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Abstract

Plasmas have frequently been used in industry as a last step surface preparation technique in an
otherwise predominantly wet-etch process.  The limiting factor in the usefulness of plasma cleaning
techniques has been the rate at which organic materials are removed.  Recent research in the field of
plasma chemistry has provided some understanding of plasma processes.  By controlling plasma
conditions and gas mixtures, ultra-fast plasma cleaning and etching is possible.  With enhanced
organic removal rates, plasma processes become more desirable as an environmentally sound
alternative to traditional solvent or acid dominated process, not only as a cleaning tool, but also as
a patterning and machining tool.  In this paper, innovations in plasma processes are discussed
including enhanced plasma etch rates via plasma environment control and aggressive gas mixtures.
Applications that have not been possible with the limited usefulness of past plasma processes are now
approaching the realm of possibility.  Some of these possible applications will be discussed along with
their impact to environmentally conscious manufacturing.   

Introduction

Industrial cleaning with solvents produces large volumes of waste.  Often the purpose
of the solvent cleaning process is to remove organic oils, fluxes or polymers from surfaces either to
promote adhesion or to mitigate corrosion.  A typical production-scale cleaning process can generate
very large volumes of solvents tainted with various contaminants.  Some of the solvents can be
recycled, but the majority must be disposed of by incineration or landfill.  
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Within the DOE complex, oil-contaminated scrap metal generated from machining radioactive



materials is a particular concern.  Machine oils used during the cutting and forming operations remain
on the scrap material leading to a mixed waste problem that must be disposed of per EPA and NRC
regulations.  To date, there is only one facility in the nation that will accept mixed waste.   A non1

solvent-based method to remove cutting oil would substantially aid in scrap recycling or disposal.

One such alternative method for organic removal is plasma cleaning.  If an object is immersed
in a glow discharge plasma of a suitable gas, the bombardment of the surface with energetic ions and
molecules results in the removal of surface contaminants. Commercial plasma reactors are available2  

and are often used in manufacturing for cleaning.  The plasma in these reactors is achieved by
reducing the pressure to below one Torr and flowing a gas such as argon or oxygen through the
system.  In cleaning an item, the total quantity of chemical waste generated in the plasma treatment
is small when compared to conventional cleaning with solvents, about 0.5 gram of carrier gas with
trace contaminant gases (assuming plasma conditions of 25 standard cubic centimeters per minute
(sccm) of oxygen for 15 minutes).  By contrast, solvent cleaning of the same item may generate liters
of contaminated solvent.

The slow cleaning rate of a plasma limits the widespread use of this environmentally superior
process.  In a typical commercial plasma reactor, the rate of organic removal is less than 0.4 m/hour.
Thus, current industrial practice calls for plasma cleaning only as the last step in a solvent-based
process to achieve a pristine surface.   Plasma cleaning used in this way does not contribute to waste3

minimization.  In order to make plasma cleaning an effective tool for waste minimization, the process
must be accelerated by several orders of magnitude so that solvent pre-cleaning is unnecessary.

Here we discuss some techniques for enhanced plasma removal of organics.  We will evaluate
some applications of plasma cleaning and etching that have been considered impractical or impossible
in the past, but are now becoming feasible. 

DISCUSSION 

In our limited studies of the effects of plasma conditions and gas mixtures, we have observed
that a plasma system is a complex process.  By varying a few parameters, we have been able to
enhance organic removal rates by several orders of magnitude.  Other studies have investigated
different plasma parameters for enhanced performance.  One such parameter is reactor geometry.
We have observed in our laboratory that very small changes in reactor geometry can cause large
changes in plasma performance.  We have encountered many of these effects by accident when some
insignificant alteration in the reactor results in major changes in performance.  Electrode spacing and
size, roughness of electrodes or reactor walls, patterning of electrodes, size of reactor, load of reactor
and charging of electrodes are a few parameters that may have a very large effect on the performance
of a plasma system.  Many of these effects have been documented to some degree by other
researchers.  The following is a brief overview of our observations and some of these studies.

Plasma Chemistry

Many industrial reactors use an oxygen or argon plasma to remove trace amounts of organic
contaminant.  Although both gasses are adequate for plasma cleaning, alone they are not very
effective, removing only a few micrometer per hour. In our laboratory, we have studied the effects
of several gas mixtures.  One study examined the effects of adding a fluorine containing gas such as
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sulfur hexafluoride to an oxygen plasma.  The etch rate of several polymers was observed.    In earlier
work, for example, ultra fast removal of polymer insulation from wires was achieved by adding SF6
to a pure oxygen plasma.  The observed removal rate of 150 m/hour greatly exceeds previously
reported cleaning rates.  These observations are supported by subsequent work in microelectronic
fabrication.  High organic removal rates have been reported in etching plasma used to pattern wafers
in integrated circuit manufacture.   In the etch of polycrystalline silicon, degradation of the organic4

photoresist mask is undesirable, thus one tries to minimize the plasma attack on organics.  It has been
observed that the addition of fluorine containing species to a pure oxygen plasma greatly increases
the removal rate of photoresist.   Experiments designed to optimize the etch rate of polymers have4,5,6

demonstrated etch rates of PMMA in excess of 250 m/hour with proper plasma conditions and gas
mixtures (fig. 1).  Similar experiments in which the etch rate of Delrin was studied as a function of
gas chemistry and chamber pressure resulted in etch rates of 2600 m/hour.  With etch rates
approaching several hundred micrometer per hour,  plasma cleaning applications that were
impractically slow or impossible in the past are now viable.

Figure 1
Mean Etch Rate of PMMA as a Function of 
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Figure 2
Etch Rate of Delrin as a Function of Chamber Pressure

Electrode Design and Effects

The design of the electrodes plays a large role in etch rate and uniformity of etch.  Selection
of electrode materials may have a significant effect in the ability of some systems to etch some
materials.  Since some electrodes may themselves be etched or sputtered away, improper electrode
selection may result in induced contamination and decreased yield or constantly changing electrode
dimensions and non-reproducible or non-uniform processes.  For example, aluminum electrodes may
be sputtered in fluorine chemistry or etched in chlorine containing gasses.  Aluminum oxide electrodes
are resistant to fluorine containing gasses but may be slowly etched in chlorine containing gasses.
Non parallel electrodes may also result in non-uniform etch and poor contact between sample and
electrode may affect etch rate and uniformity.  Other factors to consider when selecting an electrode
are possible heating effects.  Electrodes that are not actively cooled will be raised to an elevated,
often unknown temperature.  This heating may have a positive or negative effect on etch rate
depending on the system and the material being removed.   7

Spacing of the electrodes is another method by which etch rate may be manipulated.  A
narrow spacing of the electrodes will often enhance the etch rate by confining the plasma in a smaller
area.  Increasing the electrode spacing tends to decrease the etch rate but enhance etching
uniformity.   Since changing electrode spacing changes the plasma density, dc self-bias also changes.8,9

Thus the effect of ion bombardment will be altered. 

Electrode size and surface roughness contribute to the capacitance of the system.  In a parallel
plate arrangement, selection of which electrode is rf-powered relative to the substrate has an impact
on the mechanism by which the etching occurs.  For example, if the substrates are mounted on the
rf-powered electrode the primary mechanism at work is reactive ion etch or reactive sputter etch.10,11

If the substrates are mounted on the grounded electrode, plasma etching occurs.  When both
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electrodes are rf-powered, triode etching takes place.  An illustration of a system that may employ
any of these options is shown in Fig. 3.   An apparatus with this variability greatly enhances the12

usefulness of the system.  For selectivity and controlled etching, more than one of these techniques
can be employed.  Depending on the etch profile desired, isotropic or anisotropic, chemical dominated
plasma etch or ion bombardment may be more efficient.  

Temperature Effects

The temperature of the substrate during etch impacts several factors that can either enhance
or negatively affect the desired results.  Characteristics such as etch rate, selectivity, morphology and
uniformity can reflect small changes in substrate temperature.  Higher temperatures can enhance
chemical etching but may also cause surface roughness and more isotropic etching.  In processes in
which a high degree of selectivity is desired such as etching Si relative to SiO  in a fluorine containing2
plasma, as temperature increases selectivity decreases.   On the other hand, photoresist etch rates13

increase with increased temperature, but if the temperature is too high, the resist may flow or burn.14

Substrate temperature control can be achieved by operating the plasma at lower power or
increased pressure.   At increased power, ion bombardment increases causing the substrate to warm.15

At lower pressures, the coefficient of heat transfer is decreased.  Conversely if higher temperatures
are desired, higher power and increased pressure can add to sample warming.

Another method to control substrate temperature during the plasma cycle is by backside
cooling of the sample.  Water cooling or cryogenic cooling can maintain constant substrate
temperature.  With cryogenic cooling, sidewall etch rates can be reduced however, polymer formation
on the surface and sidewalls of the substrate is increased.   With the addition of a resistant heating16

coil and temperature probe, controlled heating can be obtained.  

Figure 3
RF Powered Electrode Configuration 

Pressure Effects

Plasma pressure may be one of the most important process parameters.  In systems where the
primary mechanism of plasma etch is the chemical etching component, increased pressure in the
chamber results in more reactive species present.  In systems in which ion bombardment is the primary



actor, increase in pressure does not have such a pronounced effect although system pressure can
effect ion density and energy.  For example in etching Si in a CF /O  plasma, in a low pressure4 2
regime, ion bombardment is the dominant player and the result is an anisotropic etch.  At higher
pressures, neutrals play an important role and chemical etching enhances etch rate resulting in a more
isotropic etch.17

Pressure of the system also impacts the dc self-bias.  In a reactive ion etch system, increased
pressure will reduce dc self-bias.  At lower pressures, electron temperature will increase and result
in an increase in dc bias.  Therefore, the etch rate of ion-enhanced processes could be reduced with
increasing pressure.   In higher pressure systems, lower peak to peak voltages are required which18

result in lower average ion energies.   Lower pressures result in higher energy and less off-axis ion19

bombardment.  In other words as pressure increases, ion flux increases but ion energy decreases.  As
pressure decreases, ion flux decreases and ion energy increases.20

Power and RF Frequency Effects

The power and rf frequency at which a plasma is operated can play a role in the performance
of the plasma.  Both the electrical and chemical properties of the plasma can be effected by the
discharge frequency.  At low frequencies, the electrons can respond to the oscillating electric field.
As the plasma frequency is increased, the electrons will oscillate back and forth and encounter several
collisions with neutrals.  At higher frequencies, the operating voltage will be smaller for the same
power dissipation.  At frequencies below transition frequency, approximately 1 MHz, ions can cross
the sheath before the electric field is reversed.  Therefore, below 1 MHz, the process is more ion
driven.  Above 1 MHz, more undercutting will happen since the process will be less ion energy
dependent.21,22

The amount of power applied to a plasma system effects several plasma parameters discussed
previously such as electrode temperature.  The factor most driven by plasma power is the dc bias of
the system.  As power increases so does dc bias.  In the etching of unpatterned wafers in the
microelectronic industry, etch rate will continue to increase with power.  With patterned wafers
however, etch rate peaks at about 200 watts due to photoresist sputtering.  By utilizing higher power
with lower pressures, greater ion energies are obtained further enhancing etching due to ion
bombardment.23,24

APPLICATIONS AND SUMMARY

Through very preliminary work in our laboratory and a brief review of some work by others
in the field of plasma physics, drastic results in plasma performance are witnessed.  With a rising need
for environmental conscious methods of cleaning and processing materials, new innovative techniques
are required.  Plasma techniques, which have been used for decades as last step cleaners in otherwise
predominantly wet-solvent based processes, are capable of much more.  By manipulating the plasma
environment, drastic improvements in performance can be obtained.  With careful examination of each
system and its objectives, new techniques can be implemented to enhance the overall usefulness of
that system.  As etch rates approach 2600 m/hour, as witnessed in our work with Delrin, plasma
process evolves from the last step cleaner regime to that of a machining tool.  By incorporating
chemical reaction based plasma etch with reactive ion etch, three-dimensional etches are possible.
With the utilization of masking techniques, intricate geometries can be plasma machined.  Since
plasma techniques produce little or no waste products, they are far more desirable to solvent or acid



based techniques where gallons of waste may be generated.  For biomedical applications, plasma
systems are hostile to viral and bacterial contamination therefore plasma cleaned or machined
components would be sterile upon exiting the system.  Batch solvent/acid bath systems remove gross
contamination leaving a monolayer of contamination behind that must be plasma removed or
subjected to autoclave.  Because of these advances and advances on the horizon, plasma processes
are expanding into applications once thought impractical or impossible.

Some applications on the horizon are rapidly approaching reality.  Plasma machining of
intricate components for use as prosthetic devices within the human body is one application that is
becoming a possibility.  As human prosthetics become smaller and more intricate, unique machining
methods are required.  Artificial components for within the human ear or mechanical supports for
arterial grafts are only two possible prosthetic devices that could be plasma machined, cleaned and
sterilized.  

Another application for plasma process is the rapid removal of gross amounts of organic
contaminants from scrap metal.  This application would be particular useful for the reduction of
machining oils on radioactive scrap metal.  In the forming processes used for the manufacture of
radioactive component, large quantities of radioactive scrap contaminated with machine oils are
generated.  Rapid plasma cleaning could remove all oil from the scrap metal essentially eliminating
the mixed waste problem while allowing the scrap metal to be recycled, further reducing the amount
of overall waste.  

Plasma processing could make porous various polymer films such as Teflon or Lycra for use
as artificial skin graphs or transdermal medicinal patches.  Again since the component would exit the
system sterile, no further processing would be necessary before the device was suitable for contact
with the human body.  Since the process could be refined, the porosity could be controlled making
the process flexible to several applications.

Complex patterns could be achieved to great depths in components where well-defined holes
and trenches are necessary.  By minimizing the amount of chemical etch and maximizing the amount
of ion bombardment, well-defined sidewalls could be obtained.  Conversely, by enhancing the
chemical etch component of plasma processes and minimizing the reactive ion etch, undercutting may
be achieved if desired.

These are only a few applications in which an enhanced plasma system may be ideal.  Much
is known about the optimization of the plasma process, but much more remains to be understood.
With a continuing effort to understand the mechanism involve in plasma etching, the usefulness of
these systems will expand.  Plasma is a viable alternative to other large waste producing techniques,
however slow process times have been the limiting factor in their usefulness.  By understanding the
mechanism involved in the process in question and designing the plasma system to best suit the need,
plasma cleaning, etch and machining will become the first choice industrial process.
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