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ABSTRACT More recently, ion plating can be associated with what is

lon plating has been introduced about four decades ago, aﬁgmenmes called "energetic condensation” [7, 8], i.e., a

. Sposition process that is characterized by hyperthermal en-
recently much progress has been made in deeper understand:. : ) S
ergies of the condensing species. Other terms for a similar

ing of ion beam assisted and self-ion assisted deposition . ; . e "
. . . . aé)proach are “plasma immersion deposition” and “plasma
techniques. A variety of energetic deposition processes hav

been developed which involve either plasmas, or Iow-energImmerSIon processing.” The common ground and the specif-

: . . . s of these coating techniques will be discussed below, with
ion beams, or both. Of particular interest are hybrid processes ; : o
some emphasis on highly or even fully ionized arc plasmas

suchas p!asr‘r‘la|mrrler5|on technlqges thathav_e several eN€W¥h as obtained by filtered cathodic arc plasma sources.
and species “knobs” to tune and tailor properties of coatings,

graded layers, and multilayers. These processes will

briefly reviewed. Increasing the energy of condensing specittl,((;)N PLATING

leads to the formation of intermixed layers, usually accompaZoating by evaporation is characterized by very high deposi-
nied with improved adhesion. Energetic deposition oftertion rates, translating into low cost per deposited area and
leads to high compressive stress; however, stress relief canthéckness, which makes this technique very attractive from an
obtained under certain conditions, especially when usingconomics point of view. The coatings obtained, however,
high-energy ions at low duty cycle. The choice of energy anthay show poor adhesion; they have a characteristic columnar
duty cycle of the high-energy particle fraction is dictatedstructure and a density smaller than the corresponding solid
among other factors, by the average power limits, temperatubrilk material. By ionizing a part of vapor prior to condensa-
tolerance of the substrate, and the effect of re-sputtering frotion, i.e. forming a partially ionized plasma, and attracting the

the growing film. ions by negative substrate bias, film adhesion can be signifi-
cantly improved and film density can be enhanced. Figure 1
INTRODUCTION shows a simplified schematic of an ion plating setup.
It is well known that the properties of coatings depend on the +discharge'
substrate conditions (e.g. precleaning, temperature, etc.) as substrate bias supply supply
well as on the complex characteristics of the flow of condens- l I
ing vapors. This article will focus on the latter, where “vapor” )
in a more general sense includes neutral atoms, ions, and
energetic beams of particles. Already inthe 1960s, Mattox [1] substrate
introduced “ion plating” as a method to obtain highly adherent I
metal coatings on substrates at relatively low temperature.
. . filament heater
Sputtering of the substrate by ions was a central part of the | _| vapor supply
original deposition concept [2]. In his handbook, Bunshah [3]

defines ion plating as “a process in which a proportion of the auxilary
depositing material from an evaporation, sputtering, or chemi- anode
cal vapor source is deliberately ionized; once changed this
way, the ions can be accelerated with an electric field so that
the impinging energy on the substrate is greatly increased,
producing modifications of the microstructure and residual
stresses of the deposit.” First applications have been reported
as early as 1973, ref. [4].

electron gun

There have been a number of excellent handbooks and re- -
views about ion plating and related techniques, e.qg. [3, 5, 6figure 1: Simplified schematic of an ion plating setup.
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Partial ionization of the vapor can be achieved by various substrate bias supply
discharge approaches, including thermionic arcs where elec- -+
trons are emitted from a hot filament, hollow cathode dis- -
charge, or radio-frequency (RF) discharge. The degree of

ionization is defined aa = n/(n, + n), wheren is the ion
density anah, is the density of neutral atoms or molecules. In substrate
early work, the degree of ionization was on the order of 0.1%,
but even this small fraction made a remarkable change in
coatings properties. Originally, bias was applied in constant-
current (DC) mode. RF self-bias was shown to be advanta-
geous especially when ion plating was performed in a reactive
gas environment such as to form compound coatings (reactive
ion plating) because charge-up of the insulating surface can be
minimized. Yet other, more advanced techniques are (DC)
pulsed bias, and bipolar pulsed bias.
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supply

crucible
anode
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SCALE-UP OF ION PLATING

lon plating can be scaled up in different ways, e.g. focussing
on the rate of deposition, area, film quality, extension to new T

materials, and combinations thereof. New developments are

often given new names in order to distinguish them fronfrigure 2: Simplified presentation of rod cathode arc-activated
previous achievements, and also to be able to stake patet&position (RAD).

claims in uncharted territory; however, one can find a continu-
ous thread and combining themes in these developments. substrate bias supply

!

One extension of ion plating has been named “rod cathode arc-
activated deposition” [9] or the “RAD” method. In this
technique, the evaporant serves as the anode of a thermionic substrate
arc discharge; the cathode is not a filament but a hot tungsten
rod operating in the spotless (thermionic) mode, and no
auxiliary anode is used (Figure 2). The arc current of 100-500 A
is heating the evaporant and partially ionizing the vapor flux.
The power levels demonstrated are impressive: up to 300 kW
for the electron beam gun and up to 50 kW for the thermionic
arc discharge. Itis claimed that the degree of ionization may

+

be up to 50%, although no specific measurement was reported
to confirm this high number. discharge
supply

The “RAD” method is best suited for metals of low melting

point and high vapor pressure. If applied to refractory metals

such as W, Mo, and Ta, the deposition rates are low. In these

cases, another hot electrode approach is better suited, namely T

when the evaporant is used as a cathode operating in the

spotless arc mode. The spotless arc mode is known féigure 3: Simplified presentation of spotless arc deposition

decades and has been investigated primarily for use in plasr3AD).

discharge lamps [10]. More about arc modes can be found in

[11]. Schiller and co-workers called this approach “spotless

arc deposition” or “SAD” [12]: The location of electron In yet another configuration, which actually is very close to

emission for the spotless arc is controlled by the impact of thée original ion plating concept, electron beam evaporation is

electron beam from the high-power electron gun (Figure 3)combined with a hollow cathode arc discharge through the
vapor flow, and thus the vapor is partially ionized (Figure 4).
Although this is clearly ion plating, the developers named it
“hollow cathode activated deposition” or "HAD” [12].
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* fischaree” high power density is automatically obtained in cathodic arcs,
substrate bias supply Supplyg where the current at the cathode surface is concentrated in
-+ micron-size cathode spots. Current densities of ordfed/10

[ L

cm? have been observed [13, 14], and when taking a cathode
fall voltage of order 10 Volts one obtains an areal power
density of about 1 GW/cth The resulting explosive phase

substrate

T Z] transition [15] from the solid to the plasma delivers a fully
hollow cathode ionized plasma that often contains even multiply charged
ions [16].

ION PLATING WITH FILTERED CATHODIC ARC
PLASMAS

electron gun

The cathodic arc processes do not only lead to a very high
degree of ionization, they are responsible for ion acceleration
to supersonic velocities, which are in the range 4700-23100
m/s, corresponding to 19-142 eV, depending on the material
[17]. Therefore, even in the absence of substrate bias, ca-
thodic arc plasmas enable ion plating or energetic condensa-
tion.

Figure 4: Simplified presentation of hollow cathode activatedilthough the plasma obtained by the cathodic arc process
deposition (HAD). appears to be advantageous, it has also a few undesirable
features, including the contamination with “macroparticles,”
i.e. liquid and solid debris particles that are also produced at
INCREASING THE DEGREE IONIZATION cathode spots. Particle contamination of cathodic arc films
may be acceptable for some applications but has prevented the

enhancing the degree of ionization of the condensing Vapor%chnology from being widely used in high-tech areas.

a c_ruc!al goal of process devel_opment. The qlegree (?f '%he most common and successful method of dealing with the
ionization determines the fraction of condensing particles

S . . . Inacroparticle issue is plasma filtering using devices that
whose kinetic energy can be influenced. The electric field vent direct line-of-sight from the cathode to the substrate.

created by substrate bias acts only on charged particles, a.rli)nhe

the neutral atoms of the vapor “ignore” the presence of bias e plasma is guided to the substrate by suitable curved
por 19 P magnetic fields. A typical example of such devices is tfie 90

As shown in the early work, even a degree of ionization 0f0n|¥j|ter duct introduced in the late 1970s by Aksenov and co-

0 . . . . :
0.1% can make a difference in coatings properties. The blasv'vsorkers [18]. Filter principles and devices have been re-

usually several hundred volts or even kilovolts, and the energy N
) A . lewed, see for example [19]. Plasma filtering does not only
of impacting ions is therefore much larger than the surface

binding energy (which is typically 2-8 eV), and displacemen{emove macropatrticles but also neutral atoms that may be

energy (which is typically 10-40 eV), and therefore eadPresent in the Cathodlg arc plasma (neutrz_il atoms are mainly
A - roduced by evaporation from macroparticles and from the
energetic ion will influence a large number of atoms near th

surface. High voltage bias is often not desirable because |Pt cra_ters Ief_t by cathqde Spots). I_on plating with flltereq
Cgthodm arcs is energetic condensation where all condensing

may lead, among other issues, to electrical breakdown and . ; : :
articles have considerable energy. The resulting coatings are

substrate arcing. If the degree of ionization is high, lower bia ; .
. ._dense, well adherent in most cases, and often characterized by
voltage can be used because many more condensing particles

are accelerated to hyperthermal energies. 'gh compressive stress [20].

METAL PLASMA ION IMMERSION

Using a large current of arc discharge electrons (like in th
HAD, RAD, and SAD methods mentioned above) will lead toﬁ\/lPI"A"\I-I-'A‘-I-IOI\I AND DEPOSITION (MePIIID)

ionization of the vapor. The degree of ionization will dependOnce a fully ionized and condensable plasma s available, ions
on the currentintensity, the vapor density, and cross section o&n be used for coatings and ion implantation. To understand
ionization of the specific vapor integrated over the electrothe latter, let us consider an experiment by Adler and Picraux
energy distribution function. done in the early 1980s [21]. A substrate is placed in the flow
of metal plasma by a pulsed cathodic arc discharge. The
The degree of ionization can qualitatively be associated witBubstrate is biased to high negative potential such that a high-
the power density in the ion production region. An extremelyoltage sheath forms between plasma and substrate. lons
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entering the sheath are accelerated to high kinetic energy
E=E, +QV whereE_ is the kinetic ion energy gained at the -«
cathode spotQ is the ion charge state aN(dis the sheath .
voltage (determined by bias). If the bias is sufficiently high,
the impacting ion will come to reshderthe surface, i.e. the

ion is implanted. The stopping power is about 100 eV/nm, or e
inversely, the depth is on the order of 10 nm/keV. For more
precise predictions, Monte Carlo codes such as TRIM should
be used [22]. The idea of ion implantation using substrate bias
was adopted for gas plasmas and became known as plasma
source ion implantation (PSII) [23] or plasma immersion ion
implantation (PIII). It was extensively investigated for nitrid-
ing of steel and aluminum and later for a wide rage of
applications [24].

the bias duty cycle;

mono or bi-polar biasing;

the arc current and associated plasma density;

the cathode material and thus the kind of condensing
species;

the absence or presence of areactive gas such as to form
a metal or compound film, respectively;

the pressure of reactive gas, if used, to affect film
composition and texture;

the substrate temperature to affect film properties such
as texture;

the use of more than one cathode material, e.g. by using
several arc sources sequentially or simultaneously, to
obtain multilayers or alloy films.

By combining metal ion implantation and metal ion deposiPLASMA IMMERSION PROCESSING (PIIP)
tion (ion plating), Brown and co-workers [25] developed hile all previously mentioned techniques represent devel-

flexible hybrid process. By choosing a specific ratio of pulse - . . .
) . . . . opments that originated from simple physical vapor deposi-
bias and pulsed arc plasma production, a certain ratio of ig . ; .
: b : . . : tion (PVD), there is a whole different class of coating tech-
implantation (bias on) and ion deposition (bias off) can be . . . .
: . . niques relying ochemicaldecomposition of a precursor gas,
achieved. To make this process more efficient, arc pulses can’ . emical vapor deposition (CVD). Ifthe precursor gas is
be made of arbitrary length, including DC operation, and &’ P b ! P 9

sequence of many bias pulses can be used. The general sez%t least partially ionized, one speaks of plasma-assisted CVD,

) . . - . : or PACVD. The presence of ions in such plasmas allows us
for this technique is shown in Figure 5. The technique is noyw_ = .. ; : :

. . Lo .10 utilize the above mentioned bias techniques, and so effects
sometimes called metal plasma immersion ion implantatio

» . that were typical for plasma-assisted PVD, appear also in
and deposition (MePIIID, pronouced "me-pit’) [7, 26] PACVD. If specificallypulsedbias is used, as it is typical of
plasma immersion techniques, the CVD method has been
called plasma immersion ion processing (PIIP) [27].

source

— fﬂg

supply 1

filter

ION BEAM ASSISTED DEPOSITION (IBAD)

lon plating and the derived developments are characterized by
energetic condensation of at least a fraction of the condensing
species. In this sense, all of these techniques are self-ion
assisted deposition techniques. If one separates the ion
assistance by providing an independent source of e.g. argon
ions, such as a Kaufman ion source or end-hall ion source, one
speaks about ion beam assisted deposition (IBAD) [6]. IBAD
has advantages and disadvantages compared to self-ion as-
sisted deposition. Among the advantages is the decoupling of
ion energy and particle flux arriving at the substrate, and
among the disadvantages is the generally unwanted incorpo-
ration of some gas into the growing film. IBAD is mentioned
here only to relate it to advanced ion plating methods.

plasma ﬂowJ
pulse
generator

i bias supply

arc pulse \ arc pulse \

bias pulses

bias pulses

Figure 5: Simplified presentation of metal plasmaimmersiogy scyssiON OF ION PLATING AND ENERGETIC
ion implantation and deposition (MePIIID). DEPOSITION

substrate e
I

As already discovered in the early work, energetic impact of

MePIIID is very versatile technique for the formation of €ven a small fraction of arriving atoms and ions is important
tailored films, multilayers, and graded structure because theRgcause it removes loosely bonded ad-atoms and contami-

are number of “knobs” that can be tuned to obtain the desirdtgnts from the substrate surface, increases surface mobility,
properties. Specifically, one can chose introduces defects, and may lead to the formation of an

« the bias pulse duration; intermixed layer. Since then, much understanding has been
« the bias amplitude; gained, filling entire books, e.g. [3, 6, 24, 28, 29].
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One may approach energetic condensation in the hyperthernsation and ion-assisted deposition will improve our under-

range up to a few 100 eV of ion energy as an energetstanding of the underlying elementary film growth processes.

deposition process, or as ion implantation at ultra-low ener-

gies, sometimes referred to as subplantation [30]. In the fieldACKNOWLEDGMENT

of ion implantation, the term “thermal spike” is used to

describe local melting of picosecond duration involving

volume that is determined by the collision cascade caused
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from an implantation point of wexv, the therma”I s_p|ke Shm.]kSREFERENCES

to a small volume. The term “temperature” is becoming

guestionable because the number of atoms involved is smdll D. M. Mattox, “Film deposition using accelerated ions,”

and the spike is rapidly quenched. One needs to keep this Electrochem. Technolvol. 2, pp. 295-298, 1964.

limitation in mind when considering “atomic scale heating”

[31, 32]. 2. D. M. Mattox, “Fundamentals of ion plating,”Vac. Sci.
Technol, vol. 10, pp. 47-52, 1973.

Each ion arriving at the substrate surface delivers high energy

that is mainly determined by the substrate bias. If the kineti8. R. F. Bunshah, “Handbook of Deposition Technologies

energy is “low” in the sense of ion assisted deposition, e.g. say for Films and Coatings: Science, Technology, and Appli-

50 eV, energy contributions other than kinetic are important  cations,” 2nd ed., Park Ridge, N.J.: Noyes, 1994.

too. Eachion carries both kinetic and potential energy, and the

latter can be significant especially if the ion is multiply4. T. Spalvins, “lon plating,SAE Trans.vol. 82, pp. 1806-

charged because the potential energy can be of the same order 1812, 1973.

as the kinetic energy. Each ion leads to local, atomic-scale

heating of a volume around the impact location. The surfack. D. M. Mattox, “Particle bombardment effects on thin-film

and subsurface processes are affected by thermal energy deposition: areview,J. Vac. Sci. & Technol. Aol. 7, pp.

releasedand by the momentum associated with the kinetic 1105-1114, 1989.

energy of the impacting ion.

The author thanks Othon Monteiro for helpful discussions.
8rhis work was supported by the Department of Energy under
ontract No. DE-AC03-76SF00098.

6. S. M. Rossnagel, J. J. Cuomo, and W. D. Westwood,
In the case of self-ion assisted deposition with fully ionized “Handbook of Plasma Processing Technology,”
plasmas, e.g. filtered cathodic arc, each atom in the growing Westwood, NJ: Noyes, 1990.
film is several times subject to atomic scale heating and
momentum supply, namely, when this atoms was deposited, O.R.Monteiro, “Thin film synthesis by energetic conden-
i.e., when the arriving ion became a film atom, and also when sation,”Annual Rev. Mat. S¢iol. 31, pp. 111-137, 2001.
its neighboring atoms became part of the growing film. Each
event may lead to atomic scale rearrangement of lattice. J. S. Colligon, “Energetic condensation: processes, prop-
neighbors and may affect their bond structure, and therefore erties, and productsJ. Vac. Sci. Technol.,Aol. 13, pp.
each ion impact affects sputtering, stress, and texture even for 1649-1657, 1995.
substrates that are globally near room temperature. Energetic
deposition is a method of achieving film properties for condi9. B. Scheffel, C. Metzner, K. Goedicke, J.-P. Heinss, and O.
tions that are far from thermodynamic equilibrium at the  Zywitzki, “Rod cathode arc activated deposition (RAD) -
global substrate temperature. a new plasma activated electron beam PVD process,”

Surf. & Coat. Technalvol. 120-121, pp. 718-722, 1999.

OUTLOOK
H. Higel and G. Krille, “Phanomenologie und
Energiebilanz von Lichtbogenkatoden bei niedrigen
Drucken,”Beitr. Plasmaphysvol. 9, pp. 87-116, 1969.

lon plating and other energetic deposition methods represer119'
a growing part of the portfolio of deposition techniques. No
single technique is a universal solution to all requirements,

e Ehergete deposion vl o eiace Morevedionl. . anders ana A Andrs, “on modes o o atroce
9 gies. P d operation,”IEEE Trans. Plasma Sg¢iol. 19, pp. 20-24,

specific applications, taking quality and economic factors into
o . . . 1991.
account. One can anticipate that ion plating and its advanced

forms will be perfected in several respects: larger areasy, < sehiller. C. Metzner. and O Zywitzki, “New coatings
greater deposition rates, better uniformity, optimized energy or; metal shee.ts and st;ips proauced usi’ng EB PVD tech-

for_ prefe_rred tgxtures, to name a feyv. Furthermo_re, surface nologies,”Surf. & Coat. Technalvol. 125, pp. 240-245,
science including computer simulation of energetic conden- 2000

364



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

A. Anders, S. Anders, B. Juttner, W. Bétticher, H. Liick,23
and G. Schrdder, “Pulsed dye laser diagnostics of vacuum
arc cathode spotslEEE Trans. Plasma Sgiol. 20, pp.
466-472, 1992.

B. Juttner, “Cathode spots of electrical arcs (TopicalR4.

Review),” J. Phys. D: Appl. Physvol. 34, pp. R103-
R123, 2001.

A. Anders, “Plasma fluctuations, local partial Saha equi25.

librium, and the broadening of vacuum-arc ion charge
state distributions,[EEE Trans. Plasma Sc¢iol. 27, pp.
1060-1067, 1999.

26.

I. G. Brown, “Vacuum arc ion sourceR@&v. Sci. Instrum.
vol. 65, pp. 3061-3081, 1994.

A. Anders and G. Y. Yushkov, “lon flux from vacuum arc 27.

cathode spots in the absence and presence of magnetic
fields,” J. Appl. Phys.vol. 91, in print no. 8 (April 15),
2002.

I. 1. Aksenov, V. A. Belous, and V. G. Padalka, “Appara-28.

tus to rid the plasma of a vacuum arc of macroparticles,”
Instrum. Exp. Techvol. 21, pp. 1416-1418, 1978.

A. Anders, “Approaches to rid cathodic arc plasma of9.

macro- and nanoparticles: a reviewsurf. & Coat.
Technol, vol. 120-121, pp. 319-330, 1999.

I. G. Brown, “Cathodic arc deposition of filmghnual
Rev. Mat. Scj.vol. 28, pp. 243-269, 1998.

R. J. Adler and S. T. Picraux, “Repetitively pulsed metal
ion beams for ion implantationNucl. Instrum. Meth.
Phys. Res. Brol. 6, pp. 123-128, 1985.

J.F. Ziegler, J. P. Biersack, and U. Littmaike Stopping  32.

and Range of lons in Solidsew York: Pergamon Press,
1985.

30.

31.

. J.R. Conrad, J. L. Radtke, R. A. Dodd, F. J. Worzala, and
N. C. Tran, “Plasma source ion-implantation technique
for surface modification,’J. Appl. Phys.vol. 62, pp.
4591-4596, 1987.

A. Anders, “Handbook of Plasma Immersion lon Implan-
tation and Deposition,” New York: John Wiley & Sons,
2000.

I. G. Brown, X. Godechot, and K. M. Yu, “Novel metal ion
surface modification techniqueAppl. Phys. Lett.vol.
58, pp. 1392-1394, 1991.

A. Anders, “Metal plasma immersion ion implantation
and deposition: a review3urf. & Coat. Technalvol. 93,
pp. 157-167, 1997.

M. Nastasi, X.-M. He, K. C. Walter, M. Hakovirta, and M.
Trkula, “The use of plasma immersion processing in the
synthesis of protective coatings for Al die castirigytf.

& Coat. Technol.vol. 136, pp. 162-167, 2001.

M. Nastasi, J. W. Mayer, and J. K. Hirvonem Beam
Processing: Fundamentals and ApplicatioGambridge:
Cambridge University Press, 1996.

M. Nastasi, J. W. Mayer, and J. K. Hirvonkm-Solid
Interactions Cambridge, UK: Cambridge University Press,
1996.

Y. Lifshitz, S. R. Kasai, J. W. Rabalais, and W. Eckstein,
“Subplantation model for film growth from hyperthermal
species,’Phys. Rev. Bvol. 41, pp. 10468-10480, 1990.

J. Musil, “Hard and superhard nanocomposite coatings,”
Surf. & Coat. Technalvol. 125, pp. 322-330, 2000.

A. Anders, “Atomic scale heating in cathodic arc plasma

deposition,” Appl. Phys. Lett.vol. 80, pp. 1100-1102,
2002.

365





