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Ion implantation into semiconductors for 
electronic applications represents by far the 
most widespread industrial use of ion beam 
technology. In this application, the ability to 
control the energy, direction, intensity, and 
beam purity is of extreme importance. To a 
smaller but still increasing extent ion implan
tation is used in industry for improving the 
surface properties such as hardness, wear 
resistance, friction, fatigue life, and corro
sion resistance of metals, ceramics and 
polymers. The main advantages of ion im
plantation as a surface treatment are that it 
introduces no dimensional changes of the 
substrate, it does not require a high sub
strate temperatures, the process parame
ters are well controlled, the implanted spe
cies are alloyed within the substrate, and it 
is possible to obtain surface alloy compo
sitions beyond traditional solubility limits.

The coating of material surfaces with thin 
films by means of physical vapour deposi
tion (PVD) is another well established indus
trial process used to harden surfaces or to 
protect them from corrosion. It has the 
advantage of enabling the production of 
several micron thick films of outstanding 
characteristics such as, for example, the 
well-known gold-coloured and very hard TiN 
coating on machining tools. By comparison, 
layers modified by ion implantation are only 
a fraction of a micron thick. Drawbacks of 
the PVD coating technique are that the sub
strate must be kept at an elevated tempera
ture to make high-quality coatings, and that 
adhesion of the film to the substrate can be 
poor. Failure of adhesion can be caused by 
a difference between thermal expansion 
coefficients of film and substrate, residual 
stress in the film, or the presence of impuri
ties or oxides on the substrate surface.

With ion-beam assisted deposition (IBAD) 
both processes — ion implantation and 
physical vapour deposition — assist each 
other in a way that not only eliminates the 
drawbacks of each of the individual pro
cesses, but also creates novel features that 
neither can produce separately.

The IBAD Process
The IBAD process is a combined process 

in which a thin film formed by deposition on 
a substrate is bombarded continuously with 
a directed beam of energetic ions. In this 
way the ion beam interacts with the outer
most few atomic layers of the film as it 
grows, thereby affecting the growth process 
or modifying the film properties, such as 
microstructure, density, composition, hard
ness, and adhesion to the substrate. 
Although some intermixing between the
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Fig. 1 — Schematic illustration of the prin
ciple of ion-beam assisted deposition. Evapo
rated atoms at thermal energies and ener
getic ions (100 eV to few keV) arrive at the 
substrate surface simultaneously. The ion 
beam only penetrates few atomic layers, but 
with continuing vapour deposition, the IBAD 
film may be several microns thick. The ions 
affect the properties of the film by depositing 
energy in elastic collisions with the film atoms 
and/or by reacting with the vapour atoms 
causing compound formation. Reactive back
ground gas may also be used to influence 
film properties.

coating and substrate occurs in the initial 
stages of an IBAD process, it should not be 
confused with the ion-beam mixing process 
which involves bombardment of the inter
face layer between an already deposited 
film and the substrate with ions of sufficient 
energy to penetrate the entire film.

The principle of ion-beam assisted depo
sition is illustrated schematically in Fig. 1. 
Evaporated atoms and low-energy ions 
(100 eV to few keV) arrive at the substrate 
surface simultaneously. Such low-energy 
particles only penetrate a few atomic layers, 
but with continued processing the IBAD film

may be grown to a thickness of several 
microns. The ion beam affects the proper
ties of the film via two mechanisms: a) by 
depositing energy in the film ; and b) by 
reacting with the vapour deposited atoms 
causing compound formation. In some 
cases the latter may include the combined 
effect of reaction with the atoms of a con
trolled inlet or background gas.

A set-up for IBAD processing is illustrated 
in Fig. 2. The vapour is produced by means 
of an electron-beam evaporation system, 
and a low-energy, broad-beam ion source 
produces the low-energy ion beam. The 
geometrical arrangement aims to minimize 
the angle between the vapour atoms and 
the ion beam impinging on the sample, 
which is mounted on a rotatable, water- 
cooled sample holder. It is possible to pass 
a reactive gas into the chamber through a 
needle valve. Process control and monitor
ing is facilitated by means of a quartz crystal 
deposition rate monitor which is used to 
control the electron beam power; the ion 
source power supplies can be regulated to 
provide a constant preset ion beam current. 
Finally, a residual quadrupole spectrometer 
gas analyzer is used to monitor the back
ground gas condition. The configuration 
shown includes an access port for a beam 
originating from a high-current ion source. 
This allows the use of higher energy beams 
for IBAD processing as well as the intro
duction of non-gaseous (e.g., metallic) ion 
species into the process.

The ratio R of the arrival rates for the ions 
and the atoms (R = ri/ra) and the rate at 
which the reactive gas atoms hit the sub
strate surface are important parameters for 
controlling the IBAD process. For the im
pinging of an ion beam covering an area A 
with a current I, the ion arrival rate ri = I/Ae, 
where e is the electron charge. An ion beam 
current density of 160 µA/cm2 corresponds 
to an ion arrival rate of 1015 ions/cm2s. The 
vapour atom and background gas arrival 
rate ra depend on the partial pressure p and 
the temperature T  as follows:

Fig. 2 — A complete set-up for ion-beam assisted deposition, including power supplies, control 
electronics and vacuum system. The box-shaped IBAD processing chamber has its cover 
removed. The illustration shows as a vertical section through a cylindrical processing chamber 
seen from the side. A high-energy ion beam 2 can be can be introduced through the gate valve 
1 to impinge on a sample attached to the water-cooled sample holder 3. The film thickness is 
measured with a thickness monitor 4 and a gas analyzer 5 monitors the chamber atmosphere. 
An inlet 6 can be used to introduce a reactive gas and electron-beam evaporated atomic 
species are produced in a crucible 7. The low-energy ion beam comes from a broad-beam ion 
source 8.

Europhys. News 25 (1994) 149



ra = p(2πmkT)-1/2
where m is the molecular weight and k 
is Boltzmann’s constant. For nitrogen at 
room temperature, the residual gas pres
sure corresponding to an arrival rate of 
1015 atoms/cm2s or 0.5 x 1015 molecules/ 
cm2s is 1.7 x 10-6 mbar. A vapour deposition 
rate of 1015 atoms/cm2s corresponds to a 
typical film growth rate of 2 Â/s.

Film Characteristics and Applications
Conventional IBAD

When thin films are grown by physical 
vapour deposition at low temperatures the 
microstructure often shows a columnar 
structure with columns in the direction of the 
impinging atoms, causing porosity of the film 
which is normally undesirable. Raising the 
deposition temperature above a certain criti
cal value (typically 0.25 Tm, where Tm is the 
film melting temperature) causes this struc
ture to be levelled out owing to surface diffu
sion. With IBAD, the energy of the ion beam 
is mainly deposited via elastic ion-atom colli
sions and the atomic movements caused by 
the collision cascade inhibit development of 
the columnar structure. Hence, with IBAD It 
Is possible to create very dense thin films 
even at low temperatures. This Is particu
larly advantageous when high temperatures 
modify surface properties.

Another effect of energy deposition by the 
ion beam Is the reduction of residual stress 
in the film. Residual stress is caused by the 
film microstructure, different thermal expan
sion coefficients between film and substrate, 
and impurities. The stress can be effectively 
annealed out if the ion/atom arrival rate ratio 
R is high enough to ensure that each atom 
of the deposited film is involved in a collision 
cascade. The critical R-value for this to 
occur depends on the ion energy, but is 
typically less than 0.01, i.e., a beam current 
intensity of less than 1.6 µA/cm2 is sufficient 
for a film growth rate of 2 Å/s. Stress 
annealing represents an important means 
to avoid cracking or delamination of the film.

Film adhesion can be further improved by 
using the ion beam to sputter-clean the sub
strate surface and by intermixing of the film 
and substrate atoms (the latter requires high 
beam energies to ensure sufficiently deep 
penetration into the substrate). Using these 
approaches, MoS2 films with extremely 
good adhesion can be produced for dry 
lubrication purposes.
Reactive IBAD

In the examples described above the pri
mary role of the ion beam is to transfer 
momentum and energy to the film and sub
strate atoms. In such cases, the process 
normally uses noble gas ions, and typical 
ion/atom arrival rate ratios are much less 
than one. Low- and medium-current ion 
beams are therefore sufficient. In the cases 
where the ion beam supplies atoms for com
pound generation (so called reactive IBAD) 
the ion species Is obviously of importance. 
Furthermore, the R-value is a much more 
critical parameter for obtaining the correct 
stoichiometry and the desired film proper
ties. High ion currents are required for this 
application since ion and atom arrival rates 
must be similar in magnitude. Hence, a ver
satile ion-beam system capable of produc-
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A high-current ion implanter with one beam line under construction in the Danfysik 
factory at Jyllinge. An ion source with extraction followed by mass analysis generates 
ion beams that are accelerated in the accelerating tube coupled to the processing 
chamber shown on the right. A magnetic quadrupole and a beam scanning system 
placed before the chamber are used manipulate the beam.

ing high beam currents of many different 
gaseous (and if possible metallic) ions Is 
required.

Using the reactive IBAD technique it is 
possible to make dense films of TiN or AIN 
with good adhesion by evaporating Ti or Al 
while bombarding the film with a nitrogen 
beam having an Intensity corresponding to 
R = 1. They may also be produced by bom
barding the metal film with a noble gas 
beam, e.g., Ar+, while applying the nitrogen 
as background gas. Evaporation of Zr under 
oxygen beam bombardment can produce 
very dense oxide coatings for optical applica
tions. Other IBAD techniques still in the re
search stage include the production of extre
mely hard and chemically inert diamond-like 
coatings of carbon and cubic boron nitride.

Perspectives
The first industrial-scale application of the 

IBAD technology has been in the production 
of optical antireflective coatings, where the 
improved adhesion and density relative to 
non-ion based deposited coatings Is a great 
advantage. Other applications, such as cor
rosion protection, wear resistance and dia- 
mond-like carbon coatings are also finding 
Industrial applications.

With the large number of possibilities for 
engineering new, low-temperature coatings 
In a controlled way, the IBAD technique will 
undoubtedly lead to further research and 
development work. As a consequence the 
technique will find new applications, where 
the specific advantages of IBAD films are in 
demand.
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