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ABSTRACT 

An electron cyclotron resonance (ECR) multicusp plasmatron has been devel- 
oped by feeding a multicusp bucket arc chamber with a compact EC!R plasma 
source. This novel source produces large (about %-cm-diam), uniform (to within 
&lo%), dense (>1011-cm-3) plasmas of argon, helium, hydrogen, and oxygen. It 
has been operated to produce an oxygen plasma for etching 12.7-cm (5-in.) positive 
photoresist-coated silicon wafers with uniformity within &8%. Following a brief 
review of the large plasma ~ource  developed at Oak Ridge National Laboratory, the 
configuration and operation of the source are described and a discharge model is 
presented. Results from this new ECR plasma source and potential applications for 
plasma processing of thin films are discussed. 

V 





I. INTRODUCTION 

Plasma ion s o ~ r c e s l - ~  are useful for isotope separation, space propulsion, fusion 
plasma heating, ion-beam materials processing, plasma processing, etc. As the 
heart of such an ion source, the plasma source for a particular application must 
provide the needed current density, electron temperature, plasma uniformity, and 
ion species. It should also be compact, simple, flexible, reliable, and efficient. 

The needs of the multimegawatt neutral beam injectors used to heat fusion 
plasmas3 drove much early ion source development. The duoPIGatron ion source,' 
developed at Oak Ridge National Laboratory (ORNL) in the 1960s) was the basis of 
ion sources that have produced pulsed ion beams of hydrogen isotopes with currents 
5100 A, energies > 100 keV, pulse lengths 530  s ,  and duty factors 510%. The large 
plasma sources produced uniform plasmas with densities of ~ r n - ~  over areas 
approaching 1000 cm2. 

The original duoPICatron ion source7 injected 600-keV, 0.5-A dc hydrogen 
ion beams. Intensive studies of plasma production, ion beam formation,' and 
source operating mechanisms' led to currents > 10 A .  The application of rnulticusp 
magnetic field confinement produced more uniform plasmas,lo~ll as shown in Fig. 1 
for a 15-cm duoPIGatron ion source.12 
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FIG. 1. Effect of multicusp confinement on plasma uniformity. 
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The combination of the duoPIGatron plasma source, optimized electrode 
geometry, and multicusp confinement yielded plasma sources that produced dense, 
uniform, 15- to 30-cm-diam plasmas with circular or rectangular cross sections, 
which uniformly extended to ~5 c ~ n  from the walls of the bucket chamber. These 
modified duoPIGatron ion sources12-16 were scaled up to produce pulsed ion beams 
with currents up to 100 A ,  as shown in Fig. 2. The 100-A modified duoPIGatron 
ion source (Fig. 3) was developed at ORNL in 1978 for both the Poloidal Divertor 
Experiment at Princeton Plasma Physics Laboratory and the Impurity Study 
Experiment at ORNL. 

The source plasma in a duoPIGatron consists of a cathode plasma and an 
anode plasma, separated by a double sheath. The cathode plasma is produced 
by primary electrons that are thermally emitted from the hot cathode; the anode 
plasma, by electrons extracted from the cathode plasma and accclerated across the 
double sheath into the anode region. The anode plasma is confined in the magnetic 
multicusp “bucket” chamber. The spatial uniformity of the dense anode plasmas 
is optimized by varying the neutral gas feed, the solenoid magnet current, and the 
arc power. Radial density profiles for these (1-2) x 1012-cm-3 plasnias are nearly 
flat, as shown in Fig. 4 for a 30-cm-diam ion source1s that produced up to 100 A 
of hydrogen ions at 50 kV. 

ORNL-DWG 89M-2757 FED 

10 A, 10-cm-diam, 1974 

30 A, 15-cm-diam, 1975 

60 A, 22-cm-diam, 1976 

1 OOA, 30-crn-diam, 1978-80 

50 A, 30 s, 

13 X 43 crn, 1983 

FIG. 2. Evolution of the modified duoPIGatron ion source at ORNL. 
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FIG. 3. 30-cm duoPIGatron ion source for forming 100 A of hydrogen ions. 
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FIG. 4. Typical radial profile of hydrogen plasma produced by the source shown in 
Fig. 3. 
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The impurity content17 of the hydrogen ion heams produced by these sources 
is very low, because impurity ions are produced only in the cathode plasma 
region. Thus, these sources are ideal for plasma materials processing. However, 
their thermionic cathodes can be attacked by reactive-gas plasmas, they have 
other compatibility problems with reactive gases, and their lifetimes are relatively 
short. Electron cyclotron resonance (ECR) microwave plasma generation eliminates 
cathode limitations and has been widely to achieve high plasma densities 
in low-pressure reactive gases. We have developed an ECR miilticiisp plasmatron 
by feeding a multicusp bucket chamber with plasmas produced by a compact EClt 
source,21 as shown in Fig. 5. 
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FIG. 5. ECR multicusp plasmatron. 
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11. ORNL ECR MULTICUSP PLASMATRON 

The ECR plasma source has been developed primarily from existing components 
for the 20-cm duoPIGatron,'* except for the microwave launcher. The axial solenoid 
magnet (11.4-cm i.d., 17.2-cm o.d., 7.1 cm long, with 64 turns) that surrounds the 
microwave launcher provides the 8 7 5 4  field needed to establish an ECR zone for 
2.45-GHz microwaves. At the center of the solenoid, a commercial MDL glass/Kovar 
pressure window (model 284WD56) provides a vacuum-tight seal with the standard 
S-band waveguide. For the data in this paper, a matching network was not used. 
Figure 6 shows how the ECR zone can be dynamically moved from the central 
plane of the magnet by varying the excitation current applied to the magnet. On 
the outside walls of the 30-cm-diam, 20-cm-high plasma chamber, 20 permanent 
magnet columns with alternating polarity form the multiple-line cusp configuration 
that confines the plasma. A secondary ECR zone is established in this multicusp 
field region near the chamber walls. 

The launcher has the same dimensions as the S-band waveguide. Microwave 
energy is launched from the high-field region and propagates in the direction parallel 
to the source magnetic field lines. The microwave power Pfi ,  applied magnetic field 
Bapplied, gas type, throughput, and gas pressure p strongly affect the plasma density 
and uniformity. However, for any operating pressure or flow rate (throughput), the 
spatial uniformity can be optimized by adjusting Bapplied and PP. 

o IlESONANCF CURVE FOR BMAx i 1 kG 
0 RESONANCE CURVE FOR BFJAX = 2 kG 

MICROWAVE .....- 
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FIG. 6. Variation of ECR zone location as  a function of Bapplied, shown from both 
sides of the launcher. 
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111. SOURCE OPERATION 

The source has been operated with axgon, oxygen, helium, and hydrogen. The 
operating pressure limit, above which an ECR discharge can be reliably established, 
is determined by the differential ionization coefficient of a gas; the higher this 
coefficient, the lower the pressure limit. The pressure limits for oxygen and argon 
are lower than those for hydrogen and helium. However, ECR plasmas created 
with different gases respond similarly to the efl'ects of p ,  P p ,  Bapplied, and substrate 
biasing. Basccl on measurements made with an electrical probe located 20 cm 
below the launcher, the source plasma normally has electron densities of up to 
1 x 1011 cold electron temperatures of 2 to 5 eV, ion energies of about 20 
eV, and a production efficiency near 300 W/A (300 eV/ion). Here the ion energy 
is equivalent to the potential difference across the plasma sheath. With the weak 
magnetic field over the probe scanning plane, the ion velocity acquired from the 
plasma sheath potential is expected to be parallel to the normal of the substrate 
(or the probe scanning plane). 

As shown in Fig. 7, where the radial density distribution of a hydrogen plasma 
is plotted for several pressures, the source can create uniform (within 10%) plasmas 
over 24 cm in diameter. However, for constant Bapplied and Pit, these plasmas can 
be produced only within a naxrow range of hydrogen pressures near 8.8 mTorr. 
For constant pressure and input power, we observe that (1) the plasma density 
increases with Bapplied; (2) discharges that produce plasmas with peaked profiles 

ORNL-DWG 88-3029 FED 
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FIG. 7. Effect of p on a hydrogen plasma produced by the source shown in Fig. 5 .  
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near the axis tend to have high reflected voltage or power; and (3) discharges that 
produce plasmas with severely hollow profiles tend to have low reflected voltage or 
power. 

The plasma density and the reflected power increase i ~ s  the pressure increases; 
the density dependence on pressure is shown in Fig. 8 for argon plasmas. The 
ratio of reflected voltage to forward voltage is >50% in argon plasmas, compared 
with l0-20% in hydrogen plasmas, because of argon’s higher ionization coefficient 
and the resulting higher plasma density in the microwave launcher. With argon or 
oxygen, plasma production rates are higher in the primary ECR zone and lower in 
the secondary ECR zone than they are for hydrogen under similar conditions. The 
resulting high plasma density inside the l.a,iinclier increases the reflected power or 
volt age. 

Plasmas can be created at lower pressures if a substrate is electrically floated or 
biased negatively, possibly because the hot electrons are reflected from the substrate 
and are more likely to produce plasma before escaping to the chamber walls. With 
a floating bottom plate, a fairly uniform oxygcn plasma can be created at 3 mTorr; 
a typical spatial profile is shown in Fig. 9. The scatter of the data in the figure was 
caused by noise in the probe signals and the digital data acquisition. 

The launcher configuration also af€ects the plasma dcnsity, uniformity, and 
efficiency. The rectangular launcher has recently been converted into a tapered 
launcher. The new geometry should reduce the loss of hot electrons to the launcher 
walls and result in higher efficiency; some of the hot electrons will drift to the bucket 
chamber and produce plasma there. 

ORNl-OWG 89M-2758 FED 
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FIG. 8.  Effect of p on an argon plasrna. A uniform plasma can be produced at 6.4 
mTorr . 
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FIG. 9. Radial profile of an oxygen plasma produced for etching experiments. 

IV. HYPOTHETICAL DISCHARGE MODEL 

The strong pressure dependence shown in Fig. 7 can be understood in terms 
of simple wave propagation and absorption phenomena. At lower pressures, the 
plasma density in the launcher i s  below the cutoff of 7.5 x 10" C M - ~ .  Left-hand 
circularly polarized (LHCP) microwaves are not absorbed at the primary EClt 
zone but are transmitted through it and absorbed at the secondary ECR zone, 
increasing the plasma density there. Many of the field lines from the primary 
ECR zone intersect the walls of the launcher, so many of the energetic electrons 
hit these walls. Thus, plasma production in the center of the plasma chamber is 
suppressed, even though the right-hand circularly polarized (RTTCP) wave should 
couple very efficiently to this region. These effects produce a hollow profile. As y is 
increased, plasma generation by the RKCP wave at the primary ECR zone increases 
proportionally, and the profiles fill in and become peaked. At the resulting higher 
central plasma density (most likely above cutoff), the LHCP wave is reflected back 
into the microwave generator, and plasma production in the cusp field region is 
substantially reduced. The increase in reflected power at higher operating pressures 
and the absolute decrease in plasma density at the plasma edge are consistent with 
this hypothesis. 

Plasma production by the LHCP wave in the secondary ECR zone is enhanced 
by the effective confinement in the Inultirusp configuration of the hot electrons, 
which could gain energy in the primary ECR zone. These elcctrons contribute to 
plasma production near the bucket walls, thus increasing the difference in plasma 
production rates in the two ECR zones. The cusp field in the secondary ECR zone 
confines the plasma electrons and minimizes the loss of plasma to the side walls. 

The secondary ECR zone can also explain the difference in the edge density 
gradients observed in a conventional duoPIGatron and in the ECK system. In 
a conventional duoPIGatron, the uniform plasrria extends only to 5 cm from the 
chamber walls. ]In the ECR source, as shown in Fig. 7, it can extend to e 3  cm 
from the walls. This could result from the additional plasma production in the 



9 

h E 

secondary ECR zone. However, p (or the neutral particle density) in each ECR 
zone directly affects the plasma production. Even with dc gas feed distributed on 
the top flange of the plasma chamber, the plasma production rate in each zone is a 
sensitive function of p ,  as noted in Sec. 111. 

At higher magnetic fields (see Fig. S),  the primary ECR zone lies closer to the 
exit from the launcher, and less plasma will be created inside the launcher. This 
reduction in plasma production may result in lower plasma densities in the launcher 
and the immediate vicinity of the exit, thus increasing the transmission of the LHCP. 
Consistent with this model, reduced axial plasma densities and increased plasma 
production in the secondary ECR zone are often seen as B is increased, especially 
for higher pressures. Again in this case, larger reflected power levels are correlated 
with peaked density profiles. 
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V. RESULTS OF PLASMA ETCHING 
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We have exposed 12.7-cm-diam (5-in-diam) silicon wafers coated with positive 
photoresist to oxygen plasmas created with the ECR microwave source. Figure 10 
shows the resulting etch profiles; the figure is based on optical measurements done 
by Holber and Yeh.21 The etching rate of 0.15 pm/min was uniform to within 15% 
over the 12.7-cm diameter. Without electrical biasing or temperature control of the 
substrate holder, these etching results are reasonable. The nonuniformity of the 
etching profiles in the directions parallel and perpendicular to the probe scan may 
be due to changes in plasma properties at the outer edges of the wafers. In fact, the 
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FIG. 10. Etching profiles of photoresist/silicon in an oxygen plasma with n radial 
profile as shown in Fig. 9. 
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siibstrate holder and the photoresist-coated silicon wa.fer are at different electrical 
potentials, which may increase the ion flux at the outer edge of the wafer and the 
resulting etching rates in this location. In practice, etching rates can be affected by 
local particle energy, ions and excited neutrals, and particle flux. The next 1ogica.l 
step is a study of different etching conditions in an experiment with control over 
ion energy, ion flux, substrate temperature, and gas Row rate or pressure. 

VI. DISCUSSION 

The ORNL ECR plasma source can produce plasmas with densities of up to 1 011 
cmd3 and electron temperatures of <5 eV. This source has potential applications in 
thin-film deposition and etching, sputtering or ion implantation, and neutral b e a n  
heating for magnetic fusion plasmas. 

To fulfil the requirements of a particular application, the source must be tailored 
to produce plasmas with the desired properties. For example, in microelectronic 
wafer processing a high degree of uniformity (variation of less than a few percent 
in spatial density) over a large diameter ( 2 2 0  cm) is desired. For fast, anisotropic 
etching, as required for submicrometer applications, high plasma density at low 
pressure (0.1 to 1 mTorr) is desirable to avoid gas phase scattering. Thus, the 
source parameters rnust be optimized to produce the best combination of etching 
rate, anisotropy, selectivity, and reproducibility. 
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