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Atmospheric pressure plasma jet was used to deposit polymer films from argon/air/acetylene mixture. Depend-
ing on the gas composition, three modes of operation were observed and characterized. The film deposited by a
stationary jet had a circular shapewith area (where thicknesswas almost constant) about the nozzle inner diam-
eter. The deposition rate of stationary jet decreasedwith the time: a film of 2 μmwas obtained after the first two
minutes, while in the next twominutes only 1.3 μmfilmwas deposited. The plasma polymerswere characterized
by infrared spectroscopy, where variety of C\\H and few C\\O bonds were detected. By using a linear displace-
ment system, we obtained homogeneous deposition over a larger area with deposition rate of about 330 nm/
min, showing the potential of such plasma jet system for large-scale depositions.
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1. Introduction

In the last 20 years, deposition of thin films using cold atmospheric
pressure plasma was investigated by several research groups with a
principal goal of obtaining continuous plasma deposition process [1].
Different atmospheric pressure plasmas were tested for this purpose,
including dielectric barrier discharges (DBDs) and plasma jets with dif-
ferent geometries and power [2–4]. Plasma polymers demonstrated fa-
vorable properties formany industrial applications andhigh potential in
medicine. For example, they exhibit high thermal stability (under 400 °
C), chemical inertness and high degree of crosslinking compared to con-
ventional polymers [5]. Different configurations of DBDs were inten-
sively studied for preparation of surface coatings [6] and functional
surface nanostructures [7]. Especially the capacity to grow functional
coatings on any type of substratemakes atmospheric plasma processing
an attractive technique for biomedical applications [8]. More recently,
the atmospheric pressure plasma jets (APPJs) have been used to deposit
bio-compatible films and nanocomposite coatings [9,10]. Different
APPJs geometries and precursors have been studied [11–13].

The characteristics of plasma-deposited materials strongly depend
on the choice of the precursor [12]. Majority of published works deal
with deposition from methyldisiloxane precursors [13], for example,
plasma polymerization of hexamethyldisiloxane in He/O2 micro-jet
achieved a deposition rate of 50 nm/min varying the flows of precursor
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and oxygen admixture [14]. A comparison of HMDSO/Ar deposition
using atmospheric pressure plasma jet and low pressure reactor was
done by Kedronova et al. [15]. Authors showed that APPJ system can
produce films with similar chemical structure as the ones obtained in
low pressure systems, but with different surface morphology. The
roughness of those films depends on applied power and can be varied
in a wide range (from 2 nm to 120 nm). Juang et al. [16] treated
polyvinylidene fluoride membrane using APPJ in mixture of argon and
methane. The analysis after the treatment shows an increase of wetta-
bility and the presence of C_O bonds on the surface.

The properties of films deposited from acetylene plasma have been
studied for long time, starting from low-pressure plasma reactors to at-
mospheric pressure ones [17–19]. It has been shown that plasma poly-
merized acetylene coatings have good adhesion. Also they exhibit inert
behavior to acidic and basic solutions and can be used as barrier coatings
or interface layers for immobilization of proteins [20,21]. Wemlinger et
al. [22] polymerized acetylene in atmospheric pressure plasma chamber
with deposition rate of 23 nm/s.

Capote et al. [23] reported that the variation of argon concentration
Ar/(Ar+C2H2) in a lowpressure chamber changed the physical proper-
ties of films (deposition rate, roughness, adhesion, compressive stress
and wear), showing that it was possible to grow acetylene films with
desired characteristics for mechanical and tribological applications.

Manakhov et al. [24] reported films with good water stability and
high concentration of carboxylic group using co-polymerization of acet-
ylene and maleic anhydride in DBD system. These two characteristics
made the films appropriate for biomedical applications. Leduc et al.
[25] reported that plasma polymers can influence cellmigration thus in-
creasing the density of cells on the region where the acetylene film was
deposited.
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Here, we report the result obtained from atmospheric pressure plas-
ma depositions using Ar/air/acetylene mixtures. The proposed plasma
jet system can be easily scaled and is attractive for surface coating appli-
cations. The APPJ was characterized by means of electrical measure-
ments (current waveforms, dissipated power) and optical emission
spectroscopy. The deposited films were analyzed using profilometry
(film thickness analysis), scanning electron microscopy (film morphol-
ogy) and Fourier transform infrared spectroscopy FTIR (chemical com-
position of plasma deposited films).
Fig. 2. Film deposition on glass substrate, nozzle-to-substrate distance: 4 mm.
2. Experimental setup

Plasma depositions were performed on a homemade atmospheric
pressure plasma jet system (Fig. 1a). It consists of a high voltage (HV)
electrode (tungsten rod of 2 mm diameter) inserted inside a dielectric
enclosure composed of three parts. The first one is a teflon piece for fix-
ing the HV electrode and admitting the primary working gas (argon).
Themiddle part is a pyrex glass tube (length 7 cmand 8mm internal di-
ameter). The third part is a teflon nozzle that has an inlet for admitting
secondary gas (mixture of acetylene and air) and also a grounded elec-
trode in a form of aluminum adhesive tape was wrapped on the lower
part of the piece. It was decided to introduce secondary gas close to
the jet nozzle to prevent the polymerization on the inner metal elec-
trode. A second grounded electrode (aluminum disc of 35mm in diam-
eter) was located under a 4 mm glass table. The substrates (standard
1 mm glass slides) were placed on the glass table. When plasma depo-
sitions were done withmoving substrate, the glass table was connected
to home-mademovement system (consisted ofmicrocontroller system,
Fig. 1. a) schematic of atmospheric pressure plasma jet; b) photo o
step motor and metal guide). A photo of the plasma jet is presented in
Fig. 2b.

The plasma was ignited using a low frequency AC generator
(Miniplus 4, Dresden Germany). It is composed of laboratory power
supply (Voltcraft PS 3620), function generator (Rigol DG 1012) and
f the plasma jet operated at conditions required to obtain film.



Table 1
Power of APPJ with different gas mixtures.

Power (W) Nozzle Substrate Total

Ar 2.9 ± 0.2 8.0 ± 0.2 10.9 ± 0.4
Ar/acetylene 1.9 ± 0.1 2.0 ± 0.1 3.9 ± 0.2
Ar/air/acetylene 1.9 ± 0.1 0.8 ± 0.1 2.7 ± 0.2
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bank of transformers. TheMiniplus 4works as a resonance based circuit
and generates a sine-like signal on output. Most experiments were car-
ried out at 19.0 kHz frequency and 17 kVp-p applied voltage. Due to a
specific coupling between the power supply and plasma jet, one period
(~52.6 μs) consists of two sine-like waves (~26.3 μs each) with higher
and lower amplitude. Plasma ismostly generated during the higher am-
plitude semi-cycle, allowing us to avoid overheating issues.

The primary gas argon (99.99%) was injected with flow rate of
0.45 L/min into the enclosure while the secondary gas was introduced
close to the jet nozzle. It was a mixture of acetylene (0.045 L/min,
99.98% purity supplied by AirLiquide, Brazil) and air (0.045 L/min,
taken from compressor). The gas flow rates were controlled by a Horiba
N100 mass flow controller.

The electrical characterization of the discharge was performed on a
digital oscilloscope (Tektronix TDS 3032). The current of discharge
was recorded using a Tektronix P2220 probe, measuring the voltage
across a 100 Ω resistor connected in series with the grounded elec-
trodes. The transferred charge was measured using a serial capacitor
of 10 nF on the same way as the current measurements. The plasma
was characterized by Optical emission spectroscopy (Andor Shamrock
303I equipped with CCD sensor and 600 L/mm grating) and optical
spectra were fit using SpecAir software. The film thickness was mea-
sured by a confocal Leica DCM3Dmicroscope using 100×magnification
lens (analyzed area was 130 μm × 100 μm). The deposited film thick-
ness was evaluated by measuring the depth of a stripe cut over the de-
posited film using medical scalpel on at least five samples for each
deposition condition. It was confirmed that applying a moderate force
on scalpel does not lead to scratches on the glass substrate (withinmea-
surement precision). The chemical composition of the deposited films
was studied using ATR-FTIR spectroscopy on a PerkinElmer Spectrum
100 spectrometer with a single reflection unit (diamond). The spectra
were recorded from 650 cm−1 to 4000 cm−1 with spectral resolution
of 2 cm−1 and averaging over 32 scans.

3. Results and discussions

The electrical characterization of APPJ was done for three operation
modes: when the jet operated with argon flow only, Ar/acetylene mix-
ture or Ar/air/acetylene mixture. The method of Lissajous figures (also
Fig. 3. a) Typical discharge current and voltage waveforms for 19 kHz, 15 kVpk-pk, Ar flow 0.45
the nozzle electrode.
as the referred in literature as Q-V plot) was used to calculate the
power transferred from the power supply to the discharge. In thismeth-
od first is calculated the area of closed loop obtained for one cycle in co-
ordinates “charge on external serial capacitor)” versus “applied
voltage”, and then is multiplied by the signal frequency. As the system
had two grounded electrodes, the power was calculated for both of
them and is presented in Table 1 for the three operation modes. It was
observed that APPJ system can operate without the nozzle electrode,
but the deposited films mostly consist of dust and deposit had white
color (not shown here). On the other hand adding a nozzle electrode
led to formation of a circular film of yellow color (Fig. 2). Electron mi-
croscopy measurements confirmed that the deposited film is flat on a
micrometer scale. When the nozzle electrode is grounded, an optimum
nozzle-to-sample distance to obtain dust-free films is 4 mm (all depos-
ited films were prepared for this nozzle-sample distance). For shorter
distances due to gas flow turbulence sparks between HV electrode and
nozzle electrode occur, and for larger distances polymerization take
place in gas phase and deposited films contain lots of low-adherent
powder particles.

When the APPJ was operated with Ar only, the total power (the
power at the discharge plus the power transferred to the substrate)
was about 11 W, and it dropped to 2.7 W when the jet was operated
with Ar/air/acetylene mixture. It is important to note that the power
measured on the nozzle electrode (which corresponds to the plasma in-
side the dielectric enclosure) does not change substantially, while a sig-
nificant decrease was detected for the power delivered to the substrate.
It decreased from 8W to 2W (in the case of Ar/acetylene) and 0.8W (in
the case of Ar/air/acetylene).

Since the secondary gas was injected at the jet nozzle the electrical
properties of plasma ignited inside the dielectric enclosure (measured
at the nozzle electrode) did not exhibit significant differences with var-
iation of gas composition.

Fig. 3 shows a typical current waveform (Fig. 3a) and corresponding
averaged Lissajous figure recorded from the nozzle electrode (Fig. 3b)
when APPJ was operated with Ar/air/acethylenemixture. The HV signal
has two sine-like cycles of different amplitude. The shape of Q-V plot is
affected by the HV signal, it has two enclosed loops one for each sine-
like cycles [26]. The only difference observed for the other modes of op-
eration was that the amplitude of the current peaks was higher for op-
eration with pure argon.

However, the Lissajous figures obtained from the substrate electrode
show visible shape differences for operation in argon only or in Ar/air/
acethylene mixture (Fig. 4). The acetylene and air addition led to de-
creasing of the power transferred to substrate electrode. For DBD the
Lissajous figure can be used to estimate the capacitance of full system
and the capacitance of the dielectric layer [27,28]. However for APPJ (es-
pecially in our case with different amplitude semi-cycles) the Lissajous
figures have quite complex shapes. Yet, it can be seen in Fig. 4 thatwhen
L/min, airflow 0.045 L/min, acetylene flow 0.045 L/min; b) Lissajous figure obtained from



Fig. 4. Lissajous figures on the substrate electrode for different gas mixture. Fig. 6. The temperature of plasma was estimated using the SPECAIR program, Tr =800 ±
200 K and Tv = 3000 ± 200 K.
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the gasesweremixed theproprieties of the system (the inclination of Q-
V plot) changed significantly.

The optical characterization of the extracted plasma plume showed
the effect of acetylene and air admixture. As expected (taking into ac-
count the decrease of power), adding air and acetylene led to a signifi-
cant decrease of the discharge light intensity and an increase in the
ratio of N2 to Ar lines intensity. The spectra also contained weak lines
of C\\H emission (around 430 nm). The temperatures of plasma were
estimated using SpecAir software for the nitrogen molecular bands in
the region from 370 nm to 410 nm. The estimated rotational tempera-
ture Tr was 800 ± 200 K (it is an rough approximation of gas tempera-
ture) and vibrational temperature Tv was 3000 ± 200 K (characterize
electronic andmolecular energy exchanges). Though the obtained plas-
ma is not room-temperature, it is highly non-thermal as Tv≪ Tr. It is im-
portant to note that the simulated temperatures were about the same
(within experimental error) for plasmas operated in Ar and in mixture
Ar/air/acetylene. Fig. 5 shows the recorded spectrum for APPJ operated
at deposition conditions (0.45 L/min of Ar, 0.045 L/min of acetylene,
0.045 L/min of air), containing lines of argon, C\\H and N2. Fig. 6
shows a simulation spectrumof N2molecular bands used for estimation
of plasma temperatures.

As plasma jet system usually produce non-uniform deposition, a
study of film uniformity is an important issue. Fig. 7 shows thickness
Fig. 5. The OES spectrum of APPJ showing a presence of weak CH bands. Plasma jet was
operated in Ar (0.45 L/min), air (0.045 L/min) and acetylene (0.045 L/min) mixture.
distributions of plasma polymerized film obtained at different deposi-
tion times for stationary jet. The deposition rate in the central part,
were thefilm ismore uniform, is about 1 μm/min for twominutes of de-
position.However, it is important to note that the deposition rate slowly
decreases with the deposition time. For example, 0.7 μm film thickness
was deposited during the third minute and 0.6 μm during the fourth
minute. Such behavior of deposition rate could be explained by simulta-
neous etching process. The full width half maximum (FWHM) obtained
from the thickness profile increasedwith deposition time from10.8mm
(for 2 min deposition) to 12.8 mm (for 4 min deposition time).

To improve the uniformity of deposited films a moveable platform
was placed under the glass table. It can displace thewhole table togeth-
er with the sample with velocity of 3.5 mm/s in one direction. The sys-
tem was set to make a periodic displacement forth and back in Y
direction with 2 cm amplitude, giving a total deposition length of
4 cm. The total deposition time was increased (as a deposition at one
spot was shorter compared with the one of static jet) up to 10 min.
The measurement of film thickness was performed in two perpendicu-
lar cuts done in the central part of the film, as it is shown in the Fig. 8(a)
with dashed lines. Fig. 8(b) and (c) demonstrate thickness profiles of
the film deposited with movement for deposition time of 8 min. The
area with constant film thickness (for the given deposition time and
plasma jet operation conditions it was 2 μm) was estimated to be
44 mm long and 8 mm wide. Considering the internal tube diameter
Fig. 7. Thickness profiles of the polymer films for 2 min, 3 min and 4 min deposition time.



Fig. 8. a) Photo of the deposited film; b) film thickness profile measured in X direction; c)
film thickness profile measured in Y direction.

Fig. 9. Thickness of the deposited film depending on deposition time.

Fig. 10. FTIR spectra of (a) reference glass substrate, (b) plasma polymer after 3 min
deposition and (c) 2 month aged plasma polymer after 3 min deposition.
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of the APPJ (3.3 mm) and the amplitude of movement (4 cm), it is pos-
sible to expect an easy scaling of such system simply by controlling the
sample table movement.
Fig. 9 shows the thickness dependence on deposition timemeasured
in the plato region. Unlike the case of static depositions, the deposition
rate was found to be linear function of the time. Using a standard linear
fit, the deposition rate of APPJ system was found to be about 330 nm/
min.

Chemical composition of filmswas analyzed via infrared spectrosco-
py to observe the characteristic vibrations (Fig. 10). The IR spectrumof a
glass slide thatwas used as substrates exhibit three peaks at 1020 cm−1,
900 cm−1 and 760 cm−1, which correspond to Si\\O and Si\\O\\Si vi-
brations. Several additional peaks were measured after the plasma de-
position. Several CH2/CH3 vibration peaks were detected (CH3 assym.
str. at 2980 cm−1, CH2 assym. str. at 2940 cm−1, CH3 sym. str. at
2880 cm−1, CH3 assym. bend. at 1420 cm−1 and CH3 sym. bend at
1375 cm−1 and 1275 cm−1, CH2 sym. bend at 1350 cm−1 and CH2/
CH3 rock. at 870 cm−1, 750 cm−1 and 700 cm−1) [29].

The peaks at 3390 cm−1, 3220 cm−1 (H-bonded OH), 1710 cm−1

(str. C_O), 1600 cm−1 (sym. str. C_C or amide group), 185 cm−1

(str. C\\O) were also detected [30]. During long-term storage plasma
polymerized films tend to change their chemical structure. For example,
2month oldfilms stored in air had a slightly different structure of vibra-
tion components. We observed changes in the ratio between H-bonded
OH bands, shift of the peak from 1600 cm−1 to 1630 cm−1 (can be
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either attributed to change of C_C bond or changed in amide group,
this issue will be studied in detail in future), decrease of intensity of
CH2/CH3 str. peaks at 2800–3000 cm−1 and small changes in weak
CH2/CH3 peaks. For example, a peak position of OH band can be influ-
enced by a position where OH radical is positioned [31], thus allowing
us to conclude that there are chemical transformation in the deposited
film. The post-plasma reactions in the plasma polymers (probably addi-
tional surface oxidation and hydration) will be a topic of future studies.

4. Conclusions

Polymerfilmdepositionswere performed using atmospheric plasma
jet operated in mixture of argon, air and acetylene. To produce films
without low-adherent powder requires certain conditions for gas flow
and geometrical constrains. Admixture of air is necessary, Ar gas flow
should be in the range of 0.4–0.6 L/min, acetylene and air flows should
be about one order of magnitude smaller. The nozzle-to-sample dis-
tance should be no more than 5 mm, the lower limit is defined by
sparking between the HV electrode and the nozzle ground electrode.
Adding acetylene and air led to a significant decrease of the total
power (sum of the power calculated by Lissajous figures of both
grounded electrodes) of APPJ fromalmost 11W inAr to 2.7Wunder de-
position conditions. The optical emission spectroscopy showed that
plasma is highly non-thermal (with rotational temperature of about
800 K and vibrational temperature of about 3000 K). The deposited
film contained OH radicals and variety of carbon bonds: different
bonds between carbon and hydrogen and few bonds between carbon
and oxygen. The ratio between those bonds changed for aged films
and it will be a topic of further studies.

By using a simple linearmovement system, it is possible to get a uni-
form deposition over a large area, opening a possibility for scaling of the
system. In the current setup, a deposition rate of about 330 nm/minwas
achieved.
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