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Abstract—Pesicular features of various types of electrical gaseous discharges used to generate and sustain low-
temperature plasma at atmospheric pressure have been considered. Applications of dielectric barrier discharges
(DBD), corona, radiofrequency (RF), and microwave (MW) discharges for the synthesis of different materials

have been discussed.
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INTRODUCTION

Nonequilibrium low-temperature plasma is characterized
by significantly higher electron energies compared to
the energies heavy plasma components: ions, neutral
atoms, and molecules. Collisions of high-energy
electrons with atoms and molecules result in their
dissociation, excitation, and ionization. It is worth to
mention that these processes are not accompanied by a
considerable increase of the temperature of heavy
plasma component. Due to the fact that ionized and
neutral plasma components remain to be relatively low
energetic plasma does not cause the thermal effect on
the substrate surfaces.

Nonequilibrium low-temperature plasma is easily
generated in electrical discharge at low pressure.
However, this technology has a serious disadvantage,
namely, the need in a costly vacuum equipment.

In this connection, beginning in mid-1990s, much
effort has been made all over the world on the
development of low-temperature plasma sources stably
working at atmospheric pressure. Since this time the
number of publications on low-temperature atmos-
pheric pressure plasma (LTAPP) sources has become
to grow exponentially. Most LTAPP sources are
relatively simple and have fairly low operating costs.
The use of sources operated at high partial pressures of
precursors (about three orders of magnitude higher
compared to low-pressure plasma), brings great
advantages to plasmachemical processes involving

homogeneous chemical reactions, for example, plasma
enhanced chemical vapor deposition (PECVD) of
nanopowders or cleaning from toxic organic
compounds. However, certain problems with LTAPP
sources arise in plasma assisted processes based on
heterogeneous chemical reactions (PECVD of thin
films or etching of materials) due to the necessity to
prevent homogeneous reactions leading to vapor phase
depletion or by-product formation. At the same time,
recent research has shown that LTAPP holds promise
for practical applications: film deposition, synthesis of
new compounds, surface modification, removal of
highly toxic organic pollutants from air, surface etching,
synthesis of nanopowders, etc.

Most LTAPP sources are based on arc discharges
characterized by high heat release. Arc discharge
plasma is widely used in technology (welding, sawing,
sputtering, and high-temperature chemical synthesis).
However, such thermal strains might be reasonable
high for many applications, because the temperature of
the treated surface can reach 2000°C. In this connec-
tion, over the past twenty years active R&D work has
been done on plasma sources with different types of
electrical ~ gaseous charges (corona, barrier,
radiofrequency, and microwave), with lower tem-
peratures of heavy plasma components (600-800°C).

In present review work we will demonstrate the
great horizons of using low-temperature atmospheric
pressure plasma processes for plasma stimulated
synthesis of different materials.
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Specific Features of Electrical Gaseous Discharges
at Atmospheric Pressure

The gaseous discharges at low pressures (0.5-200 Pa)
are widely used for generation of low-temperature
plasma and can sustain over a long time. It happens due
to the fact that the characteristic time of the discharge
instability development which induces to transition of the
glow discharge to arcing is indefinitely long. The usage
of atmospheric pressure leads to shortening the time of
discharge instability development up to nanoseconds

[1].

Abundant evidence is available [2-26] to show that
any processes that tilt balance between generation and
lack of charge carriers can cause instability and the
transition from volume discharge to channeling. This
transition results in a change of the temperature regime
and in spatial inhomogeneity of plasma, which is
critical and highly undesirable for many technological
applications. Furthermore, another reason for the
instability of the atmospheric pressure plasma during
the nanomaterial synthesis is the accumulation of
plasmachemical reaction products having lower
ionization potentials and, consequently, higher
ionization rates [27].

Discharge instability is the main limiting factor to
the design of sources of low-temperature nonequilib-
rium volume discharges at atmospheric pressure, and
this prompts research into the reasons for their
generation and mechanisms of development [4, 5, 7].

The main problem that must be solved when develop-
ing LTAPP sources is to stabilize and sustain discharge
in the reaction gas mixture. A general approach is either
the usage of an inverse feedback for the discharge
current-voltage or restriction of the discharge
sustainability time.

Most modern plasma sources use self-sustained
atmospheric pressure gaseous discharge. As the
largest amplitude of electric field in self-sustained
plasma is in the cathode region, the instabilities are
associated with field fluctuations initiated in this
region. Several methods to suppress electric field
fluctuations have been reported [28-35]. The
simplest one [28] is the use of a segmented cathode
with each segment connected to power supply
source via a ballast resistor. The fluctuations of the
discharge current (for example, increase), induced
by developing discharge instabilities, lead to
fluctuations (increase) of the voltage, which drops on
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the ballast resistor, and, consequently, changes
(decrease) the discharge voltage. Another approach
to avoid instabilities in the cathode region is
establishing such discharge sustainability conditions
that prevent plasma formation in this plasma region.
For this purpose, another discharge region, which
plays the role of the cathode region for the main
volume plasma zone, were added [29-35]. Plasma
cathodes are efficient in terms of suppression of
cathode potential drop and are capable of ensuring
reliable contact with plasma, because they are not
damaged by secondary processes on their surface.
However, the processes that occur in the double
layer at the plasma boundary, can induce
instabilities as well [28].

A fairly simple approach to preventing the
transition of the volume discharge to channeling can be
realized in the case of corona discharge [36]. Corona
discharge takes place when a high electric field with a
potential gradient (strength) is created near at least one of
the electrodes. This condition is fulfilled when an
electrode contains prickly parts with a small curvature
radius (tip or needle). The corona discharge current is
confined by the space charge of carriers in the strength
region. The charge carriers drift to the second electrode
(ideally, at infinity) in the gas under the action of the
electric field. The corona discharge can be generated and
sustained both at a dc and ac over a wide range of
frequencies. Pulsed corona discharges, where non-
equilibrium plasma is formed due to streamers
propagating from a needle electrode, are also used
[37, 38].

The use of such gas discharges in the plasma-
chemical technology is limited by a strong spatial
inhomogeneity of plasma. The region, where the most
intense gas ionization and excitation processes take
place, is localized in the vicinity of the tip electrode. In
the case when a substrate to be treated is placed close
to a high-voltage corona-producing electrode, special
measures should be taken to prevent short-circuiting
the discharge current to the substrate and discharge
sparking or arching (depending on the power supply
source).

An alternative approach to prevention of discharge
instabilities consists in limiting the time of discharge
current flowing less than the transition time from the
volume discharge to channeling [7, 28, 39—65].

The discharge time can be limited by using a
dielectric barrier on the electrode surface. The dielectric
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Process parameters of electric discharges for generation of low-temperature plasma and its characteristics [67, 87, 88]

Process parameters Characteristics of plasma

. . power electron gas

Type of discharge frequency, mnput density, gas ﬂoW temperature, ele.:ctron | temperature,
MHz power, W Went? rate, L/min oV density, cm K

RF 1-40 20-500 3-30 0.5-50 1-4 107 %102 | 300-700
low-temperature
DBD diffusion 5x10°-5 x 10| 10-2000 0.5-1 1-10 3-5 10"-5x 10" | 300-500
mode
Streamer mode | 5 x 10°-5 x 10> | 20-1000 1-50 0.2-5 1-10 10"-10" 300-400
Corona 0.001-1 1-50 0.5-4 3-7 10°-10" 300-400
MW 2.45x10° 10-10° 1-20 300400

barrier discharge (DBD) [63] is generated if there is at
least one insulating dielectric barrier in the discharge gap
between plane or cylindrical ac electrodes. The discharge
gap thickness can vary from 0.1 to 10 mm, and the
applied frequency, from hundreds of Hz to GHz. The
materials of insulating layers (dielectric barriers) are most
commonly glass, quartz, ceramics, as well as thin enamel
and polymeric coatings on metal electrodes. Such
dielectric barrier discharges are defined as sustained in
microdischarge (or streamer mode) [64, 65]. In this case,
the discharge occurs in a large number of streamers
formed due to the electric field caused by local charge
accumulation on the dielectric barrier surface [64]. The
propagation of streamers from one electrode to the other
results in recharging of the dielectric surface, which
reverses the applied field polarity and leads to streamer
streamer current drop.

There is another discharge mode in barrier dis-
charge plasma sources, specifically the diffuse mode
[54-59]. In contrast to the streamer mode, it is uniformly
distributed over the entire discharge gap. It was shown
that discharge is sustained by a series of current pulses a
few microseconds in length. The reasons why the volume
discharge does not shift to channeling mode in this case
(discharge pinching) and the mechanisms responsible for
high spatial uniformity of discharge are still to be
established conclusively. The stability of the diffuse
DBD plasma is independent on the gas flow rate and
depends on the applied frequency (in the kHz range),
nature and composition of the gas mixture, and supplied
power. The most sustainable DBD discharge was
obtained in helium and other gases (argon, nitrogen, air)
[29-33, 65].

The the electrode gaps in DBD plasma sources are
about a few mm. The ion concentration in the volume
plasma is usually 10" cm” but sometimes reaches
10" cm™ [34, 35].

It is worth noting that the discharge time can be
limited by controlling the gas flow rate through the
discharge region [58-60]. For discharge stabilization
the plasma-forming gas was supplied at a linear rate of
~10* m/s. In this case, the residence time of gas
molecules in the plasma is equally important as the
pulse time. If there are critical zones in the discharge
gap, the high-rate gas flow can favorably affect the
perturbation sources in these zones and thus stabilize the
discharge [40-50].

One the past years considerable progress has been
achieved in the development of sources of non-
equilibrium low-temperature plasma by using high-
frequency discharge [66-79]. A stable volume atmos-
pheric pressure glow discharge between two metal
electrodes can be generated in pure helium or
chemically active gases strongly diluted with helium,
by applying voltage with a frequency of 13.56 MHz on
the electrodes. If there is a dielectric barrier on one of
the electrodes, discharge can be sustained in argon or
its dilute mixtures with other gases (nitrogen, oxygen, etc.).

Gas discharges at atmospheric pressure can also be
sustained using higher frequency (up to microwave)
power supply sources. Such plasma sources are most
frequently used in analytical spectroscopy, because the
discharge gap in them is no larger than 1 cm [80-86].

The table lists the process parameters and charac-
teristics of electrical gaseous discharges at atmospheric
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Fig. 1. Schematics of DBD chambers. Electrode arrangement: (a, b, ¢) plane parallel and (d, e) coaxial.

pressure, that are the most widely used in plasma-
chemical technologies.

Application of the Dielectric Barrier Discharge
in the Plasmachemical Synthesis of Nanomaterials

Dielectric barrier discharge (is one of the most
common methods of generation of nonequilibrium AP
plasma. Reactors for DBD can have a plane parallel
(Figs. la—1c) or a coaxial (Figs. 1d, le) electrode
configuration, but the most characteristic feature of such
reactors in both cases is the presence of an insulating
dielectric barrier layer on one or both electrodes and a
short distance between the electrodes (<5 mm). The fre-
quencies used for DBD generation and sustainability
typically are in the range 50 Hz to 300 kHz. The am-
plitude of the ac voltage applied to electrodes is 5—15 kV.

Owing to their hardware simplicity and reliability,
DBD plasma sources have found wide application in
the synthesis of materials. The variety of the designs of
DBD reactors is explained by the diversity of tasks to
be solved and materials to be synthesized, including
not only thin films but also nanostructured materials
[65, 89, 90].

Nozaki et al. [91, 92] reported attempted synthesis
of carbon nanotubes (a promising material for field-
emission cathode applications) in the reaction chamber
with a plane parallel electrode system (Fig. 1a). In this
case, the dielectric barrier for a hot (maximum
temperature 700°C), lower electrode was an alumina
ceramic plate 1 mm in thickness. The upper electrode
worked as a gas distributor (helium, hydrogen, and
methane) fed at the rates 0.9 L/min, 100 mL/min, and
10 mL/min, respectively. The width of the discharge gap
was 4 mm, and the applied frequency was 10-100 kHz.

However, the authors of the cited work failed to
synthesize vertically aligned carbon nanotubes at such an
electrode configuration. With both positive and negative
voltages, the synthesis led to a carbon material containing
a small amount of nanotubes and a soot-like carbon.

Kyung and co-workers [93, 94] achieved deposition
of carbon nanotube arrays, employing the upper
electrode with a more complicated design (Fig. 1b). A
characteristic feature of this design was that the
dielectric barrier at the upper electrode (a ceramic plate
10 mm in thickness) were perforated (hole diameter
1 mm). Such design allows high-density plasma
channels to form in the holes through which the gases
mixture are fed in. The dielectric barrier at the lower
electrode was a quartz plate 3 mm in thickness. Carbon
nanotubes were synthesized at deposition temperatures
of 400°C. The discharge gap was 5 mm. The applied
voltage had a frequency of 20—100 kHz and an amplitude
of 3 kV. The gas mixture consisted of acetylene
(90 mL/min) and ammonia (60 mL/min), and the plasma-
forming gas was helium (6 L/min). Under optimal
synthesis conditions, arrays of vertically aligned but
bended carbon nanotubes up to 2 um in length and 20—
50 nm in average diameter formed. However, during
the synthesis a thick carbon layer was formed on top of
array led to termination of CNT growth, the reasons
for which have not been explored, unfortunately.

Another original task solved using DBD plasma, is
depositing coatings on nanoparticles. Lei et al. [95]
described successful deposition of a protective film of
hydrogenated carbon on 10-100-nm copper nano-
particles by using the DBD plasma technology. The
nanoparticle synthesis and their coating were
performed in a two-zone reactor. Copper nanoparticles
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were synthesized by sputtering a copper wire in an
inductively coupled plasma (ICP) at atmospheric
pressure. The synthesized particles were transported
with an argon carrier gas flow to the other reactor
zone, where the gas mixture of methane and hydrogen
(working gases to form the carbon coating) was
supplied. The DBD plasma was generated in a reactor
with a coaxial electrode configuration (Fig. 1d). The
width of the discharge gap was 8 mm at the channel
length of 30 cm. Alternating voltage (amplitude 15 kV,
frequency 20 kHz) was applied to the high-frequency
electrode. The gas flow rates were as follows: argon
5 L/min, hydrogen 2 L/min, and 1 L/min. The thickness
of the deposited hydrogenated carbon film was 10—
20 nm. Fourier transform IR spectroscopy gave evidence
showing that the resulting fims are polymers and
contain CH, CH,, and CHj functional groups. Such
coating prevents oxidation of the nanoparticles on their
contact with air (metal nanoparticles are highly
sensitive to oxidation, which creates problems with
their synthesis).

One more nontrivial task which can be solved with
the use of DBD reactors with a coaxial electrode
configuration is depositing coatings on cylindrical
objects. Prat et al. [96] reported the deposition of
fluorocarbon polymers on glass tubes. The electrodes
were two isolated copper strips wound on the external
side of the tube reactor. High voltage (5 kV, 20 kHz)
was applied on one of the electrodes, and the other
electrode was grounded. The reagents were tetrafluoro-
ethylene and hexafluoropropylene. According to IR
and X-ray fluorescence spectral data, the chemical
composition of the synthesized polymer was close to
that of poly(tetrafluoroethylene). Under optimal
conditions (tetrafluoroethylene and helium flow rates
2.5 mL/min, helium flow rate 0.6 L/min), the deposi-
tion rate was 50 nm/min.

Along the specific tasks of nano-object coating and
deposition of uniform layer into trenches or pores as
objects with a complicated shape, there is a need to
deposit thin films with a uniform composition and
thickness onto planar objects with a large surface area.
Such tasks can be solved to success by means of the
DBD plasma exited in reactors with a plane parallel
electrode configuration. Goossens et al. [97] obtained
polymeric coatings from the gas mixture with ethylene
with the discharge initiated between two disk
aluminum electrodes (Fig. 1b) coated with an alumina
film (alternating voltage amplitude 20 kV, frequencies
1 and 4 kHz). Films were deposited onto different
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substrates mounted on the grounded electrode. The
plasma-forming gas was helium or argon with a total
flow rate of 1-20 L/min. Ethylene (the reagent gas)
was supplied with a 20-fold dilution. As shown, the
polymers synthesized in a helium plasma form low-
density colored viscous coatings, whereas those
synthesized in an argon plasma form transparent, hard,
and well adhesive coatings. The deposition rates were
100 nm/min with helium and 20 nm/min with argon.
The composition of the resulting polymer depends on
the type of the substrate, but the product was always
structurally similar to polyethylene. Other applications
of the barrier discharge for polymer coating deposition
are given in [98—101].

Along with polymer deposition, atmospheric
pressure DBD can be used for activation of chemical
vapor deposition of various inorganic materials.

Davis et al. [102] studied titanium dioxide film
deposition in a horizontal tube reactor with two plane
parallel electrodes isolated with quartz plates. The
discharge was sustained by applying alternating
voltage (frequency 33 kHz, amplitude 10 kV) to the
high-voltage electrode. The plasma-forming gas was
helium (3 L/min). The reagents were oxygen (5 mL/min)
and titanium tetrachloride carried by helium (0.5 L/min).
Titanium dioxide films were deposited on cold
substrates at a rate of 70 nm/min. The films had a a
granular structure (grain size 50-300 nm).

Rymuza et al. [103] synthesized silicon nitride
films in a deposition setup with plane parallel
electrodes. High voltage (12.5-15 kV, 5 kHz) was
applied to the external electrode. The electrode gap
width was 1-2 mm. The lower, grounded electrode was
heated. The deposition temperature was 300—400°C. The
total gas flow was 150 mL/min. The reagent was hexa-
methyldisilazane whose vapor was carried (0.0045%)
from the external chamber by nitrogen. The deposition
rate was 5—10 nm/min. The IR and X-ray fluorescence
spectral data showed that the resulting film consists of
hydrogenated silicon nitride, sometimes with an
oxygen contamination. Atomic force microscopy
revealed a smooth film with the maximum roughness
height ~11 nm.

In view of the high deposition rates, DBD plasma
can be used for continuous film deposition, for
instance, onto a moving tape [100, 104]. O’Neill et al.
[100] obtained silicon diioxide films in a reactor with
plane parallel electrode configuration (50 x 10 cm). A
voltage of 8 kV (frequency 30 kHz) was applied to the
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Fig. 2. Schematics of corona discharge chambers with
(a) one needle electrode and (b) several electrodes.

high-voltage electrode. The plasma-forming helium
gas flow rate was 15 L/min, the oxygen flow rate was
100 mL/min, and the flow rate of the organosilicon
reagent was 10-12.5 mL/min. Films were deposited
onto substrates moving at a rate of 4 m/min. It was
shown that continuous films formed from poly(di-
methylsiloxane, the use of tetracthoxysilane and
octamethylcyclotetrasiloxane as precursors gave films
and a small amount of powder, whereas with the usage
of tetramethylcyclotetrasiloxane and tetramethyldi-
siloxane, much nanopowder resulted. According to X-
ray fluorescence spectral data, the film composition
was close to SiOy .

Review of the synthesis possibility of various
materials in atmospheric pressure DBD showed that
this type of discharge allows decreasing the deposition
temperature. Thus, for example, carbon nanotubes
were synthesized at 400—700°C, whereas in the case of
heat-enhanced chemical vapor deposition, heating
wafers to 650—1050°C is required. Oxide and nitride
film deposition occurs at much lower temperatures
(300—400°C) and sometimes at room temperatures.
This method of the synthesis of polymer coatings at
room temperature holds promise for large-scale com-
mercialization. The high film growth rates reached in
certain processes (up to 200 nm/min) provide evidence
for the practical perspective of such technologies.

However, this method is not free of certain
disadvantages. A uniform atmospheric pressure DBD
is not always possible to initiate and sustain, and this
may result in a nonuniform film thickness across the
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substrate surface. Furthermore, the fact that substrates
are located directly in the discharge region may, in
view of the small electrode gap, leads to defect
formation in the growing film due to bombardment by
high-energy plasma speciees.

Application of the Corona Discharge
in the Plasmachemical Synthesis of Nanomaterials

Atmospheric pressure plasma-enhanced chemical
vapor deposition (AP-PECVD) of various materials
with the use of corona discharge has found fairly wide
application [18, 27, 104-108].

Reactors designed for this technology contain at
least one needle electrode (Fig. 2a) or a comb with
several needle electrodes (Fig. 2b) [108].

The authors of [18, 27, 104] described a simply
designed electrode system comprising a needle
electrode located axially to a vertical reactor and a
plane, grounded electrode located perpendicularly to
the reactor axis; high voltage (2.8-8 kV, 25-50 kHz)
was applied to the upper electrode. This reactor was
used to synthesize carbon nanotubes at room tem-
perature (reagent gases hydrogen and methane, total
flow rate 22 mL/min) [104].

To improve the uniformity and homogeneity of
deposited films, Thyen et al. [107] proposed a
modernized upper electrode constructed of four needle
electrodes each embedded in an alumina tube which
plays the role of a dielectric barrier. The lower electrode
is made from aluminum coated with polytetrafluoro-
ethylene. High voltage is applied to the needle electrodes
(1020 kV, frequency 20-50 kHz), and the lower elec-
trode is grounded. The process gases are supplied through
gas showers, each placed between two needle electrodes.

The described reactor was used to deposit nonstoi-
chiometric silicon dioxide films from tetramethylsilane or
tetraethoxysilane and oxygen. The plasma-forming gases
were argon and nitrogen. The highest apparent deposition
rate was 500 nm/min. However, at such high rates
homogeneous powder formation took place, and, the
resulting films were loose and had poor mechanical
characteristics. Smooth and hard films were obtained
at deposition rates not higher than 100 nm/min. The
O/Si ratios in the films varied from 2.2 to 2.5, and their
hydrogen contents ranged from 20 to 29 at %. The
same reactor was also used to synthesize hydrogenated
carbon films from hydrocarbons (CH,4, C,H,, etc.).

A principal possibility to synthesize nanocarbon
films using dc corona discharge, even though such
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(4) cold base plate; and (5) wafer [119].

discharges are fairly seldom used for activation of
chemical processes, was demonstrated in [109] and
[110]. The design of the reactor used in these works is
similar to that in Fig. 1a. High voltage (up to 10 kV) is
applied to a needle electrode, the second, plane
electrode is grounded, and the electrode gap is 10 mm.
Discharge initiated at voltages not lower than 3.3 kV.
The reactor is heated with a resistance oven, the
maximum temperature is 700°C. The reagents are
ethanol or hexane and hydrogen. The resulting layers
were structures comprising a flaky carbon. The Raman
spectra showed that they might contained nanotubes and
graphene layers.

Corona discharge can be successfully used for the
synthesis of nano-objects (carbon nanotubes, flaky
carbon, silicon dioxide layers, etc.) at room tempera-
tures. The disadvantage of this technique consists in
spatial nonuniformity of the discharge, which leads to
nonuniformity of the resulting coatings, as well as their
nonstoichometric composition. The reproducibility of
the composition and properties of the deposited films
is unsatisfactory, because corona discharge is difficult
to control.

Application of Radiofrequency Discharges
in the Plasmachemical Synthesis of Nanomaterials

Over the past decade radiofrequency (RF)
discharges have received wide recognition in plasma-
enhanced deposition technologies. Syntheses can be
performed in reactors with a plane parallel electrode
configuration. Substrates may be placed both directly in
the plasma region [93, 111] and beyond this region (so-
called remote plasma processes) [112—118]. Certain tasks
seem to be better solved in reactors with coaxial
electrodes [119].

In [119] we used a reactor with remote low-
temperature plasma generated with a system of coaxial
electrodes (Fig. 3) to synthesize iron-containing nano-
particles [119]. The applied power was varied in the
range 0-100 W, voltage frequency 13.56 MHz,
plasma-forming gas (helium), flow rate 2-2.4 L/min.
The reagent iron pentacarbonyl, its vapor was
transferred to the reactor by a carrier gas (helium) fed
with the flow rate 0—30 mL/min.

Dependences of certain RF discharge character-
istics on process parameters (in particular, discharge

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 85 No. 5 2015
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Fig. 4. Microscopic images of nanoparticles synthesized in reactors with (a) coaxial (power 65 W) [118, 120] and (b) plane parallel
electrodes [119, 120]. The fractal dimentions of the structures in the images are close to 1.7.

power supply) were studied. Its voltage—current
characteristic was obtained and conditions of its
existence in the o- and y-modes were determined. It
was shown that at low applied voltages the a-mode is
realized, at which the current is formed by avalanche
multiplication of carriers. Once the voltage (i.e.
absorbed power in the discharge) has increased above
a certain threshold value, the discharge current jumps
upwards abruptly and transition to a y-mode discharge
is observed. This transition is accompanied by sheath
breakdown and initiation of a more efficient
mechanism of carrier multiplication, specifically,
secondary ion—electron emission, as evidenced by the
dependences of internal electrode temperature and
integral plasma radiation intensity power absorbed in
the discharge. Thus, beginning with the absorbed
power of about 30 W, a sharp rise of the central
electrode temperature took place, whereas the visible
and UV radiation intensity rose only slightly.

The described technique was used to synthesize
iron-containing nanoparticles with the characteristic
sizes ranging from 5 to 80 nm (irrespective of the
discharge mode), which formed complex agglomerates
(Fig. 4a). The average size of the nanoparticles
decreased with increasing partial pressure of the reagent
(in the a-mode). The rate of nanoparticle formation in
the y-mode was 1.3 x 102 mg h™' cm™ and was about
double that observed in the a-mode (1.2 x 10° mgh™ cm ™).
The experiments in [119] gave evidence to a non-
unifom distribution of electric field between coaxial
electrodes and the resulting fast development of
discharge instability.

A more stable RF discharge (13.56 MHz) could be
obtained in a system with plane parallel electrodes

(Fig. 3b) [117] made from metal meshes or perforated
and then anodized aluminum disks. The absorbed
power was varied from 1-40 W. This system was
tested for the synthesis of silicon dioxide nanoparticles
from tetracthoxysilane (TEOS). The gas mixture was
supplied from the top to a quartz reactor (diameter
20 mm) directly to the discharge zone. The plasma-
forming gas (helium) flow rate was varied in the range
100450 mL/min, and the flow rate of the carrier gas
supplied through the evaporator was varied from 50 to
200 mL/min. The synthesized particles were deposited
onto different substrates at room or liquid nitrogen
temperature. Scanning electron microscopy showed that
the product consisted of 8—16-nm particles. These
particles formed fractal structures on the surface
(Fig. 4b). Analysis of the correlation between the
morphology of the coating with the deposition process
parameters and plasma characteristics showed that
surface diffusion processes are much affected by the
charge of the synthesized nanoparticles [118].

Low-temperature atmospheric pressure RF plasma
was used to success in the synthesis of dense films of
various materials.

The authors of [112-116] used a deposition set-up
in which remote RF plasma was generated between
perforated plane parallel electrodes. The characteristic
feature of the set-up was that the gas mixture could be
introduced both directly to the discharge and to the
afterglow zone. This set-up was used to synthesize
diamond-like films, silicon oxides and nitrides, zinc
oxide, and amorphous silicon.

Diamond-like films were synthesized by directly
delivering the reaction gas mixture to the RF plasma
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zone (27.12 MHz, 160 W) [112]. The plasma-forming
gas was helium (30 L/min), and the reagent gases were
hydrogen (0.5 L/min) and acetylene (50—100 mL/min).
The substrate temperature was varied from 100 to 400°C.
The deposition rate decreased from 0.3 to 0.7 pm/min
as the substrate temperature increased from 100 to
400°C. The deposited films comprised sp® and sp’
carbons.

Films of other materials were conveniently
synthesized when the plasma-forming gas and reagents
were supplied separately. Thus, in the synthesis of zinc
oxide [113] helium (plasma-forming gas) was fed
(30 L/min) to the discharge zone, while carbon
monoxide or oxygen (44 mL/min) and diethylzinc (20—
70 mTorr), to the afterglow zone. At the maximum
partial pressure of the reagent (70 mTorr), the growth
rate of zinc oxide particles was 120 nm/min at the
substrate temperature 100°C. It was shown that in the
absence of plasma activation the particle growth rate in
the same conditions was about half as low.

The same deposition setup was used to synthesize
silicon nitride films [114]. Helium and nitrogen were
fed to the discharge zone (13.56 MHz, 50-62 W) and
silane, to the afterglow zone. The deposition rate
increased from 9 to 130 nm/min as the substrate
temperature was increased from 100 to 500°C.
Changing the N,/SiH, ratio from 55 to 5.5 resulted in
that the compositions of the resulting films were
different from stoichiometric (from SiNj 45 to SiNj»,).
The lowest contents of the carbon (0.04%), oxygen
(3.6%), and hydrogen (13.6%) impurities were
obtained at the deposition temperature 500°C and the
Nz/SlH4 ratio 22.

Hydrogenated silicon films were synthesized under
the same conditions but with a mixture of silane and
hydrogen [116]. The helium and hydrogen flow rates
were 40 L/min and 0-920 mL/min, respectively. The
highest film growth rate of 12 nm/min was reached at
the deposition rate of 450°C and the hydrogen, silane,
and helium partial pressures of 6.3, 0.3, and 778 Torr,
respectively. The deposition rate increased with in-
creasing reagent partial pressures and exponentially
decreased with increasing electrode—substrate holder
distance. The hydrogen content of the resulting films
was 2.5— 8 at %.

Nowling et al. [115] demonstrated the possibility of
depositing glassy silicon dioxide films from organo-
silicon reagents and oxygen. Helium (30.6 L/min) and
oxygen (2%) were fed directly to the RF plasma zone
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(27.12 MHz, 100 W) and the reagent (partial pressure
1-1000 mTorr), to the afterglow zone. Hexamethyl-
disilazane, hexamethyldisiloxane, tetramethyldisiloxane,
tetramethylcyclotetrasiloxane, and tetraethoxysilane
were tested as reagents. The highest deposition rate of
910 nm/min was observed with tetramethyldisioxane
(100 mTorr), but such films had the highest contents of
hydroxy groups (by IR spectroscopy). With the other
reagents, the growth rates were 15-250 nm/min and
increased as their partial pressures increased. The
lowest contents of impurities (OH and CH,) were
observed with hexamethyldisilazane.

Comparison of the results obtained in the two last-
mentioned groups of works on the atmospheric
pressure RF plasma enhanced synthesis of
nanoparticles and solid films shows that nanoparticles
are formed at relatively low flow rates of working
gases and dense solid films are formed at orders-of-
magnitude higher gas flow rates.

A more stable discharge and denser plasma can be
obtained using higher voltages with higher frequen-
cies. Such highly stabilized discharges have made
possible epitaxial growth of semiconductor films.
Kirihata et al. [120] synthesized silicon and boron-
doped silicon epitaxial films in a system constructed of
plane parallel electrode with a porous carbon upper
electrode. The gas mixture comprising helium (50 L/min),
hydrogen (35 mL/min), silane (35 mL/min), and
diborane (0.01-20 mL/min) was fed from the porous
carbon. Plasma was initiated and sustained in the
discharge gap of 0.8 mm, high voltage (1.2 kV,
frequency 150 MHz) was applied to the upper electrode.

A system with a high-speed rotating upper
electrode was tested [121]. The substrate temperature
in all experiments was 470-700°C, which is much
lower compared to the temperatures characteristic of
thermally activated chemical vapor deposition (CVD)
of silicon particles (950—1250°C). The highest particle
growth rates reached with this technique were 6.6 pm/min
at 690°C and 1.2 um/min at 610°C, which is several
times faster than in the CVD process (0.2—0.3 pm/min).

The resulting data allow us to conclude that the
high-frequency RF discharge technology holds much
promise for high-speed deposition of various coatings,
including epitaxial films, onto moving substrates.

Atmospheric pressure RF discharges can be used to
prepare carbon nanotube arrays. Comparison of the
results of synthesis of carbon nanotubes in atmospheric
pressure DBD and RF (13.56 MHz) plasmas [91, 111]
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showed that in the first case no carbon nanotube arrays
formed, while in the second case at the same
temperature (700°C) quality arrays of vertically aligned
carbon nanotubes could be obtained. Moreover,
according to [111], atmospheric pressure RF plasma
has symmetric regions of a cathodic ion sheath and a
dark space.

Other examples of application of RF discharges in
the synthesis of various materials can be found in
[122-126].

Thus, the use of RF plasma allows much lower
deposition temperatures and high-speed deposition.
Moreover, RF discharge makes it possible to generate
plasma at a distance from the substrate and to perform
selective reagent activation. The latter seems especially
important because to generate plasma in the immediate
vicinity of the substrate is undesirable in most
processes because ions bombard the surface of the
substrate and the growing film, thus producing defects
in the resulting material.

Application of Microwave Discharges
in Plasmachemical Synthesis

Microwave (MW) discharges were used to success
in plasma-assisted deposition of various materials at
atmospheric pressure.

Brown et al. [127] described a system for con-
tinuous deposition of silicon films (50-400 nm) on
carbon fibers. A quartz T-shaped reactor with a top
sleeve for continuously feeding carbon fiber and a
perpedicular sleeve for connecting a waveguid for MW
power (power 2 kW, frequency 2.45 GHz). Nitrogen
was supplied to the plasma region, and the reagent was
fed to a region remote from the plasma region.

Cardoso et al. [128] reported silica film deposition
using remote MW plasma. Discharge was generated in
a quartz tube (diameter 27 mm) embedded into a
waveguide. The absorbed power (frequency 2.45 GHz)
was 435 W. Discharge was initiated in an Ar/O,
mixture. The reagent (hexamethyldisiloxane) was fed
directly to the substrate surface through an alumina
needle. The substrate (diameter 30 mm) was placed
7.6 cm apart from the resonator and perpendicularly to
the gas flow.

Research on the effect of the substrate temperature
on the film thickness uniformity showed that
increasing temperature decreases the characteristic
reaction time between the reagent and active plasma
species. As a result, the maximum film thickness shifts
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toward the needle, i.e. to the region corresponding to
shorter times of contact between hexamethyldisiloxane
and active plasma components.

Other applications of MW plasma in the synthesis
of films of various materials are described in [129, 130].

CONCLUSIONS

The present review on the use of low-temperature
plasma initiated by electric discharges in gases at
atmospheric pressure for activation of various
syntheses provides evidence showing that plasma-
chemical technologies hold much promise and are
attractive for commercialization on an industrial scale.
Such processes offer the advantages of a fairly low
cost of equipment and a high efficiency of techno-
logies due to, among other things, higher partial
pressures of reagents compared to those applied in
plasmachemical processes at low pressures.

The considered types of discharges can be used to
success in the plasmachemical synthesis of powders,
films, and coatings. Of undeniable interest is the applica-
tion of low-temperature plasma for plasmachemical
etching, synthesis of nanomaterials (nanoparticles,
carbon nanostructures, etc.) and polymers, epitaxial
film growing, waste treatment, etc.
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