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lon sputtering and its biomedical
applications. Theoretical concepts and
practical consequences. Clinical
implications and potential use

ZBIGNIEW W. KOWALSKI

Technical University of Wroctaw, [-25, 50—370 Wroctaw, Poland

it is the purpose of the paper to promote the ion beam sputtering technique and its
biomedical applications among not only ion beam users but also other research workers,
and especially, among biologists and medical doctors. The objectives of this article are
threefold. Firstly, it supplies a conceptual background for discussing the main question
of this work, i.e. biomedical applications of sputtering. Secondly, the title issue and some
related problems, important in the biomedical use, are widely presented and discussed.
Finally, clinical implication and potential applications are shown,

1. introduction

The phenomenon, now called sputtering, was
first observed in glass discharges by William R.
Grove in 1852 and Faraday in 1854. It took about
half a century until the physical process involved
in sputtering was recognised and about 100 years
until a quantitative description began to be devel-
oped. In recent years there has been a growing
interest in the study of ion sputtering largely
because of the practical applications of this pro-
cess. Among them so-called “biomedical applica-
tions” are especially promising and useful. It
appears that the technique in question can give
two main biomedical applications:

(a) revealing of the subsurface features of bio-
logical derived materials resulting from ion sputter
etching, and

(b) modification of the surface morphology of
biocompatible materials induced by ion sputter
texturing.

These unique capabilities of sputtering could
potentially be used in cytological studies and
in implantology. But this is the separate prob-
lem, which could be qualified as “clinical implica-
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tion and potential applications of ion sputtering”.
It seems, that this difficult question should be
studied first of all by medical specialists but, of
course, with close co-operation with ion beam
users, ‘

The objectives of this paper are threefold.
Firstly, it supplies a conceptual background for
discussing the main problem of this work, i.e.
biomedical applications of ion sputtering. This
part of paper deals with theoretical concepts of
sputtering, as well as experimental results and
data. These problems are well known and exhaust-
ively discussed in the suitable literature, and,
therefore, only those are touched here, which
are important and indispensable (from this article
point of view). Secondly, the title issue, i.e. bio-
medical applications of ion sputtering and some
related problems are widely presented and talked
over. Finally, clinical implication and potential
applications (as examples) are shown.

2. Sputtering by ion bombardment

Ton bombardment of solids causes a lot of events.
One of them is ion sputtering. It is the purpose
of this chapter. to identify main events induced
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by ion irradiation and to present the most often
measured sputtering parameter, i.e. the sputtering
yield.

2.1. ldentification of events

Bombardment of solids by energetic ions can
result in several so-called target effects (see Fig. 1),
ie.:

1. Sputtering of energetic neutral target species
with small amounts of secondary positive ions
(~1%) and negative ions (~ 1073%) [1].

2. Backscattering of energetic ions and neutral
atoms.

3. Emission of secondary electrons and electro-
magnetic radiation.

4. Ion implantation.

In addition to the effects mentioned above
other processes (transport processes) may also be
caused by ion irradiation. These are: (a) radiation
damage, (b) diffusion, (c) cascade mixing and
(d) segregation. Lastly, it is worth noting some
derivative effects, such as: redeposition of sput-
tered material, changes of surface temperature, etc.

In this paper we will concentrate especially on
the first effect, now called sputtering. This phen-
omenon is universal because all kinds of particles
can erode all kinds of materials. Even light parti-
cles can give rise to considerable sputtering effects
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on certain types of target materials. Sigmund
proposed a very useful definition of sputtering
[2]. He believes that the four criteria are consistent
with what is considered to belong to sputtering by
most investigators:

1. Sputtering is a class of erosion phenomena
observed on a material surface as a consequence of
external or internal particle bombardment.

2. Sputtering is observable in the limit of small
incident-particle current. It means that macro-
scopic heating and subsequent evaporation of a
target by a high-intensity beam is not considered
as a sputtering phenomenon.

3. Sputtering is observable in the limit of small
incident-particle fluence. This criterion ensures
that a single incident particle may indeed initiate a
sputtering event. This separates blistering from
sputtering phenomena.

4. Sputtering is observable on target materials
of homogeneous composition. The criterion sep-
arates phenomena like collision-induced desorp-
tion from sputtering.

2.2. Sputtering yields

The most often measured parameter characterizing
the sputtering process is the so-called sputtering
yield. It is defined as the ratio of the average
number of ejected to the number of incoming



particles. Sputtering may occur both from the
bombarding side of the target (backsputtering) and
from the side where the particle beam exists from
the target (transmission sputtering). The corres-
ponding yields are:

1. backsputtering yield, simply called the sput-
tering yield, and
2. transmission-sputtering yield.

It may be convenient at this point to note that the
term “‘sputtering yield” is used in the literature to
mean different things. Consequently, different
types of sputtering yields have to be defined [3]:

1. The first, referring to pure and multicom-
ponent materials, is the total sputtering yield Y,
i.e. the number of sputtered atoms per incident
particle. In the case of ions as incoming particles
it is the number of sputtered atoms per ion.

2. The second coefficient is a partial sputtering
yield Y; of component 7 of a multiphase material.
It can be defined as number of sputtered atoms
of component i per incident particle (ion for
example).

3. The next is a component sputtering yield
Y, which is defined as the partial sputtering yield
Y; divided by the equilibrium surface concentra-
tion Cf{ of component i during sputtering. Both
Y; and Y {are often denoted as the partial sputter-
ing yield, but one has to clarify if either ¥; or
Y {is designated the partial sputtering yield.

The total, partial and component yields are
related by:

Y = ZiYi (1)

and
Yi=Y,/C;} (2)

The sputtering yield depends on many factors [2],
in particular on the type and state of the bom-
barded material [4—9] and the characteristics of
the incident particle [10-25].-However, each fac-
tor does not influence the sputtering yield in the
same way. For example, the effect of target tem-
perature on the yield is, in general, small for
temperatures not too close to the melting point.
On the other hand, the surface topography may
have a strong influence on the average sputtering
yield.

Sputtering yield measurements have been per-
formed for more than one hundred years, and a
vast amount of data have been published [26, 27].
A necessary requirement for obtaining reproduc-

ible data is that the irradiation is performed in
well-defined conditions with regard to the incom-
ing beam, target material and vacuum (vacuum
conditions may influence the target properties).

Among the variety of techniques of yield
measurements one can distinguish four main
methods, i.e.:

1. mass-change measurements,

2. thickness-change measurements,

3. microscopic measurements on the target, and

4,yield determination through analysis of sur-
face composition.

Reliable experimental values of the sputtering
yield lie in the region of 107 to 10° atoms per
incident particle [2]. .

2.3. Theoretical concepts of sputtering
2.3.1. Mechanisms of sputtering

Despite the universality of the ion sputtering phen-
omenon, a large variety of erosion mechanisms
have been proposed during the past years. At the
present time, we can say that no single erosion
mechanism explains all experimental observations.
Recently, Kelly [28] has classified six sputtering
processes by considering the time scale, i.e. prompt
and slow collisional processes, prompt and slow
thermal processes, exfoliational sputtering, and
finally, processes based on electronic transitions.
From this point of view, when an incident particle
hits the target surface at ¢+ = 0, prompt collisional
processes involving direct or near direct particle—
target interactions follow for 107" < s < 107%
sec. One can recognize two groups of prompt
collisional events characterized by uncorrelated
collisons (i.e., rebound sputtering, recoil sputtering
and reflection sputtering) and correlated collisions
(bulk chains also known as focusons — typically 2
to 3 atoms in length). An ensemble of processes
which are designated as slow collisional are caused
by the cascade of moving target atoms and follow
for 107 <r<10™® to 1072 sec. Next, for
10718 to 10712 <¢r<10™" to 10710 sec, occur
prompt thermal processes, conventionally attrib-
uted to a thermal spike, and the recently recog-
nized slow thermal processes, which occur for
t>> 1071 to 1071% sec (most notably the vapor-
ization of alkali-metal atoms from the surfaces
of alkali halides). Finally, for macroscopic times
and at very high doses exfoliational sputtering, due
to the rupture of gas filled cavities, sets in. Inde-

pendently of this scheme one must also
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Figure 2 Three regimes of ion sputtering by elastic collis-
ions [2}: (a) the single-knockon regime, (b) the linear
cascade regime, (c) the spike regime, ® Jon, o Target atom.

recognize the processes, which are fast (z < 10™! to
1079 sec) or slow (£=107!! to 10710 sec) in
nature, based on electronic transitions.

Slow collisional sputtering is often associated
with the name of Sigmund [2, 12, 29-32] and is
frequently the dominant mechanism with many,
though not all, systems. According to his sug-
gestions two main types of sputtering can be
classified, i.e.:

1. sputtering by elastic collisions (knockon
sputtering), and
2. sputtering by electronic excitation.

The elementary event of knockon sputtering is
an atomic collision cascade, where the incident
ion knocks target atoms off their equilibrium
sites, thus causing these atoms to move and to
undergo further collisions. Some of these atoms
are ejected through the target surface (if energetic
enough to overcome the binding forces). Knockon
sputtering can be distinguished between three
qualitatively different situations as shown in
Fig. 2: (a) the single-knockon regime (lower and
medium eV region; for very light ions — up into
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lower keV region), (b) the linear cascade regime
(characteristic for keV and MeV ions, except for
the heaviest ions which are stopped rapidly and
tend to generate spikes), and (c) the spike regime.

In the single knockon regime, recoil atoms are
energetic enough to get sputtered, but not ener-
getic enough to generate secondary cascades. In
the other two cases, they can generate secondary
and even higher-generation cascades. The linear
cascade differs from the spike regime in the spatial
density of moving atoms, in spike regime this dens-
ity is so high that the majority of atoms, within
the so-called spike volume, are in motion.

The second type of sputtering is sputtering by
electronic excitation. In insulators, excitation
energy could be transferred to atomic motion
because the lifetimes of the excited electronic
states may be long enough to allow this. One may
again consider three regimes, similar to those
shown in Fig. 2 and presented above. For example,
isolated in space ionizing or dissociating events
may be generated by UV photons and low-energy
electrons and/or ions. The linear ionization cas-
cade and ionization spike regimes are pronounced
in the cases of high-speed and heavy ions, respect-
ively.

It is worth noting that within Sigmund’s clas-
sification  [2] chemical sputtering is a special
case of sputtering by electronic processes. The
traditional concepts of physical sputtering (i.e.
ejection of target atoms through the surface
resulting from Kkinetic energy transfer from the
incident particles) and chemical sputtering (i.e.
chemical reaction induced by the bombarding
particles which produce unstable compounds
at the target surface) might be abandoned for
this reason. According to the Sigmund’s theory
the sputtering yield is proportional to the energy
deposited at the solid surface, and is given by the
formula:

a(M, M)
U

s

Y(E) = 0.042 Sa(E), (3)
where £ is the incident projectile energy, U is the
surface binding energy, usually taken to be equal
to the sublimation energy, S,(£) is the nuclear
stopping cross section, and «a(M,/M,) is an
energy-independent function of the mass ratio
between the target mass M, and the ion mass M.
Recently, however, definite systematic deviations
from this formula have been pointed out for such
cases as lightdon sputtering and low-energy



sputtering. Several attempts have been made to
correct the above expression [2, 24, 25]. The
angular dependence of the sputtering yield [12],
especially in the case of light-on sputtering and
heavy-ion sputtering [25] has also been studied, and
a simple empirical formula for preliminary descrip-
tion of this dependence has been proposed.

2.3.2. Some aspects of monocrystal
sputtering

Comprehensive information about the ion sputter-

ing of monocrystal targets relating to the theor-

etical aspects and experimental observations,

measurements and data can be found in works of

Robinson [33] and Roosendaal [27].

Experimental results have shown that the crys-
talline state of the target strongly influences the
sputtering process of the material in question.
“Monocrystalline effects” are revealed especially
in: (a) sputtering yield measurements, and (b) the
properties of the sputtered material, ie. the
angular distribution and energy spectra of sput-
tered particles. It has been stated that the sputter-
ing yield for monocrystalline material is both a
function of the ion incidence angle ® as well as
of the angle ¢ with respect to the nearest low
index direction. For the incidence of the ion beam
along the low index crystallographic directions,
the observed yield is generally lower than that for
a polycrystalline target. As an explanation of the
reduction in yield, the concept of channelling was
introduced. It assumes the reduction of the col-
lision probability for this part of particles which
trajectories have a certain stability to remain near
the centre of the channel (considered as the space
formed by low index lattice rows). Strictly speak-
ing, the idea of channelling assumes that channelled
particles do not contribute to sputtering. Experi-
mental observations have also shown that the
angular distribution of particles sputtered from
monocrystalline targets has distinct peaks for char-
acteristic ejection directions. The energy distribu-
tion of the ejected particles are also significantly
influenced by the crystalline structure of the
sputtered target.

Several models of the ejection process from
monocrystal surfaces have been developed through-
out the years. It seems that neither of them can
give more than a semiquantitative picture of the
experimentally observed events. At present, no
comprehensive theory exists. The main reason is
probably the neglect of the full three-dimensional

structure of the target crystals. Such a limitation
can be overcome by computer simulation met-
hods. But these methods are hampered by the
lack of accurate models of surface crystal structure
(i.e. for example the location of atoms, surface
binding energy, etc.) and additionally are often
very time-consuming andfor require large amounts
of computer memory. Consequently, the largest
and fastest computers must be used to produce
statistically reliable quantitative results. In practice,
more approximate and cheaper models are used
and this is probably the main reason why the
results are still far from being complete, and allow
only a limited comparison with experimental
data.

At the end of this section some words must be
said about the importance of the surface prepara-
tion of the monocrystal targets [34]. When clean
surfaces are used, the most dominant experimental
parameters in studies of surface effects resulting
from ion bombardment are the crystal lattice and
orientation. In the case of poorly prepared sur-
faces, a lot of other effects, which completely
obliterate the real physics of the sputtering pro-
cess, must also be considered.

3. Material modification by ion sputtering
Ion sputtering of solid surfaces causes two major
“material effects”, i.e. (a) surface morphological
changes, and (b) surface chemical alteration. They
are discussed below. A short survey over theoret-
ical models is also included because of its import-
ance in understanding of the nature of morpholog-
ical and compositional changes resulting from ion
irradiation.

3.1. Surface morphological changes

The changes of surface morphology which occur as
a consequence of ion sputtering have been studied
for many years. The majority of the theoretical
work has been concerned with random (amor-
phous) solids. In the subsequent discussion it may
be convenient to distinguish between studies with:

1.random media where point and extended
defects have little or no meaning, and the domin-
ant effects will be a result of the macroscopic and
microscopic variations of the sputtering -yield as
a function of the incidence angle and due to
spatial variations of the energy deposition distribu-
tion near the point of ion impact, respectively, and

2. crystalline media where such effects may be
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additional to that due to the microscopic scale var-
iation in the sputtering yield as a result of defect
production and interaction with the surface.

Each of the effects mentioned above may con-
tribute in some way to the development of surface
morphology, but other processes of atomic scale
morphological change may also operate, especially
processes such as: local sputtering yield variation
{32], volume diffusion [35] and particle flux varia-
tion [36]. Several rather less important events
must also be considered, i.e. the redeposition of
sputtered material onto the closely adjacent
planes, the ion reflection at grazing incidence,
dechannelling at dislocation lines, modification of
surface binding energy arising from variations in
crystallographic orientation or elastic stress and
sample temperature changes resulting from ion
bombardment, etc. All these processes and/or
events can result in significant deviations of the ion
sputtered surface morphology from the theoretical
predictions.

3.1.1. Survey over theoretical models

The first analysis of the surface topography modi-
fication induced by ion bombardment of the
amorphous solids was made by Steward and
Thompson [37] who investigated the motion of
surface elements composed of intersecting semi-
infinite planes. They, assuming that the depend-
ence of the sputtering yield on the angle of ion
incidence could possibly be responsible for the
observed microscopic surface features, were the
first to give the equation of motion of intersection
of two planes during ion erosion. These results,
applied to the step erosion, showed the dominant
role played by the planes inclined at an angle ©,,
corresponding to the angle where the sputtering
yield was a maximum (O is the angle between the
beam incidence and surface normal). Erosion siow-
ness theory confirmed [38] that, from an initially
variously shaped surface the most probable and
state orientations of the facets are normal and
parallel to the ion beam direction. The model
[35, 39—-41], where the motion of individual
points on a general two-dimensional surface was
studied, has also shown that a steady state is
reached when the surface topography consists
of planes aligned either parallel or perpendicular to
the direction of the ion beam and inclined at
+@,,. It should be noted, that similar results have
been obtained in the model [42, 43] where a gen-
eral surface contour was treated as an envelope of
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linear segments and where the time dependent
behaviour of this envelope during erosion was
investigated.

Experimental observations have shown, that
during the ion bombardment of solid surfaces
well-defined surface topographical features (undu-
lations, waves) are developed. Several authors have
tried to explain the formation of these features
on crystalline surfaces suggesting [44, 45] that if
a regular array of dislocations was formed by a
defect agglomeration below the ion irradiated
crystalline surface, then ion channelling would be
interrrupted by these dislocations, the ion energy
loss rate would increase locally near the surface,
and a spatially periodic variation of sputtering
yield would occur at the surface, giving rise to
the regular features, Hermanne [45] has made a
first attempt at defining the conditions for such
dislocation growth and stability to occur. Another
model [46] indicated that a regular dislocation
array intersecting the surface or located beneath it
may lead, in the first case, directly to a periodic
variation of the surface binding energy or in the
second case to a periodic variation of the
surface stress, thus leading to periodic variation of
the surface binding energy and thus of the
sputtering yield and allowing surface undulations
to form. It is worth noting that several attempts
have also been made to develop computer models
of surface topography evolution incorporating
not only simple sputtering [47] but also ion
reflection, redeposition, and surface diffusion
[48].

Concluding this short survey we can say that:

1. An analytical approach, including computer
simulation methods, to the development of sur-
face morphology of random materials allows the
prediction of trends in the surface development
and prediction of the final steady-state contours.
However, a complete analytical solution is gen-
erally unobtainable except for the simplest of
contours. What the analytical approach does give,
is a set of equations describing the instantaneous
change of a surface contour over a short time
interval.

2. There are several mechanisms by which reg-
ular structures can be initiated on solid surfaces
(especially crystalline materials) during ion bom-
bardment. However, whether any of these are
themselves sufficient to account for the observed
morphologies which develop after continued
sputtering, is not clear.



TABLE I Topographical features most often observed at the bombarded surfaces of solids

Name of the feature Kind of material sputtered References

Cone Metals, semiconductors, metal alloys, glass, resin [32,37,39,49-54]
Crater Metals [32,44,55]
Furrow or Groove Metals [32, 44, 56]

Hummock or Hillock Glass, metals

(32,39, 44,52, 55]

Pit Metals, semiconductors, glass [39, 44, 49, 50, 54, 57]
Ridge Metals [32,37,53]

Step Metals, semiconductors [37,39,44]

Whisker Semiconductors, resin [49, 52]

3.1.2. Classification of morphological
structures

Over the past years many topographical features
have been observed at the ion bombarded surfaces
but generally two types [45] or classes [49] of
surface morphology or topography should be
distinguished, according to their origin. One type
consists of features of different aspects appearing
on amorphous, polycrystalline and single-crystal
surfaces, whose origin is related to impurities or
irregularities present in or under the surface before
the beginning of ion irradiation. Table I lists these
features which are most often observed at the
sputtered surfaces of solids.

The second type is more or less a regular pat-
tern of arrays (e.g. parallel grooves, undulations)
or any of the previous features appearing on the
single-crystal surfaces or on the surface of only
some grains of the polycrystalline samples. Their
origin is related to radiation damage, i.e. the
defects created and the impurities implanted
during the bombardment. The regularity or ran-
domness of this type of surface topography
depends on the configuration of the extensive
defects (formed by absorption of point defects),
when the surface reaches their level.

The second class of surface topography can
also be observed in the case of random solids but

T A BLE II Regular topographic features observed at the
ion sputtered surfaces of glasses

Name of the Kind of glass Refer-

feature ences

Parallel grooves Natrium-calcium [58]

perpendicular to glass

the beam

Parallel grooves along Fused silica, [52,59]
the beam Soda-glass

Striated surface Fused silica [59]

Periodic strucutre Glass [46]

Waves Corning 7059-glass [60]

the mechanism of its formation is not clear.
Table I presents, as an example, topographic
features in question formed on the ion bombarded
surfaces of glasses.

3.2. Surface chemical modification

In addition to surface morphology changes the ion
bombardment can also modify the surface and/or
subsurface chemical composition of the solids
(properly multicomponent materials, i.e. materials
consisting of more than one element). This is indi-
cated in the work of several investigators {3, 61—
75]. In the subsequent discussion it may be con-
venient to classify the multicomponent materials
according to their structure (Fig. 3). They can be
distinguished as:

1. single-phase materials which are character-
ized by having the same composition of elements
uniformly distributed, and

2. multiphase materials, i.e: heterogeneous
systems consisting of different crystallites which
represent different phases, compositions and
sometimes crystal structure (e.g. the majority
of alloys, mixtures of different materials).

According to the specific responses to ion
bombardment single-phase materials can be
divided into the following three sections:

1. single-phase alloys,

2. single-phase compounds with no high vapour
pressure components (e.g. silicides, carbides, semi-
conductors, intermetallic compounds) and

3. single-phase compounds having high vapour
pressure components (e.g. oxides, nitrides, halides).

In spite of the large amount of experiments per-
formed up to the present, the sputtering process
for multiphase materials is not fully understood
and a large amount of data, mainly for higher ion
fluences, are difficult to understand [3]. In the
present state of knowledge it is rather impossible
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Figure 3 Classification of the multicompon-
ent materials considered and practically used
as ion bombarded targets.
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to draw any general conclusions. It seems that
further experiments under well-defined con-
ditions are needed. While for the systems in
question the theoretical conceptions are “prema-
ture”, this is not the case for single-phase materials.
Theoretical concepts and experimental results
concerning the ion bombardment of single-phase
systems are presented in the next two sections.

3.2.1. Processes and models

‘The large number of experimental results obtained
from ion bombardment of single-phase materials
enables the processes which contribute to the
observed composition changes to be distinguished.
It has been stated that various components are
generally not sputtered proportional to their
surface concentration. This phenomenon is now
called preferential sputtering and means the
different ejection probabilities of the different
target components.

Ion bombardment leads generally to surface
enrichment of the component having a lower
sputtering vield. Conceptually, if one of the
components has a significantly different sputtering
yield than the other, the element with the higher
yield will be preferentially depleted from the
target surface leaving the other elements enriched.
It is worth noting that the term “sputtering yield”
is used in the literature to mean separate things.
Three major definitions have been presented in
section 2.2.

One important question in sputtering studies
is the correlation of the sputtering yield in multi-
component materials with those of the pure
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elements. Generally, the preferential sputtering
behaviour of these materials cannot be predicted
according to the sputtering yields of individual
elements. Also total sputtering yields of multi-
component systems have been found to be quite
different from a superposition of the yields
of the components. On the other hand, the experi-
mental results show for some multicomponent

materials, especially for single-phase metal alloys,
that observed surface enrichment is in agreement
with sputtering yields of the pure elements, i.e.
that the component with the lower elemental yield
becomes enriched under ion irradiation [3].
Although the sputtering yield studies are very
useful and necessary they do not directly contri-
bute to understanding the mechanism of the
preferential  sputtering of multicomponent
systems. The main reason is that the sputtering
yield is the phenomenological coefficient [76] and
it depends on many factors. It is very important
that to well-known sputtering parameters (such as:
mass and kind of ions, their energy and incidence
angle, the mass and kind of target atoms, crystal
structure and orientation in the target material,
and the binding energy of atoms to the surface)
some new factors must be added, when multi-
component materials are considered [74], i.e. ion
dose, target temperature, a binding energy which
becomes dependent on concentration of the
components, the evolving surface topography
and the properties as derived from the phase
diagram of the material.

For multicomponent systems, the effects of
component mass difference and binding energy



seem to be of fundamental importance for under-
standing the nature of the preferential sputtering
mechanism. Over the whole period lively con-
troversies have been going on between the
supporters of these two factors. At the present
time, the general consensus is that both, dif-
ferences in the mass and in the surface binding
energy of the constituents, are very important
but the binding energy seems to play the dominant
important role. This clearly results from the tables
of experimental data compiled from about 250
references by Betz [3]. Only in the single knockon
regime and for systems with quite different masses
for the constituents, mass effects clearly dominate,
i.e. the lighter species are preferentially sputtered.

The thickness of the surface layer modified by
ion bombardment, the so-called “altered layer”,
is mostly comparable to the range of the incident
ions (depth of ion penetration). This is much
greater than the thickness of the layer from
which the atoms are sputtered, i.e. than could
be expected from preferential sputtering itself.
Therefore some other processes (called bulk,
transport or secondary processes) must be con-
sidered in addition to the preferential sputtering
such as:

1. thermal diffusion,
. radiation enhanced diffusion,
. recoil implantation,
. cascade mixing,
. thermal surface segregation, and
. radiation enhanced segregation.

N D W N

of the primary particles. On the other hand, it
seems that the diffusion enhancement is rather
small in the ion bombardment induced com-
positional changes at room temperatures [62].
Ion irradiation can also modify the second dif-
fusion process, i.e. radiation enhanced diffusion.
Under this irradiation many lattice atoms are
displaced, creating point and larger defects, which
all increase diffusion. Diffusion processes can only’
counteract compositional changes resulting from
preferential sputtering. They simply randomize
the target material.

Collisional processes such as recoil implantation
and cascade mixing can give changes of chemical
composition over the depth of the collision
cascade. Recoil implantation causes enrichment
of the heavy species near the surface, while the
lighter species tends to transport deeper into the
target. The basic phenomenon of cascade mixing
is not yet well understood but several models
have been developed [77, 78]. The process in
question, just as with diffusion, tends to smear
the concentration gradients generated by pre-
ferential sputtering and recoil implantation.

The last group of secondary processes are
segregation processes, which may produce dif-
ferent phases both, at the target surface and in
the deeper layers, preventing a stationary state
to develop.

It must be said at this point. that the relative
significance of the bulk processes for observed
compositional changes in various multicomponent

Thermal diffusion can give compositional materials has not yet been clarified.
changes over a depth much greater than the range The ion bombardment of single-phase
T A B L E 1II Principal characteristic of the instruments for the analysis of surfaces*
Analysis technique Method of Analysed Analysed Obtained
_ L il . .
Full name Abbreviation excttation particles value information
Auger electron spectroscopy AES Electrons Auger electrons Energy Composition of the
altered layer asa
function of depth
Electron spectroscopy for ESCA
chemical analysis or X-ray or XPS X-rays Electrons Energy As above
photoelectron spectroscopy
lon scattering spectroscopy 1SS Tons Backscattered Energy Composition of very
ions outermost surface
layer
Rutherford backscattering RBS MeV ions As above Energy Altered layer

spectrometry

studies, informa-
tion about its
depth

*For further information, see Holland ez al. [1], pp. 349-368.
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compounds having high vapour pressure com-
ponents may result in several “new” events, causing
other mechanisms to be considered in addition to
those mentioned above (i.e. for single-phase alloys
and compounds with no high vapour pressure com-
ponents). Four of those events seem to be of
great importance, i.e.:

1. breaking or forming of new chemical bonds,

2. modification of the crystalline structure,

3. amorphization and/or crystallization of a
near surface layer, for oxides and other nonmetalic
compounds, and

4, reduction of the oxide to the more metallic
state (it was found for multitude of oxides [3],
that oxygen is lost preferentially).

About 150 examples of single-phase materials
which were ion sputtered and analysed by surface
analysis techniques, all with suitable references,
are presented in the next section,

3.2.2. Experimental techniques and results
To investigate new important events induced by
ion bombardment of multicomponent systems,
to understand the mechanisms of surface com-
position changes, and finally, to develop adequate
model of sputtering of the materials in question,
it is necessary to obtain a lot of independent
experimental results. Access to reliable suitable
data only became possible with the development
of surface analysis techniques, such as Auger
electron spectroscopy (AES), electron spectro-
scopy for chemical analysis (ESCA) also known as
X-ray photoelectron spectroscopy (XPS), ion
scattering spectroscopy (ISS) or Rutherford back-
scattering  spectrometry (RBS). These four
methods have been widely used in the study of
the altered layer at the surface of various multi-
component materials. Sometimes, in addition
to those other techniques, such as low (LEED)

and high (HEED) energy electron diffraction as

well as energy distribution measurements (EDM)
were also utilized, especially for compounds with
one high vapour pressure component. Principal
characteristics of AES, ESCA, ISS and RBS,
i.e. the techniques usually used for surface analysis
of ion treated single-phase materials, are presented
in Table III. Table IV gives a survey over the ion
sputtered systems studied in recent years with the
techniques mentioned above. In addition, suitable
information about the kind and the energy of the
bombarding ions used for sputtering of each
system, as well as numerous references (which may
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give more exact data) are also given. This com-
pilation of data and references has been greatly
facilitated by the existence of the tables on surface
composition changes by Betz in the preliminary
version of reference [3]. The present survey shows
that the most commonly utilized techniques are
Auger electron spectroscopy and electron spectro-
scopy for chemical analysis. The latter method was
applied especially to compounds with only one
high vapour pressure component, i.e. to oxides,
nitrides, halides. Precise data about the modifi-
cation of surface composition resulting from ion
bombardment of single-phase systems can be
found in reference [3].

4., Biomedical application of sputtering
Unique capabilities of ion sputtering enable
this process to be applied in the field of bio-
medicine [143--154]. It seems that two main
biomedical applications could be distinguished
according to the sputtering processes used in
the experiment (Fig. 4). The first process is
sputter etching, ie. the removal of material
atoms from the surface by energetic ions and/or
neutral particles which bombard the target.
The second is sputter texturing which means
microroughening of the irradiated surface due
to spatial variations in sputtering yield of the
target surface. It must be stated that sputter
etching is the situation where texturing is undesir-
able but, unfortunately, it usually exists. It is
important, in this case, to understand the nature
of surface texturing to be able to suppress the
development of the texture. Using ion sputter
etching, it is possible to reveal the internal structure
of biologically derived materials, such as for
example; cells and soft or hard tissues. Sputter
texturing is the process which can modify the
surface texture of various biomaterials (bio-
compatible materials), such as for instance:
biological implants, prostheses, artificial organs,
assist devices, cell attachment testers, etc.

The third sputtering process, i.e. sputter
deposition is beyond the scope of this article and,
therefore, it is not discussed here.

4.1. Revealing the internal structure of
biologically derived materiafs

Ton sputter etching in combination with scanning

electron microscopy gives rise to the very inter-

esting possibility of structural studies of various

materials.
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Figure 4 Biomedical application of ion sputtering,

It is well known that the crystalline state of the
target strongly influences the sputtering process,
especially the sputtering yield. [t means that the
grains with different crystal orientation are etched
with different sputtering rates and, consequently,
that they can be revealed during ion irradiation.
Fig. 5 shows, as an example, the sputtered surface
of an Fe—Mo alloy with distinctly visible grains
{155], which were disclosed from an initially
smooth surface during ion bombardment from a
duoplasmatron source.

In the last two decades several attempts have
been made to reveal the internal structure of
biologically derived materials, Experimental
studies have been concentrated on three major
kinds of these materials:

1. biological cells (human [143—145] and avian
[146] red blood cells, mammalian cells [146],
viruses and bacteriophages [147]),

2. soft tissues (e.g. rat duodenum [52]), and

3. hard tissues (human teeth [52, 148]).

Preliminary findings have demonstrated the
potential value of ion etching in studying the
structure of normal and pathological red blood
cells and other soft tissues [52, 144]. However,

contrary to these optimistic opinions, there have
been some difficulties in distinguishing inter-
cellular structures from artefacts produced by
the ion processing. It has been shown that ion
sputtering (etching) may create a lot of topo-
graphical features on the ion irradiated surfaces;
examples are presented in Tables I and II. This is
a result of very complicated phenomena (des-
cribed in previous sections) involved in this process.

Figure 5 Grains revealed by ion sputter etching of Fe—Mo
alloy,
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The situation is more difficult in the case of
biologically derived materials, especially soft
tissues and cells, where the mechanism of creation
of the artefacts in question is almost unknown.
In spite of these pessimistic results, ion etching
seems to be a good toolin revealing these organelles
in the cytoplasm or these parts of the tissue
which are characterized by low sputtering yields
(which are etchresistant). For example, this
technique has allowed some insight to be gained
into the orientation of the nucleic acid within a
virus [147] or into the pulp of the tooth [52].
It is also a very good method for the study of
dental materials, and especially the enamel/
restoration interface. The problem of micro-
leakage around dental restorations is of great
importance. It appears that although good adapta-
tion between restorative material and enamel
is indicated on the surface, this is in fact not
the case down the whole depth of the cavity
wall [148]. This very short survey of the experi-
ments indicates that sputter-etching can success-
fully be applied to some but not all, biologically
derived materials. On the other hand, the inability
to distinguish cellular structures from features
produced by the ion etching suggests that a
better understanding of the ion sputtering of the
organic materials is required. This means that
further investigation should be expected.

4.2. Modification of surface morphology

of biomaterials (biocompatible

materials)
Sputter etching used to reveal the internal struc-
ture of biologically derived materials preferentially
etches them in ways similar to chemical etching.
However, under a variety of conditions ion
sputtering can produce a textured surface con-
sisting of several kinds of features including cones,
hillocks, hummocks, pits and other structures
presented in Tables I and I1. This process is usually
referred to as sputter texturing or simply,
texturing.

Ion beam texturing has been tested with dif-
ferent material combinations and has several
potential applications. Among them biomedical
use is probably one of the most promising. Three
major sputter texturing techniques usually applied
to modification of surface morphology of various
biomaterials (biocompatible materials) could be
distinguished, i.e. natural texturing (NTex), seed
texturing (STex) and pattern texturing (PTex).
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The microscopically rough surface texture pro-
duced by these techniques may result in improve-
ments in biological response and/or performance
of implanted devices. In addition to morphology
changes, which are predominant, ion bombard-
ment modifies the chemical composition of
sputtered biomaterials (biocompatible materials)
and therefore it is not easy to attribute alterations
in the mechanical properties of these materials
and/or in the tissue response data to ome or
other cause. It scems that additional studies are
necessary to answer these difficult questions. For
example, the use of transfer cast biopolymers
peeled from ion beam textured (pattern textured)
surfaces may allow morphological changes to be
fabricated with minimal or no surface chemical
alteration [150]. Ion beam texturing techniques
usually applied to biomaterials, as well as problems
of ion bombardment induced compositional and
mechanical changes are presented and discussed
in the next two sections.

4.2.1. Surface texturing technigues

4.2.1.1. Natural texturing. Natural texturing
(NTex) is the microroughening of the ion bom-
barded surface of the sample that occurs if
there are spatial variations in the sputtering yield
of the target surface (Fig. 6). The above definition
is very simple and convenient because it clearly
shows the major properties of the NTex technique
which distinguish natural texturing from other
possible techniques. Unfortunately, the definition
cannot give “the full picture” of the creation of
the surface texture, for this is a very complicated
phenomenon and many events may contribute
in some way to this texture development. Dif-
ferent types of materials can develop natural
texture as a consequence of ion bombardment.,
In the last years various biomaterials and

Target material

Ion
source

Ion beam

b
Target surface with spatial
variations in sputtering yield

Figure 6 Schematic representation of natural texturing of
the solid surface,
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Figure 7 Experimental sputtering yields for titanium and
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biocompatible materials, such as, metals, alloys,
polymers and ceramics, have been ion sputtered
with various types of ion sources and then
examined by scanning electron microscopy [149,
150, 156—160]. Experimental results have shown
that jon sputtering can texture surfaces of the
materials in question in a different manner accord-
ing to the particular properties of the materials,
as well as the sputtering conditions, e.g. ion

energy, its angle of incidence, time of ion bom-
bardment, used in the experiment. SEM images
showing the ion sputter induced surface texture
of four selected biomaterials and biocompatible
materials (each from the other group of materials,
i.e. from metals, alloys, polymers and ceramics)
are presented and discussed below. The selected
materials are: titanium, chrome—nickel stainless
steel, polyester and alumina ceramic. Titanium
has been chosen because, among other things,
it is good material for dental implants. It was
tested as an endosteal blade vent implant [149,
150]. The next two biomaterials, i.e. chrome—
nickel stainless steel and polyester were utilized
for orthopaedic (see for example Catalogue of
OSTEO AG, Selzach products, 1976) and vascular
[158] implants, respectively. Alumina, chosen as
a representative of ceramics, is a very interesting
material because it is used both, as substrate for
thick film circuits and recently as artificial bone
[161, 162]. Suitable data relating to the etch
rates and sputtering yields of the selected materials
are presented in Table V and Fig. 7, respectively.
The influence of texturing on their surface
morphology is shown in the following photo-
micrographs. Fig. 8 shows the surface of poly-
crystalline 99.9% titanium before (Fig. 8a) and

Figure 8 Titanium surface topography [159, 160], (a) before, and (b) after 210 min of natural texturing at an accelerat-
ing voltage of 1000 eV and beam current density of 2mA cm™2,
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TABLEYV Etch rates of alumina, stainless steel and tit-
anium for normal argon ion beam incidence

Material Etch rate (nm min~!)
1mA cm™2 2mA cm™?
500eV 1000 eV
Alumina 8-12 50-70
Stainless steel 304 25 140 max
or 316
Titanium 13-35 95 max

For further information see Kowalski and Rangelow [159]

after natural texturing (Fig. 8b) for 210 min with
the aid of Kaufman type source. The initial,
unsputtered, surface was altered during ion
bombardment with an inclination to creating
larger topographical features and to obliterating
various pits, holes or craters. In isolated areas of
the textured surface individual grains were
revealed and also waves could be observed. The
influence of NTex on morphology changes is
more distinctly visible in Fig. 9, where SEM
images of untreated (Fig. 9a) and ion sputtered
(Figs. 9b to d) surfaces of chrome—nickel stainless
steel are presented. This steel (17.5% chromium,
12.5% nickel, 3% molybdenum, and 0.03% max
carbon) corresponds to the American standard
AISI 316 LC or the German material number
4435. The unsputtered surface was almost smooth.
Only a few pits with inclusions of grinding com-
pound and some flaws, after polishing, could be
seen. After ion bombardment from a Kaufman
type source the initial smooth surface changed
with a tendency to roughening (Fig. 9b). Flat
planes with single pits and areas with periodic
structure, parallel grooves, were dominant topo-
graphical features. Sporadically isolated pits
with inclusions could also be observed. The ion
sputtered surface became more textured, the
surface roughness increased, and the topography
was distinctly visible as the sputtering duration
increased (see Figs. 9b and c). In spite of self-
evident differences in surface morphology, both
surfaces in question have a very similar charac-
ter, or nature. It is impossible to say this about
the third surface of chrome—nickel stainless
steel which was ion irradiated from a glow dis-
charge ion gun with a hollow anode (Fig. 9d).
The surface texture has a different character
and looks like desert sand or quicksand with
shallow pits, isolated holes, steps and terraces.
Other texturing effects (e.g. shadowing) and
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topographical features result from natural tex-
turing of polymers. Fig. 10 shows a SEM image
of polyester Symbol 10 (made in Poland) after
argon ion beam bombardment [158]. Polyester
is an elastic polymer used for vascular implants;
they are made of knitted polyester material con-
sisting of COOR groups, where C is carbon, O
is oxygen, and R is the organic radical. The
bombardment region of the polymer sample had
a matt black appearance to the eye, probably
due to an increase of carbon on the sputtered
surface. It is clearly seen from the picture that
during ion irradiation some synthetic fibres
(threads) were partially shadowed by others.
As a result of shadowing, parts of the fibres
were not sputtered and remained smooth and
“thick” (untreated threads had greater diameters
than ion textured threads). The effect of ion
bombardment on the polyester surface texture
is presented in Fig. 11. The unsputtered surface
(Fig. 11a) was found to be almost completely
smooth. After ion irradiation a dense mass of
whiskers, very irregular in shape, could be observed
on the surface of the fibres (Fig. 11b). It is dif-
ficult to say anything definite to explain the
mechanism of sputter texturing of polyester
material. Only, several possible mechanisms could
be considered:

1. ion sputiering of COOR molecules,

2. ion sputtering of polyester material, with
different sputtering ratios for C, O and R, and

3. ion sputtering of polyester material and/or
chemical decomposition of the material.

The observed surface texture (Fig. 11b) is
probably due to the differences between the
sputtering yields of carbon, which has an
extremely low sputtering yield, and the rest of the
chemical elements, of the polymer.

The next group of non-conductive materials
which were successfully textured are ceramics and
among them alumina ceramic [157-159, 163—
165]. Fig. 12 represents the surface of 96%
alumina before (Fig. 12a) and after (Fig. 12b)
natural texturing with the aid of a hollow anode
gun. As opposed to the polyester material, the
untreated surface of alumina was not smooth —
differently shaped and oriented grains were visible.
These grains were not seen after irradiation. The
initial topography changed with a tendency to
smoothing but simultaneously microroughening
occurred due to preferential sputtering of the



Figure 9 Scanning electron photomicrographs of chrome—nickel stainless steel [158, 159], (a) before ion irradiation,
(b) after natural texturing for 50 min at an accelerating voltage of 1000 eV and beam current density of about 1 mA
cm™, (c¢) after NTex for 600 min at the same voltage and similar beam current density, and (d) after 200 min of textur-
ing at an accelerating voltage of 7kV and total beam current of about 70 A,
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pore walls and a large angular dependence of the
sputtering yield. Both these processes determined
the final state of the surface roughness and topo-
graphy. The sputtering process could be con-
sidered as the erosion of the ion impact amorphized
homogeneous and isotropic material containing
pores and inclusions [166]. This can be observed
in Fig. 12b, where the natural textured surface of
alumina shows a great number of flat shaped
cavities; sputtering revealed deep pores and single
inclusions, but without any signs of grains and
grain boundaries. Ion bombardment can modify
the alumina surface morphology very quickly.
To prove this, to compare the irradiated surface
topography with that of the initial surface or,
eventually, to measure the removal material thick-
ness, the sample can be partially screened with a

Figure 10 SEM image of poly-
ester material after 90min of
natural texturing [158} at an
accelerating voltage of 7kV (the
hollow anode ion gun was used
as an ion beam source).

mask during ion irradiation. The border between
the textured and untreated surface obtained after
bombardment of alumina sample partially
screened with molybdenum foil is shown in Fig.
13. As can be seen, the surface morphology has
been modified even if the ion dose was relatively
small and the thickness of material layer removed
by sputtering was too small to be measured.
Grains considered as “semicircular profiled”
surface elements (upper part of the image) were
changed into “triangular shaped” features, which
is consistent with results obtained by computer
simulation of the line edge profiles undergoing
ion bombardment {47, 48].

All the surface textures presented and discussed
up to here were developed on different biomaterials
under perpendicular ion beam bombardment.

Figure 11 SEM photomicrographs of polyester fibres, (a) before ion irradiation, and (b) after natural texturing.
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Figure 12 Scanning electron images of 96% alumina, (a) untreated surface, (b) surface after 90 min of ion-beam sputter-
ing at an accelerating voltage of 7kV. SEM performed in Laboratory of Electron Microscopy, Technical University

of Wroclaw, Poland.

However, it is possible to alter the surface
morphology by changing the beam incidence
angle [167]. Three sets of SEM images presented
below show the great influence of this parameter
on the morphology and on potential possibility
of surface texturing in a controlled manner.
For example, surfaces of polycrystalline 99.9%
titanium samples (an example of the untreated
surface is shown in Fig. 8a) jon bombarded from
a hollow anode gun at various ion beam incidence
angles, from O to 1.4 rad, were drastically changed,
as can be seen in Fig. 14. Different angles “gave”

‘ILI

Figure 13 Border between the untreated (upper part) and
natural textured (lower part) alumina surface obtained by
Ar* jons irradiation from the hollow anode surface [60,
159]. SEM performed by W. Hauffe, Technical University
of Dresden, GDR.

different images of texture. A lot of various
topographical features could be observed: (a)
flat and shallow craters, variously shaped hillocks
and jsolated areas with periodic structure on a
normally sputtered surface (Fig. 14a), (b) craters,
slots, steps, cone-like features and grooves or etch
lines on surfaces irradiated on an average inclined
beam (Figs. 14b and ¢), and (c) etch lines, ridges
and extensive topographical features similar to the
“scale-like” structure on surfaces bombarded
by a strongly inclined beam (Figs. 14d and e).
All topographical features observed on natural
textured surfaces of titanium were oriented along
the ion beam direction, as is distinctly visible for
near-glancing beam incidence, i.e. for 1.22 and
1.4 rad. Similar results were obtained for alloy—
biomaterial, i.e. for chrome—nickel stainless steel
(Figs. 15a to d). Ion bombardment developed on
initially smooth surfaces, as seen in Fig. 9a, a large
number of topographical elements, such as:
(a) pits, craters, steps, terraces or deep holes on
perpendicularly sputtered sample (Fig. 15a), (b)
deep and differently shaped craters, cones and
cone-like structures, as well as waves and periodic
structures (etch lines), all distinctly oriented along
the tangential component of the ion beam, on
the sample irradiated at angle of 0.78 rad, and (c)
etch lines, grooves, ridges, and scale-like structures
(also oriented along the beam direction) on the
samples sputtered at near-glancing incidence
(Figs. 15c and d).

Two events are characteristic in natural textur-
ing at various incidence angles (NTexg). Firstly,
this technique develops different kinds of topo-
graphical features on different types of target
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materials but some of them are common. These
common or similar shapes can be. observed
especially for very oblique beam incidence.
Secondly, all developed features are oriented along
the ion beam direction. This individual charac-
teristic is independent of the type of material
sputtered. Even such biocompatible material as

1540

Figure 14 Titanium surface topography after natural
texturing for 240 min at an accelerating voltage of 7kV
and at various incidence angles: (a) Orad, (b) 0.78rad,
(c) 1.05rad, (d) 1.22rad, (e) 1.4 rad.

alumina ceramic (which is an insulator and an
extremely sputter-resistant material) was textured
in the same manner and revealed analogical struc-
tures for near-glancing incidence (see Fig. 16).
For these ion incidence angles, ion sputtering is
dominated by collisions occurring in the first
surface layers. Such behaviour is thought to be
caused by a rapid increase in the reflection coef-
ficient. With increasing incidence angle, ©, the
average path length travelled inside the target,
and hence the energy loss, and hence sputtering
yield, decreases. Fig. 17 shows the influence of
the ion incidence angle © on the average path
length (Fig. 17a) and on sputtering yield of
alumina (Fig. 17b). It is difficult to say anything
definite about the mechanism of formation of
topographical features observed on all ion
irradiated surfaces of biomaterials. However, this
mechanism is a phenomenon located near the
surface, it is more complicated because these first
layers of polycrystalline biomaterials studied (for
example alumina ceramic) were amorphized during
ion beam bombardment. It has been suggested
[168] that to explain the etch lines and scale-
like topography one should take into consideration



g

Figure 14 Continued.

Figure 15 SEM images of natural textured surfaces of chrome—nickel stainless steel. Samples were ion bombarded for
240 min from a hollow anode gun (accelerating voltage of 7 kV) at various incidence angles from 0 to 1.22rad, (a) O rad,
(b) 0.78rad, (c) 1.05rad, {d) 1.22rad.
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Figure 16 Surfaces of polycrystalline 99.5% alumina, (a) before, and after ion beam bombardment from a hollow anode

source at an accelerating voltage of 7kV and at various incident angles: (b) Orad, (¢) 0.78rad, (d) 1.05rad, (e) 1.22rad
) 1.4 rad.
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Figure 17 The influence of ion incidence angle ® on: (a) average path length travelled inside the target ®

L <6,<0
e fon, and (b) sputtering yield (data from Holland et al. [1], p. 373).
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TABLE VI Angular dependence of the K.y, Kmin, and Ky, coefficients for Ar* irradiation from hollow anode

source of 99.5% alumina [167]

Beam incidence angle (rad) 0 0.78 1.05 1.22 14

Maximum coefficient, Ky 212 0.78 1.08 0.94 0.71

Minimum coefficient, K 0.97 0.74 0.69 0.66 0.59

Mean coefficient, Ky, 1.29 0.76 0.88 0.79 0.65

Mean coefficient of selected samples 1.17 0.76 0.69 0.68 0.60
(seen in Fig, 16)

I'igure number 16b l6c 16d 16e 16f

the following:

1. the initial geometry of the sample surface,
and

2. the strong dependence of sputtering yield
on ion incidence angle.

In spite of the importance of the second event,
the first one is rather controversial. The topo-
graphical features in question which developed
on the surface after oblique ion beam irradiation
have been observed not only on initially rough,
but also on smooth surfaces.

In addition to the ion bombardment induced
surface topography, modification of the surface
roughness also can be observed and measured
[163]. It is convenient to introduce a coefficient
K =R, /Ry, where R, is the mean roughness
after, and Ry before ion irradiation. This coef-
ficient shows the changes of the roughness result-
ing from texturing of the target surface. Table VI
describes the angular dependence of the maxi-
mum, minimum and mean coefficients for Ar”
irradiation (NTexg) of 99.5% alumina samples
as well as mean coefficients K, of some speci-
mens selected from all samples analysed. Sur-
faces of these selected specimens are presented
in Fig. 16.

A substantial increase of surface roughness
can be observed for perpendicular (near-
perpendicular) bombardment. For very oblique
ion incidence roughness is greatly reduced.

Target material

Ton
source

Ion beam

Seed material

(a)

Figure 18 Schematic representation of seed texturing techniques (a) generally used, (b) applied occasionally.

4.2.1.2. Seed texturing. Sputtering with a sputter-
resistant material, seed material, supplying the
target surface during ion irradiation is normally
referred to as seed texturing (STex).

A low sputtering yield seed material (see Fig.
18a) is located in the proximity of the target
and usually at a 0.52 to 0.78 rad angle with res-
pect to the ion beam axis. The ion beam
simultaneously sputters both, the target and the
seed material. Some of the seed material is
deposited on the target surface. It has been
generally understood that the obtained surface
texture results from clusters of seed atoms
protecting the underlying substrate while the
surrounding substrate material is sputtered away.
It is possible to texture surfaces differently (Fig.
18Db), i.e. using two separate processes [169] as:
(a) deposition of seed material onto the target
surface by means of, e.g. ion sputter deposition
technique (ISD), and (b) ion sputter texturing
of the target in question with a thin film of seed
material covering its surface.

In analytical models of the dynamics of seed
texturing [170, 171] seed atoms are assumed to
move from adsorption site to adsorption site on
the target surface by a random walk process.
Only those atoms that acquire an energy greater
than the activation energy £y (i.e. the potential
barrier between adjacent sites) are mobile. This
energy ranges from 0.5 to 2.0eV for metallic
materials of interest for seeding. The radius rq

Target material

—
Ton Ion beam
source
.
(b) Thin film of seed material
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TABLE VII Melting points and sputtering yields of various elements [154]

Symbol Elements Melting point, Sputtering yield Symbol Elements Melting point, Sputtering yield
) (ation™!) (°C) (ation™!)
Ag Silver 960.8 3.12 Ni Nickel 1453.0 1.45
Al Aluminium 660.0 1.05 Os Osmium 3000.0 0.87
Au Gold 1063.0 2.40 Pb Lead 3274 2.7
B Boron 2030.0 — Pd Palladium 1552.0 2.08
Be Berylium - 0.51 Pt Platinum 1769.0 1.40
Bi Bismuth 271.3 - Rb Rubidium - 1.15
C Carbon 3727.0 0.12 Re Rhenium 3180.0 0.87
Cd Cadmium 3209 - Rh Rhodium 1966.0 1.30
Co Cobalt 1495.0 1.22 Ru Ruthenium 2500.0 -
Cr Chromium 1875.0 1.18 Sb Antimony 630.5 -
Cu Copper 1083.0 2.35 Si Silicon 1410.0 0.50
Dy Dysprosium C - 0.88 Sm Samarium — 0.80
Er Erbium - 0.77 Sn Tin 231.9 -
Ie Iron 1536.0 1.10 Ta Tantalum 2996.0 0.57
Ga Gallium 29.8 -~ Th Thorium - 0.62
Gd Gadolinium — 0.83 Ti Titanium 1668.0 0.51
Ge Germanium 937.4 1.1 U’ Uranium - 0.85
Hf Hafnium 22220 0.70 Vi Vanadium 1900.0 0.65
In Indium 156.2 — A Tungsten 3410.0 0.57
Ir Iridium 2454.0 1.01 Y, Yttrium - 0.68
Mn Manganese 1245.0 - Zn Zinc 419.5 -
Mo Molybdenum 2610.0 0.80 Zr Zirconium 1852.0 0.65
Nb Niobium 2468.0 0.60
— No data

over which surface diffusion can be expected
to take place is given by the expression:

ra = 2% 107 exp (— Eq/2kT). 4)

where T is substrate temperature. Having found
the radius from which diffusion will supply
a seed cluster, it is appropriate to consider its
stability, because there is a critical size for a seed
cluster below which steady growth is not possible.
This stability will depend on the diffusion rate
to the cluster being sufficient or insufficient to
supply the sputtering loss from a cluster of critical
radius. The required diffusion radius 74 to sustain
a cluster of critical radius 7, is:

oo 1/2
Id - rc/FS >

(5)

where Fg is the ratio of incident seed atoms to
incident jons. .

A seed texturing theory [170, 171] accurately
predicts a mimimum critical temperature for
texturing: ‘

T = 587 E,, (6)

where £y is in eV. The existence of the minimum
temperature in question is also important for the
production of smooth surfaces, in that a sufficient
reduction in surface temperature should reduce
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the mobility of any seed material enough to avoid
texturing (conning).

The seed material sputtering yield does not
always have to be lower than the target material
in order that texturing occurs [53, 150,170-172].
Firstly, it was predicted from the theory, and
also verified experimentally, that a high sputter
yield material could serve as a seed for texturing of
a lower sputter yield material if the seed were
sufficiently mobile on the target surface. Secondly,
it seems that the seed material must simply have
a higher melting temperature than the target
material to be textured. Melting points of various
elements as well as sputtering yields of different
targets are listed in Table VII.

The seed texturing technique occasionally
called impurity-induced texturing [172], using
various seeds was attempted on different target
materials [53, 169, 173]. Among them biomaterial
targets and/or biocompatible materials were
successfully textured [156, 158, 159, 174].
Their surface morphologies were unique. A large
number of topographical features or morphologi-
cal structures could be observed but, generally,
two main types were predominant: a ridge and a
cone-like structure (texture), Many of the bio-
compatible materials had morphologies that
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Figure 19 SEM image of a tungsten seed textured 96%
alumina surface with a thin film of seed material deposited
by means of the ISD technigue prior to the ion texturing
process (also see Fig. 18b). Ion irradiation was performed
using a hollow anode gun for 90 min at an accelerating
voltage of 7kV, and with a small ion dose.

looked like densely packed cones, needles or
“blunt grass-like stalks” {150].

Fig. 19 is the SEM photomicrograph of the
96% alumina surface after ion beam texturing
with tungsten seed. Prior to the sputtering process
the seed material was deposited by means of an
ion sputter deposition technique (ISD) in a DC
triode sputtering system (see Fig. 18b). Densely
packed .comes or, conelike structures were the
prevailing features developed during ion beam
bombardment. This image of the alumina surface
morphology is rather unique, probably owing to
the relatively small beam current density. It is
worth noting, that in the absence of heating,
even in the presence of a seed material, only short-
lived cones develop which are soon completely
eroded [172]. This is clearly seen in Figs. 20a and
b, where cone or ridge like texture cannot be
observed on the presented alumina surfaces,
independent of the seed texturing technique
used in the experiment. On the first surface,
which was seed textured according to Fig. 18a,
only isolated cones can be found. The next surface
topography obtained after ion bombardment of
the surface covered with a thin film of seed
material, is similar to that obtained by natural

Figure 20 SEM photomicrographs of a 96% alumina surface after 90 min of tungsten seed texturing [164] from a hol-
low anode gun at an accelerating voltage of 7kV, and with a maximum beam current density (large ion dose), (a) by
means of an external seed material plate (see Fig. 18a), and (b) using a thin film of-seed material covering the target

surface prior texturing (see Fig. 18b),
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source

* Ion beam

Screen mesh mask

Figure 21 Schematic representation of pattern texturing.

texturing (see Fig. 12b). The only important
difference is the presence of surface inclusions
from the sputtered thin film of tungsten seed.

4.2.1.3. Pattern texturing. The third way of
sputter texturing of a solid surface, shown in
Fig. 21, is ion sputtering through a screen mesh
mask imposed on the material during ion
irradiation. The screen prevents the erosion of
the target material directly beneath it, resulting
in the surface with an array of pores of constant
dimension, for example the square hole pattern
etched in the surface. The technique is referred
[154] to as pattern texturing (PTex). Different
surface pore (or pit) shapes and dimensions
can be obtained by varying the shape and the size
of the screen apertures as well as the ion texturing
duration (properly the ion dose). To ensure the
precise projection of the apertures onto the
sputtered target surface it is important to hold
the screen in intimate contact with the target
and to make the mesh of sputter resistant material.
The sputtering yield of the screen mesh relative
to the target material determines the maximum
depth to which the pits (or pores) can be sputtered
prior to complete sputter loss of the mesh [150].
It means that the higher the sputter yield of the
target material the deeper the pores can be etched.

The pattern texturing technique gives the
possibility of controlled and precise texturing of
biocompatible materials. By using screen masks
(e.g. with various apertures between 20 and
150um [157]), surfaces with uniform macro-
structure can be obtained (see Fig. 22). Contrary
to these rather optimistic results, the surface
microstructure observed at the bottom of individual
pits is not so uniform and differs from pit to pit.
These differences are much more pronounced if
one compares several pits selected from various
pattern textured biocompatible materials (see
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Fig. 23). The unique microstructure developed
at the bottom of each pit depends on many
factors. Among them target material properties,
the etch rate of the screen mesh relative to the
target material, and sputtering conditions (e.g.
rate of jon beam neutralization) are probably
the most important. The microstructure -in
question is usually similar to that obtained after
natural texturing (compare for example Figs.
8b and 9c¢), particularly when the same sputtering
conditions were used. In the case of non-
conductors, pattern textured with a not fully
neutralized ion beam, irregular sputtering of the
pit due to the local repulsion and distortion of the
beam is possible. The resulting surface topography
(see Fig. 23c) of pit bottom is also irregular:
different features in its central region and in the
vicinity of the mesh mask (cones or cone like
features) as well as deeper etching of the pit near
the screen mesh can be observed. These two events
are induced by the existence of a usually high
sputter resistant mesh mask, which is a source
of: (a) seed atoms supplying the pattern textured
surface with low sputtering yield atoms, and (b)
electrons (propetly, secondary electrons) prevent-
ing the surface charging. It is self-evident that the
events in question must also be considered in
pattern texturing of conductive materials.

It may be appropriate at this point to mention
that associated with both, seed and pattern textur-
ing techniques, there is some contamination of the
target material with the seed and mesh material.
This can be partially removed by further ion
bombardment of the target after removing the
seed plate or screen mesh mask but, unfortunately,
this process can also alter the previously developed
surface texture. Aqua regia acid bathing appears to
eliminate much of these unwanted materials
but small fractions usually remain entrapped
[150]. It seems that the best way to minimize
the contamination effect is to use the natural
texturing technique or to apply transfer cast
biomaterials peeled from pattern textured surfaces.

4.2.2. Related problems

4.2.2.1. Surface compositional changes. Processes
and models relating to chemical composition
changes induced by ion sputtering of solids were
discussed earlier (in Section 3.2). It may be
convenient to present here the practical aspects
of the process which are very important, especially
in the field of biomedical application of ion



sputtering. Among them problems such as: the
influence of ion sputtering on compositional
changes of biocompatible materials as well as
biomaterials, the question of whether these
changes are significant or not, do they or do they
not influence the mechanical properties of the
materials in question and/or tissue response for

Figure 22 Pitted surfaces of three different materials pres-
ently used or under consideration for implant devices
resulting from 210 min of pattern texturing [160] through
the stainless steel screen mesh mask from a Kaufman-type
source (1000V, 2mAcm™2), (a) titanjum, (b) chrome—
nickel stainless steel, and (¢) alumina. The depths of pits
for each material depend on the etch rates and are pro-
portional to the results obtained elsewhere and listed in
Table V.

the biomaterial after implantation, must be
considered and experimentally verified. In the
last decade some experiments were performed
to investigate the influence of ion sputtering of
biocompatible materials and biomaterials on their
surface chemical composition. For example,
ESCA results have shown that argon ion bombard-
ment of iron—nickel—chromium and binary iron—
nickel alloys (see reference [95] and Table IV)
does not result in a significant alteration, about
10%, of the surface composition of either alloy.
Also EDS (energy dispersion spectrometry)
studies [174] indicated very little chemical
change of the cobalt—chromium—tungsten surgical
implant alloy. Except for biomedical alloys, the
near-surface compositional changes of biocom-
patible polymers resulting from ion beam
irradiation and based on ESCA and ISS were also
investigated [150, 157, 175~177]. These materials
included: polyurethanes, polyetherurethane, ultra-
high molecular weight (UHMW) polyethylenes,
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polytetrafluoroethylene, polyoxymethylene, 2-
hydroxyethylmethacrylate, and silicon rubber.
Naturally, it is too early to make any general
conclusions with the few experimental results
available so far. However, it can be said that the
surface chemical changes of biocompatible
materials (biomaterials) resulting from ion sputter-

Zb Hm \
=11}
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Figure 23 Isolated pits selected from the pattern textured
surfaces presented in Fig. 21, [159]: (a) titanium, (b)
chrome-nickel stainless steel, and (c¢) alumina,

ing are rather minimal in spite of the often sig-
nificant changes in the surface morphology (or
texture).

Other interesting problems mentioned above,
as for instance, the influence of compositional
changes on mechanical properties or tissue
response have not been solved up yet. The main
difficulty is to distinguish the modification in
mechanical properties and tissue response result-
ing from chemical alteration from that obtained
due to morphological changes. It seems that
additional studies are necessary.

4.2.2.2. Modification of mechanical properties.
Information about the influence of ion beam
sputtering on the mechanical properties of bio-
compatible materials (or biomaterials) is rather
sparse [154]. There are only a few articles con-
cerning this problem. In order to show the
importance of the question, some experimental
results, as examples, are presented below.

Several ~mechanical parameters, such as:
ultimate strength [157, 174, 179}, yield and
fatigue strengths {157, 178, 179], ultimate tensile
strength [175], strength of the bond between two
different materials [174], hardness [174, 179],



and ductility [174] have been taken into con-
sideration and measured. The ultimate strength
and/or hardness of the cobalt—chromium—
tungsten alloy (Haynes 25) and stainless steel
were not reduced after the ion beam texturing pro-
cess. Also the strength of the bond between poly-
methyl methacrylate and titanium—aluminium—
vanadium alloy (Ti-6,4) was not significantly
increased. The total elongations of the ion treated
samples of Haynes 25 and stainless steel did not
change from the control sample values, which
indicates that ion sputtering does not modify
the ductility of these materials. Standard diameter
tensile samples of Haynes 25 and stainless steel,
and standard fatigue samples of Ti-6,4 alloy and
stainless steel were also sputtered to study the
influence of ion processing on the mechanical
properties. Examination of the effects of the ion
textured surface on the ultimate, yield, and fatigue
strengths revealed very little degradation of the
properties. The results of the tensile tests for
several biomedical polymers indicated a percent
reduction in the ultimate tensile strength result-
ing from ion bombardment ranging from 1 to 19%.
The general shape of the stress—strain curves
for both, untreated and textured samples was the
same. Very interesting fatigue tests were con-
ducted at room temperature with test sections
of a cobalt—nickel—chromium—molybdenum alloy
(MP35N), as the fatigue specimens, immersed in an
artificial physiological solution formulated to
simulate the corrosive environment of the human
body. Both types of surface texture, i.e. natural
texture and square hole pattern texture, were
found to reduce the fatigue strength below that
of the smooth surface (for example, at 5 x 10°
cycles the estimated factor of natural and pattern
textured were reduced by approximately 50 to
60%).

Concluding this short section, it could be stated
that the examination of the effects of an ion
textured surface on the mechanical properties
of representative biocompatible materials and/or
biological implant materials revealed rather small
changes in these properties.

5. Clinical implication and potential
applications

So-called “biomedical applications of ion sputter-

ing”, relating to: (a) revealing the internal struc-

ture of biological derived materials, and (b) more

intensively studied modification of surface texture

of biocompatible materials (and/or biomaterials),
give a great amount of potential clinical use. Of
course, all new ideas, and new and even exciting
applications must be experimentally verified on
animals. This is the first step on the way to the
clinical applications of every new conception.
Preliminary findings as well as interesting examples
of potential clinical use of ion beam textured
biomaterials are presented and discussed below.

These problems which concern the revealing
of the internal structure of biologically derived
materials were discussed earlier and, therefore,
they are beyond the scope of this section.

5.1. Main problems and preliminary
findings

It can be generally accepted that, among other
factors which affect the so-called biological
tissue response to biomaterial, surface morphology
is one of the most important. In order to develop
clinically acceptable materials (biocompatible
materials), the influence of their surface mor-
phology on biological response must be under-
stood. Different problems, such as, for example:

1. changes in the healing process that result
from the presence of the sputtered implant,
prosthesis or artificial organ,

2. a tissue inflammatory and/or foreign body
response in the tissue surrounding the ion textured
biocompatible material,

3. a firm attachment of the surrounding tissue
or thrombus to the ion treated biomaterial used
in the experiment,

4. the influence of surface texture of the bio-
material on the soft tissue or cell attachment
kinetics,

5. the influence of surface morphology of
various elements of assist devices on cell or tissue
attachment, tissue inflammatory, etc. must be
considered, depending on whether biomaterial is
used in soft or hard tissue, in contact with the
blood or other body fluids. Preliminary tissue
response data have been obtained and described
in the literature. Several important and interesting
examples are discussed below.

The experimental results indicated a minimal
tissue inflammatory or foreign body response and
a close adaptation of interfacial tissue with the
xenon ion textured titanium and cobalt-—nickel—
chromium—molybdenum (MP35N) dental im-
plants, which were tested in beagles [157]. Also
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canine tests have been performed to evaluate
zirconia coated cobalt—chromium—molybdenum
dental implants in which the surface was either
smooth or pattern textured. The implant test
periods ranged from 6 weeks to 1 year. The
results of clinical evaluation of the performance
of these biomaterials showed success to failure
ratios of 0.6 for the textured and a 2.3 ratio for
the smooth surface implants. The increased failure
rate of the pitted surface materials can be charac-
terized by gross mobility, inflammation, hyper-
plasia, etc. [150]. Natural textured MP35N,
tantalum seed textured pure titanium and pattern
textured aluminium oxide have also been studied
as canine dental implants. Experimental results
indicated no statistically significant differences in
the clinical performance or mechanical retention
of the implants and prevented any statistically
significant conclusions as to whether a closer
simulation of cementum morphology resulted
in an improved dental implant performance.
Recently it appeared that a greater emphasis
must be placed on the examination of the tex-
tured surfaces of implants at the gingival
percutaneous location rather than at the osseous
level [150] (some fraction of dental implant
failures occurred as a consequence of peridental
disease resulting from an ineffective percutaneous

seal rather than problems associated with the .

anchorage in bone).

Animal tests have shown that osseous tissue
grew into the recesses formed on orthopaedic
implant (or prosthesis) surfaces by ion texturing.
Furthermore, the bonding and fixation properties
of the prosthesis were enhanced (e.g. in com-
parison with smooth implants, the forces up to
18 times greater were required to push out the ion
textured implants placed in dog tibia [178]).
On the other hand, results of ion textured stain-
less steel, Ti-6.4, cobalt—chromium—molybdenum
and MP35N alloys, which were implanted in the
cortex of canine femurs, showed no statistically
significantly ~difference between textured and
smooth (untreated) implant shear strengths.

Concluding this short part of the results which
concern the ion textured hard tissue implants,
it can be stated that the ion processing of these
materials influences the tissue response and
mechanical retention of these materials differently.
Usually this effect is profitable, sometimes no
statistically relevant differences of the experi-
mental results of sputtered and unsputtered
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samples can be observed, and finally, there are
some exceptions where the process in question
is unfavourable. It seems that the application of
the ion textured hard tissue biomaterials will
require the additional knowledge of the short
and long term consequences.

The results of experiments relating to so-
called soft tissue biomaterials (implants, prostheses,
artificial organs, assist devices, etc.) are probably
more optimistic. Pattern textured flat implants
of PTFE, alumina, Haynes 25, Ti-6,4 and 316
stainless steel, which were implanted for 6 weeks
in the dorsal subcutaneous soft tissue of rats and
then investigated for mechanical attachment by
means of a “pull out” test [157], revealed an
increase in the tissue attachment to sputtered
samples compared to untreated materials. There
was also no evidence of an inflammatory cell
response in the tissue surrounding the implants.
Significant differences in the blood response
have been found between the ion sputtered and
untreated cardiovascular implants of segmented
polyurethane which were implanted against the
inside walls of canine femoral and carotid arteries
[149]. Although the final thrombus thickness
(after 4 days of implantation) was the same for
both ion sputtered and unsputtered samples, the
initial thrombus growth (after I day of implan-
tation) was accelerated when compared to the
growth on untreated samples. Interesting studies
[150] carried out on ion textured and unsputtered
PTFE and polyoxymethylene (Delrin) biomaterials,
which were implanted into the intercostal
musculature of rats have shown that ion processing
induced the following modifications in the mono-
nuclear phagocytes adjacent to the implant surface:
increased cell adhesion, metabolism, acid phos-
phatase activity and increased foreign body giant
cell formation. Also results of experiments with
exudate extracted from within hollow crylindrical
subcutaneous implanis having smooth and natural
textured surfaces indicated increased cell growth
activity for exudate extracted from textured
implants within approximately the first week of
implantation. Similar results have been obtained
for smooth, ion beam polished, natural textured,
and pattern textured samples of PTFE [177],
which were implanted in the peritoneal cavity
of rats for periods ranging from 30 min to 14 day.
In general the smooth surfaces attracted less
cells than ion beam treated — ion sputtering
increased the cell attachment by an order of



magnitude over the smooth (i.e. untreated or ion
polished) surface of PTFE. The ion processing was
observed to enhance not only cell attachment but
also multinucleated giant cell to cell contact, and
fibrous capsule formation.

The ability to enhance cell attachment to the
surface of biocompatible materials is a very impor-
tant feature of the ion texturing process. The
results of experiments suggest that the avid
adherence of cells to the surface texture could be
used to extract them from body fluids in either
diseased states such as leukemia or the routine
removal in the separation from plasma. Gradations
in texture, obtained by natural, seed or pattern
texturing, could also be utilized to evaluate
diseased states characterized by the lack of
adherence to the surface [177]. It seems that this
new area of clinical applications of ion beam tex-
turing of biocompatible materials is very promising
and important. Therefore further studies that
investigate for example cell interactions with
materials of different morphologies, the influence
of surface texture on attachment kinetics [177],
the problem of quantitative measurements of
adhesion forces between different solid substrates
for investigation of surface and interfacial proper-
ties of biomaterials [180], etc., are necessary.

5.2. Some examples of potential
clinical use

A great variety of experiments have proved that
ion texturing of biomaterials can give a potential
possibility of practical clinical applications. One of
the most promising fields is implantology. There
are, of course, a lot of problems resulting from ion
texturing of biomaterials prior to implantation.
These which are common and characteristic for
all types of the materials in question were presented
in section 5.1. Those which are characteristic of
the individual biomaterials, and especially: (a) the
main purpose of jon texturing of each type of
biomaterial (i.e. for example dental implant,
artificial bone, left ventricular assist device, etc.),
and (b) the resulting questions which must be
considered and investigated, are quoted below
together with selected examples of potential
clinical use of the ion textured biomaterials [149,
150,177].

5.2.1. Orthopaedic implants (prostheses,
artificial bones or joins)
1. The main purpose of ion texturing: to pro-

vide orthopaedic fixation without the use of the
usually applied polymethylmethacrylate bone
cement which is the most important cause of
failure.

2. Resulting questions to be considered: changes
(possible reduction) in mechanical properties of
textured implants, time of patient immobilization
required for adequate bone ingrowth,

5.2.2. Dental implants

1. The main purpose of ion texturing: to secure
a firm mechanical anchorage to a bone and satis-
factory biological response to the implant at a
bone—implant interface and gingival tissue—
implant interface.

2. Resulting questions to be considered: identi-
fication of the morphological requirements to
produce an effective percutaneous seal at the site
of gingival penetration, reduction of the tendency
for epithelial cell downgrowth,

5.2.3. Blood contacting biomaterials
5.2.3.1. Vascular prostheses

1. Main purpose of ion texturing: generation of
a viable layer of endothelial cells covering the
implanted and ion textured material.

2. Resulting questions to be considered: preven-
tion of embolization (detachement of all or a por-
tion of the thrombus) or/and occlusion (blockage)
of the vascular prosthesis, discrimination between
blood response due to relatively significant mor-
phological as opposed to relatively small chemical
surface alteration.

5.2.3.2. Artificial heart pump diaphragms

1. Main purpose of ion texturing: to secure a
free of thrombus surface for the pump diaphragm
or a strong adherence of the thrombus to the
diaphragm surface without losing the high flex
capabilities.

2. Resulting questions to be considered; similar
to those described for vascular prostheses.

5.2.3.3. Left ventricular assist devices

1. Main purpose of ion texturing: to minim-
ize neointima thickness and to secure its good
attachment to the blood contacting surface of
an implantable blood pump bladder material,
to reduce the probability of embolic compli-
cations.

2. Resulting questions to be considered: similar
to those described for vascular prostheses.
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5.2.4. Power packs for pacemakers

1. Main purpose of ion texturing: to improve
the mechanical adherence of the tissue to the sur-
face of the power pack in order to protect it from
reorientation or displacement in the surrounding
tissue.

2. Resulting questions to be considered: evalua-
tion of the biocompatibility of the textured sur-
face, effectiveness of texturing in improving the
adherence.

5.2.5. Percutaneous connectors

1. Main purpose of ion texturing: to assure an
effective seal of the skin—percutaneous connector
interface to prevent infection.

2. Resulting questions to be considered: the
loss of a body fluid seal resulting from epidermal
cell ingress and growth along the implant—tissue
interface.

5.2.6. Cell attachment testers

1. Main purpose of ion texturing: evaluation of
diseased states characterized by the lack of adher-
ence of cells to the definite texture of the tester.

2. Resulting questions to be considered: the
influence of surface texture on cell attachment
kinetics, cell interactions with materials of differ-
ent texture.

Numerous clinical applications of the technique
in question have been identified and/or are now in
various stages of experimental evaluation. It seems,
that it is not possible to present all of them
because the material is too extensive to be placed
here. Therefore, at the end of this section only a
few selected, but rather interesting and promising
potential applications, as examples, are given,i.e.:

1, the application of defined surface texture
and material for the peritoneal shunted hydro-
cephalic and peritoneal dialysis,

2. the use of transfer cast biopolymers peeled
from pattern textured surfaces as blood contact-
ing surfaces,

3.the research for an optimal transfer cast
pillar texture to utilize it in the design of func-
tional percutaneous connector devices,

4.the feasibility of using ion beam sputter
ventilated microtubules to shunt cerebrospinal
fluid directly from the ventricals upward to the
subarachnoid space,

5. the possibility of application of an artificial
ureter and a colostomy device, etc.
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6. Conclusions

The unique capabilities of ion sputtering give
chances of so-called biomedical applictions of the
process. Two branches of the biomedical use seem
to be particularly promising, i.e. revealing of the
internal structure of biologically derived materials
and the modification of the surface texture of bio-
materials and/or biocompatible materials, Two
different types of sputtering (i.e. sputter etching
and sputter texturing) utilized in each branch
result in various mechanisms and events which
must be considered and understood.

In the last two decades a growing interest in
the study of biomedical applications of ion sput-
tering could be observed. A number of experi-
ments have been performed and numerous inter-
esting results have been published up to now.
In the first decade the dominant effort in the
research was spent in the revealing of the sub-
surface features of biologically derived materials.
Recently, the sputtering technique has become
widely used in attempts to modify the surface
texture of various biomaterials. It has been proved
that ion sputtering is a valuable tool, not only in
the examination of the internal structure of
biological materials but also, and especially, in the
surface texturing of biomaterials. These give prac-
tical possibility of potential clinical use. However,
that is quite a problem!

The whole understanding and solving of bio-
logical and medical problems concerning biomedi-
cal and clinical applications of ion sputtering is
not possible by ion beam users only. A large team
of people working on biological, medical, and
other related questions must give their experience
in the field. Unfortunately, usually they are
not aware of the existence of the technique in
question.

It is the task of this paper to promote the ion
beam sputtering technique among other research
workers, and especially among biologists and
medical doctors.
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