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Thin Film Sputter Etching
broad ion beam technology
Ion beam technology was 
originally developed primarily 
in National Laboratories for 
use in plasma heating for 
nuclear fusion and for ion 
propulsion.

For the former 
application it is typical for 
negative ions to be used at 
relatively high acceleration 
energy.  For ion drives (used 
for satellite propulsion) 
positive ions are used and 
modest acceleration energy.

Over the past two 
decades the technology has 
been widely adopted in thin 
film device development and 
manufacturing.  In the 
Semiconductor industry 
energetic ion beams have 

been used to modify the 
doping of silicon by ion 
implantation.

For ion implantation, ion 
energies of tens of thousand 
to a few hundreds of 
thousands of Volts are 
commonly used.  The beams 
used are in the form of a 
narrow slit which is 
channelled to the silicon 
wafer via a magnetic sector 
mass selector, and scanned 
across the surface of a wafer 
to provide the required 
dopant dose.

In an ion implanter, the 
ion beam is extracted from a 
reservoir of ions by a single 
aperture.  For thin film 
deposition and for ion beam 

milling larger beams are 
needed.  To generate a larger 
beam ions are extracted from 
an array of apertures and 
coalesce downstream to form 
a broad ion beam. 

Sputter etching, using a 
diode RF system is a 
technique that has been used 
industrially.  A drawback of 
the technique is that the 
operation pressure required 
to sustain a glow discharge 
results in the back sputtering 
of material to the substrate.

Industrially alternative 
techniques have become 
popular; parallel plate plasma 
etching, reactive ion etching 
and ion beam milling. 
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Plasma etching and reactive ion etching 
invoke chemical precursors and are widely 
used processes employed in the fabrication 
of semiconductor devices.  Although the 
adoption of reactive precursors is also an 
option for use with ion beams noble gas 
operation is common.  When noble gases are 
employed the technique is referred to as 
Broad Ion Beam Milling.

In a broad ion beam milling system the 
glow discharge is confined within a bucket.  
An electrode structure is used to extract a 
monochromatic ion beam from the glow 
discharge.  This directional beam is used to 
illuminate a substrate, and sputter material 
from it.  The operation pressure is sufficiently 
low enough to essentially eliminate the risk of 
back deposition of the ejected material.

The passage of the ion beam through the 
background gas causes ionisation which 
visibly illustrates the passage of the beam.  
Beyond the beam the plasma density rapidly 
falls to very low levels and the substrate is 
not subjected to contamination by etched 
material from the walls and shields within the 
system.

Figure 1

A schematic arrangement of an ion beam 
milling system is illustrated in figure 1.  On 
the right hand side is shown the ion source  
projecting an ion beam that impinges upon 
the variable angle, rotating worktable.  This 
allows the substrate to be rotated within the 
ion beam flux.  Rotation of the worktable 
results in homogenisation of the milling   
non-uniformity across an inclined plane 
illuminated by the beam.

The inclination of the substrate table is 
also adjustable.  Optimisation of the milling 
non-uniformity, together with the 
manipulation of the wall angle can be 
achieved by changing the inclination angle.

Illuminating metal targets with an 
energetic particle beam results in sputtering. 
The charge delivered by the impingement of 
Ar+ ions is compensated for by a flow of 
electrons through the conducting target 
assembly.  

Where the ion beam illuminates an 
insulating surface there is no opportunity for 
an electron flow from the table assembly.  
This results in rapid charging of the surface.  
Charging causes two problems.  Firstly it can 
distort and eventually stall the beam.  That is; 
the positive ion beam is deflected by and 
eventually stopped by the charge 
accumulation at the illuminated surface.  
Secondly, this situation is normally dissipated 
by an electrical arc.  To overcome these two 
problems the ion source is normally provided 
with a neutraliser.

It is a common misconception that the 
neutraliser’s function is to ensure space 
charge neutralisation.  In general space 
charge will take care of itself.  Without space 
charge neutralisation the beam cannot 
propagate.  In practical terms what is 
important is to achieve charge neutralisation 
at surfaces impacted by the ion beam. 

Since milling systems use positive ions 
to achieve charge neutralisation we must add 
electrons.  Since electrons have 
approximately 2000 times less mass than an 
Hydrogen atom compared to an Ar ion they 
are extremely mobile.  Delivering electrons 
into the beam will afford efficient current 
neutralisation at any surface the beam 
touches and charges.

The simplest way of introducing 
electrons is through a heated filament 
immersed in the beam.  Traditionally this is 
achieved by stringing a Tungsten filament 
across the front of the ion source.  There are 
several drawbacks to this technique.  
Immersion of the filament within the beam 
means that it is sputtered.  In turn this means  
it is eroded resulting in system contamination 
and a finite and unpredictable lifetime.  The 
Nordiko system uses a filamentless remote 
neutraliser.  A glow discharge is established 

Configuration of a Milling System
common components
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in a small container and electrons are extracted from 
this enclosure into the path of the ion beam.  This style 
of neutraliser is called a Plasma Bridge Neutraliser.

Ion Sources
	 Ion sources originally developed for fusion 
research were dc arc excited.  They used thermionic 
emission from a Tungsten filament as the source of 
ionising electrons to generate the plasma.  Sometimes 
these used multiple filaments and sometimes 
redundant filaments to overcome their intrinsic short 
lifetime.  Alternative filament material can be used to 
extend the lifetime but there remain limitations in using 
this technique of discharge excitation.  For fusion 
plasma heating the interest is in negative H- ions 1.  
The ion energy is also typically very high (50 kV to 200 
kV).

	 Applications for space propulsion and for thin 
film deposition and etching use positive ions.  For 
space applications heavy ions, often metal, are of 
interest (typically Caesium 2 or Mercury have been  
used).  Ion implantation for the semiconductor industry 
uses ions selected for their impact on the band gap 
when implanted into the silicon lattice.  Ion sources 
used in ion implanters fall generally into two types; the 
Freeman source 3 and the Bernas source 4.
	 For thin film applications new configurations of 
broad beam ion sources have been developed.  The 
precursor in the USA was the Kaufman ion source 5.  In 
Europe and Japan ion source commonly referred to as 
Bucket sources were developed 6,7.
	 The Nordiko ion source is rf excited and employs 
a bucket style multi-cusp magnetic confinement field.  

RF Excited Broad Beam Ion Source
plasma generation and ion extraction
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Figures 2 and 3 illustrate generic source 
designs.

n

	 By using rf excitation of the glow 
discharge we are able to overcome the 
problems associated with filaments.  It also 
means that our sources are wholly 
compatible with operation in Oxygen.
	 The ion source comprises a metal 
cylindrical vessel.  One end is closed by the 
ion extraction accelerator.  At the other is 
fitted a dielectric window.  Through this 
window rf power is coupled inductively from 
an antenna.
	 Both of the ion sources illustrated 
above are shown with triode accelerators.  It 
is also possible to use only two grids (diode) 
and four grids (tetrode).
	 The two major parts of an ion source 
are the plasma (or glow discharge) generator 
and the accelerator. It is worthwhile briefly to 
consider the roles of these two components:
Role of the plasma source -
	 To provide an abundant, variable density,
	 glow discharge that homogeneously
	 bathes the inner grid across the whole of
	 its extraction area.
Role of the accelerator -
	 To collimate and project the ion beam
	 extracted from the discharge bathing the
	 inner grid.  Also to provide a barrier to
	 back-streaming electrons.

Plasma Source

	 The glow discharge within the Nordiko 
ion source is inductively generated at the 
back of the plasma vessel.

	
	

Electrical glow discharges easily loose 
electrons to the walls of their container.  It is 
this mechanism that give rise to the plasma 
bias, between the glow and the walls that 
contain it.  This loss can be reduced by 
introducing a magnetic field at the walls.  The 
crossed electrical and magnetic fields cause 
the electron motion to be constrained and 
enhances the ionising collision they suffer 
before they are lost.  The magnetic field also 
provides a means of allowing plasma cooling 
as the discharge expands away from the 
antenna region and drifts towards the 
accelerator.  The field used takes the form of 
a multi-cusp arrangement.  This leaves the 
central region of the ion source magnetically 
field free.
	 Note that in figure 3 the body of the 
ion source is held at the same electrical 
potential as the first grid.  For any ion within 
the source the only reference it knows is the 
first grid potential.
	 Ions formed within the source move 
randomly (thermally) until they approach a 
containing wall.  At the sides of the cylinder 
this means they are accelerated by the 
potential between the plasma and the wall 
(plasma potential) of approximately 20 - 30 V.  
Similarly at the top of the source they are lost 

Plasma Source
discharge generation

Figure 2 -generic dc excited ion source Figure 3 -generic rf excited Nordiko ion source
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from the system.  At the bottom of the 
source they may strike the first grid and be 
lost.  Alternatively they may enter an aperture 
within the accelerator.

Accelerator
	
It is now time to discuss the accelerator in 
more detail.  The function of the accelerator 
is to extract ions.  It will accelerate whatever 
ions impact the open area of the first grid of 
the accelerator assembly.
	 Ion extraction is achieved by a multi-
electrode structure.  This is sometimes 
referred to as an extractor assembly, the 
accelerator, or the grid assembly.  In the 
Nordiko ion source this accelerator assembly 
comprises three parallel electrodes each 
made of Molybdenum.  Each electrode 
provides an aligned array of apertures.  The 
alignment and physical separation of the 
apertures cascading through the electrode 
structure provides for controlled ion 
extraction.
	 The Nordiko triode accelerator is 
illustrated schematically in figure 4.  The 
body of the ion source is electrically 
connected to the first electrode denoted G1, 
or grid 1 and is biased positively.  The 
second electrode is denoted G2, or grid 2 
and is biased negatively.  The third and outer 
electrode is denoted G3, or grid 3 and is 
grounded.

	 These electrodes within the triode 
behave as an electrostatic lens, when biased, 
to focus ions that enter an aperture in G1 
from the plasma.
	 As the beam travels through the 
structure it firstly accelerates and is then 
retarded.  This is more easily illustrated if we 

consider some bias values.  For example let 
us say that G1 is biased at +600 V and G2 at 
-2000 V.
	 Ions from the discharge move randomly 
until they enter the sheath at the boundaries 
of the plasma.  Where this sheath causes the 
ion to enter an aperture it becomes 
subjected to larger electrostatic fields 
between G1 and G2.  An Ar+ ion will be 
accelerated from the plasma potential (20 to 
30 V) to + 2600 V in passage between G1 
and G2.  As it now passes between G2 and 
G3 it will be retarded by 2000 V and emerges 
through G3 with a potential equal to that on 
G1 + the plasma potential.  Usually the 
plasma potential is small compared to the 
beam voltage and is ignored.  It is clear then 
that in our ion source the beam voltage is 
equivalent to the bias placed on G1.
	 During acceleration the ions passing 
through the extraction structure are subject 
to space charge interactions.  Minimising this  
interaction is key to forming a high quality ion 
beam.
	 There is a relationship between the 
current that can be extracted and the 
extraction voltage applied.

where:
	 I 	 = beam current
	 m	 = mass of the ion
	 a 	 = aperture radius
	 D	 = electrode separation
 Vex = V+ + ∣V-∣

Above is the Child - Langmuir relation 
that governs the space charge limited current 
that may be extracted by a given accelerator 
configuration.  This relationship can be 
reduced to:

	 Note that in the example given 
earlier where +600 V is applied to G1 and 
-2000 V is applied to G2,  Vex   is 2600 V.
	 Perveance is a  term frequently used 
when considering charged particle beams.

Ion Beam Extractor Assembly
accelerator

I ∝ Vex
3/2

plasma

+ve

-ve

ground

figure 4
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The value of perveance indicates how 
significant is the space charge effect is on 
the beam’s motion.  We can consider the 
perveance as a measure of quality.  More 
importantly it is very important that the 
perveance is matched to the accelerator.  
Only under matched conditions will the 
accelerator form a well focused and low 
divergent ion beam.
 It can be difficult to determine the 
point of perveance match empirically.  It is 
common therefore to derive this point from 
numerical modeling.  Where the perveance is 
matched the ion beam divergence will be at a 
minimum.  As a rule of thumb it is acceptable 
to operate the ion source at ±10% of the 
match point.  For a given set of G1 and G2 
bias values the current needs to be set to 
achieve the pervenace match.  This is 
achieved by adjusting the rf input power to 
attain the desired current output.
	 With increasing beam energy (G1 
voltage) the beam will become easier to 
extract with low divergence.  Although 
perveance match can be achieved at lower 
beam voltage with the appropriate reduction 
in current, as per the Child-Langmuir 
relationship, in general the divergence 
characteristics will be degraded.
	 Beam divergence is an important 
attribute of a charged particle beam.  In 
milling applications it impacts the minimum 
wall angle that can be achieved on an etched 
feature.  It can also lead to asymmetric 
artifacts with regard to wall angles on inward 
and outward facing features when comparing 
the central and peripheral areas of a 
processed substrate.
	 Ion beams exhibit divergence as they 
propagate.  This property has both 
advantages and drawbacks.  The beam  only 
coalesces from the shafts of ions formed by 
the individual apertures downstream to 
become a broad beam due to its intrinsic 
divergence.  Gross levels of divergence 
would give rise to a rapidly expanding beam 
that would strike the process chamber walls 
and give rise to contamination.  It would also 
make it difficult to etch very small features on 
a small pitch.

Beam divergence from broad beam ion 
sources is a function of design of the 
accelerator but typically lies in the range from 
4° to 10°.  Now consider a beam the flight 
distance of 250 mm.  Let us assume the half 
angle divergence is 4°.

	 	
	 	 figure 5

If the beam exits an aperture with a diameter 
of 4 mm,  over a flight distance of 250 mm 
before it strikes the target surface, it will have 
grown in diameter to 39 mm, figure 5.  

	 	

figure 6

If we take the other extreme and assume a 
half angle divergence of 10° the beam growth 
becomes very significant, see figure 6.
	 In recent years device features have 
become markedly smaller and there is a 
demand for beams with lower levels of 
divergence.  Nordiko has introduced new 
accelerators that provide significantly 
improved divergence characteristics while 
preserving meaningful integrated current 
outputs.

Beam Divergence
substrate illumination

4 mm 
4° 

39 mm 

250 mm 

4 mm 
10° 

92 mm 

250 mm 

Br
oa

d 
Io

n 
Be

am
s 

  A
ug

us
t 2

01
3



7

	 When considering the divergence of a 
beam, or comparing the performance of two 
beams the way that the divergence is defined 
and expressed is important.
	 The divergence figure that we quote is 
the half angle rms figure.  This encompasses 
60% of the beam flux.  Any ion beam will 
exhibit a relatively tight core and around this 
a halo.  The divergence of the halo is 
typically between two and three times that of 
the core.	
 In the previous example a beam might 
display a core divergence of 4º, but the beam 
halo a total divergence of 10º.
 By adopting a strong accel-decel 
extraction field across a triode electrode 
array and with judicious care of the 
accelerator’s detailed design, we are able to 
provide a divergence of close to 1º.
 It is always simpler to produce a low 
divergence beam at a high beam energy than 
a low one.  From the perspective of many ion 
beam applications the process beam energy 
used in ion milling is regarded as very low.  
We are interested in a beam having an 
energy of 1000 V or less.  Many milling 
processes are operated at less than this, 
typically between 600 and 250 V.  500 to 600 
V is a very common working span.  Achieving 
a beam divergence of 1º at these energies is 
not trivial.
 The accelerator designated by the 
reference A36 will provide a beam 
divergence of a little more than 1º at a beam 
energy of 600 V, see figure 7.

figure 7

	 Adoption of the accel-decel structure 
allows the ions source to be operated at a 
given beam voltage but at different current 
outputs.  Normally as the current is reduced 

there is little scope to modify the overall 
extraction voltage in accordance with the 
Child Langmuir relationship.  Because the 
accelerator is designed to operate at a 
significantly higher extraction voltage than 
the beam voltage there is more room for 
manoeuvre.  
	 As a result the following comparative 
outputs are available.

Beam Voltage	 Relative current  Divergence
  600                    4                    1.1º
  600   2.2        1.1º
  600   1.5        1.3º

Charging and Current 
Neutralisation

	 Illuminating an insulating surface with 
a charged particle beam will result in 
charging of that surface.  The mask used to 
define the pattern for etching, often a 
polymeric resin, may also accumulate an 
electrical charge. 
	 A plasma bridge neutraliser is used to 
inject a flux of electrons into the ion beam.  
The Nordiko neutraliser is a cold cathode dc 
powered unit.

plasma power source
(constant current)

V&I monitor isolated

low tension
bias power supply
I monitor isolated

-

-

+

+

neutraliser

current path coupling
to ion beam etc

(but always returning
through the chamber)

common return

figure 8

The neutraliser is fed with Argon, typically at 
a flow rate of 2 to 5 sccm and can provide an 
output of up to 500 mA.

	

Divergence and Neutralisation
accelerator design & electron source
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Factors Influencing Milling 
Uniformity

	 Beam divergence plays an 
important role in beam shaping and 
overall focus.  Other factors include; 
the plasma uniformity within the 
source, beam propagation distance, 
gas pressure within the source, beam 
voltage, extraction voltage, RF power 
(perveance match) and neutralisation.

Divergence

	 Where the individual beamlets 
that comprise the overall broad beam 
are very divergent the the resultant 
beam will display a broad bell shape.  
When the beam has this nature a 
beam substantially larger than the 
sample to be etch is necessary.

Plasma Uniformity

	 The uniformity of the plasma 
within the source is of fundamental 
importance.  The ion accelerator will 
extract a beam from what ever 
plasma bathes it.  If there is a radial 
uniformity in the plasma density 
immediately in front of the first grid 
then a non-uniform extraction will 
result.

Beam Propagation Distance

	 The broad beam is made up 
from contributions from many 
individual beamlets extracted from 
each aperture.  Particularly where 
these have an intrinsically low 
divergence character sufficient 
distance must be given for these to 

coalesce and form a broad beam.  As 
a general rule of thumb the beam 
propagation distance needs to be 
about equivalent to 1.3 times the 
beam diameter.

Gas Pressure

	 The pressure within the source 
also has an impact.  Pressure and RF 
power density can be traded to 
achieve a given output current.  For 
example a particular output current 
may be achieved at a certain gas flow 
rate and power input.  The same 
output will be achievable with a 
reduced gas flow and larger power 
and vice versa.  The range over which  
this can be done is limited but is 
worthwhile exploring.

Beam Voltage

	 In operation bias is applied to 
the first grid and to the second grid.  
The positive bias applied to the first 
grid define the beam voltage.  The 
beam divergence will improve 
(reduce) with increasing beam 
voltage.

Extraction Voltage

	 The extraction voltage is the 
modulus of the voltages applied to 
the first and second grids.  For some 
milling applications the beam Voltage 
may be constrained by process 
requirements.  In such a case a scan 
of various second grid bias values is 
necessary.  Often optimum results 
may be obtained when the first and 
second grid bias values are 

Divergence and Neutralisation
accelerator design & electron source
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equivalent.  This tends to optimise 
the beamlet divergence.

RF Power

	 There are two ways to effect the 
total current available for extraction 
for the source; one is to change the 
pressure within the source (normally 
by changing the flow gas into it) the 
second os to change the RF power 
delivered.
	 Where ever parameters are 
found that that provide good 
performance similar perveance match 
may be obtained at other parameters 
provided the Child-Langmuir 
relationship is adhered to (see page 
5).  Extracting a beam above 
perveance match will generally lead 
to poor performance.
	 The accelerator will extract 
whatever beam bathes it.

Neutralisation

	 Maintaining charge 
neutralisation at surfaces illuminated 
by the beam is important.  If charging 
occurs the beam will be deflected 
and it will not be possible to achieve 
good uniformity.

Divergence and Neutralisation
accelerator design & electron source
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