential ; 16 cm source to probe distance. In the periphery of the nominal 
beam spot (2.5 cm diameter) the density falls nearly 50 % from the maximal value at 
the beam centre. The calculated index of spatial beam uniformity, as defined above, is 
about 0.5. · 

4. Conclusions 

The ion source described provides ion beam with a 2.5 cm nominal diameter and 
nonuniformity of spatial ion distribution typical for the "small-size" class sources. 
Beam current densities for argon ions up to 0.5 mA/ cm2 at ion energies near 1 keV were 
achieved using a three grid extracting/ accelerating system. With a special design of 
the ion optics, exhibited excellent behaviour in tenns of long time and stable operation, 
ion current densities from 0.01 mA/ cm2 to 0.2 mA/ cm2 were obtained in low-energy 
range: 200 eV to 1000 eV. 
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