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This study is a review of plasma enhanced chemical vapor deposition (PECVD) at atmospheric pressure.
Sources for coatings over large area are presented. Millimetric torches and microplasmas are next studied
for localized PECVD. A specific attention is paid to the way power is dissipated and the consequences it
has on the deposition rate and on quality of thin films.
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1. Introduction

Thermally assisted deposition at atmospheric pressure
has been studied intensively during the 1970s and 1980s
where there was an urgent need to deposit epi-silicon
(Ref 1-7). Many basic works (Ref 8-13) showed the
importance of controlling the gas hydrodynamics whose
complexity, especially in terms of instability (Ref 12, 13),
required strong numerical efforts to be accurately
described by computational fluid dynamics. Special efforts
were also carried out to determine the reaction mecha-
nisms at the origin of thin film deposition (Ref 14-16).

Resorting to nonequilibrium media like those com-
monly produced by plasma assistance offers several
advantages among which one finds two important features:
first, the possibility to deposit thin films down to room
temperature (Ref 17); second—and this aspect has
recently been emphasized (Ref 18-21)—the possibility to
nanostructure surfaces by submitting a surface to
extremely nonequilibrium media. What is meant here by
‘‘extremely’’ nonequilibrium is a huge difference in the
characteristic plasma temperatures and steep gradients in
temperature and density. This scope has been found out
only recently, likely because remote plasmas, rather than
direct plasma processes, have been more specifically
studied (Ref 22-26). The spatial separation between the
discharge generation region and the deposition area, thus
reducing the possibility of bombardment of the growing
film by plasma species provides a better control of the
layer growth (Ref 27). Generally, the less stable com-
pounds are introduced downstream from the discharge,

what simplifies considerably the chemical pathways,
leading to less interdependence of process parameters
(Ref 22).

When pressure is raised up to one atmosphere, other
basic difficulties arise together with technological draw-
backs due to the choice of handling large plasmas or
sets of individual sources. Atmospheric pressure plasma
enhanced chemical vapor deposition AP-PECVD has the
following liabilities:

– laminar diffusion is extremely limited,

– chemical pathways are totally unexplored,

– cluster and powder formation only starts being studied
(Ref 28-32).

Technologically:

– powder synthesis is the major difficulty to cope with
(Ref 33),

– gas contamination is extremely easy on industrial pro-
cess lines, due to the greater gas density and residence
times. Construction of reactor chamber is sometimes
required, eliminating many of the purported advantages
of AP-CVD (Ref 34),

– large plasma sources like DBD require elevated power
supplies and arcing may occur, large dielectrics and
accurate inter-electrode spacing (Ref 35),

– juxtaposition of individual sources over large surfaces
creates overlapping areas which have to be managed to
achieve satisfying homogeneity in thickness of the
deposited layers (Ref 36).

On the one hand, the following advantages are
sought:

– extremely fast deposition rates, compliant with contin-
uous flow processes operated at high speed (Ref 22, 23),

– no vacuum system, making them relatively low cost and
easy to implement on already existing production lines,

– high versatility of plasma sources that can be utilized to
clean surface prior to deposition (Ref 37),

– amazing capabilities to grow patterned or nano-
structured surfaces (Ref 38).
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The advent of microplasmas over the last 10 years
made also ‘‘localized’’ deposition possible (Ref 39-45).
Deposition, as usually understood in CVD, normally
produces thin films in two dimensions, the third one being
their thickness which is very much smaller. It becomes
localized when the dimensionality of the deposited coating
is zero dimensional, i.e., a dot on the surface of a substrate
(Ref 46-48). Reducing dimensions led to micro-CVD, i.e.,
deposition area below 1 mm2. By moving the plasma
source, threads and more complicated objects can be built.
Up to now, the characteristic dimensions of microplasmas
remain above a few tens of micrometers (Ref 40-45,
49, 50).

We review the most important results obtained in the
field of nonequilibrium atmospheric plasma deposition.
The specific case of carbon nanotubes will not be included
in this study, a review being already available on this topic
(Ref 51). The outline of the study is as follows. In a first
step, we shall describe the influence of the choice of a
plasma source on deposition. In a second step, we shall
show the influence of reducing the size of the plasma
source on deposition.

2. Influence of Plasma Sources
on Deposition

Because it seems rather simple to scale-up AP-PECVD
on roll-to-roll processes, there is a strong industrial
demand to bring to flat products new surface functionalities.
One practical aspect deals with the distance between the
plasma and the substrate to be treated. The closest is
usually the best, limiting residence time and then, powder
synthesis and depletion of active species. This distance
must not be much higher than 10 mm. If the oscillation of
the substrate on the line cannot be suppressed by
stretchers, like in the case of thick metallic foils, the var-
iation of the plasma-substrate distance may be detrimental
to the coating quality. In dielectric barrier discharges, this
distance is simply the inter-electrode gap distance. This
kind of low temperature source is particularly adapted to
the treatment of thin foils of polymers (Ref 22), although
the filamentary structure of these plasmas may cause
surface damages. Alternatives were proposed to circum-
vent this difficulty like direct (Ref 52) or remote DBD
(Ref 22). Up to now, deposition rates with DBD sources
remain relatively low (typically below 10 lm/h). It is
basically due to the low power densities usually dissipated
in these sources (~a few W/cm3). It is also a condition to
fulfil to keep a low temperature of the neutral species.
Increasing the power densities* up to several tens of
W/cm2 enables higher deposition rates (typically below
300 lm/h, Ref 23). Arcs and microwave plasmas are the

most widely used sources to work at high power densities.
Example of these low (typically below 10 W per cm2 of
coated area) and high (typically above 10 W per cm2 of
coated area) power sources is depicted in Fig. 1.

2.1 Low Power Sources

Dielectric Barrier Discharges are interesting sources to
coat substrates at atmospheric pressure, since they are
relatively simple to build and to scale up. In Table 1, we
list a set of works (Ref 53-72) showing the various possi-
bilities investigated to deposit thin films by low power
sources. The common operational mode of atmospheric
pressure DBD is filamentary (Ref 54, 57-67, 71), resulting
in strong spatial nonuniformity of plasma chemistry that
can alter the quality of the films. On the contrary, glow
DBD modes (Ref 53, 55, 56, 68-70, 72), sometimes,
referred to as low current atmospheric pressure
Townsend-like discharge or high current atmospheric
pressure glow-like discharge, are expected to give high
quality films. This uniform mode of DBD is observed for a
very restricted set of parameters such as gas mixture,
dissipated power, operational frequency, etc. Conse-
quently, the introduction of a large amount of precursor,
e.g., to increase deposition rate, affects the stability of the
discharge and turns it into a filamentary one.

From Table 1, we notice several important aspects:

– glow mode leads to higher deposition rates at similar
powers per coated area unit,

– deposited power per coated area unit remains small
(below 10 W/cm2),

– deposition rates are always below 10 lm/h in filamen-
tary mode,

– deposition rates in glow mode are usually higher and
can reach, at least in one case (Ref 55, 56), extremely
high values (several mm/h).

In Fig. 2, the deposition rate is plotted as a function of
the power per coated area unit for examples given in
Table 1. We clearly observe that there is no straight cor-
relation between these parameters in the case of fila-
mentary discharges. It would also be easy to show that
deposition rate and power per plasma volume are not
correlated neither. On the contrary, such a correlation
seems (because the number of points is restricted) to be
valid in the case of glow discharges. Rigorously, the
dependence on the partial pressures of active species
should also be taken into account, except if surface pro-
cesses are limiting. Since temperatures are close to room
temperature in each case, this dependence may become
negligible due to fast transport processes in the gas phase
(see for instance Ref 61). Precursors being very different
in this set of experiments, this linear dependence would
result, for instance, from desorption of similar by-products
like carbonaceous species.

Therefore, we can assume that one of the main differ-
ence between filamentary and glow discharge is the
transport of species to the substrate, although no formal
evidence can be provided. However, some elements

*We choose to present results in terms of power dissipated to coat
an area unit. This concept is more adapted to the present purpose
than the power dissipated by plasma volume unit, more generally
encountered. When it is divided by the deposition rate, it gives the
energy needed to coat a substrate per volume area of deposited
coating.
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support this assertion. For instance, Premkumar et al.
(Ref 72) succeeded recently in depositing films with a
roughness comparable to initial substrate roughness, as in
an epitaxial growth. According to these authors, the uni-
form film deposition would be due to the plasma unifor-
mity at the time scale defined by the time it takes for
radicals produced in the gaseous gap to diffuse to the
substrate surface. If this step would be limiting, the
roughness would change versus the distance in the flow
direction due to the depletion of active species, the con-
sequent decrease in the strength of the diffusion flux, and
the increase in the time scale. Now, if we rather assume
that desorption is limiting, we can expect to keep the same
surface roughness as long as the depletion of the precursor
in the gas phase does not affect radical adsorption, i.e., as
long as active species are sufficiently concentrated to sat-
urate the surface.

In Table 1, we notice that the group of Osaka (Ref 55,
56) obtained deposition rates two orders of magnitude
higher than those of all other groups. These authors sug-
gest that the conditions to fulfil to get high deposition
rates are the following ones:

– cool the electrode surface sufficiently, so that a high
power can be supplied without thermal damage of the
electrode, improving remarkably deposition rate and
homogeneity of the films,

– use high flow rates of carrier gas to remove easily par-
ticles generated in the plasma area.

According to Fig. 2, it seems highly probable that their
arguments are right.

Resorting to high gas flow rates must present the
main advantage to extend the distance needed to
establish a parabolic velocity profile and to shift any
limitation by diffusion transport. It happens in the work
performed by Premkumar et al. (Ref 72), letting us
assume that desorption is most often limiting, as already
known in thermal CVD processes at atmospheric pres-
sure (Ref 16). Indeed, the length required to establish a
parabolic velocity profile is Le � 0:06Re� d where Re is
the Reynolds number and d the inter-electrode gap. In
the case of Ref 72, we find that this length is roughly
equal to the length of the DBD. Of course, these
assumptions are still to be confirmed, but we have to be
very careful at specific effects due to characteristic
entrance lengths.

DBD-assisted CVD is mainly used industrially to
coat polymers and fabrics, i.e., thermally sensitive
materials. Some systems are already used in glass
and steel manufacturing. It starts being used commer-
cially in wood industries to ensure protection against
mushrooms.

Fig. 1 Example of atmospheric pressure PECVD processes. Up: large plasma sources. (a) Conventional DBD (e.g., Ref. 53),
(b) Remote DBD (e.g., Ref 22), and (c) Linear extended DC ArcJet (e.g., Ref 23). Down: individual plasma sources. (d) Microwave
remote plasma with slot antenna (e.g., Ref 24) and (e) Remote resonant cavity plasma (e.g., Ref 26)
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2.2 High Power Sources

Examples of PECVD works performed with high
power sources are shown in Table 2 (Ref 23, 26, 73, 74).

Higher injected powers enable high deposition rates. Most
of the plasmas are excited by microwave. They are oper-
ated in the remote mode to preserve the integrity of the
substrate. In this case, CFD codes like Fluent or Comsol
are useful to predict at least the flow patterns and to
design nozzles that are usually required for an efficient
distribution of active species on the surface. The price to
pay is a high gas temperature (~1000 K) and an increase in
the gas flow rates to control a higher reactivity. Although
several efforts have been done to optimize the design of
the nozzle, similar injector shapes were proposed (Fig. 3).

The quality of the coatings, in terms of physical or
chemical properties, is generally dependent on the depo-
sition rate. The lowest rates lead to thin films with similar
properties to those of bulk materials. Desorption of
by-products can only be enhanced by a high surface
temperature, what is generally incompatible with substrate
flowing at high speed under the plasma sources.
Depending on industries, process line speed varies from 1
to 100 m/min. Ideally, it should be set to determine the
temperature deposition, but such an adjustment is seldom
possible. Therefore, it seems difficult to achieve deposition
of high quality coatings on cold substrates in continuous
flow processes without additional heaters (Ref 54).

Fig. 2 Maximum deposition rates in studies listed in Table 1
and 2 as a function of the power per coated area unit

Table 2 List of works performed with high power (>10 W/cm2) plasma sources for large deposition

Plasma Precursor
Pprec/Ptot,

ppm

React.
gas (% total

flow rate)
Flow rate,

slm
Temp.,

�C
Power and

(P/coated area) vd
max, lm/h References

Remote lwave TEOS 500 O2 or N2 (30%) 20-50 (Ar) 150 2-15 kW (35-75 W/cm2) 54 23
Remote lwave HMDSO 790 O2 (7%) 70 (Ar) 150-500 0.6-1 kW (5-7.5 W/cm2) 150 26
Linear arc-jet TEOS 50 O2 or N2 (14%) 10-150 (Ar) ~400 4-30 kW (40-90 W/cm2) 180 73
Remote lwave HMDSO 60 None 1-10 (N2) Room temp. 2 kW (44 W/cm2) 24 (estimated) 74

Fig. 3 Example of CFD models of nozzles used in Ref 23 (a) and Ref 26 (b)
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Most of thin films deposited by PECVD at atmospheric
pressure are silica-like coatings. They are deposited from
HMDSO (Hexamethyldisiloxane—(CH3)3-Si-O-Si-(CH3)3)
and TEOS (TetraEthylOrthoSilicate—Si(OC2H5)4) as
shown in Table 2. These precursors have ligands contain-
ing carbon that has to be removed to get ceramic-like
coating. This can be done by ensuring a large amount of
atomic oxygen with regards to the precursor. This is
achieved either by increasing the power, at least to a cer-
tain extent, or by reducing the precursor partial pressure,
what decreases the deposition rate. We can also modify the
surface temperature.

We show in Fig. 4 an example of thin films deposited at
increasing deposition temperature for identical deposition
conditions (see Ref 26 for experimental details). We
notice that the deposition area drastically changes as
temperature rises. Surface reactivity becomes limited to
the very beginning of the mixing area between the remote
plasma and the precursor flow. Obviously, reactive species
no longer reach the surface of the substrate after this area.
They react in the gas phase to create powders that are
deposited mainly on the center on the substrate where the
gas velocity is the highest.

If we look at the Arrhenius plot given in Fig. 5, we
notice two regimes. The first one, at low temperature,
shows an almost constant deposition rate, corresponding
to situations where the surface heating does not affect
significantly homogeneous processes in the gas phase.

The second regime, at high temperature, has a positive
slope, exhibiting a behavior which is very similar to the
so-called feed-rate limiting step in thermal CVD (Ref 75).
Powders are created in the gas phase with larger amounts,
due to a higher reactivity caused by the surface tempera-
ture that affects the gas temperature. Powder synthesis

depletes the gas phase in reactive species beyond the
mixing area and limits deposition.

Simultaneously, we notice that the amount of carbon in
the coating strictly follows the surface temperature. This
result is very similar to that obtained by Hori et al.
(Ref 56) who need to heat the coated surface up to
about 473 K to significantly improve the quality of their
films. A limited surface heating is necessary to enhance
species desorption and removal of by-products. However,
such a high quality is not always necessary like in the
case of adhesion primers deposited from metalorganic
compounds.

Finally, confining the gas naturally occurs in dielectric
barrier discharges due to the coplanar arrangement of
these sources. In remote plasmas, such a confinement is

Fig. 4 Picture of coatings deposited at various temperature by chemical vapor deposition enhanced by a remote microwave resonant
cavity plasma (see Ref 26 for details). Experimental conditions. Substrate: 6 mm thick glass substrates coated by 3 nm thick TiO2 layer.
HMDSO flow rate: 10 g/h. Topped box. Plasma nozzle height: 2 mm. Plasma power: 800 W. HMDSO carrier gas: 20 slm Ar, plasma
mixture: 50 slm Ar and 5 slm O2, treatment time: 30 s, h-angle: 20�

Fig. 5 Arrhenius plot giving the deposition rate as a function of
inverse temperature for conditions given in Fig. 4
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not ensured a priori. In Fig. 6, we show the influence of
confining gases in the remote area by adding one centi-
meter above the substrate a plate that confines the pre-
cursor and the remote plasma flows in a small volume. We
notice that the deposition length and the deposition yield
are significantly increased. Confining the gas at this scale
does not increase the maximum static deposition rate but
ensure a better distribution of reactive species and a
higher deposition yield, what increases the dynamic
deposition rate.

Industrially, these systems are less common than the
DBD processes. They are used to produce for instance
anti-reflectance coatings on silicon solar wafers.

3. Influence of the Plasma Size
on Deposition

Apparently, reducing the size of the plasma sources
leads to extremely high deposition rates. We shall distin-
guish here between plasma jets or torches with millimetric
dimension and microplasma with micrometric dimension.
The main advantage of these processes, with regards to
those described in the previous section, is to localize the
deposition over a small area ranging from tens of

micrometers in diameter to tens of millimeters. Such
processes are particularly promising to treat complex 3D
objects by mounting the plasma source on a robot.

3.1 Millimetric Jets and Torches

Table 3 shows a list of works performed with milli-
metric jets and torches for PECVD at atmospheric pres-
sure (Ref 76-86). Historically, plasma micro-torches were
proposed with thermal plasmas (Ref 87-89) rather than
with nonequilibrium plasmas. Even though the plasma
characteristics are not similar, remote PECVD processes
are comparable. Indeed, we notice in Table 3 that almost
all processes are operated in the remote mode.

In Fig. 7, we show a set of devices reported in Table 3
and used as microjet or micro-torch to deposit thin films
locally at atmospheric pressure. Various excitation modes
are used (DC, RF, Microwaves) and several ways to
introduce the precursor possible. In Table 3, we observe
huge variation of deposition rates. Paradoxically, high
power per coated area unit does not always lead to high
velocity. In these high temperature plasmas, deposition
rates are not simply determined by the injected power.
One explanation proposed to justify the rate increase in
these highly powered sources is hydrodynamic. At suffi-
ciently high flow rates of plasma gases, the mixing of

Fig. 6 Influence of the gas confinement on the deposition rate. (a) With confinement. (b) Without confinement. Results obtained by
chemical vapor deposition enhanced by a remote microwave resonant cavity plasma (see Ref 26 for details). Experimental conditions.
Substrate: 6 mm thick glass substrates coated by 3 nm thick TiO2 layer. HMDSO flow rate: 40 g/h. Plasma nozzle height: 2 mm. Plasma
power: 1000 W. HMDSO carrier gas: 20 slm Ar, plasma mixture: 50 slm Ar and 5 slm O2, treatment time: 30 s, h-angle: 24.5�
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reactive species with precursor gases injected in post-
discharge is enhanced by a slight turbulent effect (Ref 90).
Limited laminar diffusion is compensated by turbulent
diffusion that ensures a good mixing of gases. Of course,
turbulence must not be too important to limit the devel-
opment of instabilities and large residence times that lead
to powder synthesis.

In Fig. 8, we show the evolution of the deposition rate
of thin films deposited by a remote micro-afterglow at
atmospheric pressure as a function of the precursor partial
pressure in a case where the deposition rate is relatively
high (up to 1260 lm/h) (Ref 45). The nonlinear behavior
indicates that an intermediary state is created from the
HMDSO precursor used in this case. This feature is
interesting because it shows that high deposition rate does
not necessarily mean a high sticking of the reactive species
on the surface and a poorly organized coating.

Consequently, one important aspect deals with the
injector of the precursor in the plasma. In Fig. 9, three
possibilities are depicted (after Ref 84). Configurations
(a) and (c) give deposition profile with Gaussian shape.
Configuration (b) may give a torus-like deposition profile,
the precursor remaining on the edge of the post-discharge.
In Fig. 9(d), we give an example of CFD calculation (after
Ref 91) showing the optimization of a flow pattern (con-
figuration shown in Fig. 7a). However, such an optimiza-
tion process is often quite difficult since nonlinear physical
phenomena like thermo-solutal convection have to be
included in the hydrodynamic model. This point is
extremely important in cases where the molecular masses

of the precursors are by far much higher than those
of the plasma gases (e.g., a mixture of HMDSO—M =
162.38 g/mol—with H2). Consequently, the same reason-
ing applies if we want this time to inert the reaction area
and to limit the influence of the ambient atmosphere on
the plasma and deposited film properties. If air is the
ambient atmosphere, nitrogen and oxygen might be

Fig. 7 Principle schematics of millimetric plasma torches used to deposit locally thin films at atmospheric pressure. (a) remote DBD
(Ref 76), (b) RF-plasma jet (Ref 80), (c) arc plasma jet (Ref 83-85), (d) DBD with liquid nebulizer (Ref 79), (e) TIA (Ref 81), (f) remote
microwave jet (Ref 44, 45), (g) aerosol assisted plasma jet (Ref 86)

Fig. 8 Evolution of the deposition rate as a function of the
HMDSO flow rate in CVD process enhanced by a micro-afterglow
(Ref 44, 45). Experimental conditions are as follows. Substrate:
316L stainless steel. Nozzle diameter: 400 lm. Nozzle-substrate
distance: 6 mm. Plasma power: 70 W. HMDSO carrier gas: 200
sccm Ar. Plasma gas mixture: 250 sccm Ar and 25 sccm O2
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admixed into the plasma and be incorporated into the film.
Most processes are inerted by curtains where high nitrogen
or argon flows create a protective atmosphere around the
jet, preventing the ambient air from reaching the plasma.

Contrary to what was described with DBD systems, in
torch-like processes, the gas flow impacts the substrate
perpendicularly. For a given flow rate, the distance
between the nozzle and the substrate defines the residence
time of species in the gas phase. As gas temperature is
usually very high (typically 1000 K) due to high powers,
deposition processes are basically transient, leading to
nonhomogeneous coating composition in depth. Further-
more, the plasma composition changing radially, the
coating composition varies also from the center outwards
(see Fig. 3 in Ref 80 or Fig. 4 in Ref 81), leading to high
stress levels (Ref 45).

The transient nature of these deposition processes may
lead to weird effect. For example, the heating of the
substrate by the plasma results in increasing the substrate
temperature as a function of the processing time, what

increases in return the gas temperature. This results in an
inverse Arrhenius behavior, decreasing the deposition rate
and increasing the rate of powder synthesis in the gas
phase (Ref 81).

We also notice in several works (Ref 79, 92, 93), the
possibility to resort to liquid precursors. The use of
metalorganic compounds is sometimes uneasy. The vapor
pressure above the liquid can be extremely low, requiring
high temperature to reach sufficiently high partial pres-
sures. Then, direct liquid injection is an interesting
alternative to this issue. In this case, liquid electro-spray
is preferentially used to create reactive smog of aerosol
that reacts chemically with direct or remote plasmas.
Although this aspect has not been investigated yet, we
assume that it would be interesting to combine PECVD
with electro-spinning (Ref 94-96) to create nano-fibers of
all kinds.

Microtorches are used industrially to treat torus joints
for the automotive industry. These sources are solutions
for possible applications requiring local surface treatment.

Fig. 9 Possible injection designs to introduce the precursor in the plasma. (a) Injection through a capillary, (b) lateral injection useful
also for inerting, (c) Injection through a shower, (d) Example of CFD calculation performed in at low (a) and high (b) flow conditions to
optimize the flow injection (after Ref 91). Reproduced with permission from Plasma Phys Control Fusion—IOP
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3.2 Microplasmas

Real chemical vapor deposition with microplasmas is
not yet much studied, whereas various deposition pro-
cesses (reviewed in Ref 29) were proposed to grow
deposits locally from microplasmas, like wire evaporation.
In this work, we shall concentrate on PECVD processes
only as those depicted in Fig. 10. In Table 4, we present
works performed in the field of PECVD with micro-
discharges (Ref 90, 97-103). We notice that although high
deposition rates are obtained, PECVD with micro-
discharges did not show yet outstanding capabilities
(deposition rates being then close to 240 lm/s) found with
similar processes under vacuum, as in the case of the works
performed by Abhinandan and Holländer (Ref 46-48).

The input power density to generate the microplasma,
and the plasma-substrate distance together with the total
flow rate are the most important parameters that affect

deposition. Although absolute power delivered to the
source is usually small (several watts), it gives extremely
high values of power density (up to about 1 MW/cm3,
Ref 98). Depending on the plasma-substrate distance and
the total flow rate, the substrate heating may vary a lot.
The sensitivity to these parameters is consequently very
high and the reproducibility of the deposition process has
never been studied. It is certainly a major difficulty to
overcome to industrialize this kind of processes. However,
the main advantage is to get plasmas very far from the
thermodynamic equilibrium and the capability to deposit
new materials (Ref 102, 103).

The flow conditions inside the source are critical for the
source performance with respect to thin film deposition. If
gas velocities of the precursor and discharge species
are much different, shear occurs between these two
flows, resulting in the formation of vortices (Fig. 9d).

Fig. 10 Principle schematics of micrometric plasma torches used to deposit locally thin films at atmospheric pressure. (a) remote DBD
(Ref 91, 97), (b) inductive HF-plasma (Ref 98), (c) DC plasma (Ref 99-102), and (d) RF micro-torch (Ref 103)

Table 4 List of works performed with micro-plasma sources for localized deposition

Plasma
Characteristic

dimensions Precursor Pprec/Ptot

React.
gas, slm

Flow
rate, slm

Temp.,
�C

Electrical
parameters

Power, W and
(P/coated

area)
vd

max,
lm/h References

RF micro-
torch

200 lm
D = l mm

HMDSO
C2H2

30-330 ppm
0.03-1%

(0.01) O2

…
3(Ar)
He

25-77 13.56 MHz 5 W
(~100 W/cm2)

3-7 91, 97

UHF micro-
torch

100 lm
D = 250 lm

CH4 0.5% … 0.1 (Ar) ~30 450 MHz 10-30 W
(15 kW/cm2)

120 98

DC glow
discharge

100 lm
Gap = 400 lm

CH4 1% … 0.5 (H2) 25-300 2-3.8 mA 0.48 A/cm2 36 99, 100

DC glow
discharge

20 lm CH4 20-50% … 0.5 (N2) Not given 1-2.5 lA ~0.8 mW
(~300 kW/cm2)

Not given 101, 102

RF micro-
torch

700 lm CH4 50% … 0.05 (Ar) High
transient
temperature

13.56 MHz 35 W
(1.7 kW/cm2)

Etching 103

D, nozzle-substrate distance
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Long residence times cause dust particle formation,
inhomogeneous film growth, and deposition inside the
source, hence reducing its lifetime.

Glow plasma treatments in capillaries have attracted
much attention in the development of novel functional
tubes having biocompatibility and hydrophilic or hydro-
phobic properties (Ref 104-109)

Up to now, no industrial application of these micro-
torches in CVD has been developed to our knowledge.

4. Coating Growth and Properties

The growth of coatings influences directly their prop-
erties. Depending on the partial pressure of the precursor,
powders can be included in the layer (Fig. 11). As in
thermal CVD, the supersaturation of the precursor plays
an important role on the synthesis of particles in the gas
phase and on their possible embedment in the growing
layer. Such inclusions are highly detrimental to the film
properties.

On the other hand, for a given partial pressure of
precursor, the film density evolves as a function of the
surface temperature of the substrate. In Fig. 12, we show
the influence of the temperature on the growth of a silica-
like layer obtained by a remote microwave plasma at
atmospheric pressure (Ref 26). Several conclusions can be
drawn from these results:

– the growth mode is affected by the temperature. In a
recent work (Ref 110), we showed how this growth

mode can be controlled not only by the temperature,
but also by the carbon content in the film.

– under appropriate temperature conditions, dense films
with high-quality can be deposited.

– renucleation may occur at sufficiently high temperature
as demonstrated by Fig. 13(a) where surface nuclei are
found to be hemispheres over a flat surface and not
powders included in the growing film.

– High stress can appear in coatings as shown by the
presence of a network of parallel dislocations (Fig. 13b).

Similar observations were drawn in various works
(Ref 17, 23, 58). Other important parameters that control
the properties of deposited thin films are the level of
porosity in the films and the carbon content left from the
metalorganic precursor. For example, according to Ref 58,
the abrasion resistance of the coating is related to the
porosity of the films that depends, in their conditions, on
the choice of the precursor (TMDSO or HMDSN).

On the other hand, despite the fact that the substrates
can be thoroughly cleaned prior to deposition, adhesion of
the coating to the substrate may not always be as high as
expected. When particulates such as dust appear to have
been incorporated into the coating, these particulates
seem to be a source of cracks in the coatings (Ref 23).

Due the transient nature of deposition in roll-to-roll
processes, the temperature evolution of the surface flow-
ing under the plasma source makes deposition strongly
dependent on heat transfer. One important consequence
of this aspect is that deposition, and thus, thin film

Fig. 11 Top views of silica coatings deposited at various partial pressures of HMDSO. Detailed conditions available in Ref 90
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properties, may depend on the substrate. The deposition
rate may vary if deposition is performed on steel or on
glass, materials with very different thermal conductivities
(Ref 17). Consequently, film composition or density
may change sufficiently to affect some properties, like
permeability.

5. Conclusion

PECVD at atmospheric pressure is a versatile process
that offers a large range of applications.

Concerning sources for coatings on large area, we
showed that:

– deposition rates are always below 10 lm/h in filamentary
DBD where dissipated power stays below 10 W/cm2,

– deposition rates in glow discharges are usually higher
for the same dissipated power, likely due to mass
transport in confined sources. They can reach extremely
high values (several mm/h) if high powers (>10 W/cm2)
are applied. Cooling the electrode surface sufficiently
and use high speed gas flows of carrier gas are then
mandatory,

– in high power sources, gas temperature increases and
gas hydrodynamic becomes extremely important to mix
active species from the plasma with precursors. Partic-
ularly, transient phenomena become important and the
correlated time evolution of the gas and surface tem-
peratures may strongly influence the process yield.

When the deposition area decreases, extremely high
deposition rates can be obtained (up to about 1 mm/h)

Fig. 12 Influence of the temperature on SiO2 coatings deposited in a remote microwave plasma. Detailed conditions available in Ref 90

Fig. 13 Cross section views of SiO2 coatings (same conditions as in Fig. 12). (a): temperature: 823 K. (b) Cooled at 323 K
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without degrading the film quality. The origin of such a
phenomenon is assigned to a slight turbulent effect where
diffusion is enhanced without strongly increasing the res-
idence times, avoiding the synthesis of powders. The
design of nozzles is then very important. Handling liquid
aerosols rather than gaseous precursors seem to be a
promising way to deposit a large variety of materials.

In the case of microplasmas, up to now, only few
studies were performed. These sources where huge power
densities are possible are promising devices to synthesize
new materials. However, still much has to be done to
control the reproducibility of the treatment conditions.
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