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SPUITERING

T. Spalvins
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Abstract: This paper primarily reviews the potential of using the sput-
tering process as a deposition technique; however, the manufacturing and
sputter etching aspects are also discussed. Since sputtering is not reg-
ulated by classical thermodynamics, new multicomponent materials can be
developed in any possible chemical composition. The basic mechanism for
dc and rf sputtering is described. Sputter-deposition is described in
terms of the unique advantageous features it offers such as versatility,
momentum transfer, stoichiometry, sputter—etching, target geometry (coat-
ing complex surfaces), precise controls, flexibility, ecology, and sput-
tering rates. Sputtered film characteristics, such as strong adherence
and coherence and film morphology, are briefly evaluated in terms of
varying the sputtering parameters. Also described are some of the spe-
cific industrial areas which are turning to sputter-deposition techniques.
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INTRODUCTION

Sputtering is a process where a surface, when immersed in a plasma such
as an ionized inert gas, is bombarded with energetic particles that cause
ejection of surface atoms. The heart of the sputtering process is essen-
tially the disintegration of the target material under ion bombardment.
These ejected sputtered atoms can be collected onto a substrate to form
a film.

Using the sputtering process as a film deposition method is receiving

an enormous amount. of interest and acceptance. New ways of applying the
sputtering process are constantly being found for those areas where the

more conventional deposition methods can not solve the problems encount-
ered. 1In addition, as a film-deposition method, the sputtering process

is used in sputter fabricating intricate mechanical components which are
difficult or almost impossible to manufacture by machining, casting, or

powder metallurgy techniques. The sputtering process is also used as a

universal, nonchemical etching technique - for example, sputter etching,
ion milling, or micromachining.

Especially in the film deposition area, the unknown potential for sput-
tering originates from the knowledge that it is possible to prepare
new multicomponent materials (such as new alloys and compounds in any
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chemical proportions and relations) and also, if needed, to form a con-
tinuous compositional change or concentration gradient. Since the
sputtering process 1is not regulated by classical thermodynamics and
Gibbs phase rule relationships, one is not forced to remain within the
framework of the rigid regulations. All of these unexplored features
show that sputtering is really in its infancy; therefore, at present the
potential future impact of sputtering on industry is inestimable.

The purpose of this paper is to acquaint the mechanical engineer with
the potentials of the sputtering process, particularly with the physical
rf-sputtering technique. The following sections on sputtering modes,
unique features of sputtering, characteristics of sputtered films, and
some practical applications of sputtered films are written in an intro-
ductory nature in order to bring out and emphasize the key features of
the method and the resulting films., For more detailed information one
is referred to Refs. 1 to 6.

SPUTTERING MODES

There are two basic types of sputtering, depending on whether the glow
discharge plasma is generated by direct current (dc) or radiofrequency
(rf) fields. To induce sputtering, a negative surface charge has to be
built up on the target. Besides the two basic dc and rf diode-type
techniques, the sputtering modes and configurations are also as varied
as the number of sputterers in the field. All of these sputtering modes
and configurations arise essentially from (1) the way in which plasma
is created (dc, rf, auxiliary electrodes), (2) the target and substrate
positioning and théir geometrical configurations, (3) the number of
sputtering targets in the system, (4) the type of gases used (inert or
reactive), and (5) the utilization of magnetic fields. A few modes are
dec diode and triode, rf and dc/bias, de-rf combinations, reactive sput-
tering, and magnetron sources.

dc Sputtering

The simplest sputtering configuration is the dc diode type, which con-
sists of two electrodes. The coating material is the target or cathode,
and the specimen to be coated is the anode. When these electrodes are
immersed in an inert gas (argon) atmosphere of 10 to 100 uym and a dc
potential of 500 to 5000 V, is applied across the two electrodes, joni-
zation of the gas occurs, and generates a glow discharge plasma. The
positive argon ioms are accelerated toward the target with a kinetic en-
ergy high enough to knock off or sputter atoms from the target surface.

The oldest, simplest, and least expensive method is dc sputtering. The
limitations to this method are that only conductors and certain semicon-
ductors can be sputtered. Nonconductors (ceramics, glass, etc.) cannot
be sputtered by the dc method. The reason is that a positive charge ac-
cumulates on the target's surface and acts as a barrier to further ion
bombardment and thus the sputtering process. This problem, however, can



be overcome by using an rf potential.
rf Sputtering

In rf sputtering a high frequency potential in the low megacycle range
is directly applied to the metal electrode behind the target. The tar-
get (an insulator) is bonded to the metal cooled electrode, thus forming
a capacitive coupling. Since the rf voltage is applied to the target
assembly through rf fields generating plasma, the sputtering current is
controlled by the rf voltage. Efficient plasma generation requires
frequencies above 10 megacycles, and the resulting rf diode sputtering
system operates usually at the allowed band of 13.56 megacycles. The
insulator surface in contact with the plasma is alternately bombarded by
electrons and positive ions during each rf cycle. When the surface is
positive it attracts electrons, when it is negative it attracts ioms.
Since the electrons in the plasma have a higher mobility than the ions,
the electron current to the target surface is initially much greater
than the ion current. The cathode acts as a diode and charges the coup-
ling capacitor to the peak value of the rf input voltage and then at-
tains a negative bias.

If a voltage greater than 500 volts is applied, the surface bias will be
sufficient to accelerate ions from the plasma to an energy high enough
to cause sputtering of the insulator. A simplified schematic of the
sputtering process is shown in Fig. 1.

All rf diode systems use the previous mechanism which makes the tech-
nique a universally applicable. In addition to sputtering insulators,
rf-sputtering can operate at lower argon pressures (1 to 5 ym) and at-
tain higher sputtering rates than dc sputtering.

rf Sputtering with dc bias

0f the many possible sputtering modes and arrangements which are used
today, rf sputtering with a dc bias will be described very briefly.

Fig. 2 shows schematically and photographically a sputtering system
which consists of two independently operated sputtering processes: rf
sputtering (deposition) and dc sputtering (cleaning),. The dc sputtering
process is used strictly for cleaning or sputter etching metallic sub~
strates before rf sputter deposition. The specimen is thus capable of
sequential substrate cleaning or etching followed by sputter coating or
simultaneously etching (biasing) while sputter. depositing.

DISCUSSION
Unique Features of Sputtering
The unique, advantageous features of rf sputtering make it the most ver-

satile of all the deposition methods used today. ‘From an industrial
point of view, for many applications the following features are of great



significance: versatility, momentum transfer, stoichiometry, sputter-
etching, target geometries - coating complex surfaces, precise controls,
flexibility, ecology, and sputtering rates.

Versatility. - Virtually any solid material, regardless of its chemical
complexity, can be sputtered in the same stoichiometry on practically
any type of specimen. Alloys, intermetallics, inorganic compounds,
glasses, ceramics, selected organics such as teflon (PTFE), polyimides,
and cattle bone have been successfully sputter deposited.

Momentum transfer. - The sputtered atoms from the target are transferred
by a momentum transfer process. The sputtered atoms are dislodged by
impact evaporation as opposed to thermal evaporation. Sputtering will
occur only when the actual energy by the bombarding argon ions trans-
ferred to the target surface exceeds the usual lattice binding energy of
3 to10eV. Sputtering does not depend on the vapor pressures of the
constituent elements, and since there is no direct heating involved, it
is sometimes referred to as a 'cold process.”

Stoichiometry. - When the sputtering parameters are carefully controlled,
multicomponent solids can be deposited with the same chemical composi-
tion. The target must be water cooled at all times to avoid thermal-
evaporation and bulk and surface diffusion since during sputtering less
than 5 percent of the kinetic energy of the bombarding ions goes into
the kinetic energy of the sputtered atoms, the other 95 percent goes as
heat into the target.

If the target is kept at a sufficiently low temperature to avoid evapora-
tion and diffusion, the composition of the sputtered material will be
identical to the composition of the target, even though the chemical
components have different relative sputtering yields. Stoichiometry in
the sputtered coating is retained because the component having the high-~
est sputtering yield cannot diffuse from the bulk to the surface as fast
as it is removed by sputtering. Following this, the lowest yield com-
ponent will be sputtered along. Very soon a steady-state condition is
reached in which the material is transferred from the target tc the sub-
strate in the same composition.

An important property in sputtering is the sputtering yield which is de-
fined as the number of atoms ejected from the target per incident ion.
Carbon has the lowest sputtering yield, less than 0.1 atom per ion,
while silver hLas the highest, 2.7 atoms per ion. Sputtering yield,
which is synonymous with sputtering rate, will be discussed separately
in the last section.

Sputter-etching. ~ Instead of applying the potential to the target, the
potential is applied to the substrate to induce sputtering, which is es-
sentially reverse sputtering. Before the substrate is sputter deposited
it is sputter etched. The putrpose is to clean the surface of contami-

nants, oxides, and skin effects of cold working that may be produced by




mechanical polishing. Most sputtering systems are capable of sequential
substrate cleaning or etching or of simultaneous etching while sputter
depositing.

Target geometries -~ coating complex surfaces. - Targets can have any size
and shape such as planar, cylindrical, hemispherical, or some other
suitable configuration. It can be made from one material or several
sections of different material composition. Planar targets (12.7 to
20.32 cm diam,) are the most widely used. When such targets are sput-
tered, atoms leave the target at all possible angles as shown in Fig. 3.
As a result, most of the specimen surface is in direct line of sight with
some portion of the target. Also, because sputtering in a plasma occurs
at relatively high pressures (5 to 25 um), the mean free path of the
sputtered atoms is relatively short (<1 cm). Thus, the sputtered atoms
will be scattered in random directions by collisions with particles in
the plasma; such scattering enables sputtered atoms to reach surfaces
that are not in a direct line of sight with the target. As a conse-
quence, irregular, nonsymmetrical surfaces can be coated in cavities and
around corners without any rotation in just one operation.

Precise controls. -~ Sputtering offers an extraordinary control in terms
of deposition rate, film thickness, uniformity, density, and film mor-
phology. Tolerance requirements can be controlled to a millionth of a
centimeter.

Flexibility. — Sputtering offers many options of various parameter com-—
binations. As a result, the chemical composition of the coating can be
controlled in any desired ratio from stoichiometric to nonstoichiometric
compounds. In addition, graded compositions, laminated structures (com- .
posites), dispersion strengthened structures, and insoluble additioms

can be formed. These various compositional changes can be accomplished
in a number of ways; for example, multitargets can be used where con-
trolled mixing of materials is performed by sputtering from different
targets or by reactive sputtering where the flow rate of the gases carry-
ing one of the reaction product constitutents is carefully controlled.

Ecology. - Sputtering does not create any disposal problems.
Sputtering rates. — Sputtering has the disadvantage that deposition rates

are relatively low. The average rate is 0.005 to 0.3 um/min. However,
equipment improvements are gradually yielding higher deposition rates.
In specially designed high rate sputtering systems rates up to 250 um/hr
have been achieved. In order to increase the rate, efficient ways must
be found to cool the target sufficiently with increased power input.

The sputtering rate (yield) to a first approximation can be related to
the type of the material being sputtered and the sputtering parameters
{(bombarding ion flux density, angle of incidence, gas pressure, target
and substrate temperature, etc.). The general trend as to how the sput-
tering parameters affect the rate are shown in Fig. 4. The rate in-



creases with rf-power input to a maximum value and then falls off.

Above the ion bombarding energy of 7 keV, there is no gain in sputter-
ing yield. An increase in spacing between the target and the specimen
decreases the deposition rate. Increases in the target and substrate
temperatures also decrease the deposition rate. Although an increase in
the gas pressure initially increases the sputtering rate, it eventually
causes a decrease in the deposition rate because of a decrease in the
jon mean free path. Applied magnetic fields increase the plasma density
and thus increase the deposi:ion rate.

The low deposition rates also have certain advantages; for example, they
do afford a high degree of film control. The slow rates have a tendency

to form denser films as compared to higher rates.

CHARACTERILSTICS OF SPUTTERED FILMS

Functionability of a coating, regardless of its intended use, depends
primarily on the degree of adherence, coherence, and coating morphology.
Sputtered coatings grow in a complex plasma environment. The coating
adherence, coherence, and morphology are directly affected by (1) -sput-
ter etched or biased surface, (2) kinetic energy of the sputtered
species, (3) plasma conditions, and (4) substrate temperature and topog-
raphy.

The strong adherence normally obtained with sputtered coatings can be
attributed basically to the surface cleanliness and the relatively high
arrival energies of the sputtered material. These energetic submicro-
scopic sputtered particles have certain activation energies which not
only favorably affect the surface adherence but also increase the cohe-
sion between the sputtered particles. The strong particle to particle
cohesion is responsible for the formation of high density films, The
submicroscopic particle size is important in both compactability and
final density of the coating as well as strength. Strength is generally
related to the final grain size - the smaller the grain, the stronger
the compact. Due to these characteristics, relatively thin films in the
0.2 to 10 um range can be used where previously thicker films were re-
quired. It can be implied, therefore, that the coating attachment to
the surface is more important than the volume of coating present.

It is well known that stress induced peeling, which is caused by inter-

nal stresses in the film, increases with film thickness. Therefore, in

sputtered films, which are usually very thin (<1 um), the stress induced
peeling effect is minimized.

A diverse range of coating morphologies and properties can be reliably
produced by controlling the various sputtering parameters-and the sub-
strate conditions. The nucleation and growth of the sputtered f£iim can
be varied and this would in turn affect the film properties. Morpholog-
ical changes (preferred texturing: columnar, equiaxed and even
epitaxial growth) in the coating can be initiated. The grain size can



be decreased substantially, and this reduction will increase the density
of the coating by simply bias sputtering. One of the most obvious bias
related properties of many coatings is the optical reflectance at ground
potential and dull and matte appearance at bias potential. Since a de-
tailed discussion of this subject is outside the scope of this paper,
one is referred to Refs. 1 to 9.

SOME PRACTICAL USES OF SPUTTERING

The sputtering process is primarily used in sputter deposition technol-
ogy. However, high rate sputtering techniques have been developed which
can achieve sputtering rates up to 250 ym/hr. Thicknesses up to, but
not limited to, 0.63 cm have been achieved. As a result, commercial in-
terest has developed in thick deposits. Fabrication by sputtering of
free standing shapes such as sheet, tubing, and inner and outer cylin-
drical structures with coolant passages for thrust chambers has been de-
veloped as illustrated in Fig. 5.

Sputter etching provides an alternate technique to chemical etching.

The outstanding features are that it is universally applicable to all
materials, it eliminates undercutting, and it is widely used for pattern
delineation.

0f all the specific industrial areas the greatest sputtering activity is
in microelectronics and microminituarization such as integrated thin film
circuit technology. In the last 10 years sputtering has not only spread
rapidly in the mechanical area but also in practically all areas which
require films that are difficult or impossible to handle by other means.
Just a few areas where sputtered coatings have an increasing impact are
corrosion and high temperature oxidation protection, reduction of fric-
tion and wear, solid film lubrication, decorative purposes, replicating
techniques, biomaterials for surgical implants, and solar cell develop-
ment.

Several specific examples will illustrate how sputtered films function
in these areas. When solid film lubricants scuch as MoS, are sputtered
on sliding surfaces, only 0.2 pym thick films are required for effective
lubrication in vacuum or dry air [10, 11]. An endurance life evaluation
is shown in Fig. 6 where sputtered MoS) films are compared to two other
application techniques. The endurance lives of bearings sputter coated
with a duplex coating (0.1 um thick underlayer of Cr3Siz and subsequently
with 0.6 ym of MoSy) were greatly improved over the lives of those
bearings which had MoSp films directly applied as shown in Fig. 7.
Teflon PTFE (polytetrafluoroethylene) has been successfully sputtered
with excellent adherence on metal, glass, paper, and wood surfaces.

Fig. 8 shows 0.1 um thick PTFE films sputtered on hypodermic needles.
Special formulations of modified silicon carbide and other refractory
carbides have been sputtered on airberne components such as first-stage
compressor blades. Thess components operate in severe environments and
have to be protected from corrosion oxidation, errosion, and abrasion



{12]. An interesting approach is to sputter cattle bone on metallic
prosthetic devices used as surgical implants for hip bone replacements.
The sputtered bone fiim promotes bone growth and attachment to living
bone {[13].

SUMMARY OF RESULTS

The sputtering process is primarily used in thin-film deposition tech-
nology. Because higher sputtering rates have been attained, sputtering
is now used for fabricating intricate mechanical components (tubing,
cylinders with passages, etc.). Finally, the sputtering process is be-
ing used as a universal nonchemical etching technique.

In coatings technology sputtering has yet unexplored potentials due to
the fact that almost any material can be sputtered in proportions and
relations that are not regulated by classic thermodynamics and phase in-
terrelationships. Many sputtering modes and configurations can be used
to achieve chemical compositions which range from stoichiometric to non-
stoichiometric. Coatings with gradual changes in composition and lami-
nated and dispersion strengthened structures can also be obtained using
these configurations.

The unique sputtering features of versatility, momentum transfer, stoi-
chiometry, sputter etching, target geometry, precise controls, flexibil-
ity, and sputtering rates contribute to the outcome of the desired coat-
ing.

The sputtered films generally exhibit strong adherence and coherence,

and the coating morphology can be controlled by the sputtering param-—
eters. As a result, thin sputtered films having 0.2 um thicknesses are
sufficient for many applications. Sputtered MoSy lubricant films 0.2 um
thick exhibit superior performance during sliding friction, and sputtered
Teflon (PTFE) and sputtered cattle bone have found new useful applica-
tions.
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Figure 1. - Schematic of sputtering process.
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