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Plasma sources based on a low-pressure arc discharge
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Abstract

This article presents two types of a hollow-cathode plasma source based on an arc discharge where the electrons emitted
either by a hot filament or by a surface-discharge-based trigger system initiate a gas arc discharge. The sources produce
gas plasmas of densities*810'2 cm~2 in large volumes of up to 0.5 #rat a discharge current of 100—200 A and at a
pressure of 10'~10"2 Pa. Consideration is given to some peculiarities of the operation of the plasma sources with
various working gase@r, N, O,). The erosion rate of the cold hollow cathode in the designed plasma sources is shown

to be 10 times lower than that found in an ordinary one. The sources are employed for plasma-assisted surface
modification of solids.
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1. INTRODUCTION eral tens of hours in an atmosphere of inert gades\,) to
no more than several tens of minutes in an atmosphere of

The gas-discharge plasma finds wide application in surfaceeactive gase€,, CH,, etc) due to oxidation of the tung-
modification of solids: nitriding of steels and alloyScha-  sten cathode and its bombardment by the ions arriving from
nin et al, 2001; Sanchettet al,, 1997, ion implantation the discharge gap. Cold-hollow-cathode discharge systems
(Conradet al., 1987, deposition of thin films, formation of (Gauvrilov et al,, 1988, where a cathode spot is initiated at
nanocrystalline and amorphous compounds, ion-plasma déhe internal surface of the hollow cathode at microsecond
position of hardening, and protective coatiiBsrisovetal., pulse durations, possess a longer lifetime. With a definite
1998&). On the one hand, the choice of a discharge is dicdesign of the hollow cathod#/intizenkoet al,, 2001, mac-
tated by the parameters of plasma which provide the rerodroplets and atoms of the cathode material are essentially
quired surface modification during the interaction of the prevented from entering the anode region of the discharge.
plasma with a solid and, on the other hand, by the demand
for high energy eﬁiciency of the technological process. 5 p ASMA GENERATOR WITH A HOT

The Iow operating voltage, the hlgh'dlscharge gurrent, HOLLOW CATHODE
and the wide range of pressures at which an arc discharge
shows stable initiation and operation have stimulated thd he design of a plasma generator with a cylindrical hollow
deve|opment and studies of different arc-based deviceg‘,’athOde is shown in Figure 1. Cylindrical hollow stainless
among which are plasma emitte®ks & Schanin, 1999  steel cathodet of internal diameter 90 mm and length
and plasma generataiBorisovet al., 1994. Arc sputterers, 280 mm is mounted on water-cooled flargy¢iot cathod&
which are widely employed for coating deposition, cannotmade of a tungsten wire of diameter 1.8 mm is located on
be used directly in plasma-assisted processes due to a gré@t0 water-cooled copper current leadimside the cavity. A
number of atoms and macrodroplets of the sputtered catdongitudinal magnetic field of induction 2.5072 T, which
ode material present in the plasma flow. stabilizes the discharge, is induced by soler®idhe cath-

Hot-cathode arc discharges make it possible to producede unit is fixed to water-cooled ca8ehrough insulating

pure gas-discharge plasma. However, their lifetime at higtgaskeB. The case of the plasma generator is at the anode
discharge currents is limited, ranging from more than SevatGﬂtl&' and is connected to the vacuum chamber of dimen-

sions 600X 600X 600 mm. In this discharge system, the
. _ pvacuum chamber plays the role of a hollow anode. The
Address correspondence and reprint requests to: Nikolay N. Koval, High

Current Electronics Institute SD RAS, 4 Akademichesky Ave., 634055plasma generator is powered from a filament-circuit trans-
Tomsk, Russia. E-mail: koval@opee.hcei.tsc.ru former which provides a current of up to 180 A at a voltage
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Fig. 1. Plasma generator with a cyIindricaI' hollow cathode:water- discharge, because it is difficult for the cavity to take the
cooled curr_ent lead: water—_cooled ﬂapge3: |‘nsulator;_4: hollow cath- anode potential whereas decreasing the length of the hol-
ode;5: hot filament;6: solenoid;7: focusing coil;8: housing. o . .
low cathode provides a decrease in discharge current.
In non-self-sustained arcing, the hollow cathode plays an
important role. Table 1 shows how the length of the hollow
of 12 V and from a three-phase rectifier which allows grad-cathode affects the characteristics of the discharge at a con-
ual current tuning in the range from 10 to 180 A at anstant cavity diameted = 9 cm. In this tablel is the length
open-circuit voltage of 70 V. The two-channel automatic gasof the hollow cathodely is the discharge currenty is the
leak-in system ensures gas leak-in. operating voltage, ang, is the pressure at which a non-self-
The path of the electrons emitted by the hot cathode insustained arc discharge is initiated. As shown in Borisov
creases in the magnetic field and therefore these electroreg al. (199&), the optimum ratio between the length and the
efficiently ionize the working gas and generate gas-dischargdiameter of the hollow cathodg/D, is 3—4.
plasma in the hollow cathode. The unmagnetized ions ac- At discharge currentl; = 90-150 A, operating voltages
celerated in the region of near-cathode potential fall knock/y = 60—70 V, pressurgs= 0.1 Pa, the generator produces
secondary electrons out of the walls of the hollow cathodenitrogen and argon plasmas of density3&m~2 and spatial
The processes of ionization in the cavity are intensified, andlistribution homogeneity no worse than20% from the
the conditions are thus established for the initiation andaverage value. The plasma has a positive potential of the
operation of a high-current gas discharge at low dischargerder of +10 V with respect to the anode. The electron
pressures and voltages. By varying the filament current andemperature i, = 4 eV. Probe measurements have revealed
consequently, the electron emission from the cathode, it ishat there also exists a group of fast electrons with temper-
possible to control the discharge current and to initiate atureT, =10 eV in the plasma. With a negative bias applied
non-self-sustained arc discharge without a cathode spot. The the probe, the saturation ion current is 5 pieA?.
main characteristics of the discharge have been obtained
e was conmeciet 1o the cauity and the working gas wal FZASMA SOURCE WITHACOLD
argon. HOLLOW CATHODE
Figure 2 shows the current-voltage characteristic of thel'he design of a plasma source with a cold hollow cathode is
discharge at a filament curreht= 135 A and at two pres- shown schematically in Figure 4. The cylindrical hollow
sures. Figure 3a depicts the discharge operating volgge cathodel of diameter 110 mm and length 200 mm is made
and the discharge curreitversus the filament currehitat  of stainless steel or copper and is immersed in the axial
apressurg@ = 3-10"! Pa. The pressure dependences of thanagnetic field induced by short magnetic cilThe hollow
discharge operating voltage and discharge current presentedthode is completely cooled with water. The cathode spot
in Figure 3b are similar in character, that is, as the pressurat the internal surface of the hollow cathode is initiated by a
is increased in the range fromI0 2 to 9:10° ! Pa, the surface discharge in initiating systétriggen 2. At one end
discharge current increases, while the discharge operatingf the cathode facing the hollow ano@tee vacuum cham-
voltage decreases. ber there is arc arrestetin the form of a cup with a hole
Furtherincreasing the length of the hollow cathode causediameter smaller than the hollow cathode diameter by a
a rapid increase in the pressure of stable initiation of thdactor of three. The arc arrester is at the floating potential
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Fig. 3. Discharge operating voltage and discharge current versus the filament dajrant pressuréb).

and precludes the evolution of the arc over the surface dfield is varied in the rang8 = 0.002—-0.012 T at a constant
insulator6 through which the hollow cathode is connecteddischarge current of 100 A, the speed of rotation increases
to the vacuum chambef. The vacuum chamber in this six times.
discharge system plays the role of a hollow anode. The arc With constant pressure and magnetic field, the arc oper-
arrester precludes direct penetration of neutral particles anating voltage depends almost not at all on the discharge
macrodroplets of the cathode material into the hollow an-current in a wide range, that is, the current-voltage charac-
ode, since the diameter of the central hole is much smalleteristics(Fig. 5) for all gases used in the experiments are
than that of the hollow cathode. The working s, N, linear in character. As can be seen in Figure 5, the lowest arc
0O,) is supplied directly to the hollow cathode through con-operating pressure occurs where argon is used as the work-
trollable gas leak-ir6. In experiments, the gas flow was ing gas. An appreciable effect of the cathode material on the
controlled in the range from 30 to 100 Sc¢Btandard cubic  operating voltage of the arc discharge is also observed. In
centimeter per minujg Mean cubic centimeter per minute the case where the stainless steel cathode is replaced by a
at atmospheric pressyrelepending on the operating mode copper one, the operating voltage for all gases used de-
of the source, on the type of the working gas, and on thereases by 20—-30%.
cathode material. In so doing, in the mode of stable opera- In the range of the average discharge currents, which are
tion of the discharge the pressure in the vacuum chambegoverned by the power supply, the variation in the pressure
varied in the range 2072-1.2 Pa. and in the magnetic field affect in various ways the opera-
With a pulsed voltage of the ordey =5 kV applied tothe tion of the discharge, depending on the type of working gas.
trigger and dc voltag®&); = 50 V applied to the discharge With a constant magnetic field and with an increase in pres-
gap, a cathode spot is initiated at the internal surface, thusure by an ordef0.1-1 Pa, the discharge current for Ar
producing the primary plasma in the hollow cathode. Through
this plasma the cavity takes the anode potential and an arc is
initiated in the gap. The cathode spot in the cross magnetic

and electric fields follows a circular orbit over the internal 5.-, 1
surface of the hollow cathode in the maximum magnetic 2
field. The speed of rotation increases with increasing mag- U

netic field and discharge current. So, increasing the dis- = =
charge current from 30 Ato 150 A causes an increase in the 3
speed of rotation from 1.5 /is to 7 nys and as the magnetic water -—= '

4

Table 1. The dependence of plasma parameters on hollow 5
cathode length _ 6
L,cm lg, A Vq, V pin, Pa r

0 15 74 1102 q 7
28.5 40 60 71072 _ e
31.0 42 59.5 9102
34.0 47 59 16102 - L ———

Fig. 4. Plasma generator with cold hollow cathode.
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Fig. 5. Current-voltage characteristics of the discharge at pregsure Fig. 6. The dependence of discharge current on gas pressure.

0.8 Pa, magnetic fiel® = 2.5 mT.

increases by 10%, for by 40%, being nearly the same for the sources have shown that during the operation at an Ar
N, (Fig. 6). pressurg = 3-10"2 Pa and at a discharge current of 70 A
It can be seen from Figure 7 that in similar conditions, thefor 120 min, the erosion rate of the stainless steel hollow
operating voltage decreases from 50 to 204) and from  cathode ig15-20-10° g/C, which is an order of magni-
52 to 34 V(0O,), remaining invariant for Bl Varying the tude lower than the erosion rate achieved elsewkleaé
magnetic field from 1 to 14 mT causes a nearly linear in-ferty, 1982.
crease in operating voltage and the same decrease in dis-By moving the magnetic coil along the cathode, it is
charge current, no matter what type the working géBiigs. 8 possible to change the place where the cathode spot operates
and 9. and to use efficiently the entire internal surface of the hol-
Such a character of the dependences of the parameterslofv cathode of the source, when operated for a long period
the cold-hollow-cathode arc discharge can be explained asf time. The electrons knocked by ions intensify the ioniza-
follows. In the cross electric and magnetic fields, the election processes in the hollow cathode and ensure operation of
trons emitted by the cathode spot and accelerated in thine discharge at low voltages and gas pressures.
region of the cathode potential fall are acted upon by the In this design, there is, however, some probability of
forces working to return them to the cathode. The electrongarticles of the cathode material entering the chamber: mac-
which undergo no inelastic collisiofslectron cutoff mainly ~ rodroplets due to repeated collisions, atoms due to scatter-
return back to the cathode. As the magnetic field is in-ing at gas molecules, and ions due to recharging and pulse
creased, the path of such electrons decreases and the numhmss. Figure 10 shows a phafark-field image of the glass
of electrons which do not participate in ionization processesurface located 30 cm from the hollow cathode after the
increases. Elementary calculations show that with maxitime the plasma source with a copper cathode has been
mum pressures of 0.1 Pa and discharge voltages of 20-50 ¥perated in the atmosphere of oxygen at a discharge current
the free path of the electrons is comparable with the path of
an electron, when moving in the cross fields. This leads to a
decrease in discharge current and an increase in operating BQr————
voltage. The voltage is increased to increase the cathode __
potential fall and the relative ionizatidifrrancis, 1963

S=ap(V-V),

wherea = 2.6-10% is a constantp is the gas pressur¥; is
the ionization potential, and is the electron energy

In plasma-assisted processes, it is desirable to obtain
pure gas-discharge plasma free of atoms and macrodrop- \\\‘\.\.
lets of the cathode material. In this discharge system, fast 20+
atoms and ions emitted by the cathode spot settle on that 02 04 06 08 10 12 14
side of the hollow cathode which is opposite to the cath-
ode spot, thus decreasing the erosion rate of the cathode
and increasing the lifetime of the plasma source. Tests of Fig. 7. Discharge operating voltage versus gas pressure.

Discharge voltage (V

Gas pressure (Pa)
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Fig. 8. The dependence of discharge operating voltage on magnetic field.

of 70 Afor 30 min. Despite the fact that the cup transparency
remains the same, there are macrodroplets of size W3
The average number of macrodroplets determined by mea-
surements at three different points of the specimen surface
is 40 macrodroplets per square millimeter.

The parameters of the generated plasma were measured in
the vacuum chambéhollow anodé with Langmuir probes. 10 M
At a discharge current of 100 A and at an argon pressure of L
0.5 Pa, the plasma densityris= 10'* cm™2 and the electron
temperature i3, = 4.5 eV. The plasma potential with respect
to the anode is positiveA¢ ~ 6V ) and the measurements
show that this potential increases monotonously in going

from the hollow cathode to the center of the hollow anodejqy pressures and at high discharge currents and to retard
with a gradient of 0.2 ¥em. The plasma density in the qtaply the penetration of particles of the cathode material
hollqw cathode is thus an order of magnitude higher thannto the hollow anode of the plasma source and, in some
that in the hollow anode. cases, to preclude the process completely. In a source with a

hollow cathode, the initiation of a cathode spot at the inter-
4. CONCLUSION n_al surface of the hollow catho_de greatly decrt_eas_es the ero-

sion rate of the cathode and increases the lifetime of the
The use of hollow-cathode arc discharges makes it possiblglasma source owing to deposition of macrodroplets and
to decrease substantially the discharge operating voltage atoms on the side of the hollow cathode which is opposite to
the cathode spot.

In plasma-assisted processes the application of a cathode
material similar to the material of the treated specimen al-
lows one to eliminate the influence of the cathode material
on the properties of the modified layer. The low arc operat-
ing voltage and its constant value at widely varying dis-
charge currents ensures a high energy efficiency of the
plasma-assisted process.

Fig. 10. The number of macrodroplets on surface of glass.
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