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neighboring bare metal area. In addition,
gradual covering of the whole anode sur-
face with a dielectric layer eventually

interrupts the electrical path, extinguish-
ing the discharge.

To avoid these arcing and anode prob-
lems, reactive sputtering of dielectrics
was done initially using RF powiér
Regretfully, deposition rates are low in
this case, RF power supplies are relative-
ly expensive, and scale-up of an RF sys-
tem is a difficult task. In spite of these
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published a book, and more than 9 :
papers, made numerous presentations Tubabrde beliz e loyer

and chaired sessions atvarl_ous technidal problems, RF sputtering was used for
conferences. He has received a BOE

Group Technology Award and two Figure L. Reactive sputtering of an oxidizing many years, for the lack of an acceptable
Awards of the Latvian Academy of metal in a mixed Argon and Oxygen atmosalternative.

; here. Breakthroughs in the solution of the
Science. At Stevens, he teachesagradﬁ— reactive sputtering problems have been

ate course Plasma Processing, advisgs optical and electronics devices, and ¢achieved in the last few years. First, a
graduate students, and directs the Johfermal barrier coatings, among othermid-frequency AC power has been uti-
Vossen Laboratory for Thin Films andReactive sputtering is one of the moslized, principally using a dual magnetron
Vacuum Technology. He also has histiractive thin film deposition technolo-configuration”. Second, pulsed DC
own consulting company, Abe Belkind gies when requirements call for large supower has been introduéed In this lat-
and ~ Associates, Inc.  e-mail: face areas, low substrate temperaturéter case, any magnetron configuration can
<abebelk@aol.com> good adhesion, high film density, and lovhe used. The deposition rates in both
. cost. cases are comparable, and the choice
Richard Scholl, M.S.EE, Santa Clara Reactive sputtering is based on sputtepetween the tw% approaches, in most
University, Santa Clara, Calif., B.A. ing from a metal target in reactive atmoscases, depends on what magnetron con-
Physics, California State University atphere that, in the case of making oxidefiguration is employed. Implementation
San Jose, is Senior Vice President angontains oxygenFigure 1). In this case, of pulsed power results, for example, not
Chief Technology Officer for Advanced plasma activated oxygen atoms and molonly in non-arcing sputtering conditions,
Energy Industries, Inc., Fort Coliins, cyles oxidize all surfaces, including noput also in deposition of a dense dielectric
Colo. He has worked in the field of only the metal target, but also the metijayer with a smooth surfacEigure 3).
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deposition for over 30 years, holds 18yalls, and all other surfaces that can &
patents, and is the author of 76 papergsxidized. If the oxide layers are non-cor

and articles on plasma deposition andjyctive, the surface of these layers ca
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SVC. high potentials which result in appearan
of both small and large arcs. Using D(

- , , power, the most severe arcing appears

hin dielectric films (AIOs,, SIO. the cathode (target) surface, especial

AIN, and others) find constantly neay the target racetrack area (sputteri

_ increasing industrial |mplemer_1ta-area) Figure 2)% The oxide layer grown
tion. Reactive sputtering is an efficienyear 5 racetrack area rapidly charges po
technology for depositing large area coajjyely and can experience dielectric breal
ings, butimplementation of reactive spul goun accompanied by an arc, or might

tering to deposit thin films of dielectrics gischarged through a surface arc to t
has been limited by the necessity ¢

avoiding both electrical charge build-uy
on their surfaces that can cause arcir

Photo A

and anode coating that can cause disr| Elecimical Posime Susface
tion of power supply electrical circuitry.| tt=sdisn ity diigei | Slathicgg
These problems are solved efficiently b i i
using the recently introduced AC an{ 44 S P bt

Pulsed Power Reactive Sputtering and
single magnetron.
Thin dielectric films (AIO;, SiO;, AIN,

Photo B
Figure 3. Cross-sections of alumina films

- . \ \ made by reactive sputtering using
and others) find constantly increasin Metal oxide Mrtal tarpet PinnaclePlus (AE) pulsed power supply at the
implementation as electrical barrier an University of Salford, U.K.. The deposition
protective Iayers in microelectronics, was made using pulsing frequencies and
permeation barriers in packaging anfFigure 2. Microarcing on the target surfacereverse times: photo a: 100 kHz at 2 psec and
microelectronics devices, optical layer:«during reactive sputtering of dielectrics. photo b: 225 kHz at 2.2 psec.
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- - - Figure 5. First-approximation view of arcing-
Figure 4. Schematic of pulsing voltage forms.free conditions in the 2-d space of pulsing fr
quency & duty cycle and two different cur
rents: | (solid lines) & | (dotted lines): i< I,.

Pulsed Power and Non-Arcing B .
Conditions The critical off-time also depends on th{

_ current. Increasing the current increas,
Pulsed power can be applied to a catihe charge accumulated on a dielectr . : . .
ode, controlling power, or voltage, or cur|ayer surface during a single on-time, ar The AE Sparcle line of pulsing units combine

rent. In the case of a single magnetrCiharefore, requires a longer off-time to diWith a separate DC power supply to provide
arrangement, the pulsing voltage form icharge it. flexible pulsing

shown schematically iffigure 4. It has  The relationship between the critica
been called by several researchers ton.time and critical off-time, and restric-
“pulsed unipolar DC mode,” on the basitions on the on-time value, determine th  Reactive sputtering shows a hysteresis
that there is a single magnetron (one pPoliange of pulsing frequencies and dutbehavior in its main characteristics when
or “unipolar’) and the basic DC powelcycles (defined as the ratig/(t,, + T,) Partial pressure or gas flow of the reactive
source is pulsed. that allows reactive sputtering ofgas is varied. This is due to the existence
How does pulsed power avoid arcing gielectrics without arciri¢g® This range is Of two stable target surface conditions:
In Figure 4, during the on-timeTy, @ shown schematically ifigure 57. For themetalliccondition, and theeactive or
negative potential is applied to the targ€jncreasing current or power, a higher frefully oxidized (in the case making oxides)
The plasma is established and sputteriiyency and lower duty cycle must be chimode. The deposition rates of metals in
takes place, mainly in the racetrack arésen These non-arcing conditions are usthe metallic condition are usually much
The arrival of sputtering ions causes thyly satisfied when a pulsing frequenchigher that the deposition rates of a com-
dielectric layer on the target and alang duty cycle are chosen properly frorpound (oxide) from an oxidized target.
dielectric surfaces in the chamber tyhe ranges of about 20-350kHz and 0./At the same power, deposition rate of Al
charge Kigure 1). If the pulse duration, g g respectively. metal in the metallic target condition is

Ton IS kept short enough to keep charc more than 10 times the deposition rate of
buildup on the dielectric surfaces at th'Voltage and Current Pulse FOrms a1 5 fims in the oxide mode. Fast tran-

end oft,, lower than a critical value, no Oscillograms (pulses) of the voltagesitions from one mode to another are
arcing occurs. This means that ?ccurrent, and/or plasma optical emissioobtained when varying the partial pres-
should be less than certain critical orprovide information that helps both tcsure of reactive gas in the chamber.
time, Tonee The negative sputteringunderstand the pulsed plasma behaviBetween these two stable modes, the
pulse is followed by a short pulse, duriniand to control the deposition procés
which a small positive potential isThe forms of these pulseBigure 6) are
applied. This may be called the “ofldetermined by plasma decay during tf
pulse,” the “zero pulse,” or “reverseoff-time and plasma reestablishment du
pulse.” During the off-pulse, electronsing the initial part of the on-time. The
and ions of the decaying plasma displasma decays by electron and ion bipol
charge the dielectric surfaces. The durdiffusion to various charged and
tion of this off-time pulsery, is deter- uncharged inside chamber surfaces duri
mined by the requirement to fully dis-the off time, and the plasma densit]
charge the surfaces, i.e. the off-timdecreases, in the first approximatior
should be longer over a critical valueexponentially with a time constant of
(critical off-time, Ty > Tyt orip)- If the dis-  few tens of microseconds. The off-time i
charge is not completed, additional stefusually in the order of a few microsec
by-step charge accumulation durinionds. Therefore, the plasma density at t
many sequential periods takes place, aiend of the off-time is still substantial. Thig ;_I-_— = . -
layer breakdown may still occur.residual plasma density is responsible f | "™ |
Increasing the on-time duration increasefast plasma reestablishment, over a peri Tune

the charge accumulated during each spiof only about one or two microsecondsFigure 6. Schematic of current and voltage
tering cycle, resulting in the necessity tand one does not observe a large voltaoscillograms in reactive sputtering using a
make the off-time duration longer. overshoot. power supply’s constant power mode.

High Deposition Rates
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25 called “Multi-anode” or “Redundant deposition of material sputtered from an
- Anode” Sputtering. In Figure 8, two anode from reaching the substrate.
anodes are provided, each connected Comprehensive investigation of the
one side of a center-tapped AC powtredundant anode approach is in progress.
source. The center point, or “tap,” of the o
power supply is connected to a singlSubstrate Biasing
magnetron source of the ordinary variet Using various special circuit arrange-
The system works so that each of trments for reactive sputtering of
anode elements acts alternatively as a trdielectrics, such as dual magnetrons or
(i = - - r— 0 anode (electron collector) and as a spiredundant anodes, creates problems in
40 a0 &0 1100 tered cathode (ion collector), dependinsubstrate biasing. Even in the simplest
Al srrission set poirt ) upon the polarity of the AC power supplycase, employment of a single magnetron
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, — . The continuous reversal of voltage anpowered by pulsed power and unprotect-
iilgg;eof7.A]?C)epfﬁl’sTlltSIO§e ggﬁtea:jngs{ﬁga\zﬁ_ecurrent will also keep any insulatinced anode, substrate biasing can be tricky.
ous closed-lc;op control set points. Pulseff 210> of an anode from charging, an At least three main issues of substrate
power: 2 kW, 100 kHz. erefore inhibits anode arcing. The macbiasing should be considered in the case
' netron is always a cathode, relative to of reactive sputtering of dielectrics. One
deposition process can be realized ydifferent anode on each half of the cycleissue is more general and related to the
maintaining the target in some quasi-st:Further, charged areas of the target are dsubstrate: is it conductive or not? The sec-
ble intermediate condition. This can bicharged twice each cycle, as the voltatond issue is connected to the depositing
achieved using closed-loop gas flow cor@cross _the transformer passes throudielectric film, and the third relates to
trol based, for example, on measurinZ€ro. Thus the target discharging rate how to apply bias voltage if the whole
plasma optical emission of a metal lindwice the driving frequency. _cathode-anode system is floating with
and monitoring reactive gas flow. A redundant anode system can provicrespect to the chamber and substrate, as
An example of such closed-loop conSustainable anodes and periodically didescribed in the previous sections on
trol implementation for deposition ofcharges anode and cathode (target) Sthese systems.
AlLO; films is shown inFigure 7. The fa_lces, avoiding arcing. It does not resulti Let us suppose initially that we know
data show that, using a closed-loop coinigh anode falls, does not exhibit plasmhow to apply power to the substrate and
trol system, AlO, films can be deposited decay on every half cycle and resultinwe are using a balanced planar mag-
with a rate of more than 50% of thevoltage spike. A redundant anode systenetron. Then the question is: what power

metallic aluminum deposition rate. can be more easily retrofit into existintshould we use? If the substrate is conduc-
DC single-target systems, does notexpetive and the thickness, for example, of
Anode Arrangement ence the difficulty of source matching anAlO; film is 500 nm, it takes about a few

. . . _uneven source erosion that is typical fcmilliseconds to charge up the films and

The following discussion assumes th a1 magnetron systems. Film contaminiget a bias potential of about -100 V. This
the reaction product of the reactive spUjioy with' anode material, if a problem means that AC or pulsed power at fre-
tering process is an insulator (d|ele_ctr|<_:‘may be avoided by using for the anode tiquencies of only about 0.1 kHz can be
The most commonly used Circuilsyme material as the cathode and/or used for biasing. At higher frequencies,

arrangement for a single-magnetron sy yjacing a deposition shield so as to prevethe efficiency of biasing will be lower.
tem employs the deposition chambe

itself as a grounded anode. Such g

anode has a large surface area, and co —@—
ing it thoroughly with a dielectric layer| AT Power supply

can take a relatively long time with a Tapped b A
Nevertheless, in the long run, the anoq Tsolation Transformer revws
surface does get coated with an insulatit e
layer, which causes variations in th

effective anode circuit impedance, cons Anede ]

guential voltage redistribution, and, as
final result, even circuit interruption (this
has been called the “disappearing anod
problem). The simplest (but unpleasa
and time-consuming) solution of the
anode problem is periodic anode clea
ing. Another solution is to use a self
cleaning anode, where self-cleaning
provided by a discharge confined near tf
anode.

A self-cleaning anode system consist]
for example, of two anodes and a sing
magnetron, powered by an AC suppl Figure 8. Schematic of redundant anode sputtering system with substrate connection to the
(Figure 8). This novel configuration is cathode.

Eesistor

) Power
supply

M
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The useful frequency range depends gpositive potential applied to the substrate 10. R. Scholl, in 37th Annual Technical
the plasma density near the substrate suran cause the substrate to attract electrdp@nference Proceedings, Boston (Society of
face and will drop as the density increasfor heating (i.e., to work as an anode). Vacuum Coaters, 1994), p. 312.

es - for example, by replacing a balanced 11. W. D. Sproul, M.E. Graham, M.S.

Wong, S. Lopez, D. Li, and R.A. Scholl,
magnetron by unbalanced one. When thigeferences Jvac.Sci Technol, A 13, 1188 (1995).

substrate is electrically nonconductive, its 1. w, p. westwood, in Handbook of Plasma 12, F. Fietzke, K. Goedicke, and W.
surface will charge to a given potential inprocessing Technology, edited by S. MHempel, Surf.Coat.Technol., 86-87, 657
less time, because of its substantiallRossnagel, J. J. Cuomo and W. D. Westwoqd996).

smaller capacitance. Therefore, in thigNoyes Publications, Park Ridge, New Jersey, 13. P, J. Kelly, O. A. Abu-Zeid, R. D. Arnell,

case, the useful frequency range may [i€990), p. 233. and J. Tong, Surf.Coat.Technol., 86-87, 28
even in the MHz region. 2. S. Maniv and W. D. Westwood,(1996).
In the case of a floating cathode-anodé Vac-Sci.Technol,, 17, 743 (1980). 14. A. Belkind, A. Freilich, and R. Scholl, in

power circuitry and a dual anode arrange- 3. L. I. Maissel, in Handbook of Thin Film 41th  Annual Technical Conference
chnology, edited by L. I. Maissel and Rproceedings, Boston, 1998 (Society of
ment, the substrate can be connected (. (McGraw-Hill, New York, 1970), p. 4 ; '
the cathode to provide a bias potential, 5 0 L ’ - P- 4. Vacuum Coaters, 1998), p. 321.

* 4. S. Maniv and W. D. Westwood, 15. A. Belkind, A. Freilich, and R. Scholl,

through a resistor alone, and/or a with ag.vac.Sci.Technol 17, 743 (1980). Surf. Coat.Technol., 108-109 (1998) 558.
additional bias power suppl¥igure 8). 5. R.L. Cormia and T. Tumbly, US Patent 16. A. Belkind, A. Freilich, and R. Scholl,
If there is no resistor or additional powel4,046,659 (Sept. 1977). J.Vac.Sci.Technol., A 17 (1999) 1934.

supply in the substrate circuitry (i.e., the 6. G. Este and W. D. Westwood, 17. A. Belkind, Z. Zhao, D. Carter, L.
substrate is connected directly to thd.Vac.Sci.Technol., A 6, 1845 (1988). Mahoney, G. McDonough, G. Roche, R.
Cathode)l the substrate works as an add|_7 D. A. GlOCker, J.VaC.SCi.TechnOl., A 11:SChO", and H. Walde’ in 43rd Annual
tional cathode, and the plasma densitg®89 (1993). Technical Conference Proceedings, Denver,

near the substrate determines the CurreegsrifeTénc?eChglrlécZe ;gg‘s AS;‘l‘IJ;S' Eggggagfggﬁs(hse%dety of Vacuum Coaters, 2000), to be
thrgutght the S”.tbSt[ate' At{]es'.smr n tht acuum Coaters, 1993), p 405. 18. R. Scholl, A. Belkind, and Z. Zhao, in
substrate circuilry Iowers the 10n CUrrent g g gehjlier, K. Goedicke, J. Reschke, V4a2nd ~ Annual  Technical ~Conference
through it (as well as the voltage and Sirchke, S. Schneider, and F. Milde,Proceedings, Chicago, 1999 (Society of
the energy of the arriving ions), while asurf.Coat.Technol., 61, 331 (1993). Vacuum Coaters, 1999), p. 169.
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