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In a microwave electron cyclotron resonance _ECR) plasma source, reacuve plasmas of

_xygen ancl its mixture with argon are usect for plasma-cleaning experiments. Aluminum

test samples 10.95 × 1.9 cml were coated with thin films (<.<.20I.an in thickness) of Shell

Vitrea oil and cleaned by using such reactive plasmas. The plasma cleaning was done in

various discharge conditions with fixed microwave power, rf power, biased potential, gas

pressures _/).5and 5 mtorrl, and operating time up to 35 min. The status of plasma clean-

ing has been monitored by using mass spectroscopy. Mass loss of the samples after

plasma cleaning was measured to estimate cleaning rotes. Measured clean rates of low

pressure 10.5 mtorr) argon/oxygen plasmas were as high as 2.7 Bmlmin. X-ray photo-

electron spectroscopy was used to determine cleanlme_ of the sample sun'aces and con-

firm the effectiveness of plasma cleaning in achieving atomic levels of surface cleanli-

ness. In this paper, significant results are reported and discussed.

I. INTRODUCTION

Plasma surface cleaning has been widely used to achieve clean surfaces in fusion energy

research, in high-energy accelerators, and in materials processing. 1-3 This cleaning method uti-

lizes radical species generated in reactive gas discharges to remove surface contaminants. The

energetic radical species in these discharges consist of photons, electrons, ions, and reactive neu-

tral species. Physically, these energetic particles impact on surfaces to cause sputtering, thermal

evaporaUon, or r_hotodecomposition. Chemically. the surface heating caused by these energetic

" Managea by Martin Marietta Energy Systems, inc., for the U. S. Department of Energy
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particles greatly enhances chemical reactions. These impinging particles are generally very hot,

for example, 1 eV of energy equivalent to a temperature of ~ 11,600 K. Thus, the energetic

plasma particles have higher rates of surface decontamination than those of thermal reactive gas

particles.

It is well known that reactive oxygen plasmas are very effective for removing organic con-

taminants from surfaces. The dominant reactive species in oxygen plasmas--hot electrons, ener-

getic ions, atomic radicals, ozone, and ultraviolet (UV) photons--actively clean organic contam-

inants by physical sputtering, thermal evaporation, chemical reaction, or photodecomposition.

Surface-cleaning techniques using such reactive plasma particles with suitable energy and flux

can be developed to perform gentle, damage-free cleaning. The techniques should be developed

to provide uniform surface cleaning over workpieces with complex shapes, eliminate physical

distortion, and minimize production of secondary wastes. Such environment-friendly cleaning

techniques are ideal for replacing conventional solvent cleaning techniques.

A plasma ,,_ourcefor developing such plasma-cleaning techniques should be capable of pro-

ducing useful reactive plasmas with suitable density and energy distributions. Given their capa-

bility for producing reactive plasmas for industrial applications, microwave electron cyclotron

resonance (ECR) plasma sources 4 have been chosen. To this end, an experimental test stand has

been prepared and equipped with an existing ECR plasma source. 5 In the following sections, we

describe experimental arrangement and cleaning experiments on aluminum test samples using

reactive plasmas of oxygen, argon, or their mixtures. S_gni,_icantresults and surface cleanliness

of test samples are then reported and discussed.

II. EXPERIMENTAL ARRANGEMENT

Using the existing ECR microwave plasma source, 5 an experimental test stand (Fig. l) has

been prepared with a motorized source lifting device, a vacuum chamber, and an associated vac-

uunl,pump. Other supporting equipment (not shown) are control consoles, electrical supplies,

electronics equipment, and a water-cooling system. The prime supplies are a microwave

(2.45 GHz) supply for creating plasmas and a radio frequency (rf) (13.56 MHz) supply (or a

400-V dc supply) for providing a biased potential to test samples. Two low-voltage supplies
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(respectively rated at 500 and 40 A) are used to excite the source coil (or magnet) and the

enhancing magnet.

The ECR plasma source is set on the top flange of the vacuum chamber that is mounted on

the frame of the test stand. All of them are grounded. On the top of the test stand, the motorized

lifting device is used to raise the source chamber for changing test samples. Bolted on the bottom

Ilange of the vacuum chamber is the rf feedthrough on which the sample holder is fastened. The

vacuum chamber is evacuated by a turbomolecular pump at speeds of---400 L/s for air. The gas

pressure in the plasma source is measured by a capacitance manometer (MKS Baratron Type

170M-6C), and that in the vacuum chamber is measured by an ionization gauge. Achievable base

pressures are often below l x 10--6ton'. A buttertly throttle valve on the turbomolecular pump

controls the pumping speed. The working gas is fed continuously into the top Ilange of the

plasma chamber through a needle valve that regulates the gas flow rate measured by a flowmeter.

Both the needle valve and the throttle valve are used to adjust the gas pressure in the plasma

chamber.

III. PLASMA PROPERTIES

The ECR plasma source (Fig. 1) consists of a microwave launcher, a source coil (or

magnet), a multicusp plasma chamber, and a sample holder. The source coil surrounding the

microwave launcher can be excited to provide an 875-G field for establishing an ECR zone in

which electrons gain energy from the applied 2.45-GHz microwave electric field. On the outside

walls of the multicusp plasma chamber (30 cm in diameter and 20 cm in height), 20 columns of

samarium cobalt permanent magnets are equally spaced with alternating polarity for forming a

multiple-line cusp configuration. This magnetic configuration confines both the energetic ECR

electrons and the cold plasma electrons and thus enhances the ionization and the efficiency of

ECR discharges. This plasma source has been operated to produce plasmas with axially peaked

or hollow profiles in a probe plane adjacent to the sample holder at the downstream end of the
..,..,.

discharge chamber, as that reported elsewhere. 5,6 Typical argon plasmas in low-pressure

(<1 mtorr) discharges have electron densities of--1 x 1011cm-3, electron temperatures of 2 to

5 eV, and a production efficiency near 200 W/A (200 eV/ion).



With a new sample holder and enhancing magnet, the plasma source in Fig. 1 has

additional flexibility in controlling plasma distributions. We have reported our rect.nt study 7 on

plasma density distributions as functions of the biased potentials of the sample holder and the

exciting curre;,_t.sof the enhancing magnet. Similar to the gas pressure effecLs,5,6 this plasma

source can create useful plasmas in low-pressure discharges with peak or hollow density profiles

suitable for plasma-cleaning experiments.7 For diode discharges with the grounded sample

holder, the enhancing magnet with the opposite polarity will form a cusp field, improve electron

confinement, enhance ionization, increase plasma density, and improve plasma uniformity. For

reflex discharges with the floated sample holder, the enhancing magnet with the same polarity of

the source coil will increase the magnetic field, improve the confinement of energetic electrons,

intensify the discharges near the chamber axis, and achieve higher ion currents as measured.

IV. PLASMA CLEANING

A. Experiments

Plasma-cleaning experiments have been conducted with reactive plasmas of oxygen and its

mixture with argon to remove oil f'dms on small test samples (0.95 x 1.91 cm) made of alu-

minum 6061. The samples are prepared by cleaning the top surfaces with alcohol spray, using an

air jet to dry, and then coating the top surfaces with a thin film of Shell Vitrea oil. Some samples

are prepared to achieve mirror surface (-0.5 I.tm in flatness) by polishing and ultrasonic cleaning

before oil coating. The mass of the oil film on each test sample is determined by weighing the

sample before and after the coating with oil film. With an oil density of 865 mg/cm3, the typical

thickness of l-rag oil films uniformly coated over the sample surfaces is --6 lain. The prepared

test sample is then placed on the center of the sample holder. After plasma cleaning, the mass

loss of each sample is measured, and surface texture changes are examined visually.

Subsequently, test sample surfaces are studied using the X-ray photoelectron spectroscopy (XPS)

analysis.

When the vacuum chamber is evacuated down to -2 x 10--6torr, a mass spectroscopy or

residual gas analyzer (RGA) can be turned on to confirm that it is free of vacuum leakage. The

cooling water for the test stand is turned on first. The desired gas pressure in the plasma chamber

4
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is adjusted by regulating gas flow rate and pumping speed. The RGA is used to measure gas

purity and record various mass peaks on a chart record. If needed, the enhancing magnet can be

powered with a constant exciting current. Subsequently, the source coil, rf, and microwave

power supplies are armed for pulsed operations. Following the above initial preparation, the

microwave ECR discharges are initiated and sustained by applying both a pulsed current to the

source coil and a pulsed power to the microwave launcher simultaneously. The source coil cur-

rent is variable up to 500 A, while the microwave power is variable up to 1500 W. The typical

pulse-on time is 1 to 5 s at a duty factor of 10 to 50%, respectively. The pulsed rf power can be

changed to bias the sample holder with various negative potentials up to -200 V. During the

plasma cleaning experiments, the current density of the plasma is monitored with the electrical

probe. Other operating parameters--such as gas pressure, gas flow rate, microwave forward and

reflected powers, magnet currents, biasing potential of the sample holder, and operating time (or

accumulated plasma exposure time)--are also recorded.

Table 1 lists relevant parameters and cleanliness of 11 plasma-cleaned samples, part of--60

samples. Oil mass is the oil coated on the sample surface. Mass loss is the mass removed by

plasma cleaning and is used to estimate thickness of film removed by plasma cleaning. The film

removed and operating (plasma-on) time can estimate the average cleaning rate. Surface feature

is used to highlight the apparent changes of sample surfaces. It reveals that samples tend to have

etched and sputtered surface damage when negative dc biased potentials exceed 50 V. However,

test samples with rf biasing tend to be free of etched damage even though negatively biased

potentials exceed 150 V.

B. Results and discussion

With oxygen plasma cleaning, the dominant species of gaseous effluent arriving at the

residual gas analyzer (RGA) are H2, O, OH, H20, CO, O2, and CO2. These volatile gas

mol_ules are produced by intense chemical reactions among bombarding oxygen plasma parti-

cles and hydrocarbon molecules in the oil film on sample surfaces. One of the dominant products

is carbon monoxide, CO that changes greatly during the pulsed discharge. Figure 2 records the

amplitude changes of mass 28 peak of CO during a sequence of pulsed plasma cleaning. At the

Ill
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beginning of the plasma cleaning, the amplitude of the mass 28 increases rapidly to a maximum,

then decreases slowly. For this type of plasma cleaning, the waveform of mass 28 (or CO) pe;tk

closely correlates to the cleanliness of the sample surfaces. It is ideal to use CO waveforms for

recording the history of plasma cleaning and for indicating the end point of the cleaning. 7

The XPS survey analyzed the surface composition of the top 40-/_, surface layers. With a

sample size of 9.5 × 19.1 ram, the 0.8-ram spot survey revealed only the typical surface composi-

tion. The ratio of carbon to aluminum measured by the XPS analysis is denoted by C/AI. In

Table 1, with its value of C/AI below the average value of 1.46 from bare control samples, the

test sample is clean. Similarly, the oxide layer has been thinned down by plasmas, if the value of

O/A1 is below 3.34 of the bare control samples. Significant results of the 11 samples listed in

Table 1 are summarized below.

1. All samples were cleaned with a thinner oxide layer except samples 92-73 and .74.

2. The first six samples were cleaned by oxygen plasmas at a source pressure of ~0.5 mtorr with

a negative dc biasing potential ranging from 0 to 100 V. The sample surface was damaged

with etch marks under high biased potential; for example, sample 92-51 was biased

negatively at 100 V.

3. The last five samples were cleaned by oxygen plasmas at a source pressure of 5 retort.

Samples 92-73 and -74 (with dc biasing) indicated that the oxygen plasma was ineffective in

cleaning oil contaminants. However, the plasmas were very effective/'or cleaning the last

three samples with rf biasing. This feature associated with the sample biasing implies that

plasma ions are dominant particles in the plasma surface cleaning. We speculated that the

insulated oil film on the sample surfaces may reduce ion energies gained under dc biasing.

The alloy composition of bare test samples is AI 98%, Mg 0.8 to 1.2%, Si 0.4 to 0.8%, Cr

0.2 %, and Cu 0.3 %, as listed in Table 2. This table also lists the composition of analyzed bare

samples as Control in the rows 92-50-CON, -72-CON, and - 100-CON and their mean in the row

Control Mean. The average composition of these control samples is AI 17.2%, O 57.5%,

C 19.8%, Mg 0%, Ca 0.7%, Si 0.9%, Cu 0%, Ag 0%, P 3.2%, and Cr 0%. The average surface

composition of plasma-cleaned samples 92-50,-72, and -100 (or Sample Mean) listed is AI



22.1%, O 48.6%, C 25.7%, Mg 1.9%, Ca 0.1%, Si 0.4%, Cu 0.6%, Ag 0.1%, P 0%, and Cr0%.

Comparing the values in the rows Sample Mean, Control Mean, and Bulk Alloy, we can high-

light the following significant points.

1. The surface of these control samples was covered with a thin oxide layer with impurities of

carbon and materials of polishing powders. In fact, the XPS survey did not detect the

elements Mg, Cu, and Cr of the balk alloy, but Ca, Si, and P of the polishing powders.

2. Cleaner than those of the control bare samples, the surfaces of the plasma-cleaned samples,

compared with samples 92-50 and -72, have higher AI atomic concentration, lower O con-

centration, and lower C/AI.

3. The great decrease of Ca, Si, and P on post-plasma-cleaned samples indicates that the pol-

ished powder contaminates on surfaces were cleaned up by oxygen plasmas. The presence of

magnesium on these plasma-cleaned samples indicates that the surface layer has been

partially removed.

The reactive plasma discharges of oxygen or oxygen/argon are effective in cleaning thin oil

films. With a negatively biased sample holder, plasma ions are accelerated to high energies. Such

energetic ion bombardment on sample surfaces enhances chemical reactions between hydro-

carbon molecules and plasma particles, leads to decomposition and vaporization of the oil film,

and produces a volatile gas effluent. Thus, plasma-cleaning rate is a sensitive function of plasma

density and ion energy, which can be affec_d by the biased potential to the test samples.

Figure 3 shows that the average cleaning rate on these test samples increases with the biased

potential. The maximum cleaning rate of 2.7 _rn/min occurs at a rf biased potential of about

- 165 V. This implies that energetic ions play the prime role in cleaning up oil films. This feature

is similar to those observed in etching polymers in pure oxygen plasmas.8 Furthermore, we

noticed that plasmas of an oxygen/argon gas mixture can influence cleaning rates on the sample

surfaces. In such plasmas, the energetic argon ions actively and effectively break carbon-oxygen
_._.

bonds in organic layers formed on the sample surfaces and shorten the plasma-cleaning time by

two to three times.



Vl, CONCLUSIONS

Preliminary results reveal that reactive plasma cleaning works well for test samples coated

with Shell Vitrea oil films with thicknesses approaching 20 lain. The experimental facility has f

been operated to demonstrate its capability of creating reactive plasmas of oxygen or oxygen/ //
argon and performing surface cleaning. In low-pressure (ranging from {).3 to 5 mtorr) discharges,

reactive plasmas have been created and powered by microwave and rf energies. Various plasma

distributions, either axially peak or hollow profiles, can be controlled by both the enhancing

magnet and the biased sample holder. Small flat aluminum samples coated with thin films

(<20 t.tm) of Shell Vitrea oil have been plasma cleaned, and their surface cleanliness has been

analyzed by the XPS. The significant results are summarized below.

1. The dominant cleaning particles in oxygen and argon/oxygen plasmas are energetic ions.

2. Argon/oxygen plasmas have cleaning rates 2 to 3 times higher than tho_ of oxygen plasmas.

3. The cleaning rates of oxygen/30%-argon plasmas can be as high as 2.7 larn/min.

4. For thick oil films (-20 lain), only samples with rf biasing can be effectively cleaned in high-

pressure (-5 mtorr oxygen) plasmas, which cannot clean a dc biased sample.

5. Samples with rf biasing can be cleaned without etch damage at biased potentials up to 200 V,

but samples with -75 V dc biasing tend to have etch damage on sample surfaces.

6. The XPS analysis for measuring relative concentration of aluminum, carbon, and oxygen on

sample surfaces confirmed that the post-plasma-clean samples can be cleaner than the control

bare samples.
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FIGU_ CA_ONS

FIB.I. A teststandincludingaplasmasource,sampleholder,vacuumchamber,andvacuum

system,whichi8Actupforplasmacleaning.

Fig. 2. Signalchangesof mass peakof CO (28 ainu) duringoxygen plasmacleaning with a test

_ple.

Fig. 3, The)change of average cleaning rate as a function of rf-biased potential to the sample

holder.
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Table 1. Oxygen plasma cleaning on aluminum samples coated with thin oil films.
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