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A new microwave electron cyclotron resonance (ECR) multicusp plasma ion source

using two ECR plasma production regions and multicusp plasma conf'mement has been

developed at Oak Ridge National Laboratory. This source has been operated to produce

uniform and dense plasmas over large areas of 300 to 400 cm 2. The plasma source has

been operated with continuous argon gas feed and pulsed microwave power. The dis-
i

charge initiation phenomena and plasma properties have been investigated and studied as

functions ofdischarge parameters. Together with the discharge characteristics observed, a

hypothetical discharge mechanism for this plasma source is reported and discussed.

Potential applications, including plasma and ion-beam processing for manufacturing
i

advanced microelectronics and for space electric propulsion, are discussed.
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I. Introduction

Following the discovery of ions from "canal rays," plasma sources have been

developed for application to mass spectrometers, particle accelerators, isotope separators,

vacuum gages and pumps, space propulsion thrusters, neutral beam injectors for heating

fusion plasmas, plasma andion-beam processing for electronics materials, etc. The

plasma source for each particular application must provide useful ion species with the

needed current density, electron temperature, and plasma uniformity. It should also be

compact, simple, flexible, reliable, and efficient.

At Oak Ridge National Laboratory (ORNL), a variety of plasma sources has been

developed for heating fusion plasmas, beginning in the 1960s. In the 1970s [1,2], sources

were scaled up to produce uniform plasmas over an ion accelerator ranging from 15 to

30 cm in diameter and used for injecting multimegawatt neutral beams. In these modified

duoPIGatron plasma sources, magnetic multicusp confinement is used to confine hot

electrons and source plasma particles. The plasma particles can diffuse freely in a volume

with low magnetic fields (<10 G). In such a plasma source, a dense, low-temperature

plasma can be uniformly and efficiently created over a large area extending to about 5 cm

from the walls of plasma chamber.

For applications to plasma and ion-beam processing for manufacturing microelec-

tronics, large plasma sources are needed [3]. The duoPIGatron sources may be appiicable.

However, their hot cathodes can be attacked by reactive gases, and their lifetimes are

relatively short. We have developed a new microwave ECR multicusp plasma ion source

[4--6] designed primarily for producing uniform plasmas with useful densities over large

areas (3(D-400 cm2). In this paper we describe the plasma source, its characteristics, and

discharge mechanisms. Potential applications to electronics and space propulsion are also

discussed.
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'2. Experimental arrangement
J

The microwave ECR plasma source (Fig. I) has been developed primarily from exist-

ing components of a 20-cre duoPIGatron [2], except for the microwave launcher. The

axial solenoid magnet that sm'roun_ the microwave launcher provides the 8"15-Gfield

needed to establish an ECR zone for 2.45-GHz microwaves. The ECR zone can be

adjusted from the exit end of the launcher by varying the magnet excitation cre'rent.At

the center of the magnet, a commercial MDL glass/Kovar pressure window provides a

vacuum-tight seal with the standard S-band waveguide. On the outside walls of the 30-

cm.diam, 20-cre-high plasma chamber, 20 permanent magnet columns with alternating

polarity form the multiple-line cusp configuration that conf'mes the energetic electrons

and the cold plasma particles. A secondary ECR zone established in the multicusp field

region could heat up the electrons and enhance plasma production there.

Under normal operations, the operating pressure (or gas flow rate) was kept constant.

A matching network (3-stub tuner) in the waveguide pipe between the microwave supply

and the plasma source was not readjusted, The plasma density and spatial uniformity

were measured by scanning an electrical probe in a plane at the downstream end of the

plasma chamber or along the surface of a probe position platform in Fig. 1. The probe

position platform was designed with a three-dimensional (3-D) moving mechanism

capable of rotating 90" in the azimuthal direction, scanning from left (-12.7 cm) to fight

(+ 12.7 eta) and up (z = 7.26 cm) and down (z = 22.5 cre). The plasma properties were

studied for different discharge conditions by varying the applied magnetic field, micro-

wave power, and gas pressure.
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3. Preliminary resullts

The source has been operated with argon, oxygen, helium, and hydrogen. In general,

the qualitative effects of operating parameters on the ECR plasma properties are similar

for different gases. On the basis of measurements made with an electrical probe lecated

20 cm below the launcher, argon plasmas normally have electron densities of up to

1 x 10li cre-3, electron temperatures 0f 2-5 eV, ion energies of about 20eV, arid a pro-

duction efficiency near 200 W/A (200 eV/ion). Here the ion energy is equivalent to the

potential difference across the plasma sheath of the probe. With the weak magnetic field

over the probe scanning plane, the ion velocity (acquired from the plasma sheath

potential) is expected to be normal to the substrate (or the probe scanning plane).

In general, the source can bc operated to produce uniform plasmas over large areas.

Figure 2 shows the plasma density distributions measured 22.5 cm from the launcher exit.

The plasma uniformity has a variation of <10% over an area 12 cm in radius. Figure 2

also shows that the density increases with the microwave power. At 550 W, the source

produces an ion current of about 2.8 A with a production efficiency of 200 W/A. The

plasma uniformity can be further optimized by adjusting the magnetic field as shown in

Fig. 3. Plasma uniformity is very sensitive to gas pressure (Fig. 4). At high pressures, the

plasmas produced had peaked profiles; at low pressures, they had hollow profiles.

We observed insignificunt densityvariations in the azimuthal direction but significant

effects in the axial directior_. Figure 5 shows the difficulty in initiating discharges at some

axi;_ positions. This feature, which we call the "cavity effect" of the plasma chamber,

indicates that the microwave electric field in the ECR zones is too weak to create suffi-

cient hot (energetic) electrons for initiating discharges. For z = 16.4-22.5 cm, the plasma

density is lower, but uniformity is fairly good. However, for z approaching 7.25 cm, the

plasma is dense but not uniform. This cavity effect on plasma density and uniformity is

clearly shown in Fig. 6.
"i
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4. Hypothetical discharge mechanisms

The discharge of a microwave ECR plasma source is initiated and maintained by

energetic or hot electrons that are accelerated to high energies in ECR zones by the

microwave electric field. The discharge phenomena can be understood in terms of simple

wave propagation, wave absorption, electron transport, electron ionization, and plasma

diffusion and confinement.

In normal operation, the microwave input poweris separated into right..hand circu-

larly polarized (RHCP) and left-hand circularly polarized (LHCP) components. As fed

into the high-field region of the solenoid magnet, the LHCP microwaves are not absorbed

in the primary ECR zone near the exit end of the launcher but are transmitted to the

secondary ECR zone next to the chamber walls." taeRHCP waves are absorbed in the

primary ECR zone and create hot electrons that daen diffuse along the rapidly expanding

magnetic field into the plasma chamber. These hot electrons can ionize gas particles and

create a dense plasma near the primary ECR zone if the gas pressure is high enough.

Some hot electrons could collide with and be lost to the walls of the microwave launcher

or diffuse to and produce plasma in the secondary EcR zone. At low pressures, some

electrons can gain additional energy from LHCP microwaves in the secondary. ECR zone

and enhance plasma production there' However, the electric field in the secondary ECR

zone may be too weak to initiate a plasma discharge, as discussed below. Thus, the

primary ECR zone is essential for reliable discharges.

Before the discharge is established, the electric field that couples to electrons in the

primary ECR zone is the sum of field components of the forward-traveling RHCP and the

reflected LHCP microwaves. When the length of the plasma chamber is changed (by

scanning the probe position platform up or down), the field component of the reflected

LHCP microwaves varies. At some axial positions, the resultant electric field in the

primary ECR zone may be too weak to initiate discharges and produce plasmas, as shown



in Fig, 6. Under these conditions) the reflected voltage (or power) is slightly lower than

the forward voltage (or power). However, this simple problem can be solved by adjusting

the plasma chamber length slightly.

At relatively high pressures, a dense plasma above the cutoff of 7.3 × 1010 cm-'3 can

be created in the primary ECR zone. The LHCP microwaves will be reflected back to the,
..

power generator. Insufficient hot electrons in the secondary ECR zone, caused by the
't

weak ECR electric field and low fraction of the hot electrons arriving from die primary

ECR zone, produce insignificant plasma there. The plasma particles near the primary

ECR zone diffuse radially out and axially down to the subsmtte or the probe platform.

Consequently, a peaked radial profile in the probe plane (Fig. 4) is expected with high

reflected voltage or power. Similar phenomena (Fig. 3) are alamoexpected to occur for

plasmas created at relatively low applied magnetic fields, under which a large fraction of

the hot electrons is lost to the launcher walls, since the primary ECR zone will be deeper

in the launcher throat.

At relatively low gas pressures, some hot electrons in the primary ECR zone will dif-

fuse to the secondary ECR zone and be confined there. These electrons will efficiently

ionize gas particles and create plasma. In addition, the LHCP microwaves will establish

weak electric fields, heat electrons, and produce additional plasma particles in this

secondary ECR zone. These plasma particles diffuse radially toward the axis of the

plasma chamber and form a plasma with a hollow profile (Fig. 4), accompanied by low

reflected voltage or power. The hollow profile feature is also expected to appear in rela-

tively strong fields, under which a large fraction of the hot electrons produced in the

primary, ECR zone (which will now be closer to the launcher exit) will reach the cusp

field region and produce plasma there.

)1 qll,, "" ,li .... n ....... ,m,' _rtl "n ,'
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5. Potential applications

The ECR plasmasource is electrodeless (i.e., no thermionic cathodes in the plasma

chamber), and can be developedfor producing reactive plasmas. Sucha reliable and long-

lived plasma source is expected to create clean plasma, free of undesired impurities. With

its capability of creating dense plasmas efficiently and uniformlyover large areas (30(0

400 cm2), this source is an attractivecandidate for applicationsin manufacturing

electronics, space propulsion, and fusionresearch.

For ,_lasmadry etching, etchingrates can be affected by local ion energy, ion flux,

excited neutrals, and substrate temperature. To evaluate the feasibilityof this source for

etching applications [4-6], we exposed 12.7-cm-diam silicon waferswith positive photo-

resist to oxygen plasmas. The wafers were clamped on a water-cooled copper substrate

holder. The measured etchingrate was 0.15 }.tru/rainand conside_d reasonable. Non-

uniform etching at wafer edge could be due to the different electricalpotentials of the

wafer and the substrate holder. This plasma source can be further developed for etching

of large wafers (300 mm or larger). It could be also used for thin-filmdeposition.

Such plasma sources can supply ions to an ion accelerator for forming broad ion

beams. With beam energies up to 2000 eV, these ion beams can be used in ion-beam

processing of thin films tor making submicron circuits fox'electronics and protecting sur-

faces of special tools or devices. The application is often f°undin ion milling, ion-beam

etching, ion-beam deposition, and ion-assisted deposition, lt can also be used to preclean

sample surfaces for enhancing the quality of ion-beam deposition by'improving adhesion

and increasing nucleation sites. Thus, this ECR plasma source could be further developed

for forming broad ion beams for applications in making advanced thin-film materials.

For future National Aeronautics and Space Administration (NASA)exploratory

missions, megawatt units of space propulsion thrusters am needed [7]. Both of the two

leading candidates, ion thrusters and magnetoplasmadynamic (MPD) thrusters, need

n,n _ , Ulm Imr ' ' II np ' Ie ,r111
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reliableandlong-livedcathodes.ThisECR sourcecanbeconfiguredtosupplyelectrons

asareliable1000-A---classcathodeforbothtypesofthrusters.Moreover,forionthrusters,

thissourcecanbemodifiedanddevelopedforproducingnoncircularargonionbeams

' withcurrentsupto1000A,ltcanalsobeusedtoproduceplasmastoneutralizetheion

beams.Thissoln'ccisdefinitelyanidealcandidateforthenextgenerationoflightWeight,

reliablethrustersforspacepropulsionapplications. •
' l

Theseplasmasourceshavenumerousapplicationsinfusionresearch.Theycanbe

usedtoproducelightorheavyionsandtheirneutralbeamsforheatingplasmasinmag-

neticfusionorpelletsininertialfusion.Capableoffastswitching,thissourceisidealfor

producingbeamsofdesiredgasestoprobeplasmas,ltmay beusedasaelectronsource

forelectronbeam currentdriveapplicationsintokamaks.Itcanbeusedtoproducecon-

tinuouswave (ew)plasmasorbeamsfortestingordevelopinghigh-heat-fluxcomponents

ormaterials.
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Figure Captions

Fig. 1. Experimental arrangement with 3-D probe position platform for studying plasma

properties.

Fig. 2. Increase in plasma density with input power.

Fig. 3. Magnetic field effect.

Fig. 4. Gas pressure effect.

Fig. 5. Resonance cavity effect of chamber length.

Fig. 6. Plasmaradial profiles at different axial planes.



EXPERIMENTALARRANGEMENTWITH3-0
PROBEPOSITIONPLATFORMFOR
STUDYINGPLASMAPROPERTIES

ORNL-DWG90M-2538AFED

CIRCULATOR
ii i i -- ]mill ....

MICROWAVE _POWER DUMMY

SUPPLY L.ill -.... LI LOADi i iiii iii __ iii

COUPLER
___@ _'-- DIRECTIONAL, THREE STUB

TUNER ........ _ ' -J SOLENOID
MAGNET

"'-" MULTICUSP
GAS INLET MAGNET

MICROWAVE _LAUNCHER
__ i i ii _ m ___ ,, .,±.j ,, .,, - '

PRIMARYECR ZONE
I L _ li
I r '- -- SECONDARYECRZONE - = li
I I I
II I
I I ECR PLASMA I
bl ,I
I t 7.5 cmii 11
I_ Z II
II II
I I -12.7cn': - _ 12.7cm I I
I I -- ,v I I ,
I I r i i
I I I !

22. cm

L-_ilIilIIJlIIIWIIIIIIHilI_ilIII Iii!' II I I!1111i1111
PROBEPLATFORM WiTH 90-DEGREE ROTATION



PLASMA DENSITY INCREASES WITH
INPUT POWER

ORNL-DWG90M,2541FED
400 ......., "' , ' ,' _' '-,-" , .....

ARGON: 30 sccm,4 mtorr,2,2 kG
z = 22.5 crn

350 - POWER Vf/Vr "
= PROBE (W) (mY/mY)

........ j

m a 550 480/180
300

_._ ' • b 440 420144
250 A c 355 380/22

_ a d 260 300/1.5

O la g 50 130/16
-- 150 -

O
rr'.
_. 100

5O

0
0 5 10 15 20 25 30

PROBE RADIAL POSITION, r (cm)



MAGNETIC FIELD EFFECT

300 OFINL-DWG90M-2542 FED

I ARGON: 30 sccm, 4 mt0rr

,, 250

g
200

p:
z
,,, : = .=,, o--o--o.--o--o--.o-o_
CC

n.- 150 - %,,:::) "o
Z
Q
LU 100 -
ca PROBE (mY/mY) B (kG)
O i iii

Iz
n [] a 420/44 2.25

o b 420/120 1.80
50 - [] c 420/240 1.35

0 , I , ! I ,

0 5 10 15

PROBE RADIAL POSITION, r (cm)



ORNL-DWG 88-5029 FED
,

I I i I I i i i
Ps BmQxVR/VF

24 -- (m torr) (kG) (%)

_ --'10 2.2 "25

A -'-8.8 2.2 ,-- 20

20 • ~5.0 2.2 ~6 --K

u _o "1.5 "20 ~t0

-- _l/ • I I

i.-- t6
,, t Iz

LLI

t \- l& I

o" ," o to a-- I
// o/'" _ -1

_, ..' / ,
4o---'° _

,,/ WALLS OF ' _/I

...o/ ARC CHAMBER_1

0 2 4 6 8 10 12 _4 16

"_ R, RADIUS (cm)



RESONANCE CAV,ITY EFFECT OF
PLASMA CHAMBER LENGTH

ORNL-DWG90M-2543FED

3O0

. [] .lp,p.A '

250 -

II '1 mir " "" ' _ ' _1_1



PLASMARADIAL PROFILES AT
DIFFERENTAXIAL PLANES

ORNL-DWG90M-2540FED
1200 , i , '

CASE Z (cre)
, ' IBalal_=_mlml, I

,', a 22.5

1000 o b 18.7 -

_._ [] c 16.4 '• d 7.25
.--= 800
z
LLi
n.-

D 600

z
O
====

LM
rn 400
O
n-
iz.

200

0 " , I ,L- ! ....

0 5 10 15 20

PROBE RADIAL POSITION, r (cm)



PI_qi'ql il_l lr' ,I _f q_ , iIi_i i_



!
I

1
,I


