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ABSTRACT

This paper summarizes the basic advantages and drawbacks of the non-
equilibrium atmospheric plasma systems to gain a better understanding of 
their feasibility limits in comparison with conventional low-pressure plasma 
systems. Principles of generation of the cold atmospheric plasma in different 
plasma sources are described together with their functions and typical 
applications.

1. INTRODUCTION

During the 20th Century, non-equilibrium (cold) plasmas at reduced gas 
pressure became a widespread industrial technology for coating and diverse 
surface processing. Many companies, particularly those producing vacuum 
equipment, started production of different plasma reactors for applications 
from small laboratory scale to tens of meters large vacuum chambers for in-
line or batch-type plasma-assisted treatments. However, in last few decades 
there has been a rapidly growing tendency to replace low-pressure plasmas 
by atmospheric plasma systems where expensive vacuum equipment can be 
eliminated. Successful developments in the industrial atmospheric plasma 
surface processing, particularly those based on dielectric barrier discharge 
(DBD) and different high-frequency discharges, seem to suggest that maybe 
all low-pressure plasma technologies that use plasma-surface interactions or 
near-surface chemical reactions could eventually be replaced by atmospheric 
plasmas. Some methods of surface treatments by cold atmospheric plasma 
are indeed very advantageous, considerably simpler, and much more efficient 
than the vacuum-based methods. There are however several physical and 
practical limitations where atmospheric plasmas simply cannot compete 
with the low-pressure plasma. Certain processes and plasma regimes cannot 
even be generated at atmospheric pressure, and there is no reason for 
disposing of the “old” vacuum equipment. 

The aim of this paper is to help gain a better understanding of both 
abilities and feasibility limits of the atmospheric plasma systems as 
compared with the conventional low-pressure plasma systems. Due to 
complexity of the subject, it is not possible to explain all the principles in 
detail, and certain simplifications are therefore necessary. 

2. THE GAS DISCHARGE PLASMA - THERMAL PLASMA AND A 
NON-EQUILIBRIUM (COLD) PLASMA 
According to Encyclopedia Brittanica, the plasma can be defined as a collec-
tion of charged particles (as in the atmospheres of stars or in a metal) 
containing about equal numbers of positive ions and electrons and exhibiting 
some properties of a gas but differing from a gas in being a good conductor 
of electricity and in being affected by a magnetic field. It is estimated that 
99% of visible matter in the Universe is in the plasma state. For example our 
Sun itself (Figure 1) is an enormous plasma ball. Sun spots and eruptions 
with coronal mass ejections and protuberances are typical plasma manifesta-
tions. Recent X-ray studies show that the Universe has not only gravitational 
interaction, as we have thought, but also an intense electromagnetic interac-
tion based on plasma. Neighboring galaxies are connected by plasma bridges 
with flowing electric currents, like our Milky Way for example. 

A driving process in generation and maintenance of the plasma is 
ionization, typically through the collisions of electrons with neutral 
particles. There is a number of ways to deliver energy into the gas system 
for steady ionization compensating for the recombination processes. It is for 
example possible to heat the gas, but this is not very efficient as the heat 
is dissipated to all particles and the neutral gas becomes very hot, too. If 
the minimum energy (potential) for ionization is of the order of electron-
volt (eV), the thermal energy equivalent kT = eV (k = 1.38 x 10-23 J/K is the 
Boltzmann constant, e = 1.6 x 10-19 C is the electron charge) gives for 1 eV a 
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temperature of T = eV/k ≈ 11,600 K (11,327°C)!  Such an extreme tempera-
ture is evidently not applicable in processing of substrates (coating, etching, 
cleaning, surface activation, etc.), where the maximum allowed temperature 
is almost always below 1000°C. 

An example of the oldest atmospheric plasma known on the Earth is the 
lightning flash. A typical lightning flash (see Figure 2) represents transient 
≈ 5 km long path of ≈ 30 kA current (even up to 300 kA in peak). The time 
duration of a typical flash is about 200 ms. In less than a second, the air is 
heated up to 30,000°C, it rapidly expands (“explodes”) and then contracts, 
which causes the characteristic sound of the thunder. The flames also can be 
considered as very weakly ionized plasma. Ionization up to about 108 cm-3 is 
caused by the heat from exothermic oxidation reactions (burning). Typical 
flame temperatures are from about 500°C (≈ 0.04 eV) in ordinary flames and 
up to 1200°C (≈ 0.1 eV) in special burners. Both these examples describe 
plasma with particles in thermal equilibrium and a hot gas. 

 
 
 

The high-power plasma generators, for example inductive torches and 
dc plasmatrons (see Figure 3), can produce thermal plasma up to about 
10,000°C. These plasma generators use large currents comparable with 
those in the lightning. Due to a high collision frequency, the impact power is 
dissipated to all particles almost evenly, giving thermal equilibrium (“hot”) 
plasma. High-power thermal plasma (up to 10 MW) is therefore very suitable 
for metallurgy, powder metallurgy, thermal spraying, vitrification, waste 
incineration, etc., but it is evidently not suitable for processing of tempera-
ture-sensitive substrates.

The trick for how to keep the gas temperature low and at the same 
time to ionize its part of the gas to the plasma state is based on a selective 
pumping of the energy into electrons, in so-called non-equilibrium or “cold” 
plasma. In this case the gas can remain “cold,” while electrons acquire 

Figure 2. Lightning flash. ©1997 C. Doswell, used by permission. 

Figure 1. The Sun. Photo by NASA (voyager.jpl.nasa.gov).
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enough energy from the generator to ionize, dissociate, or activate part of 
the gas. There are different methods of how to deliver energy mainly to the 
electrons, based for example on the 1000 x smaller mass of electrons than 
other particles (ions, neutrals). Some of these methods will be described 
below. Because collisions the particle energies always tend to equalize, it 
is therefore possible to create non-equilibrium at low gas pressure, where 
collision frequency is low due to reduced particle density. This is, however, 
not easy at atmospheric and higher pressures, where the discharge or its 
part can often convert to multiple hot filaments (streamers) representing a 
kind of hot arc comparable to a laboratory form of ”lightning.” 

3. GENERATION OF COLD ATMOSPHERIC PLASMA 
The voltage necessary for breakdown of dry air between two electrodes at 
atmospheric pressure is about 30 kV/cm. In 1970 Kekez et al. [1] studied 
the gas breakdown processes in hydrogen and krypton in an adjustable 
gap (distance d) between two parallel planar electrodes 3/4” (19.05 mm) 
in diameter at different gas pressures p up to atmospheric pressure. They 
found that the time function of the current flowing in the gap always exhibits 
several characteristic phases. Providing that the voltage in the pulse exceeds 
the breakdown threshold, the current starts at a moderate level resembling 
a glow discharge where the ionization follows Townsend’s mechanisms, 

continued on page 44

and the gas breakdown follows the well-known Paschen law. The Townsend 
avalanches are formed in a space-charge-free field up to the point where 
secondary emission from the cathode provides a sufficient feedback of 
electrons to maintain the discharge. At these conditions, each electron 
emitted from the cathode moves in an electric field toward the anode at a 
distance d from the cathode and collides with neutral gas particles, forming 
exp(α d) new electrons and the same number of ions. The coefficient α is 
so-called 1st Townsend coefficient. One ion should remain in the space to 
compensate an initial electron, and the rest of exp(α d) – 1 ions should 
return to the cathode where they can, with probability of γ (3rd Townsend 
coefficient), form γ [exp(α d) – 1] secondary electrons. When the number of 
secondary electrons can replace the initial electron, we may write a simple 
equation that actually represents the Paschen breakdown condition: 1 = γ
[exp(α d) – 1]. By multiplying both sides by gas pressure p, and after simple 
mathematical operations, the equation can be easily rewritten to a well-
known form of the breakdown condition (the Paschen law): 

pd = p/α ln (1 + 1/γ).

Further time development of the current between electrodes depends on 
the gap d, gas pressure p, the applied voltage, and the gas type, respectively. 
A formation of cathode spots can occur, and the discharge can convert from 
the “glow-type” Townsend form to a filamentary (streamer) form character-
ized by multiple current filaments (streamers). This form of the discharge 
is very common, and it appears more frequently in molecular gases than 
in atomic gases [2]. We think that the streamer discharge resembles a 
multiple “micro-lightning” between electrodes. In a realistic model of the 
dc atmospheric breakdown in CO2 lasers published by A. J. Palmer [3], the 
streamers appear when a large distance d between electrodes is used and 
the volume ionization forming the space-charge field of a single avalanche 
becomes comparable to the applied field. Then, the secondary avalanches 
(caused for example by photoionization) converge toward the primary 
avalanche, forming highly conducting filaments. This might resemble a 
micro-scaled “thunderstorm” with a breakdown (“lightning”) between 

Sponsors:

Frontiers in Optics 2006
The 90th OSA Annual Meeting

Laser Science XXII

� Technical Program: Plenary Lectures on “Global Issues — Optics Solutions” with Steven Chu and Lee E.

Goldstein, more than 130 Invited Speakers, over 500 Contributed Talks/Posters, 7 Short Courses, Hot Topics

Overview and Postdeadline Papers

� Special Events: Over 100 Exhibits, Poster Sessions, OSA 90th Anniversary Celebration, Networking

Receptions, Award Presentations, Best of OSA Topical Meetings, WOSA Luncheon and Science Educators’ Day

� Student Activities: Student Chapter Leadership Meetings, Post Doc Workshop, Lunch with the Experts,

Undergraduate Research Symposium/Student Poster Session and Student Welcome Reception

� Collocated Topical Meetings: Optical Fabrication and Testing, Organic Photonics and Electronics and

OSA Vision Meeting 2006

Register by September 15 at www.frontiersinoptics.org

Technical Conference:

October 8–12, 2006

Exhibit:

October 10–11, 2006

Rochester Riverside

Convention Center

Rochester, New York, USA

Learn. Network. Connect.Learn. Network. Connect.

Figure 3. DC plasmatron. Courtesy of ScanArc Sweden. 
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ATMOSPHERIC PLASMA
continued from page 43

clouds. These filaments (streamers) have diameters of about 0.2 – 0.4 mm in 
pure N2 and about 1 mm in air [4]. The streamer can conduct up to several 
amperes of the dc current in air [5]. Both the streamer diameter and the 
current depend on the applied voltage. It may be interesting to notice that 
30 kA in a lightning flash with a current channel diameter of about 0.1 m 
(1–10 m light channel) in real thunderstorm might be well compared with 
a “laboratory thunderstorm” of 3 A in air streamers having diameter of 1 
mm. The current density in both “flashes” is 1.2 kA/cm2. Similarly, shapes of 
the streamers often exhibit branching, similar to those in lightning flashes 
(shown in Figure 2), and they also are quite noisy. The breakdown condition 
for streamers in air is known as a Raether’s criterion [3]: 

pd = p/α  (20 + ln d).

Note that this equation doesn’t contain 3rd Townsend coefficient γ
(electrode processes), only 1st coefficient α, because the space ionization 
between electrodes is the most important. 

Uncontrolled filamentary discharges are spatially non-uniform and 
therefore not suitable for plasma processing of surfaces. Large current-
density streamers can even damage the processed surfaces. A typical 
challenge in the cold atmospheric discharges is therefore preventing 
formation of streamers and generating uniform glow-type discharges, like 
the Townsend discharge described above. Several methods are used for this 
purpose.

(a) Selection of a suitable gas and stabilization of the discharge 

by large gas flows.
Generation of streamer-free discharges in molecular gases is complicated. 
Air, O2, and CO2 are the most difficult gases. The atmospheric breakdown 
voltage is higher for molecular gases than for atomic gases [6]. The best 
gas is helium due to its small atoms (He diameter is 2.8 Å; air molecule 
is 9.7 Å) and consequently smaller collision frequency (about 10 GHz in He 
compared to 60 GHz in air), its high thermal conductivity suppressing local 
hot streamers, and fast producing of secondary electrons by γ-processes.
Large gas flows (order of 10 slm) limit the temperature and can act as 
stabilizing factors against streamers. 

(b) Dielectric barriers between electrodes - dielectric barrier 

discharge (DBD).
Dielectric barriers prevent ohmic currents and limit the current values. The 
material of the barrier is very important because of different charging (glass, 
ceramics, electrets, etc.), helps in Penning ionization, etc. Due to the dielec-
tric barrier, the system has a capacitive character, and ac or pulsed dc fields 
are necessary to generate the plasma (displacement currents). 

(c) Shapes of the electrodes.
Sharp edges form high electric fields that can help in the gas breakdown. 
Brush-type electrodes reported by Kanazawa et al. [7] and mesh-type 
electrodes reported by Okazaki et al. [8] proved to keep the glow type 
discharges in DBD without streamers. 

(d) Use of the high-frequency electric fields.
Due to about 1000x smaller mass of electrons with respect to ions and 
neutral particles, the motion of electrons and ions can be completely 
decoupled above a certain frequency of the ac electromagnetic fields. At 
very high frequencies in the range of rf and higher, the space-charge sheaths 
at electrodes become thin, and the electrode phenomena (γ-processes) are 
less important. Consequently, the breakdown voltage decreases with the 
frequency. 

4. COLD ATMOSPHERIC PLASMA SOURCES

Probably the simplest and the most widespread cold atmospheric plasma 
sources are based on the DBD; see for example reviews [8, 9, 10]. Because of 
the dielectric barrier, the dc power cannot be used, and the most important 
discovery in this respect is therefore the ac power by Nikola Tesla (1856–
1945) and his high-voltage, high-frequency transformer, the Tesla coil; see 

for example [11]. The high-voltage produced by the Tesla coil can be quite 
harmless, of course under certain safety precautions, see Figure 4.         

The ac spark in Figure 4 is generated between two conductive surfaces: 
an open coil end (antenna) and the brass electrode with a grounded 
resistor (the human body). Because of the ac voltage, the spark genera-
tion is possible also when a dielectric material (glass, ceramics, Teflon®,
etc.) are placed between the electrodes, and such a discharge is then an 
example of DBD. Probably the first experiment with the DBD was carried 
out by W. von Siemens in the 19th Century [12]. His experiments were aimed 
toward the generation of ozone. Since then a lot of different arrangements 
and applications of the DBD were studied and reported. An example of 
a simple filamentary DBD system is commercially available as a toy, “the 
plasma globe,” (see Figure 5). Colored filaments (the color depends on the 
gas mixture) are generated in a glass sphere at reduced pressure (down to 
about 10 Torr) by a Tesla coil (central electrode) at several tens of kHz and 
voltages up to about 10 kV. The second electrode in the circuit is actually the 
Earth. Providing that the gas contains helium mixed with certain precursors 
(e.g., hydrocarbons), similar arrangements can be used for inside treatment 
(coating) of glass bottles or hollow substrates even at atmospheric pressure. 
Optimization of the power, electrode geometry, and the gas mixture can 
result in plasmas without filaments (streamers) for uniform processing. 
The counter electrode to the high-voltage central antenna should be then 
positioned close to the outer wall of the substrate. 

The treatment of larger area surfaces by corona-based atmospheric 
plasma (without dielectric barrier) requires large sizes of electrodes at a 
distance necessary for the breakdown (often < 10 mm). However, unless 
the gas in the gap is He and the generator frequency is low (< 1 kHz) the 
discharge is often filamentary. Therefore, most sources utilize dielectric 
barriers to suppress the streamers in the DBD arrangement (also called 
“suppressed” corona). Typical arrangements of electrodes with dielec-
tric barriers for treatment of different surface geometries are shown 
in schematic sketches in Figure 6. Figure 6(a) shows the parallel-plate 
electrode system for generation of a simple corona discharge. The active 
electrode can be planar, but it also can have a form of a needle or an array 
of needles. Polarity of the active electrode can be either negative or positive, 

Figure 5. The “plasma globe.” Photo ©authors. 

Figure 4. Spark between Tesla coil and brass electrode. Photo ©authors. 
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giving the negative or positive corona. In this arrangement, a high-voltage 
(up to about 30 kV) dc generator can be used; however, the reduction of 
filaments in the discharge requires rather pulsed dc power or high-frequency 
(rf) power. A dielectric barrier at one electrode or at both electrodes [see 
Figure 6(b)] efficiently prevents the streamers. Treatments of large area 
surfaces can be carried out in different geometries of electrodes and dielec-
tric barriers, as it is shown by examples in Figures 6(c) and 6(d). 

Another group of cold atmospheric plasma sources utilizes high-
frequency power, mainly the rf (10 – 100 MHz) and the microwave power 
(e.g., 2.4 GHz). When the plasma impedance is matched properly with the 
rf generator, the source with parallel-plate electrodes with a narrow gap 
(< 1 cm) can generate streamer-free plasma even without any dielectric 
barrier. An example is so-called One Atmosphere Uniform Glow Discharge 
Plasma (OAUGDP™) [10]. Using of the dielectric barrier the “glow” type 
discharge can be generated in molecular gases, including ordinary air. Very 
stable streamer-free plasmas in the form of plasma jets can be generated by 
coaxial rf electrodes. Coaxial systems were reported to generate cold plasma 
in air already at the beginning of the 20th Century [13, 14]. Both the rf and 
microwave power can be used for generation of plasma in these systems. 

Figure 6. Modifications of the corona discharge (a); for the Dielectric Barrier Discharge  (DBD) (b); 
An electrode geometry for one-side substrate treatment (c); and two-sides treatment (d). 

Increasing the frequency of the power generator up to the microwave 
range usually reduces the problem with streamers substantially and enables 
generation of the glow plasma virtually in all molecular gases. The most 
simple microwave plasma sources can be composed of a tapered rectan-
gular waveguide with a central hole for a quartz reactor [see Figure 7(a)]. 
More sophisticated systems utilize the waveguide-to-coaxial transitions to 
generate jet type plasmas [see Figure 7(b)]. Some of these systems are 
noted as TIAGO (Torche `a Injection Axiale sur Guide d’Ondes) [15]. Main 
disadvantages of the microwave generation are that a relatively high power 
is often required for the plasma generation and the size restrictions given by 
a limited size of the waveguide power lines. Due to short wavelengths (order 
of 10 cm and shorter), the microwave power circuits have so-called “concen-
trated parameters,” where the power is guided between or inside conduc-
tive walls (waveguides). The problem of a limited size of waveguides can 
be solved by using systems with radiant slots. For example, the commercial 
systems for the microwave generation of cold atmospheric plasma by means 
of multiple slots (CYRANNUS®, CYlindrical Resonator with ANNUlar Slots) 
can generate cylindrical plasmas up to 40 cm in diameter [16]. 

Figure 7. A simple microwave plasma source is composed of a rectangular waveguide with a 
central hole for dielectric reactor (a). Microwave plasma jets (b). 

Very specific systems for generation of the large area plasmas are based 
on multiple hollow cathodes integrated in a so-called fused hollow cathode 
(FHC) [17]. An example of the FHC plasma (35 mm in diameter) generated 
by rf power in argon is shown in Figure 8. The hollow cathode is based on an 
oscillatory motion of electrons between two opposite space charge sheaths at 
opposite walls inside a cathode “hole.” The system in Figure 8 is composed 
of about 900 individual hollow cathodes, and the total argon flow rate is only 
3 slm (3000 sccm). Each individual hollow cathode with small size cathode 
“hole” (diameter ≤ 0.5 mm) can generate atmospheric plasma. However, 
an advantage of the FHC system is that interference between the plasmas 
generated by individual cathodes leads to a very low power requirement for 
the unit plasma area (e.g., 0.2 W/cm2 for neon). Note also that both the FHC 
systems and the rf hollow cathodes are capable to produce streamer-free 
plasma in molecular gas (e.g., nitrogen and air) [18].

       Figure 8. An rf Fused Hollow Cathode (FHC) atmospheric plasma in argon. 
 Photo ©authors. 

A new type of cold atmospheric plasma is based on a combination of the 
rf (alternatively pulsed dc) hollow cathode with the microwave plasma jet. 
Such hybrid source is capable of producing very long plasma columns (up 
to 18 cm) at very low gas flows (≤ 250 sccm), and it works with both atomic 
and molecular gas [19, 20]. The microwave power controls the length of the 
plasma column, while the power applied to the hollow cathode can affect 
the plasma temperature and an injection of the metal particles from the 

continued on page 46
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evaporated cathode into the plasma. This metal injection from an overheated 
cathode might be considered as a PVD process in the cold atmospheric 
plasma.

5. LIMITS AND PROBLEMS RELATED TO COATING IN THE 
ATMOSPHERIC PLASMA TECHNOLOGY 
Pumping the energy selectively into electrons in cold atmospheric plasma 
and a high collision frequency naturally limit the energy of ions, which 
excludes sputtering and ion-assisted processes well known in the PVD of 
films in low-pressure plasma systems. The high collision frequency means 
a very short mean free path of particles and leads to a reduced volume and 
impact of the plasma. This deficiency often must be compensated by very 
large gas throughputs (order of 10 slm already at laboratory scale). There 
also are other problems specific for the atmospheric plasma, for example 
non-uniformities, undesirable byproducts produced by plasma reactions, etc. 
The main problems are listed and briefly commented on below. 

(1) A need of start-up (breakdown) regimes and possible reigni-

tion problems.
The breakdown voltages in atmospheric plasma systems often are consider-
ably higher than the maintenance voltages. Also the system impedance 
with the plasma can be considerably different from the impedance without 
plasma. Repeating of starting-up regimes or special ignition tools is often 
necessary mainly in time-instable plasmas. 

(2) Arcing and non-uniform (filamentary) plasmas.
This occurs mainly in molecular gases, as discussed above. 

(3) Almost no use of magnetic fields.
The mean free path is usually very short in comparison with the Larmor 
radius of charged particles in “normal” magnetic fields (induction B ≤ 0.1 

ATMOSPHERIC PLASMA
continued from page 45

T). The effect of a magnetic field can be expected only in the case of large 
currents I, where the vector force F = I x B can be large. An example is 
magnetic stabilization of the large current hot arcs in high-power plasma-
trons. We suppose that it also might be possible to control the motion of 
streamers in the filamentary non-equilibrium plasmas. However, detailed 
experiments are necessary. 

(4) Restricted dimensions of the plasma.
This is based on the short mean free paths of particles and can cause 
problems in processing of 3D substrates. Large gas flow rates are often 
necessary for 3D treatments. For large area treatments, the plasma genera-
tion structures should be multiplied. Often movements of the plasma source 
or substrate or both are required. 

(5) Low ion energies - no use of sputtering.
As discussed above, there is no ion-assisted processing feasible at 
atmospheric pressure. Production of hard coatings without additional post-
treatment (e.g., annealing) is a problem. 

(6) Only PE CVD regimes are feasible in the atmospheric plasma.
Typical atmospheric plasmas with low ion energy and high collision 
frequency are suitable for fast plasma-activated reactions based on radical 
chemistry. Feasible coating regimes in cold atmospheric plasma are 
therefore based on plasma-enhanced CVD. No sputtering-based PVD can be 
expected. Evaporation of material targets can be applied in special arrange-
ments. Note that elevated voltages and collisions can enhance a UV radiation 
from the plasma, which may assist in surface activation, photo-assisted 
chemistry, enhanced gas activation in PECVD, etc. 

(7) Limited possibility of the film parameter control.
Due to the low ion energy and high collision frequency, it is not realistic 
to expect an efficient control of coating properties (texture, hardness) by 
bias-controlled ion bombardment. In most cases the films deposited by 
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atmospheric plasma are amorphous, unless an elevated substrate tempera-
ture is used. 

(8) Open systems are suitable mostly for oxides.
When the atmospheric plasma is generated in open air there is a consider-
able influence of the air. Even in noble gas plasmas the optical emission 
spectra often confirm very high emission intensities of molecular nitrogen 
and oxygen band systems, excited oxygen atoms, etc. A strong interference of 
air limits the coating regimes to PECVD of oxides and oxynitrides. Other film 
compositions require hermetic chambers protecting the plasma from air. 

(9) Possible production of dangerous by-products.
Plasma in open air can create nitrogen oxides NOx (N2O, NO, NO2). There is 
a number of possible chemical reactions with rates dependent on applied 
voltage and frequency of the applied power, for example N + O2 -> NO + O. 
Quite low levels of nitrogen oxides (≥ 0.1 ppm) in the air can irritate human 
eyes, nose, throat, and lungs, coughing and can cause shortness of breath, 
tiredness, and nausea. Another possible by-product is ozone that can also 
damage the human lung at ≥ 130 ppb. Cyanogens (CN, HCN) and CO are also 
very dangerous. For certain processes, the hermetic chamber and proper 
ventilation are absolutely necessary. 

6. CONVENTIONAL AND FUTURE APPLICATIONS OF THE 
ATMOSPHERIC PLASMA

There are numerous reports on successful applications of the cold 
atmospheric plasma. Some of these applications are already at commercial 
level with an almost hundred years “tradition”; others are new, developed 
recently, or under intense development. Several interesting or important 
applications are listed and briefly commented on below. 

(a) Production of ozone.
There is a well-developed conventional and commercial technology 
for industrial production of ozone by dielectric barrier discharges [9]. 
The industrial “ozonizers” are used in treatment of water. The use of 
ozonizers available for ozone enrichment of air at home cannot be actually 
recommended due to possible harm to the human lung by ozone. 

(b) UV and VUV lamps.
Atmospheric plasma can serve as a source of UV and VUV radiation. An 
example is a VUV radiation with λ ≈ 130 nm from atmospheric microhollow 
cathodes in argon [21]. 

(c) Pretreatment of surfaces - surface activation.
Activation of substrate surfaces, particularly webs, is the most frequently 
used application of the cold atmospheric plasma. The increased surface 
energy is measured by decreasing the contact angle of liquids and is associ-
ated with improved adhesion of coatings. Treatment in atmospheric plasma 
is about 10x faster than in a low-pressure plasma. The traces of streamers in 
high-voltage filamentary discharges can damage the surfaces in activation 
of the plastic webs. The low-power FHC discharges can increase the surface 
energy of plastic webs without damage and without undesirable changes in 
polymer crystallinity [22]. 

(d) Deposition of films and dry etching.
Coating and surface processing by atmospheric plasmas belongs to the most 
intensively developed emerging technologies during the last decade. All 
coating regimes reported so far are based on PECVD using precursors diluted 
mainly in He carrier. Large-area commercial coating of 2-m wide webs using 
liquid precursors has been reported recently using DBD arrangement with 
multiple flat conductive liquid-based electrodes [23]. 

(e) Disinfection, cleaning, and deactivation of surfaces.
The cold atmospheric plasma has the ability to kill bacteria [24]. An 
important role could be played by an intense UV light from the plasma. Other 
emerging fields are chemical and possibly also nuclear decontamination. 
New developments are expected in this field. 

(f) Flue gas abatement (NOx, CO, SOx, VOC, etc.).
Cold atmospheric plasmas have been tested for more than 15 years for 
abatement of flue gas from power plants and for exhaust aftertreatment from 
diesel engines. The diesel aftertreatment can be carried out in DBD plasma 
with additional dielectric (ceramic) pellets also serving as a filter of carbon 
particulates in diesel exhaust gas (see the schematic sketch in Figure 9). 

Figure 9. DBD reactor with ceramic pellets (“packed bed”) for diesel aftertreatment.

(g) Particle and film treatments (recrystallization, sintering).
Post-treatment of solid films after deposition and treatment of solid particles 
belong to new applications tested in the atmospheric plasma. It is expected 
that the efficient treatment might require elevated plasma temperatures. 
Utilization of decaying parts of the thermal plasma can be more efficient 
than the cold plasma. 

(h) Plasma gas reactions and production of (nano) particles.
Short mean free paths in atmospheric plasma are quite compatible with 
micro- or nano-scaled processes leading to production of micro- or nano-
particles and objects. An example might be the use of microhollow cathodes 
for dry etching and for diamond deposition in reactors at slightly reduced 
pressures [23]. Another example is production of nanocrystalline diamond by 
hybrid plasma at atmospheric pressure in air mixed with ethanol [24] see the 
SEM image in Figure 10). 

 
 
 
 
 

(i) Reactive interactions with (and inside of) the liquids.
Underwater welding by thermal arc is a well-known commercial technology 
that has been available for many years. It also is possible to use cold plasma 
sources for interactions with liquid surfaces (liquid electrodes), or even 
for processes inside liquid (submerse arrangements). Direct contact of the 
plasma with/inside liquid can be arranged without the interference of the 
air. New developments and different processes in these arrangements are 
expected.

(j) Diesel fuel reforming and related applications.
Plasma based “fuel converters” enrich the fuel by hydrogen by boosting 
partial oxidation that reforms hydrocarbon fuels into a hydrogen-rich gas for 
more powerful and efficient combustion with considerably less effluents and 
particles. Experiments started about 10 years ago; see [25]. 

continued on page 48

Figure 10. The SEM image of nanocrystalline diamond deposited in air 
plasma with ethanol [24]. 
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(k) Medicine applications.
Besides disinfection and treatment of inorganic surfaces by cold atmospheric 
plasma, new treatments and cures of human skin and different biological 
objects are being tested in number laboratories all over the world. This new 
field of research requires thorough, careful, long-time multiple experiments. 

7. CONCLUSIONS 
An answer to the question in the title of this work is of course YES!  The cold 
atmospheric plasma is a very powerful tool in numerous applications, where 
low-pressure systems can compete neither in production efficiency nor in the 
cost. BUT, the atmospheric plasma exhibits serious limitations where the low-
pressure plasma is considerably better and the low-pressure systems cannot 
be substituted. There is therefore no reason to dispose of “old” vacuum 
equipment and replace it with atmospheric plasma systems. 

Due to specific characteristics of the atmospheric plasma (short mean 
free paths, low ion energies, etc.), certain applications are not feasible, but 
intense developments can be expected in new atmospheric plasma systems 
and new applications, for example in nano-sized processing in very near 
future.

The driving motivation for the atmospheric plasma technology is 
mainly the price of high-vacuum hardware. Because of limitations in the 
atmospheric plasma systems and the necessity of hermetic chambers in 
a number of applications, the subatmospheric systems equipped only by 
simple mechanical pumps might be a very good compromise between the 
high vacuum systems and the atmospheric plasma. Because there are no 
versatile general-purpose solutions and plasma sources, each solution is very 
dependent on the required result, too. 
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