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Nakon diplomiranja kolega Spasić je nastavio rad u Laboratoriji za gasnu elektroniku u 

više pravaca. On se u okviru svog rada u ovoj Laboratoriji bavi proučavanjem i primenama 

radiofrekventnih pražnjenja na niskim pritiscima. Jedan od glavnih zadataka kolege Spasića je 

karakterizacija, optimizovanje i usavršavanje asimetričnog plazma sistema velike zapremine. 

Zahvaljujući stabilnosti i blagoj prirodi kapacitivno spregnute plazme, ovakva eksperimentalna 

postavka predstavlja prototip uređaja za industrijsko tretiranje osetljivih uzoraka koji mogu da 

izdrže vakuum. U tom smislu, jedan od ciljeva dijagnostikovanja ovakvog pražnjenja, sa nekoliko 

dijagnostičkih metoda, je bio nalaženje optimalnih parametara pogodnih za tretman različitih vrsta 

uzoraka.  

Vršena su merenja koncentracije jona i elektrona, kao i plazma potencijala pomoću 

Langmuirove sonde sa mogućnošću pomeranja duž ose merenja i odgovarajućeg softvera za 

kontrolu uređaja i obradu podataka. Kolega Spasić je, sem Langmirove sonde, koristio derivativne 

sonde za proučavanje strujno naponskih karakteristika pražnjenja, kao i za određivanje snage koja 

je predata plazmi. Snaga predata plazmi je jedan od glavnih parametara kojim se karakterišu RF 

pražnjenja pošto se ona značajno razlikuje od nominalne snage date izvorom napajanja. Kao treću 

dijagostičku metodu kolega Spasić je koristio katalitičke sonde koje služe za određivanje 

koncentracije atoma (kiseonik) u plazmi i ova merenja su urađena u sklopu bilateralne saradnje sa 

kolegama sa Instituta Jožef Štefan iz Ljubljane. Pored već navedenih metoda kolega Spasić je radio 

i na ispitivanju sastava plazme maseno-energijskim spektrometrom. Ova merenja su važna jer se 

njima osim hemijskog sastava plazme mogu dobiti i informacije o prisustvu pobuđenih atoma i 

molekula koji imaju važnu ulogu u tretmanu tekstila i semena. U paraleli se radi na dijagnostici 

pražnjenja primenom aktinometrije pomoću iCCD kamere. Sa ciljem diversifikacije istraživanja i 

provere uticaja ralzičitih vrsti plazme na uzorke, konstruisana je i puštena je u rad planparalelna 

komora u kojoj je moguće postići nešto intenzivnije uslove pražnjenja. Sa aspekta primena ovakvih 

pražnjenja, rađen je tretman semena u cilju postizanja veće klijavosti i bržeg rasta biljaka, kao i 

sterilizacije semena. Takođe je rađen tretman tekstila radi aktivacije površine i povećanja 

kapaciteta za adsorpciju različitih tipova mikrokapsula koje mogu da služe za detekciju UV 

zračenja, osetljive su na toplotu, baktericidne ili, što je nejinteresantnije u slučaju modne industrije, 

imaju određenu mirisnu notu koja se oslobađa tokom vremena.  
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a  b  s  t  r  a  c  t

Polyethylene  terephthalate  (PET)  fabric  was  treated  in  a late afterglow  of  plasma  created  by  a  microwave
(MW)  discharge  in  the  surfatron  mode,  by using  oxygen  (O2) and  ammonia  (NH3) gases.  The  series  of
treatments  using  one  gas  or the  combination  of  both  at  different  treatment  times  were  performed  in  order
to increase  the  embedment  of UV-responsive  microcapsules  that  were  deposited  onto  PET with  pad-dry-
cure  process.  Plasma  in both  gases  was  characterized  by  optical  emission  spectroscopy  (OES),  which
showed  substantial  dissociation  of O2 and  NH3 molecules  as well  as formation  of NHx radicals  due  to the
partial  dissociation  of ammonia  molecules.  The  chemically  active  species  in  the  plasma  afterglow  changed
the surface  properties  of  PET  that  were  analysed  using  X-ray  photoelectron  spectroscopy  (XPS),  time-
of-flight  secondary  ion mass  spectrometry  (ToF–SIMS),  Fourier  transform  infrared  spectroscopy  (FTIR),
scanning  electron  microscopy  (SEM)  and  water  absorption  analysis.  The  effectiveness  of  plasma  treatment
on embedment  of UV-responsive  microcapsules  on  PET  was  evaluated  by  UV-responsiveness,  colour
strength  and  colour  depth  using  reflectance  spectroscopy,  add-on  and  air permeability,  respectively.
Treating  PET  by  O2 afterglow  followed  by  a longer  treatment  by NH3 afterglow  increased  the  polymers
hydrophilicity  and  concentration  of  nitrogen-rich  functional  groups  on surface  that  enabled  higher  uptake
of UV-responsive  microcapsules,  and consequently  better  responsiveness  of  fabric  to  UV  radiation.  The
add-on of microcapsules  was almost  8-times  higher  and  the  colour  depth  increased  up  to  75%  for plasma
treated  samples.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

One of the main concerns regarding a decrease in stratospheric
ozone is the consequential increase in the amount of ultraviolet
(UV) radiation, which is harmful for human health and ecosys-
tems [1–3]. Accordingly, different ultraviolet (UV) radiation sensors
have been proposed with the growing interest in the research of
developing flexible, textile-based UV sensors [4–6]. Due to the
phase-change that photochromic dyes undergo when exposed to
UV light, which is from colourless to coloured, they are considered
suitable to be used as UV sensors [7–9]. When the source of UV
radiation is removed, the photochromic dye reverts to its original
state. Since photochromic dyes have poor stability to the environ-
mental factors such as oxygen, pH value, light and temperature,

∗ Corresponding author.
E-mail address: marija.gorjanc@ntf.uni-lj.si (M.  Gorjanc).

which lead to the oxidation and deterioration, it is preferable to
use them in the form of microcapsules [10,11]. One  of the promising
polymers that could be used as a carrier of photochromic microcap-
sules is polyethylene terephthalate (PET), which has high tensile
strength, stability and resistance to many chemicals, environmen-
tal conditions and UV radiation [12]. PET textile with integrated
UV-responsive microcapsules would be a simple and user-friendly
smart protection. However, the hydrophobic nature of PET results
in poor uptake and adhesion of dyes, particles and microcapsules
[13–16]. The solution to the problems associated with low absorp-
tiveness and high hydrophobicity of PET is a use of plasma [17–20]
to functionalise surfaces of fibres.

Plasma technology is a dry process, which modifies the surface
of polymers without changing their bulk properties. According to
the desired surface properties of the polymers, it is very impor-
tant to choose the right discharge parameters [21]. By changing
the type of gas, gas flow, power transmitted to the plasma and
treatment time one can tune the effects of plasma chemistry on the

http://dx.doi.org/10.1016/j.apsusc.2017.04.177
0169-4332/© 2017 Elsevier B.V. All rights reserved.
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treated surface. For example, when hydrophilic character is desired,
the polar functional groups should be introduced by oxygen, air,
ammonia or nitrogen discharge gas. The nature and/or concentra-
tion of the active species created in plasma depend mostly on the
chosen discharge-forming gas [22,23]. The solution to increase the
hydrophilic nature of PET is to treat it with oxygen plasma [24–26].
However, for uptake of anionic dyes onto textiles it is prefer-
able that the surface of the material contains amine-containing
reactive functional groups [27–29]. Several studies on incorpo-
ration of amine-containing groups onto surface of PET by using
plasma were conducted with gases such as nitrogen and ammo-
nia, and combination of nitrogen/ammonia or ethylene/ammonia
[20,30,31]. Using NH3 plasma on PET incorporates mainly hydroxyl
and amine groups, while using N2 plasma incorporates manly car-
boxylic groups [31]. Treatment of PET films with a combination
of N2/H2 plasma incorporates higher concentration of nitrogen-
containing groups (4.2%) than treatment with NH3 plasma (2.5%)
[32]. However, the treatment with NH3 plasma resulted in more
stable functionalisation of the PET surface. Kolar et al. [33] treated
PET films with NH3 and N2 plasma, combination of NH3/Ar plasma
and combination of N2/H2 plasma. In all cases, the surface of PET
was functionalized by nitrogen, the highest when PET was  treated
with NH3 plasma (10.6%) and lowest when it was  treated with
N2 plasma (2.9%). The density of amino-anchor points was high
enough to allow covalent bonding of heparin, an anionic anticoag-
ulant. Salem et al. [29] tried two approaches to increase the uptake
of anionic dye onto PET fabric. In the first approach, nitrogen-
containing groups were incorporated using NH3 plasma. In the
second approach surface of the PET was first treated with oxy-
gen plasma to introduce negatively charged groups as anchors for
cationic polyelectrolyte. It was found that the second approach was
more successful in increasing the uptake of anionic dye onto PET.

The objective of present work was to investigate combina-
tion of surface treatments of PET fabric by oxygen and ammonia
plasma, with an aim to increase the uptake of anionic photochromic
microcapsules onto fabric and consequently to increase its UV-
responsiveness. The findings of this research could be further used
for production of smart and flexible UV sensors.

2. Experimental

2.1. Materials

Polyethylene terephthalate (PET) bleached fabric, UV-
responsive microcapsules containing photochromic dye ITOFINISH
UV and binder ITOBINDER AG (LJ SPECIALITIES LTD.) were used.
ITOFINISH UV is a light sensitive coloured dye giving reversible
colour change due to the effect of the UV light. ITOBINDER AG is
water based emulsion of acrylic polymer.

2.2. Surface functionalization

Polymer samples were treated in a late afterglow of plasma
created by using a microwave (MW)  plasma source in the surfa-
tron mode. The plasma source was mounted onto a glass vacuum
chamber 30 L in volume. The processing chamber was pumped by
a two-stage rotary pump of nominal pumping speed 60 m3/h. The
pressure was measured with an absolute gauge attached to the
processing chamber. Oxygen and ammonia of purity 99.99% were
introduced separately into the processing chamber through flow
controllers and the discharge tubes. Samples were placed into the
center of the processing chamber, but slightly off the main stream
of gas flow. After placing a sample, the processing chamber was
evacuated to the ultimate pressure which was about 3 Pa. When
the ultimate pressure was reached (about a minute of pumping)

the flow of gases was adjusted using a flow meter for oxygen and a
precise needle valve for ammonia. We  selected the flow of 220 sccm
for oxygen. Continuous pumping at one side and gas inlet at the
other, allowed us to for establish a constant pressure of 40 Pa in the
processing chamber. The microwave discharge was ignited 8.5 cm
above the chamber containing the sample. Gases were radicalized
by passing through the microwave discharge. The charged parti-
cles created in plasma within the discharge zone were effectively
neutralized on the way from the glowing plasma to the entrance
of the processing chamber, while the neutral radicals remained
fairly intact since the gas-phase recombination was negligible at
the low pressure conditions and the surface effects were mini-
mized by using the inert material (glass). The residence time of
gas in the afterglow chamber is estimated from the pumping speed
and geometry of the vacuum system. In a rough approximation it
is 0.1 s. The life-time of oxygen atoms in the chamber at steady
conditions, i.e. without continuous gas inlet and pumping the sys-
tem, was estimated for the case plasma was ignited in the chamber
by DC glow discharge. A catalytic probe of high temporal sensitiv-
ity was mounted into the chamber and the O-atom density was
measured after turning off the discharge. The resultant life-time
was about 1.5 s. The samples mounted in the processing chamber
were therefore treated by neutral reactive particles formed in the
gaseous plasma inside the microwave discharge – predominantly
oxygen atoms in the ground state (in the case of oxygen plasma)
and NHx radicals as well as atomic hydrogen in the ground state
(in the case of ammonia plasma). The applied discharge power was
150 W.

2.3. Plasma characterization

Plasma in the microwave discharge was characterized by using
optical emission spectroscopy (OES). Optical emission spectra
were recorded by using an Avantes Ava Spec 3648 spectrome-
ter. The device is based on an Ava Bench 75 symmetrical Czerny
Turner design with a 3648 pixel CCD detector with the focal
length of 75 mm.  The range of measurable wavelengths is from
200 nm–1100 nm and the wavelength resolution is 0.5 nm.  The
spectrometer has a USB 2.0 interface, enabling high sampling rates
of up to 270 spectra per second, in which the Signal-to-noise ratio
is 350:1. Integration times are adjustable from 10 �s to 10 min. At
integration times below 3.7 ms,  the spectrometer itself performs
internal averaging of spectra before transmitting them through
the USB interface. A fixed integration time of 2 s was used. Such
time enabled sufficient signal intensity and enough measurement
points for measuring time evolution of certain spectral features.
The optical fibre was  mounted 1 cm away from the discharge tube.

2.4. Residual gas analysis

A standard residual gas analyser based on mass spectrometry of
the atmosphere in the reaction chamber was applied. The spec-
trometer was  connected to the chamber via a glass capillary of
low conductance allowing for appropriate pressure of the order of
10−3 Pa in the spectrometer. The spectrometer was pumped differ-
entially using a turbomolecular pump of nominal pumping speed
500 l/s backed by a two-stage rotary pump.

2.5. Loading of UV-responsive microcapsules

UV-responsive microcapsules were loaded on untreated and
plasma-treated PET samples using pad-dry-cure method. The PET
samples were submerged in the solution containing 50 g/l of UV-
responsive microcapsules and 50 g/l of binder. The excess of coating
was squeezed out in the rollers of laboratory foulard, with pick-up
of 100%. Afterwards the PET samples were dried for 5 min  at 100 ◦C
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and cured for 3 min  at 150 ◦C. The add-on (Ad) of microcapsule-
coated samples was calculated according to the Eq. (1):

Ad (%) = (mcoated − muncoated)
muncoated

× 100 (1)

2.6. X-ray photoelectron spectroscopy

The surface composition of untreated and plasma-treated
samples was studied using high-resolution X-ray photoelectron
spectroscopy (XPS). The samples were mounted in a TFA XPS
Physical Electronics XPS instrument. The base pressure in the
XPS analysis chamber was approximately 6 × 10−8 Pa. The samples
were excited with X-rays over a 400 �m spot with monochro-
matic Al K�1,2 radiation at 1,486.6 eV. The photoelectrons were
detected with a hemispherical analyser positioned at an angle
of 45◦ normal to the sample surface. The energy resolution was
approximately 0.5 eV. Survey-scan spectra were acquired at a pass
energy of 187.85 eV with a 0.1 eV energy step. An additional elec-
tron gun was used to allow for surface neutralisation during the
measurements because the samples were insulating. The concen-
tration of the different elements was determined using MultiPak
v8.1c software from Physical Electronics, which was supplied with
the spectrometer.

2.7. Fourier transform infrared spectroscopy (FTIR)

ATR-FTIR spectra of untreated and plasma-treated samples were
acquired using FTIR spectrophotometer (Bruker IFS 66/S). The
spectra were collected from samples, which were tightly pressed
against a cylindrical Ge crystal. The resolution of the equipment
was 4 cm−1 with 64 scans and the spectra were obtained over the
range of 4000 cm−1–600 cm−1.

2.8. Time-of-flight secondary ion mass spectrometry (ToF–SIMS)

ToF–SIMS analyses were performed using a ToF–SIMS 5 instru-
ment (ION-TOF, Münster, Germany) equipped with a bismuth
liquid metal ion gun with a kinetic energy of 30 keV. The anal-
yses were performed in an ultra-high vacuum of approximately
10−7 Pa. The SIMS spectra were measured by scanning a Bi3

+ clus-
ter ion beam with a diameter of 1 �m over a 100 × 100 �m2 analysis
area. The positive secondary ion mass spectra were calibrated using
CH2

+, CH3
+, and C2H5

+, and the negative secondary ion mass spec-
tra were calibrated using C−, C2

−, and C3
−. An electron gun was

used to enable charge compensation on the sample surfaces during
the analysis.

2.9. Absorption of water

The untreated and plasma-treated PET fabrics were tested for
water absorbency according to AATCC Test Method 39-1980 in
order to evaluate the changes in hydrophobic character of PET
samples after plasma treatment. A water droplet was carefully
deposited on the surface of PET fabric and the time between the
contact of the water droplet with the fabric and the disappearance
of the droplet into the fabric was measured in seconds (wetting
time). The average of measurements for five water drops on one
substrate was calculated.

2.10. Measurements of UV-responsiveness

The untreated and plasma-treated PET samples coated with UV-
responsive microcapsules were tested for their UV-responsiveness
using reflectance spectrophotometer SF 600 PLUS-CT (Datacolor,
Switzerland). The specular component of the spectrophotometer

was included, UV filter excluded (FL40: 0% UV), measurements
were performed under illumination D65 and 10◦ standard observer.
The samples were folded twice to gain four-layered thickness of the
material. The CIELAB colour values and light reflectance (R[%]) were
measured prior and after 1 min  irradiation with UV light source
(Philips UVA type bulb, 2 × 18 W),  at the distance of 15 cm.

The colour difference (�E*ab) between non-irradiated and UV
irradiated sample was calculated using Eq. (2):

�E∗
ab =

√
�L∗2 + �a∗2 + �b∗2, (2)

where �L* is a difference in lightness, �a* is a difference on red-
green axis and �b* is a difference on yellow-blue axis.

2.11. Measurements of colour strength

The colour strength (K/S values) of irradiated samples was  cal-
culated from the reflectance (R) values at wavelength of visible
spectra, from 400 nm to 700 nm,  using the following equation:

K

S
= (1 − R)2

2R
, (3)

where K is absorption coefficient, S is scattering coefficient and R
is reflectance factor.

The percentage of improvement in colour depth (I) was  calcu-
lated according to the Eq. (4):

I (%) = (K/Streated − K/Suntreated)
K/Suntreated

× 100, (4)

where K/Streated is a colour strength of plasma-treated
microcapsule-coated PET sample and K/Suntreated is a colour
strength of untreated microcapsule-coated PET sample.

2.12. Air permeability

The air permeability of uncoated and microcapsule-coated sam-
ples was  determined according to the standard ISO 9237:1999,
using AirTronic 3240A air permeability tester (MESDAN), at pres-
sure drop 100 Pa. The air permeability (mm/s) was  calculated
according to the Eq. (5):

R = qv

A
× 167, (5)

where qv is the arithmetic mean flow rate of air (L/min), A is the
area of sample under test (cm2), 167 is the conversion factor from
L/min to mm/s.

3. Results and discussion

A series of treatments in MW plasma late afterglow were per-
formed to determine the best conditions to achieve a greater uptake
of PET fabric towards microcapsules containing photochromic dye
and consequently to increase the UV-responsiveness of the fabric.
The parameters that were varied in the research were gases used
for producing chemically reactive species in plasma afterglow or
combination of gases, namely oxygen (O2) and ammonia (NH3),
and different treatment times. Plasma was characterized by OES,
while the influence of the plasma afterglow treatments on the PET
fabric was  evaluated using XPS, SEM and wetting time.

Figs. 1 and 2 represent optical spectra of plasma created in
oxygen and ammonia, respectively. The optical spectra of plasma
created in oxygen, are typical for plasma with high dissociation
fraction of oxygen molecules. Almost exclusively atomic oxygen
lines are observed in the spectrum presented in Fig. 1 (a small
peak at 760 nm represents O2 molecular transition). The oxygen
lines arise from the transition between highly excited atoms at
excitation energy above 10 eV to lower excited states. The excited
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Fig. 1. An optical spectrum of oxygen plasma acquired in the discharge tube.

Fig. 2. An optical spectrum of ammonia plasma acquired in the discharge tube.

atoms mostly produced through dissociative excitation relax on
the way to the processing chamber where only oxygen atoms in
the ground state are present along with the molecules that might
be excited to metastable states. There are also emission lines from
atomic hydrogen in the visible range and the band corresponding to
radiative relaxation of the OH radicals at the bandhead of 309 nm.
The appearance of these spectral features is attributed to the resid-
ual atmosphere, which contains practically only water vapour in
such experimental systems. As stated in subsection 2.1 the ulti-
mate pressure is about 3 Pa what is several% of the total pressure.
The water molecules diffuse also into the discharge tube and con-
tribute to the optical spectrum presented in Fig. 1. No emission from
nitrogen (ionized or neutral) is observed in the spectrum thus one
can conclude the system is hermetically tight.

The samples were treated in oxygen plasma afterglow, where
the main reactants are neutral atoms in the ground state, which
interact chemically with polymer materials resulting in function-
alisation of polymer surfaces with polar functional groups [21].
Such a treatment using only neutral reactive particles is preferred
since it causes better functionalisation than conventional plasma
treatment for various polymers including PET [34].

Fig. 2 represents an optical spectrum of plasma created by the
microwave discharge in ammonia. The spectrum is rich in atomic
hydrogen transitions that belong to the Balmer series (particularly
H�). Apart from these transitions an intensive peak is observed in
the near UV range at the wavelength of 336 nm. This peak corre-
sponds to the transition of the NH radical from A3� (excited) to

Fig. 3. Mass spectra of residual atmosphere during base pressure (pb), oxygen inlet
(O2) and during ammonia inlet (NH3).

Table 1
The XPS surface composition of the untreated and plasma-treated PET fabrics (in
atomic%).

Sample treatment C N O O/C N/C

Untreated 76.3 0 23.7 0.31 –
100  s O2 62.8 0 37.2 0.59 –
100  s NH3 73.6 0.8 25.6 0.34 0.01
100  s O2 + 3 s NH3 61.1 2.5 36.4 0.60 0.04
100  s O2 + 81 s NH3 60.4 3.3 36.4 0.60 0.05
100  s O2 + 243 s NH3 59.2 4.6 36.3 0.61 0.08
200  s O2 + 243 s NH3 58.7 5.0 36.3 0.62 0.09

X3�− (ground) state. Apart from these spectral features there are
also broad bands in the visible range between roughly 450 and
750 nm that correspond to radiative relaxation of NH2 radicals.
The spectrum presented in Fig. 2 indicates extensive dissociation of
ammonia molecules. The dissociation results in formation of atomic
hydrogen and NHx radicals. The radicals do not recombine much
on the way  from plasma to the processing chamber due to low
pressure conditions (lack of three-body collisions which otherwise
cause loss of radicals in the gas phase) and selection of the chamber
material (glass is an inert material that does not allow for extensive
surface recombination of H atoms to H2 molecules [35]).

Fig. 3 represents the mass spectrum at the ultimate pressure as
measured by residual gas analyser. The peak at 18 represents water
vapour while the peaks at 17, 16 and 2 the dissociation products, i.e.
OH, O and H2. The water molecules partially dissociate upon inter-
action with the electrons used for ionization of gaseous molecules
in the gas analyser. No measurable amount of other molecules is
observed; therefore, the system is rather hermetically tight. Inten-
tional introduction of oxygen is reflected in appearance of the peak
at 32 (O2) as well as relative increase of the peak at 16 (O). The
relative intensity of peaks arising from water vapour decrease as
shown in Fig. 3. This results are highly expecting due to high purity
of oxygen. More interesting is the mass spectrum for the case when
ammonia was introduced into the system, which is presented in
Fig. 3. In this case we observe intensive peaks at 17 and 16 cor-
responding to NH3 and NH2, respectively, but the peak at 18 still
persists indicating measurable amount of water vapour in the sys-
tem during treatment of samples with ammonia afterglow. The
small peak at 28 (N2) is due to recombination of N atoms to parent
molecules in the mass spectrometer rather than any inlet of air into
the vacuum system.

The chemical changes on the surface of PET fabrics after plasma
afterglow treatment are presented in Table 1. The untreated sample
has a high concentration of carbon and low concentration of oxy-
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gen as expected from the chemical composition of this polymer.
The ratio between oxygen and carbon is 0.31. Treating PET sample
with MW afterglow produced in oxygen gas increases the concen-
tration of oxygen and decreases concentration of carbon on the
surface of PET polymer (ratio O/C is 0.59) indicating saturation of
the polymer surface with polar functional groups. Here, it is worth
mentioning that the characterization depth of XPS using the classi-
cal source of X-rays is several nm so the result presented in Table 1
does not reflect the composition on the very surface but rather an
average composition over the thickness of the surface film that cor-
responds to the escape depth of photoelectrons. Treating PET by the
MW afterglow produced using only ammonia gas does not signif-
icantly change the chemical composition of the surface layer. The
oxygen content is increased slightly so that the ratio O/C is 0.34
after treatment with ammonia plasma afterglow for 100 s. Such an
increase could be attributed either to the experimental error or the
fact that the processing chamber was not pumped down to a high-
vacuum level but rather to the pressure of about 3 Pa. The residual
atmosphere in the vacuum system contains predominantly water
vapour (Fig. 3) whose molecules dissociate inside plasma forming
OH radicals that are known to be excellent oxidants for organic
materials. The optical spectrum presented in Fig. 1 clearly shows
presence of such radicals. Unfortunately, in Fig. 2 the main OH
band partially overlaps with the N2 second positive band, there-
fore it is not as distinguished as in Fig. 1. The solid confirmation of
the rather high concentration of water vapour in the experimental
chamber during treatment of samples with ammonia afterglow is
presented in Fig. 3. The OH radicals therefore cause some increase of
the oxygen concentration on the polymer surface upon treatment
with the ammonia afterglow. Appearance of nitrogen is observed on
the polymer surface after treatment in ammonia plasma afterglow
as the PET surface layer contains about 0.8 atomic% of nitrogen.
Such a poor functionalization is explained by rather high stability
of PET materials. Obviously, the atomic hydrogen created in the
processing chamber is not capable to remove oxygen from the sur-
face of polyethylene terephthalate at room temperature thus giving
way to chemical bonding of nitrogen-containing groups. Such resis-
tance of PET against atomic hydrogen at room temperature has
been already observed so only application of rather dense hydro-
gen plasma rich in hydrogen ions as well as UV radiation allows
for reducing oxygen content in the polymer surface [36]. The treat-
ment of PET samples in late afterglow of ammonia plasma therefore
does not allow for binding substantial amount of nitrogen (prefer-
ably in the form of amino groups) that would allow for appropriate
surface finish prior to functionalisation with the UV-responsive
microcapsules. That is why we have used a combination of oxygen
and ammonia afterglows. The oxygen pre-treated sample treated
with ammonia plasma afterglow for solely 3 s allowed for concen-
tration of nitrogen in the surface film examined by XPS of about
2.5 atomic% (Table 1). Prolonged treatment causes even better
functionalization since the achievable concentration of nitrogen is
almost 5 atomic%. Numerous different functional groups may  form
upon treatment of polymers with reactive species from ammonia
plasma but the afterglow of ammonia plasma is particularly suit-
able for formation of amino groups. The results presented in Table 1
are explained by increased affinity of pre-treated PET for binding
nitrogen-containing radicals. The pre-treatment by oxygen atoms
allows for saturation of PET surface with highly polar functional
groups that are rather unstable Such functional groups interact
with H and NHx radicals from ammonia plasma causing partial
reduction of the surface film as well as functionalization with nitro-
gen functional groups. The reduction probably occurs only on the
very surface and not in the sub-surface layers. This could be a fea-
sible explanation for observations presented in Table 1. Namely,
the concentration of oxygen in the surface film examined by XPS
is reduced only marginally even after prolonged treatment with

Fig. 4. FTIR spectra of untreated (a) oxygen plasma treated (b), ammonia plasma
treated (c), oxygen and ammonia plasma-treated polyester (d).

late afterglow of ammonia plasma. The concentration of oxygen
on samples treated by oxygen afterglow is 37 atomic% while on
the samples treated first by oxygen and then ammonia afterglow
is about 36 atomic% irrespective of the treatment time. Taking
into account this fact one can speculate that nitrogen in the sur-
face of our samples is bonded to carbon atoms in amide or similar
oxygen-containing groups rather than amino groups. The type of
the groups, however, cannot be determined by XPS due to overlap-
ping of subpeaks in high-resolution carbon C1s peak corresponding
to different surface functional groups.

To get more information about the type of nitrogen functional
groups, we  performed additional characterisation using Fourier
transform infrared spectroscopy (FTIR) and time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS). In Fig. 4 FTIR spectra of
untreated and plasma-treated PET fabric are presented. The char-
acteristic absorption bands of PET are visible at 1717 cm−1 (C O
stretching of aromatic ester), 1239 cm−1 (asymmetric stretching of
aromatic ester), 1094 cm−1 (aromatic ester O C O C vibration),
871 cm−1 (vibrations of aromatic ring) and 724 cm−1 (C O out-of-
plane bending and ring CH out-of-plane bending), whilst the three
small absorption bands between 2988 cm−1 and 2935 cm−1 belong
to C H sp3 vibrations [37,38]. The appearance of oxygen-rich
groups on PET surface such as CO, COO, OH etc. as a consequence
of O2 plasma treatment make PET surface more hydrophilic and
therefore more water molecules can be absorbed. The latter can be
observed in FTIR spectra of O2 plasma-treated PET as the appear-
ance of absorption band at 3421 cm−1, assigned to intermolecular
O H bonded to C O in the polyester chain, comparing to the
untreated PET [39]. Additionally, the increase of intensity of the
absorption band and its broadening at 1717 cm−1, assigned to car-
bonyl C O vibration is also observed after O2 plasma treatment
[40,41]. After NH3 plasma treatment the IR spectroscopy showed
no signs of amination, what is in sound with our XPS conclusions
about absence of amino groups. Another reason can be also higher
detection depth of FTIR and thus too low surface sensitivity. There-
fore, SIMS which is a technique with very high surface sensitivity
can give better information regarding surface functionalities.

In Fig. 5 are shown negative SIMS spectra of untreated PET and
the one treated in combination of oxygen and ammonia plasma. In
the spectrum of the untreated PET there are peaks that correspond
to characteristic molecular fragments of PET material. After plasma
treatment, two  new peaks are observed at m/z  26 and m/z 42 that
correspond to CN− and OCN− fragments. The ratio OCN−/CN− is
0.57. It was  reported by Gerenser et al. [42] that OCN−/CN− ratio is
an important indicator of the type of nitrogen-containing polymers.
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Fig. 5. Negative SIMS spectrum of: (a) untreated sample and (b) oxygen and ammonia plasma-treated sample.

Fig. 6. The SEM images of PET samples (a) untreated, (b) treated with 100 s O2 and 3 s NH3 plasma afterglow, (c) treated with 100 s O2 and 243 s NH3 plasma afterglow, (d)
treated  with 200 s O2 and 243 s NH3 plasma afterglow.

The reported ratio for amines and imines was <0.05, for imides 0.19,
for amines 0.22 and for urethanes it was 1.25. Our value of 0.57
suggests that nitrogen groups are associated with oxidized carbon
and thus they support our conclusions derived from XPS results.

The water absorption analysis was performed on untreated and
plasma-treated samples to evaluate the hydrophilic/hydrophobic
character of PET fabric. The results summarized in Table 2 show
a dramatic improvement of the water sorption after the treat-
ments. The untreated PET fabric is moderately hydrophobic so
the absorption time is almost a minute. As expected, the oxy-
gen plasma-treated samples exhibit a hydrophilic character – the

Table 2
Water absorption of untreated and plasma-treated PET fabrics.

Sample treatment Absorption time (s)

Untreated 54.5
100 s O2 0.35
100 s O2 + 100 s NH3 0.95
100 s NH3 28.13

absorption time is well below a second. Such a fast absorption is
explained by functionalization of the polymer surface with polar
oxygen-rich functional groups. Interesting enough, the absorp-
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tion time remains short even after functionalization with nitrogen
groups. The absorption time for the sample treated first by oxy-
gen plasma afterglow and then by radicals from ammonia plasma
is about 1 s. This is three times longer than for only oxygen-treated
sample but still much shorter than for untreated sample. Such a
short absorption time presented in Table 2 indicates that the sam-
ple retained hydrophilic character despite functionalization with
nitrogen functional groups. Table 1 reveals that also the high con-
centration of oxygen on the sample treated subsequently by oxygen
and ammonia plasma afterglows persists. The results presented in
Tables 1 and 2 are therefore sound and just indicate that the method
described in this paper allows for both functionalization with nitro-
gen and hydrophilic character of the sample. The combination of
both is beneficial for binding the UV-responsive microcapsules.

In Fig. 6 SEM images of untreated and plasma-treated PET
samples are presented, where the influence of plasma treat-
ment on morphological changes of PET fibres is visible. On the
untreated sample impurities on the surface of the fibres are present
(Fig. 6a), which are removed after treatment with plasma after-
glows (Fig. 6b–d). With the increasing treatment time, the cleaning
of the surface is greater. In addition to the cleaning, treating PET
fabric with 200s O2 and 243s NH3 plasma afterglow causes the sur-
face etching effect, modifying the surface of fibres to be rougher
(Fig. 6d).

The physical and chemical surface changes induced by plasma
afterglow modification influence the uptake capacity of PET fabric
towards microcapsules containing photochromic dye, which can be
demonstrated by SEM, air permeability, add-on and colour mea-
surements. The SEM images of microcapsule-coated PET fabrics
show that treating PET fabric with plasma afterglow, regardless
of the gas used, increases the uptake of microcapsules on the sur-
face (Fig. 7). Samples modified at longer treatment time (Fig. 7c)
have visibly higher amount of microcapsules embedded on the sur-
face than samples modified at shorter treatment time (Fig. 7b) or
untreated samples (Fig. 7a). The following can be expected since
untreated PET fabric is hydrophobic with lower content of polar
groups and does not wet in such extent as hydrophilic fabric like
cotton. Also the microcapsule shell is usually not an agent that can
react with the fibre, except microcapsule with reactive group in its
shell which can be covalently bonded to fibre functional groups.
For that reason, the binding agent is needed in the padding bath,
which is responsible for the adhesion of microcapsules onto fab-
ric. Wetting of fabric is especially important and desired at pad-dry
process, because the fabric has to pick up the padding bath in a
very short time in comparison with exhaust process at which the
fabric is immersed in the bath during the whole process and the col-
orant exhausts gradually onto fabric. When the fibre hydrophilicity
is increased, the wetting of fabric is faster and thus uptake of micro-
capsules can occur to a greater extent.

The results of SEM are in accordance to the results of air per-
meability (Fig. 8a) and add-on (Fig. 8b). Higher amount of the
microcapsules on the plasma-treated samples lowered the per-
meability and increased the add-on. The air permeability of O2
and NH3 plasma treated microcapsule-coated sample is 2.13% and
3.21% lower than of untreated microcapsule-coated sample. As
the treatment time with NH3 plasma prolongs for the O2+NH3
plasma-treated PET samples, the air permeability decreases further,
up to 9.56%. Higher amount of microcapsules on plasma-treated
samples seal the interstices between the fibres, reducing the air
permeability [43]. The sample (200sO2 + 243sNH3) with lowest air
permeability had also the highest add-on (Fig. 11). The add-on on
the sample 200sO2 + 243sNH3 was 10.75% and on the untreated
sample 1.31%, meaning that the add-on on plasma-treated sample
was almost eight times higher.

The increased uptake of UV-responsive microcapsules on
plasma-treated PET fabric is also determined by UV responsive-

Fig. 7. The SEM images of (a) untreated, (b) treated with 100 s O2 and 243 s
NH3 plasma afterglow, (c) treated with 200 s O2 and 243 s NH3 plasma afterglow
microcapsule-coated PET fabric.

ness of the fabric upon UV light irradiation and colour difference
(�E*ab) between untreated and plasma-treated sample. The UV
responsiveness of microcapsule-coated PET fabric was evaluated
by colour measurements (CIE L*a*b* values), colour strength (K/S)
and percentage of improvement in colour depth (I). The CIE
L*a*b* values (Fig. 9) are presented for microcapsule-coated PET
samples before and after illumination with UV light source for
1 min. The illuminated samples are darker, bluer and greener
compared to unilluminated samples. The plasma-treated sam-
ples before the illumination with UV source are slightly darker,
slightly greener (moving towards negative CIE a* axis) and yel-
lower (moving toward the positive CIE b* axis). The plasma-treated
samples after illumination with UV source are darker (CIE L* val-
ues decrease), slightly greener (moving towards negative CIE a*
axis) and bluer (moving towards negative CIE b* axis). Regardless
of the used gas or combination of both, the plasma treated sam-
ples are darker and bluer than untreated samples. The important
indicator of photochromic performance of microcapsules on PET
fabric is a photo-colouration, which is expressed as colour differ-
ence value (�E*ab) between non-irradiated (background colour)
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Fig. 8. Air permeability (a) and Add-on (b) of untreated and plasma-treated microcapsule-coated PET samples.

Fig. 9. CIE L*a*b* colour values of untreated and plasma-treated microcapsule-coated PET fabrics, before and after an illumination with UV light source.

and UV irradiated sample (developed colour) [44]. Higher �E*ab
values indicate higher ability of photochromic dye to rearrange
the bonding between atoms within colourless molecule creating
a structure that is intensely coloured. In other words, higher �E*ab
values represent better ability of photochromic dye to develop
colour after exposure to UV radiation, or in our case higher uptake
of microcapsules on PET fabric. After treating PET fabric by plasma
afterglow, regardless of the gas used, the �E*ab values increase
(Fig. 10a). The PET fabrics treated by 100 s O2 or 100 s NH3 after-
glow have very similar �E*ab values, indicating that the fabrics have
the same UV-responsive performance, which is in both cases higher
than of the untreated sample. In Fig. 10b the values of colour differ-

ence between untreated and plasma-treated microcapsule-coated
PET samples after illumination with UV source are presented. The
�E*ab values range from 2 to 7, meaning that the difference in
colour between untreated and plasma-treated sample is visible
to the human eye. Highest �E*ab values between untreated and
plasma-treated samples were calculated for samples with higher
concentration of nitrogen on the surface (Table 1), which is an indi-
cation of higher uptake of microcapsules on PET fabric after longer
period of treatment by NH3 MW afterglow.

The results of CIE L*a*b* (Fig. 9) and �E*ab (Fig. 10) are already
very good indicators for determination of the uptake capacity of PET
fabric towards microcapsules containing photochromic dye. The
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Fig. 10. The colour difference (�E*ab) value microcapsule-coated PET samples (a) between non-irradiated (background colour) and UV irradiated sample (developed colour)
and  (b) between untreated and plasma-treated UV irradiated samples.

Fig. 11. Colour strength (K/S) values of untreated and plasma-treated microcapsule-coated PET samples after illumination with UV light source.

results of colour strength (K/S) values (Fig. 11) and percentage of
improvement in colour depth (I) (Fig. 12) prove that MW afterglow
treatment indeed increases the uptake of photochromic micro-
capsules onto PET fabric. The colour strength (K/S) describes the
reflectance and transmittance of a translucent sample as a function
of the light absorption and the light scattering in the sample [45].
The absorption of the light is proportional to the concentration of
the colorant on the textile. Higher K/S value means that the sample
contains higher amount of the colorant (in our case photochromic
dye). The results of K/S values (Fig. 11) show that treating PET fab-
ric with plasma increases the intensity of K/S peaks at wavelength
of 610 nm.  Higher peaks of K/S values are correlated with a higher
quantity of UV-responsive microcapsules on the PET sample. The
PET fabric treated with the NH3 MW afterglow has higher uptake
capacity towards microcapsules than PET fabric treated with O2
MW afterglow. Also, the intensity of K/S peaks increase for sam-
ples treated by MW afterglow where a combination of gases was
used. The K/S values increase with longer treatment time with NH3

Fig. 12. The percentage of improvement in colour depth (I) between untreated and
plasma-treated microcapsule-coated PET samples.
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afterglow, and the highest increase of K/S values were obtained for
a sample treated by 200 s O2 and 243 s NH3 plasma afterglow.

The results of percentage of improvement in colour depth
(Fig. 12) between untreated and plasma-treated microcapsule-
coated PET samples indicate that the improvement in colour
strength (K/S) is almost 20% higher after treatment with O2 plasma,
and almost 75% for sample treated for 200 s with O2 plasma and
243 s with NH3 plasma. Again, the results prove that higher amount
of nitrogen on the PET sample is favourable for higher uptake of UV-
responsive microcapsules. Even short treatment with NH3 plasma
(i.e. sample 100sO2 + 3sNH3)  improves the colour depth by 50%.
It was reported [46] that the pre-treatment of cotton fabric with
cationic agent increased the uptake of photochromic microcapsules
onto fibres during dyeing process due to incorporation of cationic
charged groups onto fabric surface. The producer of microcapsules
Itofinish UV blue suggests the pre-treatment of fabrics with cationic
agent to enable exhaustion of negatively charged microcapsules on
the fabric. In our case the incorporation of cationic groups onto PET
fabric surface was obtained by NH3 MW plasma afterglow, which
caused higher uptake of microcapsules with photochromic dye
at pad-dry-cure process. Therefore, the uptake of UV-responsive
microcapsules is governed by two factors, one is the hydrophilic
nature of substrate i.e. increased hydrophilic nature of PET fabric
(Table 2), and the other is the presence of cationic functional groups
on the substrate i.e. incorporation of nitrogen rich groups onto PET
fabric (Table 1).

4. Conclusions

The increased embedment of UV-responsive microcapsules on
hydrophobic PET fabric was successfully achieved by treating fab-
ric in microwave discharge afterglow of oxygen and ammonia,
and combination of these gases. The uptake of microcapsules was
highest on sample treated with O2 plasma afterglow for 200 s
and subsequently with NH3 plasma afterglow for 243 s. This sam-
ple had an add-on almost 8-times higher than untreated sample,
which consequently led to increased colour strength (K/S values),
up to 75% improvement in colour depth and the colour differ-
ence between the untreated and plasma-treated sample with a
value of 7. Higher uptake of microcapsules also led to a smaller
decrease of air permeability. The reasons for the higher embed-
ment of microcapsules on plasma treated PET fabric were changes
of hydrophobic character of PET, which became hydrophilic after
O2 MW plasma afterglow treatment, and functionalisation with
nitrogen-rich functional groups on the surface of NH3 plasma
afterglow treated fabric. Treating PET with O2 MW afterglow
enabled better reactivity of the substrate to bond the nitrogen-
rich functional groups after NH3 afterglow treatment. The results
demonstrate the positive contribution of treating PET fabric with
neutral oxygen atoms, hydrogen and NHx radicals produced in
plasma to achieve higher reactivity of the substrate and conse-
quently higher uptake of UV-responsive microcapsules.
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retardant microcapsules to polyester and cotton fabrics, Mater. Tehnol. 48
(2014) 105–111.
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polyester-based veneers, Ann. Warsaw Univ. Life Sci. For. Wood Technol. 92
(2015) 312–316.

[41] M.M.  Kamel, M.M. El Zawahry, H. Helmy, M.A. Eid, Improvements in the
dyeability of polyester fabrics by atmospheric pressure oxygen plasma
treatment, J. Text. Inst. 102 (2011) 220–231, http://dx.doi.org/10.1080/
00405001003672366.

[42] L.J. Gerenser, J.M. Grace, G. Apai, P.M. Thompson, Surface chemistry of
nitrogen plasma-treated poly(ethylene-2,6-naphthalate): XPS HREELS and
static SIMS analysis, Surf. Interface Anal. 29 (2000) 12–22, http://dx.doi.org/
10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7.

[43] M.I. Guignard, C. Campagne, S. Giraud, M.  Brebu, N. Vrinceanu, L.I. Cioca,
Functionalization of a bamboo knitted fabric using air plasma treatment for
the improvement of microcapsules embedding, J. Text. Inst. 106 (2015)
119–132, http://dx.doi.org/10.1080/00405000.2014.942115.

[44] M.A. Chowdhury, M.  Joshi, B.S. Butola, Photochromic and thermochromic
colorants in textile applications, J. Eng. Fibres Fabr. 9 (2014) 107–123.

[45] A. Berger-Schunn, Practical Color Measurement, John Wiley & Sons, Inc, New
York, 1994.

[46] M.  Kamata, S. Osamu, S. Suefuku, S. Ohtsu-shi, T. Maeda, Dyeing method and
dyed product, EP0480162 (A1) – 1992-04-15 (1991).

dx.doi.org/10.1002/app.38325
dx.doi.org/10.1002/app.38325
dx.doi.org/10.1002/app.38325
dx.doi.org/10.1002/app.38325
dx.doi.org/10.1002/app.38325
dx.doi.org/10.1002/app.38325
dx.doi.org/10.1002/app.38325
dx.doi.org/10.1002/app.38325
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1016/j.apsusc.2012.10.014
dx.doi.org/10.1039/C5TC00850F
dx.doi.org/10.1039/C5TC00850F
dx.doi.org/10.1039/C5TC00850F
dx.doi.org/10.1039/C5TC00850F
dx.doi.org/10.1039/C5TC00850F
dx.doi.org/10.1039/C5TC00850F
dx.doi.org/10.1039/C5TC00850F
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1002/sia.1365
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.1007/s11090-011-9345-9
dx.doi.org/10.3390/ma8041526
dx.doi.org/10.3390/ma8041526
dx.doi.org/10.3390/ma8041526
dx.doi.org/10.3390/ma8041526
dx.doi.org/10.3390/ma8041526
dx.doi.org/10.3390/ma8041526
dx.doi.org/10.3390/ma8041526
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0170
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
dx.doi.org/10.1016/S0042-207X(02)00737-6
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0180
dx.doi.org/10.1177/0040517511420758
dx.doi.org/10.1177/0040517511420758
dx.doi.org/10.1177/0040517511420758
dx.doi.org/10.1177/0040517511420758
dx.doi.org/10.1177/0040517511420758
dx.doi.org/10.1177/0040517511420758
dx.doi.org/10.1177/0040517511420758
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0190
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
dx.doi.org/10.1080/10420150.2011.553230
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0200
dx.doi.org/10.1080/00405001003672366
dx.doi.org/10.1080/00405001003672366
dx.doi.org/10.1080/00405001003672366
dx.doi.org/10.1080/00405001003672366
dx.doi.org/10.1080/00405001003672366
dx.doi.org/10.1080/00405001003672366
dx.doi.org/10.1080/00405001003672366
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1002/(SICI)1096-9918(200001)29:1<12:AID-SIA687>3.0.CO;2-7
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
dx.doi.org/10.1080/00405000.2014.942115
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0220
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225
http://refhub.elsevier.com/S0169-4332(17)31212-6/sbref0225


This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 147.91.83.229

This content was downloaded on 16/05/2017 at 11:59

Please note that terms and conditions apply.

Plasma properties in a large-volume, cylindrical and asymmetric radio-frequency capacitively

coupled industrial-prototype reactor

View the table of contents for this issue, or go to the journal homepage for more

2013 J. Phys. D: Appl. Phys. 46 075201

(http://iopscience.iop.org/0022-3727/46/7/075201)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Characterization and global modelling of low-pressure hydrogen-based RF plasmas suitable for

surface cleaning processes

Nikola Škoro, Nevena Pua, Saša Lazovi et al.

Diagnostics and biomedical applications of radiofrequency plasmas

Saša Lazovi

Extremely non-equilibrium oxygen plasma for direct synthesis of metal oxide nanowires on metallic

substrates

Miran Mozetic

Determination of the neutral oxygen atom density in a plasma reactor loaded with metal samples

Miran Mozetic and Uros Cvelbar

Characterization of an asymmetric parallel plate radio-frequency discharge using a retarding field

energy analyzer

D Gahan, S Daniels, C Hayden et al.

Ion energy distribution measurements in rf and pulsed dc plasma discharges

D Gahan, S Daniels, C Hayden et al.

Application of extremely non-equilibrium plasmas in the processing of nano and biomedical materials

Miran Mozeti, Gregor Primc, Alenka Vesel et al.

Catalytic probes with nanostructured surface for gas/discharge diagnostics

A Drenik, U Cvelbar, K Ostrikov et al.

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0022-3727/46/7
http://iopscience.iop.org/0022-3727
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0022-3727/46/47/475206
http://iopscience.iop.org/article/10.1088/0022-3727/46/47/475206
http://iopscience.iop.org/article/10.1088/1742-6596/399/1/012015
http://iopscience.iop.org/article/10.1088/0022-3727/44/17/174028
http://iopscience.iop.org/article/10.1088/0022-3727/44/17/174028
http://iopscience.iop.org/article/10.1088/0963-0252/18/3/034002
http://iopscience.iop.org/article/10.1088/0963-0252/21/1/015002
http://iopscience.iop.org/article/10.1088/0963-0252/21/1/015002
http://iopscience.iop.org/article/10.1088/0963-0252/21/2/024004
http://iopscience.iop.org/article/10.1088/0963-0252/24/1/015026
http://iopscience.iop.org/article/10.1088/0022-3727/41/11/115201


IOP PUBLISHING JOURNAL OF PHYSICS D: APPLIED PHYSICS

J. Phys. D: Appl. Phys. 46 (2013) 075201 (8pp) doi:10.1088/0022-3727/46/7/075201

Plasma properties in a large-volume,
cylindrical and asymmetric
radio-frequency capacitively coupled
industrial-prototype reactor
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Abstract
We have developed a large-volume low-pressure cylindrical plasma reactor with a size that
matches industrial reactors for treatment of textiles. It was shown that it efficiently produces
plasmas with only a small increase in power as compared with a similar reactor with 50 times
smaller volume. Plasma generated at 13.56 MHz was stable from transition to streamers and
capable of long-term continuous operation. An industrial-scale asymmetric cylindrical reactor
of simple design and construction enabled good control over a wide range of active plasma
species and ion concentrations. Detailed characterization of the discharge was performed
using derivative, Langmuir and catalytic probes which enabled determination of the optimal
sets of plasma parameters necessary for successful industry implementation and process
control. Since neutral atomic oxygen plays a major role in many of the material processing
applications, its spatial profile was measured using nickel catalytic probe over a wide range of
plasma parameters. The spatial profiles show diffusion profiles with particle production close
to the powered electrode and significant wall losses due to surface recombination. Oxygen
atom densities range from 1019 m−3 near the powered electrode to 1017 m−3 near the wall. The
concentrations of ions at the same time are changing from 1016 to the 1015 m−3 at the grounded
chamber wall.

(Some figures may appear in colour only in the online journal)

1. Introduction

Low-temperature plasmas represent an irreplaceable tool for
many industrial processes due to a variety of chemical
reactions that can be induced and controlled, even at low
gas temperatures. Most of the energy delivered to non-
equilibrium plasmas is transferred to electrons and not to
the heating of the background gas or walls of the vessel.
Therefore, the electrons are determining the nature of chemical
processes in the plasma as well as at the plasma–sample
interfaces. Energetic electrons in plasma can produce active

species (ions, radicals, metastables and new electrons) in very
high concentrations that can hardly be matched by traditional
chemical or other methods. In addition, non-equilibrium
plasmas may be easily modified and controlled by changing
the composition, pressure, current density and flow, thus
allowing a wide range of variation of a number of parameters
and allowing optimization and even on-line control of some
technological plasma based processes.

However, the interaction between the plasma created
active species and the substrate is also depending on the
material properties of the substrate. Intrinsic surface properties

0022-3727/13/075201+08$33.00 1 © 2013 IOP Publishing Ltd Printed in the UK & the USA
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and desired treatment effects are setting the requirements for
the plasma source design, defining the range of applicable
internal and external plasma parameters. From the point
of practical use, the crucial aim is to determine the
optimal range of applicable plasma parameters and proper
plasma operating regime [1–5]. Controllable plasma chemical
reactions are widely used in the processing of materials of
different origins and properties [6, 7]. For example, field of
microelectronics is strongly influenced by the development of
plasma devices, i.e. by improved results on plasma deposition,
etching, ashing, implantation, surface cleaning and other
surface modification processes [8, 9]. Another rapidly growing
research field is biomedical plasma applications [10–13].
Related to this, low-pressure plasmas also find their place
in the sterilization of medical instruments, processing of
biocompatible materials and, for example, in increasing
antibacterial properties of textiles later used in medical,
military or food preparation purposes. While it was expected
that atmospheric pressure plasmas would replace the low-
pressure reactors, the complexity of vacuum system is replaced
by other complexities, such as small gap, instability of
operation and usage of helium as a buffer gas [14, 15]. Thus,
low pressure plasmas are still an option for applications of
materials and samples that can be placed in vacuum.

In order to measure plasma parameters and effectively
control the plasma process, we need to apply different diag-
nostic techniques. Typically, we are looking for quantitative
results which can be monitored as an indication of the plasma
processing and also in order to compare with models that are
required to understand plasmas, to optimize the equipment and
even to control processing in real time.

Several methods have been developed for measurement
of neutral atom density. The mass spectroscopy is suitable as
long as plasma is created at low pressures; however, in many
plasmas partial pressure may be as high as 100 Pa [16, 17]. For
these cases and the cases of atmospheric pressure discharges,
differential pumping of the mass spectrometer is obligatory,
which significantly increases the cost of the technique and
introduces some problems [18]. A similar problem occurs
when measuring plasma ions. In any case, mass spectrometry,
while providing detailed results, has a limitation due to
difficulty in making absolute calibration. Chemical titration
using NO is a reliable method, but it tends to be time consuming
and destructive so it is not suitable for real time measurements
[19, 20]. Laser absorption spectroscopy such as laser-induced
fluorescence (LIF), two-photon laser-induced fluorescence
(TALIF) [21] or cavity ring-down spectroscopy (CRDS) [22]
are reliable methods, but require expensive equipment and are
therefore of little interest for industry. On the other hand,
optical emission spectroscopy (OES) is easy to use; it requires
inexpensive equipment and allows real time measurements.
Nevertheless it is still nowadays regarded as semi-qualitative
since quantification of the results is difficult (see [23]).

Catalytic probes are simple, easy to use and allow real-
time monitoring of the neutral atom density as long as the
neutral gas temperature is close to the room temperature,
and the dissociation fraction is many orders of magnitude
larger than the ionization fraction [24]. Until now, catalytic

probes were used to measure atomic oxygen species in
inductively coupled radiofrequency and microwave discharges
[25, 26]. Some measurements were also performed in
capacitively coupled radiofrequency plan parallel reactors [27–
29]. Reports show that atomic oxygen concentrations are of the
order of 1021 m−3 except for the capacitively coupled plasma
(CCP) reactor where densities are lower, 1019 m−3.

In this paper we apply several diagnostic techniques to
study plasma of a large-scale asymmetric capacitive plasma
reactor. We have developed an industrial reactor of a simple
design where homogeneous, stable plasma capable of long
term operation is generated. The main objective was to limit
the energy of the ions bombarding the sample surfaces while
still having sufficient densities of active plasma species.

The large size reactor was built to demonstrate the
properties of plasma of a large size that can reasonably
handle on-line textile treatment. This would require an
additional differential pumping stage so that the textile would
be introduced through a slit at one side of the reactor wall,
continuously moved through the plasma and finally the treated
textile would be rolled after exiting. Additionally, the intensity
of the treatment can also be controlled by adjusting the distance
between the power electrode and the samples. Our previous
studies of plasma treatment of textile [30] were carried out
in a similar asymmetric reactor of a much smaller volume.
In this paper, we present results on characterization of the
large volume plasma. Langmuir and catalytic probes were
used to measure spatial profiles of concentration of ions and
of atomic oxygen. Detailed electrical characterization of the
reactor was performed using home-made derivative probes
which proved to be superior to commercial probes and power
meters, overcoming problems with operating frequency ranges
and calibration. The current–voltage characteristics of the
discharge, as well as, the real power delivered to the plasma
by the generator will be presented. All measurements were
carried out in air plasma for several different pressures and
powers.

The ion energies and concentrations can be independently
controlled using two RF sources operating at different
frequencies [31, 32], but due to simplicity and reduced cost, we
have chosen asymmetrical (cylindrical) geometry of the reactor
[33]. This asymmetry provides a very large ratio of areas
of the grounded to the powered electrode and consequently
pronounced differences between voltage drops in the sheaths.
This leads to differences in energies of ions bombarding the
two electrodes. In addition, relatively large atomic oxygen
densities are present. Oxygen atoms are necessary for plasma
modification of seeds, polymers and textiles [34–37] for
which the reactor was already used, as well as, many other
treatments. However, a detailed characterization of plasma
species, especially of ions, neutral atoms as well as proper input
powers, is not yet available including correlations between
those species and plasma properties. One of the most common
problems in microelectronic manufacturing [38] is temporal
variation of plasma properties due to modification of surfaces
of the vessel. We have thus developed a simple real time
monitoring plasma processes based on the catalytic probes that
may be easily applied in large-scale industrial processes.
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Figure 1. Schematics of the experimental setup.

2. Experimental setup

A CCP reactor powered at 13.56 MHz and operated at low
pressures with a large volume in which uniform plasma can
be created was used for experiments. The discharge chamber
made of stainless steel was 2.5 m long and 1.17 m in diameter.
The powered electrode was 1.5 m long (and could be extended
to fully 2.5 m), 3 cm in diameter and made of aluminum. It is
placed axially at the centre of the chamber. The chamber has
a platform at the bottom where samples can be placed. The
distance between the platform and the powered electrode is
adjustable by moving the platform. The outer chamber wall is
the grounded electrode and the sample platform is grounded
as well.

The electrical circuit consists of an RF power generator
Dressler Cesar 1310 in combination with Variomatch matching
network. Derivative probes were placed as close as possible
to the powered electrode. Langmuir and catalytic probe were
placed side-on to the reactor wall (as presented in figure 1).
The reduced pressure is maintained using a two-stage rotary
pump (60 m3 h−1). Ambient air is introduced into the chamber
through a needle valve.

In the regime with flowing working gas, the pumping
system can also affect the way atomic oxygen recombines
at the catalytic probe surface [39]. Due to this reason, we
measured densities in both fluent and stationary regime, with
and without pumping. Our results showed that in the present
setup the effect of pumping on results was negligible.

Knowledge of power introduced into the plasma is
essential in characterizing plasmas and controlling operating
conditions in plasma processing. Non-linear impedance of the
plasma imposes harmonics of the drive frequency. Asymmetry
of the discharge chamber also affects the way harmonics
are generated. Due to this non-linearity, the change in
external circuitry leads to unpredictable variation of the plasma
properties. For example, the auto-tune feature on the matching
network can result in different reflected power minima for
several apparently identical measurements which will result
in different values of power deposited into the plasma [40].
Therefore, the power measured at the RF generator is not the
best parameter.

Disadvantages of using commercial power meters lie
in the fact that the power is usually measured only at a
single frequency or in a very narrow range of frequencies,
thus leaving out the information about power delivered to
the load at the frequencies of the higher harmonics. There
are also commercial probes available for current and voltage
measurements at radio frequencies but their disadvantage
is that in most of the cases their frequency response is
not characterized properly. Derivative probes which are
calibrated in a wide range of frequencies (from an order of
magnitude lower to an order of magnitude higher) overcome
these problems. Such probes can be placed close to the
powered electrode reducing the error introduced by the
losses in the part of external electrical circuit from the
probes to the powered electrode. We have used previously
described derivative probes [41] in order to measure the power
transmitted to the plasma and analyse harmonic composition
of the signals.

Both probes were placed into a stainless steel box opposite
each other and as close as possible to the powered electrode.
Instantaneous voltages and currents were monitored using
derivative probes which were connected to the oscilloscope
with cables of identical length (so there would be no
additional phase differences between current and voltage
signals introduced). All waveforms were collected by the
computer for further analysis. Numerical processing of the
acquired data consists of a fast Fourier transform (FFT),
calibration in the frequency domain of both amplitude and
phase and inverse fast Fourier transform (IFFT) after which
the real calibrated waveforms are obtained. Measurements
using derivative probes were carried out for the whole range
of powers delivered by the RF generator. Before every
measurement reflected power was checked and, if needed,
adjusted to be less than 1% of the forward power.

Spatial profiles of the ion concentrations were measured
using Hiden Analytical ESPION advanced Langmuir probe
system which was placed side-on. The system has a linear
motion drive which enables probe positioning with the minimal
spatial resolution of 0.1 mm. Measurements were made in air
at 100 mTorr. We have used a platinum probe tip, 5 mm long
and 0.15 mm in diameter. Linear motion drive was used to
position the probe at distances from 50.5 to 20.5 cm measured
from the powered electrode. Measurements of V –I curves
were made for all those positions of the Langmuir probe. At
every position 50 measurements were made each consisting on
average of 10 scans with pre-cleaning for each measurement.
Afterwards, the V –I curves were smoothed and data were
processed using HidenESPSoft. Orbit motion-limited theory
implemented in the standard HIDEN ESPion software was
applied. Mass of N+

2 ion was assumed in the analysis thus
giving an effective density where contributions of other ions
are projected onto that of N+

2 .
Spatial profiles of the neutral oxygen atoms were

measured using nickel catalytic probe (polycrystalline nickel
disc with purity ∼99.8%). The probe covered the
same distances from the powered electrode where the ion
concentrations were measured. The catalytic probe was moved
even further away from the powered electrode than the reactor
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Figure 2. (a) Average power delivered to the plasma measured by derivative probes (Pavg) as a function of power given by the RF generator
(Prf ). (b) Volt–ampere characteristics of the discharge measured by derivative probes. Gas was air at 100, 200, 400, 600 and 800 mTorr.

walls. Namely, it was necessary to mount a cylindrical,
stainless steel, side chamber (arm) which is perpendicular
to the chamber wall in order to mount the probe and allow
its movement. The chamber wall is 57.5 cm away from the
electrode, and the catalytic probe was moved up to 6 cm inside
the side tube. Measurements of oxygen concentrations were
extended into the reactor side arm.

The asymmetry of the reactor introduces large differences
in ion energies and fluxes near the powered electrode and near
the grounded chamber wall due to different values of sheath
potential drops: (

Up

Ug

)
=

(
Ag

Ap

)k

, (1)

where Up and Ug are sheath voltages and Ap and Ag are
the areas of powered and grounded electrodes, respectively.
Theoretically, k ranges from 1.25 to 4, and experimentally
it is less than 2.5 [42]. The smaller the electrode area, the
smaller is its capacitance, and therefore the corresponding
potential drop is larger. On the other hand, the sheath thickness,
which will also affect the capacitance and the voltage drops,
may depend on the voltage across it, through Child’s law.
The problem needs to be solved self-consistently to obtain
the voltages [43]. Pronounced gradients of ion energies and
concentration appear at different distances from the powered
electrode in our reactor. Therefore, the position of the substrate
or the measuring probe will strongly affect the intensity of the
positive ion bombardment of the substrate surface. The highest
flux of ions and the highest energies will be associated with
the bombardment of the smaller electrode (1) [42, 44].

3. Results and discussion

3.1. Electrical characterization of the reactor: power
measurements and current–voltage characteristics

We first recorded current and voltage waveforms and then
calculated the mean power as the time integral of their product.
Dependence of the average power, measured by the derivative
probes, on the power produced by the RF generator in air

for several pressures is given in figure 2(a). We can see
that the dependence is linear and that most of the power
is indeed delivered to the reactor. With the changing of
pressure, the delivered power does not change significantly.
The discrepancy increases with an increase in the power.

From the volt–ampere (V–A) characteristics shown in
figure 2(b) we can conclude that the plasma is operating in
the α regime judged by the almost linear V–A dependence.
The differential impedance magnitude is decreasing with an
increase in pressure (from 100 � down to 30 �). We can
also see that the root mean square values (rms) of voltage are
ranging from about 50 up to 250 V and that working voltages
are increased with an increase in pressure of the working
gas. On the other hand, rms values of current are decreased
with an increase in the pressure, remaining in the range from
0.2 to 3.8 A.

As mentioned above, the dimensions of the reactor were
selected to be such that it could accommodate processing of
a standard width of the textile as used in the industry. It
turned out that it was possible to achieve uniformity over
the entire width of the textile and stable operation for hours
without any sparking that often occurs at atmospheric pressure.
Our experimental device that was used in our previous studies
of textile treatment [30, 34, 35, 45] had 0.37 m diameter and
length of 0.5 m. Thus, its volume is about 50 times smaller
than the volume of the large size reactor. Nevertheless the
large volume reactor was able to provide the same level of
treatment of the surface with only an increase in 30–50% in
power.

3.2. Influence of ion bombardment on heating of the catalytic
probe and samples

There are two major reasons for performing Langmuir probe
measurements in the main reactor chamber. The first one is to
establish the flux of ions which determines the basic effect but
if allowed to be excessive may damage the sample. Secondly,
we need to estimate the contribution of ion bombardment
to the heating of the catalytic probe. For that purpose we
have measured spatial profiles in air at 100 mTorr at different
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distances from the powered electrode. Ion bombardment,
light quanta, radiation, accommodation of gaseous molecules,
relaxation of metastable oxygen and ion recombination can
significantly contribute to the heating of the probe, depending
on the type of the discharge and operating conditions.

If we assume that the heating of the probe is only due to
recombination of atomic oxygen and ion bombardment, then
the heat dissipated at the probe surface is given by

Pheat = PO + Pi = jOγWdπr2 + jiWiπr2 (2)

where PO is the contribution due to the neutral oxygen atom
recombination, Pi is the ion bombardment term, jO is the
neutral oxygen atom flux and ji is the ion flux, γ is the
coefficient for heterogeneous surface recombination of O
atoms on the nickel surface with the value of 0.27 [46], Wd and
Wi are the dissociation and first ionization energy of oxygen
molecules and r is the nickel probe disc radius. Here, it
is worth noting that our discharge is created in air, which
can also produce neutral nitrogen atoms and other species
including metastables. However, one should have in mind
that the dissociation energy of N2 is 9.75 eV, as compared with
5.12 eV for O2. Additionally, the recombination coefficient
for N atoms is also lower and is 0.1. Due to this reason,
the dissociation of O molecules with dissociation energy of
5.12 eV is the most probable channel, and contributions of N
atoms can be neglected in first approximation.

Neutral oxygen atom flux and ion flux are then given by

jO = 1
4nOνO; ji = niνi, (3)

where nO and ni are the O atom and ion density, in the probe
vicinity, respectively. νO is the average of the absolute value
of thermal velocity of O atoms, νi is the Bohm velocity. The
probe is being heated until the temperature saturates and then
the discharge is turned off. At this moment heating and cooling
rates of the probe are equal. The cooling rate is given by

P = mcp

�T

�t
, (4)

where m is the nickel disc mass, cp its specific thermal capacity
and �T/�t is the absolute value of the temperature derivative
just after turning off the discharge. It is important to note that
by equating the heating and the cooling terms and taking into
account only the neutral atom contribution, the concentrations
are calculated as follows:

n = 4mCp

νγWdπr2

�T

�t
. (5)

Another important fact is that from the ratio of
jiWi/jOγWd we can calculate the upper limit for the ion
contribution to the heating of the electrode. The ion
contribution to the energy of the electrode Wi is the sum of
the kinetic energy which is gained in the sheaths and the
ionization energy (the first ionization energy for O2 molecule
is 12 eV) [27]. Obviously, the ion kinetic energy in a strongly
asymmetric discharge of this kind is going to be significantly
different at different distances from the powered electrode, as
mentioned before (1). From figures 3 and 4, we can see that the
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Figure 3. Spatial profiles of ions measured by the Langmuir probe
in air at 100 mTorr and at different powers.
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Figure 4. Concentrations of oxygen atoms measured by the
catalytic probe in air at 100 mTorr at different powers.

ion concentrations are three orders of magnitude lower than
the measured neutral atomic oxygen concentrations for low
generator powers up to 100 W. We were not able to conduct
proper Langmuir probe measurements for higher powers due
to additional secondary discharge developing at the tip of the
probe influencing our results, but we expect the same ratio to
be maintained for powers higher than 100 W.

Ion measurements were performed in air plasma at
100 mTorr and at distances from the powered electrode of
20.5 cm up to 50.5 cm. Measured ion densities are between
1015 and 1016 m−3 (figure 3), whereas concentrations of neutral
oxygen atoms were of the order of 1018–1019 m−3 (figure 4).
Ion and atomic oxygen concentrations are typically decreasing
with the distance from the powered electrode, and increasing
with the power.

Recombination coefficient of nickel is 0.27 for neutral
atomic oxygen recombination while almost every ion
(for example O+, N+, N+

2 , O+
2, NO+) reaching the probe

surface recombines with probability 100% and contributes to
the probe’s heating. In the case of the symmetric CCP, the
authors report that the ion contribution is about 2%, when
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taking Wi to be 12 eV + 18 eV [26]. Having in mind that in the
region close to the grounded electrode of the asymmetric CCP,
the ion energies are lower than 18 eV [30], we can conclude
that the contribution to heating of the catalytic probe due to ions
is even lower than for the symmetric CCP. More precisely, the
upper limit to the contribution to heating of the catalytic probe
surface due to ions in our case ranges from 1.2% to 2%, as
previously estimated. Unfortunately, due to the limited length
of the catalytic probe we were not able to go very close to the
powered electrode.

From the above results we can conclude that in our
experiments the ion contribution to the heating of the catalytic
probe surface is not substantial. In the same light, we can see
that close to the main chamber wall neither ion energies (1)
nor ion concentrations (see figure 3) are high and that the wall
represents a drain for both species.

3.3. Radial dependence of atomic oxygen in cylindrical
chamber and chamber extension

The dependence of oxygen atom densities with the distance
from the powered electrode is influenced by the balance of
production and losses. Having in mind cylindrical geometry
of the reactor, atomic oxygen is produced in the plasma at
close proximity to the powered electrode, while on the other
hand recombination takes place predominantly at the surface
of reactor walls. Atom recombination at the probe surface may,
amongst other things, be affected by the vicinity and area of
the reactor walls in the main chamber and the side tube.

The spatial profiles of oxygen atom densities in the main
reactor and in the side arm are shown in figure 5. We cannot
guarantee whether the reading of the atom density at the
position of the chamber wall is the same as it is at the wall where
there is neither side arm nor catalytic probe. Nevertheless
the profiles are consistent with diffusion profiles with a small
but appreciable reflection. As expected, at lower pressures
the density is lower which is consistent with a longer mean
free path.

The densities in the small tube continue decreasing
but faster than in the main chamber. This is consistent
with increased losses due to smaller size vessel and larger
probability of reaching the walls. The observed profiles offer
a possibility to control fluxes of reactive particles by placing
samples at different distances from the powered electrode, even
placing them inside the sidearm.

4. Conclusion

Plasma behaviour was studied in a large-volume (2.6 m3)
asymmetric CCP (industrial prototype) reactor of a simple
design (with a side arm that is needed to mount probes). Two
key properties of plasma for application in textile treatment,
densities of ions (physical sputtering and damage to the
surface) and oxygen atoms (chemical functionalization of
surfaces) and electrical characteristics were measured. The
wetting time achieved by this system was dramatically reduced.
Since the wetting time after plasma treatment is extremely short
and difficult to measure, we could not quantify these results,
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Figure 5. Spatial profiles of oxygen atoms measured by the
catalytic probe in air in the main reactor vessel and in the side arm
(tube positioned perpendicular to the chamber wall) in which the
probe is mounted (the main chamber wall distance from the powered
electrode is 57.5 cm). Measurements were made at different powers
and gas pressures.

i.e. we could not compare the two treated samples. Although,
we can state that the reduction in wetting time is similar and
causes very fast wetting of the samples whereas plasma non-
treated samples are very hydrophobic and water as well as
dye solution does not penetrate the textile. Size of the reactor
would allow continuous treatment of textile from the rolls of
the standard width used in the industry.

Derivative probes used for electrical characterization of
the reactor and plasma power measurement proved to provide
reliable results. We found that our plasma operates in alpha
mode and most of the generated power is dissipated inside
the plasma [47]. Due to reactor design and its cylindrical
asymmetric geometry, spatial distributions of ions and atomic
oxygen are changing significantly as we move away from the
powered electrode. Langmuir probe was used to measure the
spatial profiles of ion densities in order to make sure that
samples will not be damaged by ion bombardment and to
calculate the ion contribution to the heating of the catalytic
probe. Ion densities were of the order of 1016 m−3. A
nickel catalytic probe was used to measure the spatial profiles
of atomic oxygen in air for a wide range of pressures. It
is determined that in the main reactor vessel the atomic
oxygen densities are of the order of 1019 m−3 and are almost
linearly decreasing as we move away from the powered
electrode. In the small side reactor the densities are 1018 m−3

or even 1017 m−3 depending on the proximity to the walls
and pressure. Therefore, there is a wide range of atomic
oxygen concentrations which can be delivered to the samples
based on the position of treated material, inside the main
vessel or perpendicular side arm. The results indicate that
the diffusion is the mechanism governing profiles of neutral
atoms. Atomic oxygen loss processes are dominantly affected
by the recombination of atoms at the vessel/tube walls. Taking
into account the power measured by the derivative probes,
spatial profiles of ion densities measured by the Langmuir
probe and spatial profiles of atomic oxygen optimal set of
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important plasma parameters can be obtained for optimization
of sensitive material treatment according to required flux of
ions or atoms to its surface. It is shown that high atomic density
can be achieved even for lower powers, and therefore lower
processing costs, by placing the sample close to the powered
electrode but in that case one has to deal with somewhat higher
ion energies.

Compared with other plasma sources investigated by the
catalytic probes (MW and ICP for example) here we have
two to four orders of magnitude lower oxygen atom densities
due to its large size and smaller volume where the atoms are
produced [48]. This property makes the cylindrical reactor
appropriate for treatment of sensitive samples such as seeds,
polymers and textile. The primary reason for the low measured
densities is the distance from the powered electrode and a very
large volume. At the same time one may select the geometry
and position of the sample to control the fluxes. The energy of
ions may also be controlled by selecting position (1) and also
by biasing.
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[19] Mozetić M, Ricard A, Babić D, Poberaj I, Levaton J, Monna V
and Cvelbar U 2003 Comparison of NO titration and fiber
optics catalytic probes for determination of neutral oxygen
atom concentration in plasmas and postglows J. Vac. Sci.
Technol. A 21 369
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[46] Šorli I and Ročak R 2000 Determination of atomic oxygen
density with a nickel catalytic probe J. Vac. Sci. Technol. A
18 338
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In this work we present results of two significantly different types of plasma treatment on

Paulownia tomentosa Steud. seeds. In the first type, seeds were directly treated in low-

pressure plasma and then imbibedwith distilled water. In the second type, an atmospheric

pressure plasmawas used for obtaining plasma activatedwater (PAW)which is then used

for imbibition of seeds. The CAT activity and protein content is evaluated

during 4 d following the imbi-

bition process, i.e., immediately

after the phytochrome activa-

tion and in the 3 subsequent

days. Comparison of results of

treated seeds to the control

group allows to correlate the

enzyme activity and protein

content during the initial stages

of germination with plasma

treatment types and treatment

conditions.
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1 | INTRODUCTION

Non-equilibrium plasmas for decades played an important
role in treatments of various types of materials in order to
modify roughness, hydrophobicity, produce coatings, poly-
merization, nanostructuring, increase the active area for
absorbed dyes on textile surface, etc.[1–6] The choice which
plasma system will be used is determined mainly by the type
of the sample and the effect that plasma needs to achieve.

Another very important point in favor of plasmas is that they
are environmentally friendly and, in most cases, cost efficient
solutions that can supplement or replace in total classical
treatments. Lately, the driving force for development of
plasma sources, especially those that operate at atmospheric
pressure, is the expansion of biomedical applications of
plasmas. Low temperature plasmas so far have been
successfully used for sterilization, wound healing, blood
coagulation, cancer treatment, increasing of differentiation,
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and proliferation of normal and human stem cells, stomatol-
ogy, dermatology, and treatment/production of biocompatible
materials.[7–14] Applications of these devices is accompanied
by their detailed characterization by various diagnostic
techniques[5,15,16] as well as comprehensive modeling that
describe plasma behavior and chemistry, especially chemistry
of reactive oxygen and nitrogen species (RONS) production
that have key importance in biomedical applications.[4,17–24]

In recent times, new and fast developing field of low
temperature plasma applications is plasma agriculture (appli-
cation of plasmas for different aspects of agriculture and food
industry). It was shown that both low pressure and atmospheric
pressure plasmas can be successfully used in stimulation of
seed growth, increase of germination percentage and decon-
tamination, breaking of dormancy or increase in the length of
seed sprout.[25–34] Plasma treatment of seeds became one of the
starting points in opening of a wide area of applications of
plasmas in agriculture and related biotechnologies. Nowadays,
this list ismuchwider including treatments of seeds, soil, usage
of plasma activated water, etc.[35–41]

In direct plasma treatments, i.e. where seeds are in direct
contact with plasma or afterglow, the surface of seeds
undergoes a variety of changes. During the plasma treatment,
depending on the plasma conditions, the surface is activated
so other functional groups can be attached (-COOH, -COH,
-COO, -NH2, -OH, -NO, etc.). Also, during the treatment seed
surface is etched and, at the same time, decontaminated from
various types of microbes. As a result the surface contact
angle is reduced and seeds’ surface changes from hydropho-
bic to hydrophilic.[42,43] The main species responsible for this
type of changes are neutrals and ions of nitrogen and oxygen,
especially O(3P), O2(

1Δg), O3, NO, N, O(
1D) and O2

− ion,
which is signaling molecule in most of the cell processes.
Lately, as an alternative to the direct plasma treatment of
seeds and plants, application of water treated by plasma, the
plasma activated water (PAW), gives similar results in the
increase of germination percentage, decontamination of both
seeds and plants and faster growth.[44–46] The reason for these
enhancement lies in the fact that in comparison to regular
water PAW contains large amounts of chemically active
species produced in plasma and at the plasma-liquid interface.
These species are transferred from the interface volume to the
liquid bulk and are able to trigger desired responses in
biological samples. Some of the most important species
appearing in the liquid bulk of PAW that are involved in
triggering cell mechanisms are OH, O, NO, H, H2O2, NO2

−,
O2

−, NO3
−, OH−.[47–50] In this paper, we want to compare the

effects of these two significantly different types of treatments
on the seeds of model plant P. tomentosa Steud. To
accomplish this we have used a low pressure radio-frequency
(RF) plasma system for direct treatment of seeds and an
atmospheric pressure plasma jet (APPJ)[51] for treatment of
distilled water in order to obtain PAW which is then used for

imbibition of the seeds. In addition to being a model plant
P. tomentosa is a viable agricultural product often used in
medical supplements and as addition to alcoholic drinks.

Seeds of P. tomentosa are positively photoblastic and
their germination is phytochrome-controlled. The light
requirement for maximum germination may vary from brief
exposure to several hours of red light, depending on seed
maturation conditions.[52] A large number of RONS are
continuously produced during seed and plant development,
from embryogenesis to germination.[53] However, cells have
evolved protective mechanisms in order to control free
radical-induced cellular damage.[54]

Process ofP. tomentosa seeds germination consists of three
phases: imbibition, the phase of phytochrome activity and the
phase of radicle protrusion and elongation. The optimum
imbibition time is 3 d. Previous findings showed that a 5 min
illumination with red light (660 nm) is sufficient for the
phytochrome activation, the phase that lasts from 48 to 72 h.
The processes following, including radicle protrusion, require
several days after which germination is completed.[52,55,56]

In the experiments that will be presented in this paper we
have investigated the early phase of germination, preferentially
immediately after the light treatment and up to 3 d after the
phytochrome activation, through CAT enzyme protein content
and activity. Catalase (CAT, EC 1.11.1.6) is a tetrameric protein
found in all aerobic organisms that catalyzes the dismutation of
H2O2 into water and oxygen.[57] CAT represents one of the
several cellular antioxidant defenses that play an important role
in scavenging reactive oxygen species (ROS).[58] It was shown
that, particularly in oily seeds,CAT is very important in the early
germination events because it removes H2O2 produced during
β-oxidation of the fatty acids.[59]

Increased generation of ROS seems to be a common
feature of the early germination phase, which is the critical
step of the process, since it involves activation of a regulatory
system controlled by intrinsic (i.e., dormancy) and extrinsic
(i.e., environmental conditions, such as temperature, oxygen,
and water availability) factors.[53]

Plasma treatment has been found to promote seedling
growth, increase proline concentration as well as activities of
superoxide dismutase (SOD) and peroxidase (POD) in wheat
seedlings under drought stress.[60] Similar observations have
beenmade for oilseed rape seedlings, confirming that SODand
CAT activities were significantly increased after cold plasma
treatment. Jiang et al.[61] reported that cold plasma treatment
increases activities of POD, phenylalanine ammonia lyase
(PAL), and polyphenol oxidase (PPO) of tomato under disease
stress.[62] In spite of these studies of antioxidant enzymes
activity in plasma treated seedlings and plants, evaluation of
cold plasma effect on seeds during germination has not been
investigated. Having in mind that plasma treatment of seed
induces a significant increase in germination, it is of particular
interest to study the effect of plasma on seeds.
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Hydrogen peroxide is widely generated in plants and
mediates various physiological and biochemical processes. As
a signalingmolecule, it can activate proteins/genes related to plant
growth and development. Accumulation of hydrogen peroxide
can reinforce cell walls through lignification. CAT activity is
essential for the removal of the potentially toxic hydrogen
peroxideproducedundervarious stress conditionsand then for the
avoidance of oxidative-stress-related damage.[63] CAT is also
important in fine-tuning the cellular H2O2 and then inmodulating
the related signaling pathways.[64,65]

In order to investigate the correlation between the plasma
effects and CAT activity and protein content during the initial
stages of germination process we performed direct treatment
of P. tomentosa seeds in an asymmetrical capacitively
coupled plasma (CCP) reactor under two different pressures
and several treatment times. Apart from direct plasma
treatment of seeds, an indirect treatment method was used
where we treated distilled water by using APPJ in order to
obtain PAW. After the treatment, PAW was used for
imbibition of P. tomentosa seeds. In both cases, the CAT
activity and protein content was evaluated during 4 d
following the imbibition process, i.e., immediately after the
phytochrome activation and in the 3 subsequent days.

2 | EXPERIMENTAL SECTION

2.1 | Low pressure plasma treatments

Low pressure treatments of seeds were performed in the
cylindrically shaped capacitively coupled plasma (CCP)
reactor with a powered electrode centrally positioned
along the axis (see Figure 1). This asymmetrical system
has ability to produce large volume of homogeneous
plasma performing mild treatments of many seeds at the
same time. Until now it was successfully used for
different types of textile treatments[66,67] and in treat-
ments of seeds and commercial grains for disinfection
and to increase the germination percentage.[26,27,68] It
was previously characterized in more detail and also the
PIC model was used to estimate the main parameters of
plasma treatments.

Main goal in construction of this RF plasma system was
to achieve homogeneous plasma in large volume with the
low energy of ions that bombard the grounded electrode that
serves as sample holder. This was achieved by using large
surface ratio between the powered and grounded electrode
(Apow

�
Agnd

¼ 700). The results obtained from the PIC
simulation show us that the energy of ions impinging the
grounded electrode and the samples are around 1–2 eV. The
samples are positioned on the grounded electrode and due to
their small size we can say that they are positioned in the
plasma sheath. The estimation of the sheath thickness
obtained from the PIC simulation is around 2 cm at the

grounded electrode. At the same time the electrical field at
this electrode does not exceeds 75 V/cm. The averaged
concentration of oxygen ions given by PIC analysis is
∼1015 m−3.[69,70] The concentration of neutral oxygen atoms
obtained by using catalytic probe in the same chamber
geometry, but larger in scale, is of the order of 1019 m−3. It
was shown that the concentration of ions coincides with the
results obtained by PIC simulation (∼1015 m−3). Mass
spectrometry measurement revealed that the main ions in
the discharge are O−, O2

−, O2
+, and O+. But the most

important is the presence of the atomic and molecular
oxygen metastables, especially O2(

1Δg). As with other
species that concentration of excited and metastable
increases with the increase of working pressure.[71]

The length and diameter of the chamber are 46 and
37.5 cm, respectively. Chamber wall, which serves as the
grounded electrode, is made of stainless steel while the
powered electrode is made of aluminum. The powered
electrode is axially placed, with length of 40 cm and diameter
of 1.4 cm. The electrode is powered by RF signal at
13.56MHz through automatically adjusting matching net-
work. The power during the treatments was kept constant at
100W given by RF power supply (Dressler Cesar 1310).

The platform for holding samples is positioned 13 cm
bellow powered electrode. Since it is connected to the
chamber wall it is also electrically grounded. A door mounted
on one side of the cylindrical chamber provides an easy access
and allows positioning of samples on the holder.

During all treatments flow of the gas was controlled by a
flow controller connected to the gas inlet of the chamber while
the exhaust linewas connected to themechanical pump.Herewe
need to emphasize that only mechanical pump was used.
Therefore, the baseline pressure that could be reached was
20mTorrwhich implies that certain amount of impurities (air, in
particular) were present. Pressure in the chamber was measured
by a capacitive gauge attached to one of the chamber ports.

Treatments were performed in oxygen at pressures of 200
and 600 mTorr which, with a constant pumping speed,

FIGURE 1 Schematics of the experimental set-up
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corresponded to gas flows of 80 and 435 sccm. For each
pressure four different treatment times were engaged: 1, 5, 10,
and 20min. During the treatments four Petri dishes (6 cm in
diameter), each containing 100 seeds, were positioned on the
platform inside the chamber. After the end of the treatment, the
seeds were immediately taken out of the chamber and
transferred to other sterile Petri dishes. The imbibition of the
treated seeds was performed by using 3 ml of distilled water.

2.2 | Atmospheric pressure plasma treatments
– Plasma Activated Water

We have used a standard atmospheric pressure plasma jet
(APPJ)[51,72,73] for treatments of distilled water (see Figure 2).
After the treatments, the obtained plasma activated water (PAW)
was used for imbibing the P. tomentosa seeds. The design of the
APPJ used in the experiments is simple and it consists of a glass
tube with the electrode made of copper tape wrapped around the
tube 5mmfrom its end. The outer and inner diameters of the glass
tubewere 6 and 4mm, respectively. The electrodewas connected
to a high voltage sinusoidal signal of 50 kHz that allowsplasma to
ignite immediately after the signal is turned on. The high voltage
signal is obtained by home-made power supply system consisting
of a function generator (PeakTech DDS Function Generator
4025), a home-made amplifier, and a high-voltage transformer.

To allow operation of plasma in glow regime,[16,74] He
gas was flown through the tube with the rate of four slm.
For treatments of water, the jet was positioned vertically
with a glass Petri dish underneath. At the bottom of the
dish we placed copper tape that was connected to the
ground through a 100 kΩ resistance. This electrical circuit
permits monitoring of the discharge current going to the
ground by measuring the voltage drop on the resistor. At
the same time, high-voltage probe connected to the
powered electrode measures voltage supplied to the

plasma jet. To produce plasma activated water we placed
12 ml of distilled water into the Petri dish (6 cm in
diameter). The distances between the end of the glass tube
of the jet and the water surface used in treatments were 0.5
and 1 cm. For both distances the applied voltage was kept
constant at 6 kVPeak-to-Peak. and measured current was
6 mAPeak-to-Peak for 0.5 cm distance and 4 mAPeak-to-Peak for
the distance of 1 cm. The water volume after treatments
was checked and found to be the same as the initial.
Treatment times were 5, 10, and 20 min.

In order to characterize PAW we have measured pH
and dissolved oxygen content immediately after the
treatment. Dissolved oxygen content analysis measures
the amount of gaseous oxygen (O2) dissolved in an
aqueous solution. For the pH measurements we have used
Hanna Instruments HI1131B pH electrode with HI5522
controller and for the percentage of dissolved oxygen in
water Hanna Instruments DO electrode HI764080 powered
by HI2004 unit.

2.3 | Plant material and seed treatment

Seeds of the empress tree (P. tomentosa Steud.) were
collected during 2015 in the Garden of the Institute for
Biological Research “Siniša Stanković,” University of
Belgrade, and stored at room temperature until use. Batches
of 100 seeds (plasma pre-treated or not) or 200 seeds (PAW
treated or not) were placed in Petri dishes (6 cm in
diameter) and imbibed with 3 ml of distilled water or
plasma treated water, respectively. Germination was
performed at 25 ± 2 °C, in darkness. Seeds were induced
to germinate with a 5 min red light pulse (660 nm, Philips
TL 20/15 fluorescent tubes with 3 mm plastic Röhm & Haas
filters, No. 501; fluence rate 3.54 μmol m−2 s−1) applied
after 3 d of imbibition.[52] Seed samples were taken
subsequently during next 4 d, in 24 h intervals, weighted
and stored at −70 °C until further analysis. A weak green
safelight was used for manipulations in the dark. All
experiments were repeated twice, with 3–5 replicates each.
The schematics of the procedure for the sample collection is
given in Figure 3.

2.4 | Protein extraction

P. tomentosa seeds (about 0.025 g FW) were grounded in
liquid nitrogen with a mortar and pestle and homogenized in
1 ml of potassium phosphate buffer (100 mM, pH 7.5)
containing 2 mM PMSF, 0.5 mMEDTA, 0.5% Triton X–100,
and 2% (w/v) polyvinylpolypyrrolidone (PVPP). The homo-
genates were centrifuged at 14000×g for 20 min, at +4 °C.
The supernatant was used for assays. Protein content in seed
extracts was determined according to Bradford[75] using
bovine serum albumin as a standard.FIGURE 2 Experimental set-up for treatment of distilled water

4 of 12 | PUAČ ET AL.



2.5 | Native polyacrylamide gel electrophoresis
and enzyme activity staining

Proteins were separated on the 10% non-denaturing poly-
acrylamide gel. Electrophoresis was performed at +4 °C for
2.5 h, at constant current of 120 V using Mini-Protein II
system (Bio-Rad, Richmond, CA). Equal amounts of proteins
(30 µg) were loaded on gels. Gels were stained for CAT
activity according to Woodbury et al.[76]

2.6 | SDS-PAGE and immunoblotting

Samples for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) were dissolved in the equal
volume of Laemmli buffer.[77] Separation of proteins was
performed at room temperature using Mini-Protein II system
(Bio-Rad, Richmond, CA) for 50min at 200V. Equal amounts
of proteins (15 μg) were loaded on 10% SDS polyacrylamide
gels. For detecting molecular weight of separated proteins,
colored molecular weight markers 10–260 kDa (SpectraTM
Multicolor Broad Range Protein Ladder, Fermentas GmbH,
Germany)were used.After separation, proteinswere transferred
electrophoretically (60 V for 1.5 h, at 4 °C) onto PVDF
membranes (Bio-Rad, SAD) using Mini Trans-Blot Module
(Bio-Rad, SAD).Membranes were blocked overnight at 4 °C in
a solution of 10% (w/v) non-fat dry milk (NFDM;Nestle, USA)
and probed with anti-catalase antibody (1:1000, AS09501;
Agrisera Antibodies, Sweden), and goat HRP conjugated anti-
rabbit IgG secondary antibody (1:20000, Ao545, Sigma
Aldrich, St. Louis, USA). Secondary antibodies were visualized
using an enhanced chemiluminescence detection system (ECL)
and densitometrically quantified using ImageJ 1.32j software
(W. Rasband, National Institute of Health, USA).

2.7 | Statistical analysis

Densitometry was performed on scanned gel and
immunoblot images using the ImageJ gel analysis
tool.[78] Statistical analysis was performed using
Stagraphics software, version 4.2 (StatPoint, Inc.
1982–2006, USA). Differences among different treat-
ments were tested using standard analysis of variance

(ANOVA). The means were separated using
Fisher’s Least Significant Difference (LSD)
post hoc test for p ≤ 0.05. Treatments denoted
by the same letter are not significantly
different (p ≤ 0.05).

3 | RESULTS AND
DISCUSSION

3.1 | Low pressure plasma
treatments

It was previously shown that asymmetrical CCP system
described above can be successfully used in treatments of P.
tomentosa seeds in order to increase percentage of germina-
tion. However, the effect of plasma on germination is affected
by plasma parameters like electric field, power, time, pressure,
and type of gas used in treatments.

It is well documented that electric field can positively
influence germination.[79,80] On the other hand, detrimental
effect can appear if seeds are exposed to electric field for a
very long time or if the field is very strong.[79] In our case
electric field (75 V cm−1) influencing the samples is quite low
comparing to the electric fields (up to several kV cm−1) used
in literature. We believe that influence of electric field is not
significant and main effect is obtained through bombardment
of the seed surface by reactive chemical species created in the
plasma and accelerated by the electric field in the sheath.

Regarding the plasma power, it was shown that higher
powers can induce damage to the seeds due to increased
thermal effects and destruction of seed wall by particle
bombardment. Therefore, for our chamber it was found that
optimal treatment times are up to 10 min for power of
100 W.[26,27,66] Concerning the pressure, its changes affect
densities and energies of particles present in plasma (the most
important are reactive species such are O−, O2

−, O2
+, O+, and

O2(
1Δg)). At lower pressures, densities of particles produced

in plasma are lower, but they have higher energies due to
fewer number of collisions, i.e., longer mean free paths.[4]

Energies of ions are directly influenced by the pressure
through the balance of energy gained from the field and
dissipated in collisions. Fast neutral particles can be affected
indirectly as those may be created by the charge exchange
collisions with ions.[81]

In our case, we performed treatment at two pressures
which are not far apart: 200 and 600 mTorr. Thus, the main
difference between two pressures would be in higher particle
densities (neutrals, radicals, and ions) that reach surface of
treated seeds at 600 mTorr in comparison to the case of
200 mTorr. Taking into account all this, a set of plasma
parameters close to the optimal for germination has been
chosen in order to investigate the response of the CAT
enzyme to the plasma treatments.

FIGURE 3 The experimental procedure for collecting the samples for enzyme
analysis
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As for the effect of the pressure on the seeds and their
germination, the selected seeds do not have a hydrophobic
protective seed coat so oxidization of the protective layer to
allow water to penetrate the seed is not an issue. It has been
postulated[26,27] that a deposition of different active molecules
and radicals may promote germination and growth of these
seedsmainly through their signaling functions in the cell. Thus
the explanation of the effect must be sought in plasma
chemistry leading to production of active species. Understand-
ing, control, andoptimization of the effects of plasmas depends
on being able to connect the plasma chemical processes to the
processes inside the cells of the seed. The effect of plasma
should be small enough to promote the germination and not too
large to have detrimental effect on the living cells.

We have measured both CAT protein content and CAT
enzyme activity at the beginning of the germination process
(immediately after activation of phytochrome) and in 3
subsequent days. The activity of CAT for samples treated for
different times is shown in Figure 4. Relative intensity for each
experimental band was calculated by normalizing the experi-
mental absolute intensity to the corresponding control absolute
intensity. One should bear inmind that the control group follows
the entire process as other seeds with the exception of plasma
treatment (see Figure 3). In other words, control groups have
passed imbibition (3 d) then they were initiated by the R pulse
and then subsequently taken for analysis in 4 subsequent days.
Standard behavior ofCATenzymeactivity in control samples of

P. tomentosa is observed and it increases after R
light pulse. CAT is only one of the relevant
enzymes that is responsible in early stages of
germination and later on peroxidase becomes even
more important. Both of these enzymes together
with the related radicals play their part in a complex
mechanism of germination that is being triggered
by plasma. Thus, one cannot easily correlate
activity of one enzyme to the efficiency of
germination. While effects of plasma are similar
and in the same direction as those reported
earlier[26,27] results will strongly depend on the
season, duration of storage, and other parameters.
Thus we have to find optimal conditions for each
batch. In addition we have improved performance
of our plasma source in the meantime.

When comparing the effects of pressures on
the enzyme activity measured immediately after
the activation of the phytochrome (day 0), the
samples treated in plasma at 600 mTorr of
oxygen exhibit a higher reduction in CAT
activity if compared to 200 mTorr treatments
(see Figure 4(a)). On the contrary, for the
treatment at 200 mTorr changes in the activity
are small, seeds treated for 1 min show slightly

lower activity, while the others show either similar (5 and
20 min) or slightly higher (10 min) CAT activity. Similar
trends can be observed in the samples collected on day 1 (see
Figure 4(b)) with a much larger increase of the activity at
200 mTorr. The treatments with higher pressure (600 mTorr)
and longer treatment times (10 and 20 min) induce four times
lower CAT activity compared to the untreated sample. At the
same time for pressure of 200 mTorr we can see increase in
the CAT activity as the treatment time increases. Two days
after the R pulse the enzyme activity declines more or less
linearly with increment of pressure and treatment time (see
Figure 4(c)). Thus, CAT activity in seeds after 20 min
treatment at 600 mTorr was nearly four times lower in
comparison with control samples. However, 3 d after the R
pulse the activity of CAT increased for both treatments,
exhibiting 1.5–2 fold higher values in comparison with CAT
activity measured in control samples (Figure 4(d)). P.
tomentosa seeds are positively photoblastic, meaning that
their germination is stimulated by light. After the imbibition
(rapid initial water uptake) seeds were induced to germinate
by red light pulse, and entered the next-plateau phase.[82]

Plateau phase involves the reactivation of metabolism,
including the resumption of cellular respiration, the biogene-
sis of mitochondria, DNA repair, the translation and/or
degradation of stored mRNAs, the transcription and transla-
tion of new mRNAs, and the activation of antioxidant
enzymes at the appropriate time.[83,84,85] Therefore, sequen-
tial expression of antioxidant enzymes has been considered to

FIGURE 4 Catalase activity in plasma treated P. tomentosa seeds measured
immediately (a), 1 d (b), 2 d (c), or 3 d after R light pulse (d). Results for different
treatment times (t) and two pressures are shown. The band volume was recorded by
using densitometric analysis. Data were normalized using control signal. Values are
means obtained from three independent experiments shown with standard error.
Treatments denoted by the same letter are not significantly different (p≤ 0.05)
according to the Fisher’s LSD test
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be of particular importance for the completion of germina-
tion.[86,87] It is possible that a renewal of antioxidant systemmay
be initiated with the repair of cell membranes and organelle
development, which are required for complete germination and
growth demands by the seedlings.[88] Increased CAT activity
could be an indication of the cellular evaluated ROS, since the
amount of CAT present in aerobic cells is directly proportional
to the oxidative state of the cells.[89] Measurement of CAT
activity may be a parameter to determine seed viability and
germination as observed by Baily et al.[90]

With few exceptions, radicle extension through the
structures surrounding the embryo is the event that terminates
germination and marks the commencement of the seedling
growth.[91] The time for this event to be completed varies
from several hours to many weeks, depending on the plant
species and the germination conditions. The present study
shows a significant increase in the enzyme activity 3 d after R
pulse (see Figure 4(d)), which can be associated with
metabolic switch occurring in seeds between germination and
subsequent post-germination phase. Apart from CAT, it was
shown previously that another antioxidant enzyme peroxidase
(POD) also has very important role in germination. In
P. tomentosa seeds activity of POD is very low before the
process of radicle protrusion begins, i.e., the activity is
increased during later phases of germination. On the other
hand, in germinated seeds and seedlings, POD activity

increases significantly.[92] Final result of seed
germination process (measured as percent of
germinated seeds) will be reflection of overall
metabolic activity in seeds and young seedlings,
including antioxidant enzymes activity (e.g.,
CAT, but also the activity of other enzymes).

Immunoblot analysis showed that only one
isoform of 50 kDa is detected in all the samples and
in Figure 5 we present the results of CAT protein
content obtained for the same set of parameters as
CAT activity. Germination process immediately
and 1 d after theR light pulse resulted in an increase
inCATprotein content, butwith slight difference in
comparison to the control seeds (Figure 5(a, b)).

Significant reduction in CAT content was
observed 2 d after the phytochrome activation
(see Figure 5(c)). Here we can observe a
reduction in CAT protein content for longer
treatment times at 200 mTorr and for all
treatment times at 600 mTorr. Similar behavior
was observed in the CAT activity (Figure 1(c)).
It should be noted that enzyme content was by far
the highest in treated seeds 3 d after the
activation of phytochrome (about 2.5 fold
greater then control samples) and remained
more or less constant regardless of experimental

conditions used in this study. Enhanced CAT protein content
is in accordance with the increment in enzyme activity in
germinating seeds showed in Figure 4(d). It must be
remembered that immunoblot analysis gives indications
about the synthesis of CAT subunits and does not necessarily
reflect the enzyme activity.[93] This may explain why the
slight apparent decrease or increase in protein content
(Figure 5) was not correlated with the changes of CAT
activity in the same batch of P. tomentosa seeds (Figure 4).

FIGURE 5 Immunoblot analysis of catalase in P. tomentosa seeds, measured
immediately (a), 1 d (b), 2 d (c), or 3 d after R light pulse (d). Results for different
treatment times (t) and two pressures are shown. The band volume was recorded by
using densitometric analysis. Data were normalized using control signal. Values are
means obtained from three independent experiments shown with standard error.
Treatments denoted by the same letter are not significantly different (p≤ 0.05)
according to the Fisher’s LSD test

FIGURE 6 pH values of plasma treated water for two different
treatment times. Distance from the edge of the glass tube of the
plasma jet and water surface was 1 cm
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3.2 | Atmospheric pressure plasma treatment
of distilled water - PAW

Unlike the case of low pressure treatments where seeds were
in direct contact with plasma, when it comes to APP
treatments the seeds are only indirectly influenced by plasma
through the imbibition with plasma activated water. CAT
activity and protein content are more affected when plasma is

further away from the liquid for all durations. While this may
be counter intuitive it could be the result of the liquid
interrupting the plasma at closer proximities or it may result
from the greater obstruction to the gas flow including more
likely turbulence for smaller proximity. During the water
treatment reactive species produced in the plasma are
transported to the gas-liquid interface from where they can
penetrate and/or induce chemical reactions and creation of
new species in the bulk liquid.[47,94] Some of these species,
like H2O2, O2

−, NO2
−, NO3

−, have direct influence on
processes in biological systems so changes in their
concentration should affect enzyme activity. Before using
PAW for imbibition of seeds, we havemeasured pH of treated
water and amount of dissolved oxygen (DO) after plasma
treatments.Measurements of pHwere performed as described
in experimental section and the results are presented in
Figure 6.

In Figure 6 we can see that plasma does not change
significantly the pH value of treated water. In other words,
we kept plasma treatment within the limits of only small
variations of pH value in order to avoid detrimental effect
due to a significantly changed pH factor. Its value is slightly
decreased, from pHCtrl = 7 to pHtreat = 6.7, after the
treatments (regardless of treatment time). Gregory D.
et al. showed that process of germination and seedling
growth of P. tomentosa seeds is influenced if the pH values

of the environment are below pH = 5.[95] If
the pH values are in the range 6–7, the
germination process and development of the
seedling is not influenced. Similarly, the CAT
activity in plants is pH-dependent.[96] Arabaci
and Usluoglu showed that the CAT activity is
significantly influenced if the pH value drops
below 4.[97] Therefore, taking into account
measured pH, our PAW used for imbibition of
P. tomentosa seeds should have negligible
influence on the enzyme activity and germina-
tion of seeds due to the change in pH.

Another parameter that was measured was
oxygen content in the water before and after the
treatment. The results are shown in Figure 7.
We can see that plasma treatment reduces the
oxygen content in water. The reduction of the
oxygen content can be assigned to the presence
of the helium flow.[98] The presence of He flow
above the water surface reduces the partial
pressure of O2 and therefore reducing the
solubility of oxygen in the water. The He flow
used in the experiment is sufficient to create
sparging effect and cause decrease of oxygen
content.[99] With an increase of the treatment
times at distance of 1 cm oxygen content is
reduced by 40%. Similar result is observed at

FIGURE 7 Dissolved oxygen content in treated water in the
control sample and after the treatments. Distance from the edge of the
glass tube of the plasma jet and water surface was 1 cm

FIGURE 8 Catalase activity of P. tomentosa seeds germinated in plasma treated
water, measured immediately (a), 1 d (b), 2 d (c), or 3 d after R light pulse (d). Results
for different treatment times (t) to obtain PAW and two distances are shown. The
band volume was recorded by using densitometric analysis. Data were normalized
using control signal. Values are means obtained from three independent experiments
shown with standard error. The values with the same letter indicate statistically
homogenous groups (p≤ 0.05), as per Fisher’s LSD test
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both distances. One has to bear in mind that oxygen content
cannot be directly correlated with CAT activity due to the
complexity of mechanisms involved.

Nevertheless, the seed germination is particularly sensi-
tive to oxygen deficiency. The oxygen requirement for seeds
typically varies depending on the species and their dormancy
status.[100] During early phase of imbibition, seeds consume
oxygen at slower rates, but at a much higher rate during
radicle protrusion and hypocotyl growth. For example,
Rajashekar and Baek show that oxygen limitation during
imbibition can produce adverse effects which may last during
early seedling growth and development. On the other hand,
adding of the hydrogen peroxide reversed the effect of
hypoxia resulting in normal hypocotyl elongation and stem
growth.[101]

CAT enzyme activity obtained after the imbibition with
PAW is shown in Figure 8. The samples were collected and
the CAT activity is measured in the same manner as in the
case of low pressure plasma treatments. As in the low-
pressure case, the data were normalized to signal of the
control group of the corresponding day. We can see that CAT
activity in samples that were imbibed with PAW is lower than
in the untreated samples immediately after the phytochrome
activation and in 2 subsequent days (see Figure 8(a–c)). Also,
the activity does not change significantly between day 0 and
day 1 (see Figure 8(a, b)). In both cases it is decreased

maximally 2.5–3 times if compared with control
samples. At day 2 we have even more reduction
in CAT activity, going up to 10 times lower than
untreated samples (see Figure 8(c)). In all cases,
the reduction in the activity is higher for PAW
treated with 1 cm distance between the plasma
jet tube and water surface than for the case of
0.5 cm distance. The decrease in CAT activity
within 3 d after R light pulse (Figure 8(d)) can be
to some extent correlated to the decreased level
of dissolved oxygen.

Significant increase in CAT activity oc-
curred 3 d after the R light pulse at 0.5 cm
treatment (Figure 8(d)), and it appears that this
increment corresponds to the initial phase of post
germination process, designated as phase of
radicle protrusion and elongation, as already
mentioned above.

Most likely CAT reserves are broken down
during early stages of germination and de novo
synthesis is occurring along with the radicle
protrusion. It should be noted that ROS produced
in PAW, especially hydrogen peroxide, could
mitigate the adverse effects of hypoxia, both
during imbibition and germination, as it can
generate free oxygen and water by CAT and
other catalysts including many transition metal

ions present in the seeds.[102] When density of radicals
increases it is likely that it would stimulate a greater
production of CAT. If that production is insufficient to keep
up with radicals, then depletion may occur. In addition,
several radicals and other active species may participate in the
kinetics of a particular enzyme. Active species produced in
PAW, such as nitrate (NO3

−) and nitrite (NO2
−) ions most

likely deposit on the seed surface, having an influence on seed
germination as well as on the CAT activity. The same is true
for hydrogen peroxide (H2O2). Although it could be expected
that H2O2 concentration increases with treatment time, which
would result in higher CAT activity, Figure 8 shows the
opposite results (lower CAT values for longer treatment time
of PAW), particularly for 0.5 cm treatment. Most likely
higher content of ROS produced in the case of 0.5 cm
treatment contributes to the higher levels of active species that
could impair the enzyme activity. Precise regulation of H2O2

accumulation by cell antioxidant machinery is crucial to
achieve a balance between oxidative signaling that promotes
germination and oxidative damage that prevents or delays
germination. According to “oxidative window” hypothesis
proposed by Bailly et al.,[103] both lower and higher levels of
ROS impair seed germination, and it is only possible within a
critical range of concentrations.

One subunit of 50 kDa was present in P. tomentosa seeds
in all treatments (Figure 9). The intensity of the band

FIGURE 9 Immunoblot analysis of catalase in P. tomentosa seeds germinated in
plasma treated water, measured immediately (a), 1 d (b), 2 d (c), or 3 d after R light
pulse (d). Results for different treatment times (t) to obtain PAW and two distances
are shown. The band volume was recorded by using densitometric analysis. Data were
normalized using control signal. Values are means obtained from three independent
experiments shown with standard error. Treatments denoted by the same letter are not
significantly different (p≤ 0.05) according to the Fisher’s LSD test
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corresponding to the CAT subunit appeared to decrease
significantly for both treatment distances in comparison to the
control sample, up to 3rd day after the R light pulse. A sharp
decline in CAT protein content (1.5–2 fold) was noticed
immediately after the R light pulse, for longer exposure
treatments at 0.5 cm distance (10 and 20min) and for all
treatments at 1 cm distance between the jet and water surface,
respectively (Figure 9(a)). CAT content in PAW treated seeds
showed similar pattern on the 1st and 2nd day after the
phytochrome activation (Figure 9(b, c)). Subsequent germina-
tion process (3 d after R pulse) resulted in an increase in CAT
protein content in seeds after the 0.5 cm distance PAW
treatment, but after the 1 cm PAW treatment it showed no
significant difference compared to control seeds (Figure 9(d)).

One should bear in mind that different levels of enzymatic
activity are not exclusively dependent on enzyme synthesis,
but on various other factors as well. Thus, in future studies it
would be advisable to take into account the differences
between the effect of plasma treatment on germination and
subsequent post-germination process of P. tomentosa seeds,
suggesting that CAT activity at these stages may be subject to
post-translational regulation.

4 | CONCLUSION

In this paper we have presented results of CAT enzyme
activity and protein content obtained during the second phase
of germination of P. tomentosa seeds (phase of phytochrome
activity). Two significantly different types of plasma treat-
ments were used. In the first type, the seeds were in direct
contact with plasma and, in the second, atmospheric pressure
plasma was used for obtaining PAW which is then applied to
the seeds. In the former case, for direct plasma treatments, we
have used low pressure RF discharge that was previously
shown to be a good solution for increasing germination
percentage of P. tomentosa seeds.[26,27] In the latter case, an
APPJ was used in order to obtain PAW and immediately after
the plasma treatment of water pH and dissolved oxygen
content were measured. In our case the pH does not change
significantly and stays in the range 6.5–7. Therefore, the
processes related to germination and protrusion of radicle
are not influenced by change in pH. On the other hand, the
percentage of dissolved oxygen in the PAW is decreased to up
to 40% compared to untreated water. This can influence the
germination process in negative way by reducing the
germination percentage, radicle protrusion, and slow early
seedling growth and development. However, PAW contains
H2O2 produced during plasma treatments which could
substitute for O2 deficiency and activate CAT genes for
synthesis of new proteins.

We have observed standard behavior of CAT enzyme
activity in control samples of P. tomentosa seeds. In these

samples the CAT enzyme activity increases in the first 3 d
after R light pulse. However, both plasma treatments used in
this study, low-pressure plasma seed treatment and PAW,
cause decrease in CAT activity/protein content in seeds
compared to the control samples in time period up to 2 d
after R light pulse. For low-pressure direct treatments
decayed levels of CAT activity and protein content are
correlated to the treatment times and pressures with the
biggest change for 600 mTorr and longest treatment time. In
the case of indirect PAW treatment we observed similar
behavior at the longest distance and for the longest
treatment time of PAW.

Differences in CAT activity/content noticed 3 d after the
inductive light pulse strongly suggest that approximately 48 h
after the R pulse P. tomentosa seeds enter the 3rd phase of
germination process-phase of radicle protrusion and elonga-
tion, i.e., germination sensu stricto is terminated and post
germination processes take place.[52] Moreover, discrete
differences on the level of CAT content could be distin-
guished between the treatments used in this study.
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Biomedical applications and diagnostics of atmospheric 
pressure plasma 
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Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 
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Abstract. Numerous applications of non-equilibrium (cold, low temperature) plasmas require 
those plasmas to operate at atmospheric pressure. Achieving non-equilibrium at atmospheric 
pressure is difficult since the ionization growth is very fast at such a high pressure. High degree 
of ionization on the other hand enables transfer of energy between electrons and ions and 
further heating of the background neutral gas through collisions between ions and neutrals. 
Thus, all schemes to produce non-equilibrium plasmas revolve around some form of control of 
ionization growth. Diagnostics of atmospheric pressure plasmas is difficult and some of the 
techniques cannot be employed at all. The difficulties stem mostly from the small size. Optical 
emission spectroscopy and laser absorption spectroscopy require very high resolution in order 
to resolve the anatomy of the discharges. Mass analysis is not normally applicable for 
atmospheric pressure plasmas, but recently systems with triple differential pumping have been 
developed that allow analysis of plasma chemistry at atmospheric pressures which is essential 
for numerous applications. Application of such systems is, however, not free from problems. 
Applications in biomedicine require minimum heating of the ambient air. The gas temperature 
should not exceed 40 oC to avoid thermal damage to the living tissues. Thus, plasmas should 
operate at very low powers and power control is essential. We developed unique derivative 
probes that allow control of power well below 1 W and studied four different sources, 
including dielectric barrier discharges, plasma needle, atmospheric pressure jet and micro 
atmospheric pressure jet. The jet operates in plasma bullet regime if proper conditions are met. 
Finally, we cover results on treatment of bacteria and human cells as well as treatment of plants 
by plasmas. Localized delivery of active species by plasmas may lead to a number of medical 
procedures that may also involve removal of bacteria, fungi and spores. 

1. Introduction 
The choice of the plasma system used for treatment is usually guided by the kind of samples that are 
treated and the effect these plasmas are intended to have on the samples. The desire to use plasma for 
in-vivo treatments have made it necessary that several requirements for plasma sources be met. 
Necessarily, plasmas have to operate at atmospheric pressure if they are to be used for medical 
treatment of living organisms. At the same time, one needs non-equilibrium plasmas in order to 
achieve separation of electrons on the one side, and ions and neutrals, on the other. It is an advantage 
that no expensive vacuum systems are needed, while, on the other hand, it is much more difficult to 
achieve non-equilibrium (non-thermal) mode of operation at higher pressures.  
                                                      
1 To whom any correspondence shoul be addressed. 
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The sensitivity to heat of biomedical samples narrows the choice of non-thermal plasmas. There are 
many types of plasmas that can be generated under ambient pressure and temperature conditions 
suitable for treatment of sensitive samples [1, 2, 3]. The motivation is to develop new medical 
techniques, as plasma offers some possibilities for inducing desired processes with minimum damage 
to the living tissue [1, 2, 3, 4]. While the first results seemed quite impressive, including effects on 
tumor cells and even active tumors [5], tooth decay treatment and tooth cleaning [6], wound healing 
[5], treatment of fungi and spores and even treatment of ulcers and blood vessels, one can still not rule 
out negative effects that have not been studied over a sufficiently long time scale. Th preliminary 
results, however, show a large degree of selectivity. 

Some of the well-known small-size atmospheric-pressure plasma sources are: plasma needle [7, 4], 
APPJ [8], plasma bullet [9], plasma torch [10] and floating electrode dielectric barrier discharge 
plasma [11]. Their electrode configuration, voltages and excitation frequencies are very different; 
some of them work at microwave frequencies, some at 13.56 MHz and others at 5-120 kHz in sine or 
pulse regime. Yet, all is not understood about their physics and while models are being developed 
mainly based on low pressure plasmas, the reliable experimental data are limited due to the limited 
availability of diagnostic techniques that are suited for such plasmas. 

Here we will present several diagnostics techniques suited for atmospheric pressure plasmas and 
the operation of several different plasma systems working at atmospheric pressure. We will also 
summarize our results in treating living organisms and give examples of results mainly on sterilization 
of bacteria and biofilms. 

2. Atmospheric pressure discharges – different experimental set-ups 
Achieving non-equilibrium at atmospheric pressure is difficult since the ionization growth is very fast 
at such a high pressure. The high degree of ionization on the other hand enables transfer of energy 
between electrons and ions through Coulomb collisions. Furthermore, heating of the background 
neutral gas is achieved through collisions between ions and neutrals. Thus, all schemes to produce 
non-equilibrium plasmas revolve around some form of control of the ionization growth. It can be 
achieved either by an inhomogeneous field as in corona or by employment of a dielectric barrier which 
turns the field off after a space charge is deposited on the dielectric. Ionization growth limiting may 
also be achieved by a time-varying field. Another approach is to operate at the pd value corresponding 
to the Paschen minimum, i.e. at microscopic dimensions and high pressures. In that case, the 
breakdown voltage is below the threshold for streamer development and thus a glow discharge may be 
achieved. If the electronegative nature of the gas is increasing the breakdown and operating voltages, 
one may mix in an inert gas. The discharge is thus initiated in the inert gas and then the atmospheric 
gas is mixed to produce chemically active radicals. In most cases, however, atmospheric pressure 
plasmas have small dimensions making it very difficult to perform standard diagnostics.  

Some of the plasma devices designed for in-vivo treatments are the µ-APPJ and the plasma needle, 
which operate at 13.56 MHz at atmospheric pressure. A micro-atmospheric plasma jet was developed 
by Schultz van der Gathen and coworkers [12]; this plasma source is interesting both for applications 
as well as for the study of its basic properties.  

The micro-atmospheric pressure plasma jet [-APPJ] consists of two symmetrical electrodes of 
equal length (34 mm) made of stainless steel. The distance between the electrodes can be adjusted with 
good precision from a few mm up to several hundred micrometers. In all our experiments, the distance 
between the powered and the grounded electrode was 1 mm. One of the electrodes was powered by a 
signal generator at 13.56 MHz while the other electrode was grounded. The measurements were made 
at powers of 40-80 W fed by a RF power supply. 

Plasma is ignited along the entire length of the electrodes (figure 1); for certain combinations of 
power/gas-flow parameters, effluent of plasma coming out of the cuvette can be formed. The main 
advantage of this design is that both the discharge volume (plasma core) and effluent region are 
accessible for diagnostics, such as optical emission spectroscopy (OES) and two-photon absorption 
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laser-induced fluorescence (TALIF) [8]. Also, the plane parallel geometry of the electrodes adds to the 
simplicity when it comes to modeling this type of discharge.  

 

  
 

Figure 1. -APPJ with formed plasma and plasma needle system set-up. 

Another plasma source that meets all the necessary conditions for treatment of organic materials 
and living tissues is the plasma needle (figure 1, picture on the right-hand side). Most importantly, in 
such a discharge gas the heating is minimized, while th effects on the tissue and bacteria have been 
clearly shown to be significant. The needle consists of a central electrode made of tungsten insulated 
almost to the tip by a slightly larger ceramic tube, both being placed inside a glass tube. The needle 
body is made of Teflon. We used helium as a buffer gas at several different flow rates. The central 
electrode is powered by a 13.56 MHz signal generator through an amplifier and a matching network. 
Both for the plasma needle and for thee µ-APPJ, we have derivative probes and a Hiden HPR60 
mass/energy analyzer in order to determine the power applied to plasma and the composition of the 
discharge, respectively. In both of these systems, inert gas is used to reduce the breakdown voltage and 
achieve stable non-equilibrium plasma formation. Yet these plasmas have shown several modes of 
operation and further studies are required to fully understand their operation and make further 
optimizations.  

Another type of atmospheric pressure 
plasma relies on mixing the inert gas carrying 
the plasma created by external electrodes with 
atmospheric gas mixture. It is the so-called 
plasma jet. The operating frequencies of 
plasma jets are in the region of several tens of 
kHz which are much lower frequencies then 
those used for the plasma needle and µ-APPJ 
(in MHz). It has been shown that micro jet 
plasma is not always continuous but often is 
formed by a train of fast travelling bullets 
which only appear to  be  continuous  to  the 
human eye. The atmospheric  pressure  plasma 

  

 
Figure 2. Atmospheric plasma bullet. 

 

jet/bullet that we constructed was made of a Pyrex glass tube with the electrodes made of a thin copper 
foil wrapped around the glass tube. The distance between the powered and the grounded electrode was 
13.5 mm and their width was 13 mm. One of the electrodes (the left electrode, see figure 2) was  
grounded.   The  other  electrode,   closer  to  the  end   of  the  glass  tube,  was  the  powered  one  
(see figure 2). In all experiments the buffer gas was helium. We used a signal generator connected to 
the custom-made amplifier to power the micro jet. The highest voltages that we could obtain from the 
amplifier were up to 1 kV, which was not enough to ignite the plasma. In order to the increase the 
applied voltages to more than 5-6 kV, we had to use an additional homemade transformer. The 
operating   frequency  was   80 kHz   and   the  applied   voltage  was   sinusoidal   in  the  range   of  
6-10 kVpeak-to-peak. Micro jets with plasma bullets have been constructed with a range of different 
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geometries, frequencies and shapes of applied voltage. The effect of bullets seems to be quite universal 
for an optimum range of electrode sizes and flows, while the frequencies and voltage shapes vary a lot. 
Plasma bullets, however, still need to be fully understood and properly modelled. We will focus here 
on the plasma jet diagnostics, while at the same time showing some results on the sterilization 
achieved by a plasma needle. 

3. Plasma diagnostics 
It has been reported only quite recently that the plasma jets formed by the source operating at low 
excitation frequency is not continuous.  Instead it consists of small plasma packages that are formed in 
positive and/or negative half cycle of the period [13]. Amazingly these little bullets are formed and 
travel outside the plasma jet where there is no applied electric field. The velocity of these packages are 
larger than the speed of the flowing feed gas by several orders of magnitude. Several theories of bullet 
formation have been proposed [13, 14, 15, 16, 17, 18] but to date a definite explanation of the physical 
mechanisms involved in creation and propagation of plasma bullet are still not fully understood. 
     For the current and voltage measurements, 
we used two commercial probes. The current 
and voltage waveforms when the plasma is 
formed and without discharge are shown in 
figure 3. When the plasma is off, the phase 
difference between the current and voltage is 
close to 90˚. In this case, we have a capacitive 
impedance of several MΩ, corresponding to a 
capacitance of about 0.5 pF. On the other hand, 
when the plasma is formed, the current signal is 
larger, deformed and shifted in phase 
overlapping more with the voltage signal. The 
plasma ignition changes the slopes of the VRMS–
IRMS curves (see figure 4). The mean power 
calculated increases with the increase of the 
applied voltage; it was in the range from 1 to 
8 W in all measurements. 
     Integral and time-resolved images of the 
plasma jet system were obtained by an ICCD 
camera. For exposure times larger than the cycle 
period (12.5 s), the plasma appears to be 
continuous, like a plume (see figure 1 LHS 
picture). The length of the plasma plume is up 
to five centimeters, depending of the flow rate 
and the voltage applied. For the time-resolved 
images, we had to use integration on the chip 
because the light emission in a single shot is not 
sufficient to obtain clear images with gate 
widths less than 50 ns. This was facilitated by 
the high reproducibility of the pulses and the 
small jitter. Figure 5 shows the plasma bullet 
images obtained for several different flows of 
working gas. We can see that with the decrease 
in the He flow, the plasma bullet starts to be 
elongated, deformed and its intensity is much 
smaller. Eventually, bullets are not formed at 
the very small flows. 
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Figure 3. Current and voltage waveforms for 
helium flow rate of 3 slm. The dashed lines 
represent the case when discharge is OFF, the 
solid lines, when discharge is ignited [19]. 
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Figure 4. Current-voltage characteristics for 
three different flows of helium [19]. 
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Figure 5. Plasma jet for 1, 2, 3, 4 and 5 slm of He 
flow. Exposure time 2 ms, gate width 25 ns, gate 
delay 10.8 s [19]. 
 
 
     Figure 6 shows the development of the plasma 
over the entire period of applied voltage  
(12.5 s). All images are scaled to the same 
maximum intensity and thus can be compared. 
One can see that when the current and voltage 
signals are close to zero, the plasma is not visible. 
In the negative part of the current and voltage 
waveforms, the plasma is confined between the 
electrodes. During the positive part of the 
waveforms, the plasma is first confined between 
the electrodes (rising slope) and then, near the 
maximum of the curves, it leaves the glass tube in 
the form of a bullet. The dimensions of the bullet 
are of the order of a few millimeters. We 
calculated the speed of the bullet at ~20 km/s, 
depending on the position away from the end of 
the glass tube. The plasma bullet is much faster 
than the speed of the buffer gas flow (1 to 7 m/s).  
Thus we can conclude that our plasma source was 
not continuous, it consisted of very small plasma 
packages that traveled at a high speed. By varying 
the plasma parameters, the length and intensity of 
the plasma coming out of the tube can be 
adjusted. 
    For the two plasma devices operating at a much 

 

 
 

Figure 6. Plasma jet at 5 slm, exposure time 
2 ms, gate width 25 ns and gate delay from 0.4 
to 12.4 s [19]. 
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higher frequency (13.56 MHz), the diagnostics was made by using homemade derivative probes in 
order to determine the power transmitted to the plasma and the operation mode of the discharge. The 
derivative probes were very sensitive; a numerical procedure for subtracting the displacement current 
based on accurate calibration of the system was performed so that it was possible to measure powers 
of the order of 0.1 W or less even with displacement current a couple of orders of magnitude larger 
than the plasma current.  

Besides derivative probes, we used mass spectrometry to analyze the plasma products formed by a 
-APPJ [19] and by a plasma needle [20]. Several problems occurred during the setting up of the 
experiment; they are described in detail elsewhere [19, 20]. 

The analysis of the composition of neutrals and ions was motivated by the need to check which 
species are formed in the discharge. These results may be used as a test of plasma chemical models, to 
identify radicals and ions (that may be used after acceleration to induce damage to the tissue).  The 
performance of the mass analyzer was tested and techniques were developed to produce data without 
the uncertainty induced by a contribution of the ionizer to possible dissociation. It was found that the 
predominant ions created by the plasma are O2

+, O+, H3O
+, N2

+, N+, NO+, OH+ [19]. When it comes to 
plasma treatment of samples of biological origin, the chemically active species that are of interest are 
O, metastables O and O2, OH, N, H2O2 and NO. 

4. Plasma sterilization 
The entry point for most groups dealing with plasma medicine is a study of sterilization. The effects on 
bacteria may be shown quickly, although it requires expertise in biomedicine. The benefit is that direct 
potential applications may be developed outside the realms of strict medical regulations. Yet, in situ 
sterilization, for example, treatment of wounds to prevent infection, would be a much more important 
goal. Following preliminary work on sterilization in microwave plasma, albeit at low pressure, we 
reinitiated the studies of plasma sterilization as a part of our plasma medical project. So far, a plasma 
needle has been used to induce killing of Streptococcus mutans and Escherichia coli bacteria in the 
form of planktonic samples. Also, we have the plasma interaction with normal, living cells; for these 
experiments we used human peripheral blood mesenchymal stem cells (hPB-MSC) as a model system 
to predict the degree of possible damage to the cell 
responses [21]. Many factors are responsible for 
bacterial inactivation. Direct exposure of the 
bacterial samples to the plasma appears to be more 
effective than remote exposure. Another factor that 
determines the efficiency of the specific treatment 
is the type [22] of bacteria, gram positive or gram 
negative. Very importantly, we studied the 
sterilization of bacteria in planktonic samples, 
where bacteria are dissolved in a small amount of 
liquid that would otherwise give it some protection 
from other agents. We showed that efficient 
sterilization of planktonic samples is not only 
possible, but may be efficient depending on the 
initial population [21]. 
    One of the most serious problems in the hospital 
environment is bacterial contamination of surfaces 
with methicillin-resistant Staphylococcus aureus 
(MRSA) responsible for significant nosocomial 
infections. The pathogenic contaminants form 
biofilms, which  are  difficult to  treat  with  routine 
biocides.  The biofilm  is  not just a secured  shelter 

  

0 20 40 60 80 100 120
0.0

0.1

0.2

0.3

0.4

0.5
Medium bacteria formation

 

In
te

ns
it

y 
[a

.u
]

t [s]

 0.5 W
 0.9 W
 1.6 W

Scarce bacteria formation

0.5 slm Initial concentration 106 CFU/ml

 
 

Figure 7. Treatment of MRSA biofilms of 
Staphylococcus aureus (ATCC 25923) by 
using plasma needle. Untreated sample 
showed STRONG bacteria formation 
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concentration of bacteria used was 106 
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but a defense mechanism and a nutrition depot for pathogens. We show below the preliminary results 
of plasma treatment of the MRSA bacteria samples in the form of a biofilm.  

In figure 7, we show the optical density of bacteria samples after plasma treatment for several 
different treatment times (10, 30, 60 and 120 s). The initial concentration of the samples was 
106 CFU/ml, which corresponds to a measured optical density of 0.65 a.u. The buffer gas flow was 
0.5 slm, but studies were also made as a function of the flow rate. The treatment efficiency increases 
with the increase of the treatment time and the mean power deposited to the plasma. For the highest 
power and only for the shortest treatment time of 10 s, there was scarcely bacteria formation; for the 
longer treatment, no bacteria formation was observed after the plasma treatment and yet there was very 
little or no heating of the gas. 

Conclusions 
We reviewed shortly our studies of atmospheric pressure plasmas and their application in biomedicine. 
In particular, we covered new results obtained with a plasma jet showing formation of plasma bullets 
and their properties as a function of geometry of electrodes and gas flow. In addition, we showd some 
practical results of sterilization using a plasma needle. The treatment of biofilms is essential, as are the 
studies of treatment of fungi, spores, prions and viruses. At the same time, one needs to extend the 
studies to specific medical problems associated with treatment of living organisms, including humans. 

As far as plasma goes, some further optimization may be made for localized accurate treatment of 
cells or sterilization. With good knowledge of the power deposited into the plasma and control of the 
radicals that are produced, together with spatial emission profiles indicating changing of the regime of 
operation, a sufficient control over the reproducibility of the plasma needle operation was achieved. 
Other sources may be sought for more refined interaction with living cells. Different applications may 
seek more uniform sources extended over larger areas or even more localized treatment, which is all 
within the reach of the present day techniques. 
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Spatial profiles of atomic oxygen concentrations in a large scale CCP 
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Nickel catalytic probe was used to measure atomic oxygen concentrations in a large scale 
cylindrical asymmetrical capacitively coupled plasma reactor. We have measured O concentrations 
in the main chamber of the reactor as well as in the side tube placed perpendicular to the chamber 
wall. The spatial profiles in these two regions differ both in magnitude (1019 m-3vs. 1018 m-3 or 
even 1017 m-3) and in the way the concentrations decrease when moving away from the powered 
electrode. This is explained by the different chamber wall configuration around the probe and its 
proximity because the grounded walls are also O atom drain due to the recombination. Working 
gas was air at 300 and 600 mTorr and the power was fixed at 500W. 

 
Low temperature plasmas at sub-atmospheric pressures are an essential tool in many industrial 

processes due to variety of chemical reactions that can be induced and controlled while maintaining 
low gas temperatures. Low pressure radiofrequency plasmas are irreplaceable in the semiconductor 
industry but this is hardly the only field of their application [1, 2]. A large scale cylindrical 
asymmetrical 13.56 MHz CCP reactor was developed in our laboratory for the purpose of textile, 
polymer and seeds modification [3, 4]. Sensitive material treatment requires low ion energy 
bombardment and high concentrations of active species like O. For instance the formation of new 
oxygen-containing groups on the fiber surface is suggested to be due to the presence of extremely 
reactive atomic oxygen species in discharge during the air plasma processing and/or post-plasma 
chemical reactions when the activated fiber surface reacts with environmental species [5]. The 
asymmetric design of the reactor was chosen to provide low energies of ions bombarding the surfaces 
of the samples  in order to avoid excessive damage of the samples.  

We have used nickel catalytic probe positioned side-on to the powered electrode to measure O 
concentrations in the main chamber and in the small side tube (see Fig 1.). 

 

 

Fig. 1: Catalytic probe position in the reactor. 
 

Detailed experimental setup details can be found elsewhere [6] as well as the design and the 
operation of the catalytic probe [7, 8]. Measurements are performed in air at 300 and 
600 mTorr. The power was fixed at 500 W. 

Spatial profiles of O concentrations are shown at Fig 2. We can see that the concentrations 
are higher at higher pressure and are decreasing faster in the side tube compared to the main 
chamber when moving away from the powered electrode. This is due to the difference in the 
vicinity and the area of the grounded wall which is closest to the probe at certain position.    
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Fig. 2: Atomic oxygen spatial profiles in the main reactor chamber and in the side tube. Working 
gas was air at 300 and 600 mTorr and the power was fixed at 500 W. 
 

The surface recombination of O atoms is taking place at the surface of both the nickel catalytic 
probe and at the chamber wall. In the tube, the wall is a stronger O atom drain both because it is 
closer and because the effective area is larger. By placing the sample at different distances from 
the powered electrode O concentrations can be controlled in the range from 1017 m-3 to 1019m-3. 
Depending on the intrinsic properties of the material being treated and on the modification 
effects that are desired we can tune the O concentrations at the sample surface simply by putting 
the sample in one of two regions of the reactor (main chamber and side tube) and adjusting its 
position. Adjustment can also be achieved by changing the pressure, power and gas 
composition.  
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ABSTRACT 

 
There are many new alternatives to conventional 
bacteria sterilisation techniques (heating, 
filtration, solvents, radiation), such as different 
plasma sources [1-4]. This research focused on 
non-thermal atmospheric pressure plasma jet 

-effective, easily 
transportable, simple to use, and has a low 
operating temperature thus enabling treatment of 
heat sensitive surfaces.  
 
The experiments were conducted with helium 
APPJ for four different typical bacteria strains 
(Escherichia coli, Bacillus subtilis, 
Staphylococcus aureus, and Bacillus 
stearothermophilius). The focus was on finding 
the most efficient discharge parameters; thus 
various input voltages and gas flows were tested. 
The analysis that was used on the jet is ICCD 
imaging, optical emission spectroscopy, and 
electrical measurements. Furthermore, the 
chemical analysis was done on treated medium 
(bacteria dispersed in saline) to detect the 
effectiveness of the decontamination. 
 

1. INTRODUCTION 

 
Improving the decontamination of the bacteria is 
an ongoing process and of great importance in 
many environments, such as hospitals. As an 
alternative to conventional techniques, plasma 
decontamination was proposed. Our choice was 
an atmospheric pressure plasma in a form of a  

single electrode jet (APPJ). Atmospheric 
pressure plasmas have many advantages 
compared to low-pressure plasmas, mostly the 
ability to work without the vacuum system thus 
reducing the cost of the process and making it 
possible to treat heat-sensitive materials and 
hard-to-reach places (e.g. corners, tubes) [5,6]. 
Because of that we constructed the APPJ and 
tested its most optimal parameters for bacteria 
decontamination on four types of bacteria. After 
finding out which powers and gas flows 
decontaminated bacteria, the focus shifted onto 
the diagnostics of the plasma source - APPJ. 
 

2. EXPERIMENTAL SETUP 

 
The decontamination effect of the atmospheric 
pressure plasma jet was investigated on four 
different types of spore-forming bacteria: 
Bacillus stearothermophilus ATCC No. 7953, 
Bacillus subtilis ATCC No. 6633, 
Staphylococcus aureus ATCC No. 25923, and 
Escherichia coli ATCC No. 25922, of which 
only the E. coli is Gram-negative bacteria. 
Bacterial cultures were grown overnight on 
Columbia (COS) agar plates (bioMérieux SA, 

oC for Bacillus 
stearothermophilus and 37oC for Bacillus 
subtilis, Staphylococcus aureus and Escherichia 
coli. Bacteria were picked up with a loop and re-
suspended in sterile saline to obtain 0.5 
McFarland (1-2 x 108 CFU/ml) initial bacterial 
suspension. 
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Small-size APPJ powered by a kHz signal source 
connected to a low-voltage DC source was used 
for the treatments. Measurements with the needle 
type APPJ were conducted with He as a working 
gas at a fixed distance between the jet and the 
sample surface (15 mm). Bacteria were treated 
for different gas flows (1 slm and 2 slm) and with 
several DC power supply voltages applied (3 V, 
6 V, and 12 V). Detailed characterisation of the 
plasma source was performed employing optical 
measurements and electrical characterization.  
 

3. RESULTS AND DISCUSSION 

 
After preparing bacteria suspension, we treated 
them with Helium APPJ under different DC 
power supply voltages and gas flows. A surface 
of the suspension was fixed 15 mm under the jet 
nozzle, and it was fixed for all measurements. 
The bacteria suspension was placed in a Petri 
dish that was grounded.  
 
(a)

(b)

Fig. 1. Survival curves of all the bacteria for (a) 1slm and (b) 2slm 

The survival curves of all the bacteria under this 
conditions are presented in Figure 1. These 
curves indicate that He APPJ with higher input 
power was more effective, meaning that the 
treatment time for decontamination is shorter for 
the higher power. 
 
Once we have shown that this type of APPJ can 
decontaminate the bacteria, we started with the 
plasma source diagnostics. This was done under 
the same conditions as the bacteria were treated 
but over a Petri dish filled with distilled water 
(no bacteria). Petri dish was also grounded. The 
gas flow was 2 slm, and input power was 12 V. 
 
The optical measurements include species 
detection with optical emission spectroscopy 
(OES) and ICCD imaging of the plasma 
streamer. 
 

Figure 2 shows a complete spectrum of present 
species. It contains all expected species like OH, 
He, N and O atoms and molecules. He is present 
because it was used as working gas for the APPJ, 
and OH, N and O are present because the 
experiments were conducted in ambient air and 
in contact with distilled water. Additional 
spectrum was obtained, under the same 
conditions, where APPJ was in contact with the 
saline solution (not shown here). This spectrum 
showed no differences in comparison to the one 
shown in Figure 2 i.e. no existence of Na or Cl 
lines. 

 
Fig. 2. OES of He APPJ (1cm from the surface of the distilled water 

in Petri dish (grounded)) 
 

As the second optical measurement of the APPJ 
we performed the ICCD imaging of the 
discharge. Selected images, shown in Figure 3, 
present length and thickness of the plasma 
streamer. The horizontal blue line in the images 

F11 Environmental and Medical Applications

464 



represent the bottom of the APPJ (end of the 
glass tube) while the vertical orange line 
represents the wire electrode. It was found that 
the streamer reaches the surface of a distilled 
water for all conditions except for 1slm and 3 V. 
Thus, in the range of these conditions, the length 
of the streamer depends neither on voltage nor 
helium flow. On the contrary, the streamer width 
changes with applied voltage (from 0.66 mm for 
3 V up to 1.92 mm for 12 V), but again it is not 
dependant on the gas flow. In all conditions 
investigated, the brightest region of the streamer 
is at the electrode tip which is expected due to 
the high electric field. The light intensity 
increases as driving voltage and gas flow 
increase.  
 

 
Fig. 3. ICCD images of discharges at different gas flows and input 
power. The horizontal blue line represents the bottom of the APPJ 

and the vertical orange line represents the wire electrode. 

4. CONCLUSIONS 

 
The decontamination effects of He APPJ were 
significant but dependent on the type of bacteria, 
exposure time, and plasma configuration (gas 
flow and input power). The input power of 3 V 
was not sufficient for bacteria decontamination 
when the gas flow was 1 slm; however, it was 
enough for decontamination of S. aureus and B. 
subtilis with the gas flow of 2 slm. 
 
The optical emission spectrum showed that the 
plasma power was not sufficient enough to excite 
Na and Cl species, but it exhibits the intensive 
signature of OH, O and N species. Additional 
analysis will be done on specific atomic and 
molecular lines to observe their influence on the 
bacteria decontamination. 
 
The ICCD imaging showed a spatial change of 
the plasma discharge and its invariance of the gas 
flow. Further calculations will provide us with 
the evaporation rate of the solution which should 
be taken into account for maintaining the 
distance from the APPJ nozzle to the surface of 
the bacteria solution. 
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ABSTRACT 

 
Large volume plasma reactor is created as a 
prototype of a device for industrial scale treatment 
of sensitive samples. Mild and streamer free 
plasmas can be achieved because of strong 
asymmetry of electrodes. We have investigated 
influence of surface of grounded electrode on 
creation of excited oxygen species. Measurements 
were performed by mass-energy analyser in 
oxygen-argon plasma at pressures of 300 mTorr, 
450 mTorr and 600 mTorr. 
 

1. INTRODUCTION 

 
Low pressure plasmas are extensively used over 
wide spectrum of industries. Their biggest 
advantages are ease of control in processes such 
are etching or deposition [1] and relatively low 
price of application. They are used in textile 
industries in colouring preparations, where they 
have ecological advantage over traditional wet 
pre-treatments [2]. Also, they can make textiles 
more resistant to shrinkage or even render it 
bactericidal [3, 4]. Low pressure plasmas have 
lately been widely accepted for applications in 
biology, mostly in treatments of seeds. It is shown 
that plasma treatment of seed can lead to 
improvement of germination rate [5, 6], can affect 
enzyme activity [7] and even change the speed at 
which sprouts are growing [8]. Certain pathogens, 
fungi or bacteria, may appear on surface of seed 
weather during long term storage or even in the 
field. Plasmas are proven to be very effective tool 
in removal of those pathogens without damage to 
seeds [9, 10] 
 
Prototype of a device that is suitable for low 
pressure plasma treatment of temperature 
sensitive samples have been created in our 

laboratory. It is already shown to be successful in 
treatment of both seeds and textile [7, 11, 12].  
 
Understanding of all discharge conditions and 
how they affect plasma parameters is very 
important in order to be able to create most 
effective and most energy efficient treatments. In 
order to gain better insight in relevant plasma 
chemistry, we have employed mass-energy 
analyser. In addition we have tested influence of 
surface of grounded electrode.8 
 
 

2. EXPERIMENT 

 
We have created large volume plasma reactor 
with asymmetric electrodes in order to provide 
streamer free conditions for industrial scale 
treatment of sensitive samples such are textiles or 
seeds. Cylindrically shaped discharge chamber, 
whose walls serve as a grounded electrode, is 
2.5 m long and 1.17 m wide and it is made of 
stainless steel. Powered electrode, made of 
aluminium, is placed along the main axis of 
cylinder. It is 1.5 m long with diameter of 3 cm. 
Sample holding platform, which is also grounded, 
is placed 46 cm bellow powered electrode. For 
some measurements, additional stainless steel 
grounded electrode is placed around aluminium 
rod. It has outer diameter of 65 cm and it is 
grounded via contact with sample holding 
platform and additional contacts with chamber 
walls. Discharge is powered by Dressler Cesar 
1310 power supply which is equipped with 
automatic matching box so that reflected power 
remains under 2% of forwarded power. It can 
deliver up to 1000 W at 13.56 MHz.  
 
Gases are introduced into chamber over specially 
constructed home-made system which allows 
simultaneous control of up to 4 different gases. 
Desired mixture is achieved by setting up 
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appropriate flow of each component. In our 
experiments we have used mixture of 99% of 
oxygen and 1% of argon at pressures of 
300 mTorr which was achieved with total flow of 
220 sccm, 450 mTorr with flow of 400 sccm and 
600 mTorr with 590 sccm. Low pressure is 
maintained by mechanical pump. 
 
HIDEN EQP mass-energy analyser was placed 
side on into the chamber. Orifice of the device is 
positioned at a distance of 30 cm from powered 
electrode and it cannot be changed. When there 
was no additional grounded electrode in use mass-
energy analyser protruded 25 cm from grounded 
wall toward powered electrode. In other case it 
was in level with grounded electrode. 
 
During measurements of neutral species 
ionization had to be performed inside mass 
spectrometer. Energy of ionizing electrons can be 
adjusted with precision of 0.1 eV, starting from 
4 eV. When mass spectra are recorded, this energy 
is fixed. Conversely, m/Z ratio can be fixed while 
measurements are performed as dependence of 
energy of ionizing electrons. Measurements that 
were performed at low RF power have low signal 
to noise ratio. In order to improve it 12 scans were 
performed for each condition. 

3. RESULTS AND DISCUSION 

 
In order to better understand plasma chemistry in 
our discharge and to gain better insight in 
processes that are taking place on surface of 
treated samples, we have employed mass-energy 
analysis as a tool to detect presence of excited 
species of oxygen molecules and atoms. To 
achieve that, special measurement method had to 
be applied. 
 

 
 

 
Table 1 Reaction thresholds for creating oxygen ions 

 
Ionization of neutral species, which is necessary 
for their detection or any kind of manipulation, is 
happening inside mass spectrometer in ionization 
chamber by collision with ionizing electrons. 
These processes, presented in Table 1, have 
energy thresholds. If an atom or a molecule that is 
in ground state collide with an electron with 
energy that is below this threshold no ionization 
will take place and detection of these atoms or 
molecules will not be possible. Conversely, if 
some specie enters mass energy analyser in some 

excited state it could be both ionized and detected 
after collision with an electron whose energy is 
below aforementioned threshold. 
 
When discharge is turned off only ground state 
molecules are present and nothing is detected if 
energy of ionizing electrons is less than 12.6 eV. 
When discharge is turned on both excitation and 
dissociation can take place in plasma in various 
processes. Ionization and subsequent detection 
can now occur at energies that are well below 
threshold. Counting of excited species is 
performed by measuring counts for fixed ratio of 
m/Z at all energies up to an ionization threshold. 
Integrating that curve gives us number of all 
excited species at that m/Z that have entered mass 
energy analyser.  
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Fig. 1 Integrated counts of molecular oxygen species when larger 
grounded electrode was used 
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Fig. 2 Integrated counts of molecular oxygen species when smaller 

grounded electrode was used 

 
Measurements were performed with grounded 
electrodes of two different sizes. Smaller 
electrode provides effective volume of plasma of 
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Excited species of molecular oxygen, when 
smaller grounded electrode was used, are 
presented in Fig. 2. Much lower counts were 
recorded in this case. Since mass spectrometer is 
in level with grounded electrode huge loss of 
excited species is taking place on surface of that 
electrode. At all tree pressures higher applied 
power caused increase in number of excited 
species up to a pressure dependent maximal value. 
Further increase of power is leading to a drop in 
their numbers, which is very similar to one that 
was exhibited when larger electrode was used. 
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Fig. 3 Integrated counts of atomic oxygen species when larger 

grounded electrode was used 
 
Integrated counts of atomic oxygen excited 
species, for situation when larger grounded 
electrode was used are shown in Fig. 3. Their 
behaviour is similar to species of molecular 
oxygen when larger grounded electrode was used. 
There is certain minimal power that is required to 
be applied below which no detection is taking 
place. This detection threshold is pressure 
dependent and it is higher at higher pressures. At 
300 mTorr and 450 mTorr rise of applied power 
is causing number of excited species to, at the 
beginning, sharply drop to a minimum value. 
After that point growing trend can be observed.  
 

Only at 600 mTorr maximal number of excited 
species were detected at power that is higher than 
detection threshold. 
 
In Fig. 4 we present integrated counts of excited 
atomic oxygen species when smaller grounded 
electrode was used. In contrast to behaviour with 
larger electrode higher counts are measured at 
lower pressures. Due to the fact that orifice of the 
mass spectrometer stands at level of the surface of 
grounded electrode which is depleting oxygen 
atoms, very low counts of excited species are 
measured. In addition detection was not possible 
at all when applied power was under 400 W. 
General rising trend is observed with increase of 
RF power but in order to create significant amount 
of atomic species, which would be effective in any 
kind of treatment one would need to apply RF 
powers that are beyond our technical capabilities.  
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FIG. 4 Integrated counts of atomic oxygen species when smaller 

grounded electrode was used 

 

4. CONCLUSIONS 

 
We have tested influence of surface of grounded 
electrode in highly asymmetrical system on 
creation of excited species of oxygen. 
Measurements were performed at the same 
distance from powered electrode. Smaller 
grounded electrode is constructed as cylinder and 
its surface is at the same distance from powered 
electrode as mass-energy analyzer. Much higher 
production of excited species was achieved when 
larger grounded electrode was used.  
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capacitively coupled plasma reactor by using catalytic probes 
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A large scale cylindrical asymmetric capacitively coupled plasma reactor is suitable for efficient 
treatment of materials like polymers, textile and plant seeds. Plasma is homogeneous and stable 
from transitions to streamers providing uniform and safe treatment of sensitive materials. For 
many biomedical and textile treatment effects, role of extremely reactive atomic oxygen species is 
very important. Measurements were preformed using nickel catalytic probe placed side-on to the 
powered electrode. Concentrations of neutral oxygen atoms were measured for a range of powers 
given by the RF generator, at several different distances from the powered electrode, in air at two 
different pressures.         

 
1. Introduction  

Radiofrequency discharges are necessary for 
treatment of isolators and semiconductors [1]. 
Different kinds of conductive and non-conductive 
materials like microelectronics devices [2-4], 
biological samples [5] and textiles [6] can be treated 
using capacitively coupled RF plasmas. Organic 
samples and materials may be removed by ashing 
with potential applications in microelectronics and 
medicine. 

A large scale CCP RF reactor was developed in 
our laboratory in order to treat cheaply and 
uniformly textile rolls without damaging the surface 
of the fibers. Homogeneous and stable plasma, 
without transition to streamers, capable of long term 
stable operation (i.e. treatments) was achieved. 
Detailed electrical characterization of the plasma 
reactor using derivative probes can provide 
information on the relations between external 
discharge properties (current and voltage 
waveforms, impedance) and plasma parameters 
(densities, energies, fluxes of charged particles). 
Textile samples can be placed in the chamber at 
several distances from the powered electrode 
providing various intensities of treatment. Langmuir 
probe measurements can provide us with ion and 
electron concentrations at positions were samples 
would be placed. These measurements show 
complex spatial dependences of the concentrations 
and are important for proper characterization of 
treating procedures. These measurements were part 
of our previous work.  

Treatment and sample surface interactions are 
depended not only on plasma and chemistry but also 
on post plasma chemistry and related processes. We 
have used catalytic probe in order to measure 
concentrations of oxygen atoms.      

2. Experimental setup 
The discharge chamber is 2.5 m long and 1.17 m 

in diameter and made of stainless steel. Powered 
electrode is placed axially in the centre of the 
chamber and is 1.5 m long, 3 cm in diameter and 
made of aluminum. Outer chamber wall is the 
grounded electrode. The rest of the electrical circuit 
consists of RF power generator Dressler Cesar 1010 
in combination with Variomatch matching network. 
Derivative probes, which can be used to measure the 
power delivered to the plasma itself are placed into a 
stainless steel box opposite to each other. The box is 
placed as close as possible to the end of the powered 
electrode. Low pressures are maintained using 
mechanical vacuum pump with a constant flow of 
gas air (see Fig.1). 
 

 
 
Figure 1. Experimental set-up: (1) Chamber, (2) Powered 
electrode, (3) Catalytic probe (4) Current probe, (5) 
Voltage probe, (6) Variomatch, (7) Power supply, (8) 
Oscilloscope, (9) Computer  
 

Catalytic probe was mounted perpendicular to the 
powered electrode. The tip of the probe is in a shape 
of a disk made of nickel, 3 mm in diameter and 
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0.04 mm thick. The probe is 50 cm long and placed 
in a glass tube with sealed contact conductors on the 
other side. Digital voltmeter (Iso-Tech IDM73) 
connected to the computer was used to record 
changes of voltage signals from the probe. Voltage 
signal is recorded with a frequency of 2 Hz. 
Catalytic probe is being heated by the recombination 
processes of atomic oxygen at the surface of the 
nickel probe tip. Recorded voltage waveform 
corresponds to the probe temperature signal. When 
plasma is turned off, concentration of neutral oxygen 
atoms decrease. Concentrations can be calculated 
from the slope of that decrease.       
 
3. Results and discussion  

Plasma was ignited in air at two pressures 
(300 mTorr and 750 mTorr) and power was changed 
in range from 0 to 500 W. Probe was placed at 47.5, 
42.5 and 37.5 cm from the powered electrode. 
Voltage signals from the catalytic probe are recorded 
before, during and after plasma formation. Voltage 
signals correspond to temperature of the probe and 
oxygen atom concentrations are proportional to the 
time derivative of temperature. When plasma is 
ignited, probe temperature increases (depending on 
how fast RF power in being increased). When a 
certain value of RF power is reached, temperature 
saturates. Pressure in the chamber increases when 
plasma is ignited so it is needed to adjusted the 
pressure to 300 or 750 mTorr. After that, plasma is 
turned off and temperature starts to decrease. Atomic 
oxygen concentrations are proportional to the slope 
of that decrease with the constant depending on 
probe mass, area, specific heat capacitance and γ 
coefficient for nickel as well as on thermal velocity 
of O atoms and dissociation energy of oxygen 
molecules [7].  

Results at 300 mTorr for three distances are 
shown at Figure 2. We can see that atomic oxygen 
concentrations are lowest when the probe is 
positioned closest to chamber wall (47.5 cm). The 
concentration increases with the increase of power 
delivered to plasma. When the probe is positioned 
closer to the powered electrode, concentrations also 
increase. For shorter distances (42.5 cm and 
37.5 cm) we did not cover the whole power range 
(0-500 W) because of intensive probe glowing due 
to ion bombardment of the probe surface. At 
47.5 cm distance, probe was not glowing for the 0 to 
200 W power range. Above this range, glowing of 
the probe is increasing with power. At 42.5 cm the 
probe was not glowing only in the 0 – 50 W power 
range. For the shortest distance (37.5 cm) the probe 
was glowing for all values of RF power. Glowing of 

the probe was not noticed at 750 mTorr for 47.5 cm 
distance.       
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Figure 2. Atomic oxygen concentrations as a function of 
RF power for three different distances from the powered 
electrode. Air pressure was 300 mTorr 

 
Oxygen concentrations as a function of RF power 

at 300 mTorr and 750 mTorr are shown at Figure 3.  
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Figure 3. Atomic oxygen concentrations as a function of 
RF power. Distance between probe tip and the powered 
electrode was 47.5 cm. Chamber pressure was 300 and 
750 mTorr. 

 
For the pressure of 300 mTorr plasma is filling 

the whole chamber area already at several tens of 
watts. At 750 mTorr this happens for 250 W and 
higher (this is why power range at 750 mTorr goes 
only from 250 W to 500 W). We can see that the 
oxygen concentrations are higher at 750 mTorr 
compared to 300 mTorr and are increasing with RF 
power.   

 
4. Conclusion 

Neutral oxygen atom concentrations are 
measured in a large scale CCP plasma reactor. 
Discharge was generated in air at 300 mTorr and 
750 mTorr. Measurements were performed at 47.5, 
42.5 and 37.5 cm from the powered electrode. RF 
power given by the generator was varied from 0 to 



30th ICPIG, August 28th – September 2nd 2011, Belfast, Northern Ireland, UK 

 
 

500 W. This kind of plasma is suitable for treatment 
of different kinds of textile. Both plasma and post 
plasma effects at sample surface are important to 
study and understand for the sake of successful 
applications. The formation of new oxygen-
containing groups on the fiber surface is suggested 
to be due to the presence of extremely reactive 
atomic oxygen species in discharge during the air 
plasma processing and/or post-plasma chemical 
reactions when the activated fiber surface reacts with 
environmental species [8]. Oxygen atom 
concentrations coming to the surface of the samples 
can be controlled by adjusting the pressure, distance 
from the powered electrode and RF power.  
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An influence of RF air plasma pre-sowing treatment on seed germination of some important 
agricultural plants has been studied. Two plasma systems (plan-parallel and cylindrical) were used 
for treatment of maize, spring wheat and lupinus seeds. It is shown that the treatments contribute 
to seeds germination enhancement decrease and their phytosanitary conditions improvement. The 
modification of seed coat surface structure by plasma irradiation is investigated with scanning 
electron microscopy and plasma emission spectra are analyzed for possible mechanisms 
determination of biological effect of plasma treatment.  

 
1. Introduction 

Cold plasma treatment is widely used for 
activation and decontamination of surfaces. Owing to 
the unique plasma features this technique is applicable 
for modification of a wide range of thermally sensitive 
materials including biological tissues.  Recently it has 
been applied successfully for treatment of plant seeds 
[1–7]. Low temperature plasma pre-sowing seeds 
treatment was shown in some cases to be ecologically 
safe, cheap and effective method for improvement of 
seed germination and their resistance to stress and 
diseases.  

At the same time there is a lack of research 
explaining the mechanism of plasma bio-stimulation. 
Possible processes were proposed in the literature. 
Plasma processing subjects the seed surface to 
UVradiation, charged particles bombardment, radicals 
and chemically active molecules resulting in the 
formation of functional groups on the treated surface 
[3, 4]. Air plasma treatment changes the wetting 
properties of seeds due to oxidation of their surface 
that leads to faster germination and greater yields [8], 
increases the concentration of free radicals in seeds 
which play an important role in acceleration  of the 
seed metabolism [9]. The possibility of delay or 
enhancement of germination is demonstrated by 
plasma-induced coating with thin films containing 
different macromolecular components [10, 11]. It is 
obvious, that plasma treatment can have a variety of 
effects on morphological and sowing characteristics of 
seeds due to the complexity of plasma interaction with 
organic materials and living cells [12]. Seeds are an 
extremely complex system too, and vitally important 

biological processes may be affected by the treatment 
in a number of different ways.  

The aim of this paper is to study the efficiency of 
low-pressure RF air plasma treatment of seeds of 
some important agricultural crops for improvement of 
their sowing properties and to try to identify some of 
the main plasma agents that contribute to 
enhancement of germination. 

     

2. Experimental 
Seeds of spring wheat (Triticum aestivum L.), blue 

lupine (Lupinus angustifolius) and maize (Zea mays 
L.) were chosen for investigations. Tested species 
were treated with RF air plasma using two plasma 
systems. The first one was a planar geometry reactor 
operating at 5.28 MHz [5]. The electrode system 
consists of two identical water-cooled copper disks 
with the diameter of 120 mm placed in a stainless 
steel vacuum chamber. A supplied full specific RF 
power W could be changed in the range from 
0.2 W/cm2 to 0.6 W/cm2 resulting in different 
treatment conditions. All species were treated at 
pressure of 500 mTorr. A Petri dish with seeds was 
put on the grounded (lower) electrode. Duration of the 
exposure was 2.5, 5, 8 and 10 min. Each Petry dish 
contained 50 seeds. All treatments for all experimental 
conditions were replicated four times. Control group 
was only subjected to vacuum and gas pressure 
P=0.5 Torr for at least 15 min. The gas temperature 
did not increase beyond 310°C.  

The second plasma system used for pre-sowing 
treatment of seeds was a cylindrical CCP reactor 
operating at 13.56 MHz. In this system, a central, 
powered electrode is aluminum rod and the grounded 
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electrode is the wall of the chamber. A detailed 
description of the system can be found in [6]. The 
treated samples were placed in Petri dishes and put on 
a platform that is positioned at the bottom of the 
chamber. Every Petri dish housed 20 seeds with 
exception of maize where, due to seed size, only 10 
seeds per dish were used. Total amount was 60 seeds 
per treatment. Spring wheat was treated at powers of 
50 W and 100 W at pressure of 500 mTorr, while 
maize was treated at 300 mTorr with 200 W of 
applied RF power. Since different time of plasma 
exposure can cause very different results, this 
parameter was varied in a wide range (1min, 5min, 
7min, 10min and 20 min).  

The effectiveness of pre-sowing plasma seed 
treatments was examined by means of evaluation of 
the laboratory germination ability and biometric 
characteristics (mean root and plant length) of treated 
and control  samples. Seeds were grown on a moist 
filter paper in sterile Petri dishes in a thermostat at 20° 
C (for wheat and lupine) and 25° C (for maize) under 
a light-dark regime. The seed germination and the 
seed infection were estimated after 7 and 10 days 
incubation for wheat and lupine/maize 
correspondingly. 

Optical emission spectra (OES) were obtained with 
a Compact Spectrometer S100 “SOLAR LS” in the 
optical range from 190 to 1100 nm with an average 
spectral resolution of 1 nm to identify the species 
present in plasma during the treatment. Surface 
structure of the treated and untreated seeds was 
imaged with a high resolution scanning electron 
microscope (LEO 1455 VP).  
 
3. Results and discussion 

It has been found that plasma pre-treatments of 
seeds positively influenced their germination and 
biometric characteristics of sprouts. The results 
obtained in planar discharge are shown in Fig. 1. The 
plasma treatment of seeds with low germination 
ability (spring wheat, maize) stimulated their 
germination and the early stages of seedling 
development, while it did not affect negatively the 
germination of seeds with high germination ability 
(lupine). The seed pre-treatments for 2.5 and 5 min 
were the most effective for all species. The seedling of 
treated spring wheat was 2.1 cm higher than that in 
the control group (Fig. 1b). The same result was 
observed for maize seeds as a result of plasma 
treatment during 2.5 min. Large seedlings have a 
higher survival and growth rates than small seedlings 
that will provide  good conditions for plant growth at 
the later stages of ontogenesis. 

Similar results for plasma treatment of spring 
wheat and maize were obtained in asymmetric CCP 

  

 

 

 
Fig. 1. Germination (a) and seedling height (b) of 

spring wheat, maize and blue lupine as a result of 
plasma and vacuum (without plasma) seed pre-
treatments (W = 0.2 W/cm2, P = 500 mTorr) 

 

discharge. Results for spring wheat seed germination 
after plasma treatment at 50 and 100W are presented 
in Fig. 2. For both powers better results are achieved 
for shorter treatment times. Since the control group 
germination percentage is quite high the overall 
increase in germination percentage in treated batches 
is only few percent. Treatments with longer treatment 
times then 7 min showed a decrease in germination 
due to the damage of the seed inflicted by plasma 
bombardment. For higher power of 100 W and longer 
times this damage is quite high. In this case the 
germination percentage was reduced down to 70 %. 

 
Fig. 2. Germination of spring wheat after plasma 

treatment in asymmetrical CCP discharge. Control 
represents untreated seeds. Feeding gas was air and 
the pressure was P = 500 mTorr 
 

Unfortunately most of the seeds used for 
commercial purpose are infected with different types 
of fungi (belonging to the genera Mucor, Fusarium, 

a 

b 
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Alternaria etc.). Therefore, it is important to check if 
same plasma conditions can be used to decrease the 
infection of seeds.  

The results for infection percentage of spring 
wheat are shown in Fig. 3 for both plasma systems. 
We can see that we are able to reduce total infection in 
treated wheat seeds up to 10 min of treatment. For 
longer treatment times (20 min) the percentage of 
infected seeds increases. This is most probably due to 
the damage of the seed coat caused by treatment. The 
higher damage of the seed coat further increases 
seed’s susceptibility to infection. Plasma treatment is 
shown as an effective tool against Fusarium spp. that 
causes the most harmful root disease of wheat 
worldwide.  

 
Fig. 3. Infection of spring wheat after plasma 

treatment in asymmetrical CCP discharge (a) and 
infection with Fusarium spp. after treatment in planar 
discharge (b). Control represents untreated seeds. 
Feeding gas was air at a pressure of P = 500 mTorr 

 
Similar results are observed for maize and lupine 

(see Fig. 4 and 5).   

 
Fig. 4. Infection of maize after plasma treatment in 

asymmetrical CCP discharge. Control represents 
untreated seeds. Feeding gas was air at a pressure of p 
= 300 mTorr. Power given by RF power supply was 
200 W 

 

For lower treatment times in asymmetrical CCP 
discharge we have observed a decrease of the infected 
seeds percentage, but with an increase in treatment 
times infection spreads even more than in the control 

group. We can conclude that both effects (germination 
increase & infection decrease) can be accomplished 
only for lower treatment times for the present setup of 
the asymmetric CCP. For this pressure/power 
combination this interval is between 1 and 7 min of 
treatment. The same treatment durations (between 3 
and 8 min) were the most effective against fungi and 
bacteria for treatment of maize and lupine seeds in 
planar discharge (see Fig. 5).  

 
Fig. 5. Level of total infection of maize and lupine 

after plasma treatment in planar discharge. Control 
represents untreated seeds. Feeding gas was air at a 
pressure of P = 500 mTorr  

 
It was revealed from the SEM images of seed coats 

that the surface structure of seeds changed sharply as a 
result of plasma treatment (Fig. 6). SEM indicated that 
the surface sculpture of untreated wheat seeds had a 
reticulate texture (Fig. 6a). The plasma treated wheat 
seeds had an eroded surface, with no significant ridges 
(Fig. 6b). The untreated lupine seed coat was formed 
by elongated polygonal cells (Fig. 6c).   

 
a   b 

   

  c   d 

  
 
Fig. 6. Scanning electron micrograph (SEM) 

images of seed coat surface of wheat (a, b) 
(magnification = 2.00 KX) and blue lupine (c, d) 
(magnification = 1.00 KX) for non-treated (control) 
seed (a, c) and plasma treated for 5 minutes (b, d) 

a b 
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No well-defined cristate-papillate structure on the 
seed surface of lupine was observed after the plasma 
treatment. Similar results were obtained for another 
seeds which provided experimental evidence of the 
seed coat surface etching induced by plasma treatment 
[2, 3]. Study of the seed coat thicknesses after the 
plasma processing showed that the treatment removes 
effectively the very thin lipid layer that makes seeds 
water-repellent and probably reduces the length (and 
average molecular weight) of the biopolymer chains 
that make up the seed coat, thus enabling better water 
transport through the seed coat improving the 
germination [13]. 

In order to characterize the change of seed coat 
structure and seed germination as a function of plasma 
treatment conditions the OES spectra of the plasma 
were analyzed. The difference was observed between 
spectra generated by plasma without seeds and during 
their treatment (Fig. 7). The species identified in the 
spectra are neutral molecular nitrogen N2 (bands of 
the first and the second positive systems), ionized 
molecular nitrogen N2

+ (bands of the first negative 
system). When seeds are in the plasma bands of the 
Angstrom system of the CO molecule appear in the 
spectrum. 

 

Fig. 7. Emission spectra of RF air plasma: a – pure 
air, b – under conditions of plasma treatment of wheat 
seeds  

 

This confirms effectiveness of seed surface etching 
during the treatment and a possibility of formation of 
functional groups on treated surface that may play an 
important role in stimulation of seed germination [4, 
5, 7]. 

4. Summary 
This study confirms that the low temperature air 

plasma pre-treatment of seeds of some important 
agricultural crops is an effective tool for improvement 
of germination, shoot and root growth, providing a 

good fungicidal and bactericidal effect in the optimal 
experimental conditions that can vary for different 
species. SEM investigations of seeds surface have 
shown a significant change in its texture that is an 
evidence of surface etching provided by bombardment 
by charged particles and radicals formed in plasma. 
Since the seed coat for treated samples are eroded it 
provides a better water permeability and leads to 
enhancement of seed germination.  
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Characterization of a large-volume Oxygen RF discharge suitable for low-

pressure treatment of sensitive samples 
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We have created plasma reactor that is prototype of a commercial device for industrial 

applications, in order to enable large scale treatment of sensitive samples,. Strong asymmetry of 

electrodes and large volume are suitable for achieving streamer free and generally mild plasma. In 

order to optimize treatment conditions and make them as energy efficient as possible plasma 

characterization has to be performed. For that purpose we have used mass energy analyzer, optical 

emission spectrometry and actinometry in an oxygen-argon plasma at pressures of 300, 450, and 

600 mTorr with applied powers between 100 and 700 W.  

 

1. Introduction 

Applications of low pressure plasmas are 

distributed over wide range of industries, mostly for 

processes such are etching and deposition. This is 

understandable if one bears in mind that they are 

easily controllable and fairly cheap to use [1] 

The effect of non-equilibrium plasmas are also 

well-known and used in fields such are medicine 

and biology [2,3,4,5]. It is shown that after being 

exposed to gas discharges some seeds may improve 

their germination rate [6,7,8]. Effects can be 

noticeable even when seeds start to sprout since 

treated seedlings grow faster than those which were 

not treated [9]. Some seeds, usually due to bad 

storage conditions, can be infected with malignant 

bacteria and fungi that can affect their germination 

rate and growth. If that happens, plasma can be used 

for pre-saw sterilization, but discharge conditions 

have to be carefully set to avoid damage of seeds. 

Having that in mind, a large scale plasma reactor, 

which can be used for treatment of sensitive 

samples, have been constructed in our laboratory. So 

far, it has been used for treatment of both seeds and 

textile [10,11]. 

Getting well acquainted with plasma chemistry 

and the ability to tune plasma parameters of the 

discharge that is used for treatments is very 

important in order to make it as effective and energy 

efficient as possible. For that purpose we have used 

mass-energy spectrometry, optical emission 

spectrometry and actinometry. 

 

2. Experimental set-up 

In order to provide a device for industrial scale 

treatment of sensitive samples, we have created 

large volume plasma reactor with asymmetric 

electrodes. It is 2.5 m long cylinder with the 

diameter of 1.17 m. Powered electrode is made of 

aluminum and it is placed along central axis of 

reactor. The cylindrical electrode is 1.5 m long and 

3 cm in diameter. Chamber wall serves as a 

grounded electrode. Samples are placed on a flat 

metal platform lying at the bottom of the chamber 

below the powered electrode. Power is supplied via 

matching box at 13.56 MHz by Dressler Cesar 1310 

power supply that can deliver up to 1000 W. Due to 

the fact that electrode surface ratio is very big we 

can accomplish plasma conditions that are streamer 

free and hence suitable for treatment of samples that 

cannot withstand high currents or temperatures. 

Gases are introduced over two separate lines, each 

controlled by a flowmeter, while two mechanical 

pumps were used to achieve and maintain vacuum. 

Oxygen and argon are mixed at the ratio of 99:1. 

Total flows were set to 110 sccm for 300 mTorr, 

200 sccm for 450 mTorr and 290 sccm for 

600 mTorr. 

Mass-energy analyzer, HIDEN EQP, was placed 

side-on into the chamber. Its orifice is positioned at 

a fixed distance of 30 cm from the powered 

electrode. Energy of ionizing electrons emanating 

from the hot filament, which are required for 

detection of neutral species, can be controlled with 

resolution of 0.1 eV, starting from 4 eV. Number of 

neutral atoms or molecules can be measured as a 

function of energy of these electrons. 

In a single scan, measurements performed at low 

power have very low signal. Therefore, we had low 

signal to noise ratio. In order to increase precision, 

12 measurements were performed for each 

conditionin accumulation mode resulting in a 

significant signal to noise improvement. 

Optical emission spectra were obtained by using 

Oriel MS127i monochromator coupled with an 

ICCD camera. The spectrometer was positioned 

end-on, with a focusing lens collecting light along 
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axis of the vessel at two different levels: at the 

electrode level, facing the electrode tip, and at the 

platform level, 40 cm below the electrode. Since 

spectra recording times were several hundred ms, 

time and space integrated light emission was 

obtained in visual spectral range. Experimental set-

up and positioning of the measurement equipment is 

shown in Figure 1. 

 
Figure 1. Experimental set-up schematics where devices 

are numbered as: 1) power supply, 2) matching box, 3) 

Mass spectrometer, 4) powered electrode, 5) chamber 

window, 6) lens and spectrometer, 7) camera and 8) PC. 

 

3. Results 

3.1. Mass spectroscopy 

Mass spectroscopy is an indispensable tool for 

analyzing plasma sources. We have measured counts 

of oxygen molecules as a function of energy of 

ionizing electrons from the ionizer of the mass-

energy analyzer. Measurements were performed at 

three different pressures: 300, 450 and 600 mTorr. 

Typical results are shown in Figure 2.  

Oxygen molecules are of great interest due to 

their role in biochemical pathways in cells. 

Especially important signal molecule is O2
- that is, 

among other places in cell, created at the cell 

membrane by ionizing O2 metastable. In oxygen 

plasma we have a rich environment for this kind of 

reaction due to the presence of excited species and 

metastables. One should be aware that one of the 

most abundant metastables of oxygen the O2(a 1Δg) 

state has threshold energy below 1 eV and thus 

the extension of the signal below 5 eV of the 

electron energy in Fig. 2 is not surprising.With 

power set to 0W (plasma not ignited) we can see 

only those molecules which were ionized inside 

mass spectrometer. Only neutral oxygen molecules 

in ground state are present. Therefore nothing is 

detected below the ionization energy which is 

12.3 eV [12]. When discharge is turned on, a lot of 

molecules are detected below the threshold energy 

because, when they reach mass-energy analyzer 

from plasma, they are already in excited or in 

metastable state. Signal obtained from these 

molecules can be seen in Figure 2 for the electron 

energies below the threshold.  The fact that signal 

below threshold decreases with increasing power 

probably means that the reduction is due to electron 

quenching of metastables and increasing electron 

density with power. 
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Figure 2. Counts of oxygen molecules, recorded as a 

function of electron energy at 600 mTorr at powers 

ranging from 0 to 700 W.   

 

By integrating one curve up to the energy of 

12 eV, we can get total number of molecules that are 

excited in the plasma and that arrived at the orifice 

of mass energy analyzer in excited/metastable state. 

We have chosen 12 eV as the limit for integration in 

order to be safely below the ionization threshold. 

Summarized results for excited and metastable 

oxygen molecules are shown in Figure 3.   
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Figure 3. Counts of oxygen molecules integrated from 

device limit to ionization energy, recorded at various 

powers at pressures of 300, 450 and 600 mTorr 

 

For all pressures that we used in these 

experiments plasma ignites for powers lower than 

10 W. On the other hand, due to the large volume 

and cylindrical geometry of our reactor we have a 

range of power and pressure dependent conditions 
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when excited and metastable molecules could not be 

detected by mass spectrometer for present position 

of the orifice. In order to obtain the signal below the 

ionization threshold of O2 more power has to be 

supplied to the system at higher pressures. Thus 

there appears to be a considerable loss of excited 

species  between the active region of the plasma and 

the orifice of the mass analyzer especially at higher 

pressures.  In addition there is a relative depletion 

towards the higher powers which may be associated 

by further excitation/ionization of the excited 

species. 

We can see in Figure 3 that maximum counts are 

recorded at the lowest powers for each pressure. 

With the increase in applied power we observe the 

decrease in counts. At all three pressures we have a 

minimum that is a few orders of magnitude lower. 

For the highest powers there is an increase in the 

total counts up to the plateau that is common  for all 

pressures. 

 

3.2. Optical emission spectra and actinometry 

In order to check the density of excited atomic 

oxygen species we recorded optical emission spectra 

of the discharge in the visual and near IR range for 

three different pressures and powers from 100 to 

700 W. In figure 4 part of the spectrum between 740 

– 850 nm is shown with characteristic atomic and 

molecular lines marked. The strongest lines in this 

wavelength range belong to O atoms produced in the 

discharge. Emission bend coming from oxygen 

molecule is also present. Additionally, due to the 

admixture of 1% Ar, weak Ar lines are also visible.  
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Figure 4. Part of the visual emission spectrum of O2/Ar 

discharge at 200 W and 450 mTorr with characteristic 

oxygen and argon lines labeled in the plot 

 

Addition of a small amount of Ar allowed us to 

use optical actinometry – simple and straightforward 

technique for determining concentration of neutral 

species in low-pressure plasmas [13]. Employing 

this technique, ratio of the observed emission 

intensities for selected transitions from the upper 

excited atomic states of oxygen and argon can be 

related to the concentration ratio of ground states of 

these atoms.  

Main assumption in actinometry is that emitter 

atoms are excited from the ground state in collisions 

with electrons. However, with atomic O lines in 

some cases, large extent of emission could originate 

from dissociative excitation and not from direct 

atom excitation [14]. Thus, in principle, dissociative 

excitation has to be taken into account as well as all 

other important excitation (through metastables, 

three-body collisions etc.) and de-excitation 

(spontaneous emission, quenching) channels 

[15,16]. In our calculations, contribution of the 

dissociative excitation has been included.  

Using appropriate rate coefficients (k) [17], 

spectroscopic constants (transition probabilities, 

geometric constants: C(λAr), C(λO)) and measured 

line intensities (IO, IAr) the dissociation degree of 

oxygen is calculated as: 

 

𝑥 =  
𝑁𝐴𝑟

𝑁𝑂2
0

𝐼𝑂
𝐼𝐴𝑟

𝛾
𝑘𝐴𝑟
𝑑𝑖𝑟

𝑘𝑂
𝑑𝑖𝑟

−
𝑘𝑂
𝑑𝑖𝑠

𝑘𝑂
𝑑𝑖𝑟

 / 2−
𝑘𝑂
𝑑𝑖𝑠

𝑘𝑂
𝑑𝑖𝑟

  

 
where  

 

𝛾 =
𝐶 𝜆𝐴𝑟 𝜆𝑂𝐴𝐴𝑟𝑝 ( 𝐴𝑂𝑗𝑖 )𝑗

𝐶 𝜆𝑂 𝜆𝐴𝑟𝐴𝑂𝑗 ( 𝐴𝐴𝑟𝑝𝑞 )𝑝
 

. 

In numerator of equation (1) the first term 

represents contribution of direct excitation and the 

second one describes dissociative excitation 

channel. For calculations we used rate coefficients 

obtained assuming Maxwell distribution of electron 

energy and mean electron energy of 3 eV.   

 

100 200 300 400 500 600 700
1

2

3

4

5

6

7

8

9

 

 

pressure [mTorr]  300  450  600

electrode level    

platform level      

D
is

so
ci

at
io

n
 D

eg
re

e 
[%

]

Power [W]
 

Figure 5. Dissociation degree of O2/Ar discharge at 

300, 450 and 600 mTorr calculated by using actinometry 

(1) 
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formula and emission line intensities (O-844 nm, Ar-

811 nm) obtained at two different window positions. 

In figure 5 we show the extent of O2 dissociation 

at three different pressures calculated by using data 

of oxygen 844 nm and Ar 811 nm lines obtained for 

two different positions of the spectrometer. The 

spectra were recorded for discharge conditions 

(pressure and power) at two windows placed at 

different positions with the respect to the central 

cylinder axis. The first one, in the center, opposite 

to the very bright volume around the electrode 

(marked as electrode level in the plot) and the other, 

at the platform level, close to the wall of the reactor 

(marked as platform level). Due to small size of the 

windows, emission of the lines recorded at these 

positions mostly originates from the volumes 

lengthwise the reactor facing the appropriate 

window. 

At low powers, the dissociation degree is similar 

for all pressures and at both window levels. As 

power increases, number of dissociative products 

grows steadily at all pressures and for both 

positions. Degree of dissociation in the central 

region around the electrode increases much faster 

comparing to the degree obtained away from the 

electrode, at the platform level. At maximum power 

of 700 W the degree of dissociation reaches 8% in 

the region around electrode while at the platform it 

is around 5%. Variation of the dissociation degree 

for different pressures is small and almost within 

error bars of the technique. 

From equation (1) we were able to estimate 

contribution of the dissociation excitation channel to 

the calculation of dissociation degree. For the data 

obtained at platform level, we estimate that 

dissociative excitation contributes up to 30% of the 

O atom emission at lowest powers while it decreases 

to 15% with increasing power. At the electrode 

level, this contribution is lower than 20% at lower 

powers and around 10% at the highest power. 

 

3. Conclusion 

We have used mass-energy analyzer to measure 

counts of oxygen molecules as a function of energy 

of ionizing electrons in 99% oxygen and 1% argon 

plasma. It is shown that the highest presence of 

excited and metastable oxygen molecules is 

obtained for minimum power in the range where 

signals are observable, at every pressure. Also, 

maximum counts are moving to higher powers at 

higher pressures. Optical actinometry measurements 

enbled us to determine dissociation degree of 

oxygen molecules in zone around the electrode and 

at the platform level. At both levels dissociation is 

rising with power and this increase is more 

pronounced near the powered electrode. The 

dissociation degree obtained from the space-time 

integrated measurements is in the range between 1 

and 8 % and it has a very weak pressure dependence 

between 300 mTorr and 600 mTorr. 
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In this abstract we report on influence of direct and indirect plasma treatments on catalase enzyme 

activity in Paulownia tomentosa seeds. The direct treatment of the seeds was performed in low-

pressure RF plasma system for different treatment times. After treatments these seeds were imbibed 

with distilled water. The other set of P. tomentosa seeds was imbibed with plasma activated water 

(PAW). PAW was produced by using atmospheric pressure plasma source in treatments with 

different durations. Seeds from both sets were exposed to the same conditions and after 5 days 

activity of catalase enzyme was measured. In comparison to the control sample, differences in the 

activity was observed both regarding direct and PAW treated seeds and regarding duration of 

treatments. 

 

1. Introduction 

Non-equilibrium low and atmospheric pressure 

plasmas can be efficiently used in stimulation of 

seed growth, increase of germination percentage and 

decontamination, breaking of dormancy or increase 

in the length of seed sprout. We have developed 

several low pressure and atmospheric pressure 

plasma systems for treatment of seeds and plant 

cells [1-3]. Here we will present the results obtained 

in treatments of Paulownia tomentosa seeds by non-

equilibrium plasma that operates at low and 

atmospheric pressures. We have determined the 

germination percentage and activity of catalase 

enzyme for all treated samples and compared it to 

the control samples.  

 

2. Results and discussion  

Low pressure plasma treatments of seeds were 

performed in the cylindrically shaped RF plasma 

system that operates at 13.56 MHz reactor. The 

seeds were then imbibed with distilled water. Unlike 

low pressure plasma treatments where seeds were in 

direct contact with plasma, in case of atmospheric 

pressure plasma treatments we have treated distilled 

water (PAW) which was then used for imbibition of 

seeds. After the imbibition process seeds were 

exposed to red light for 5 min. In Figure 1 we show 

activity of catalyse enzyme 5 days after imbibition 

of water. The catalase activity for the treated 

samples is increased comparing to the untreated 

sample. This is in accordance with the observed 

increase in germination percentages obtained for 

this samples.  

 
Figure 1. The activity of the catalase enzyme obtained by 

using native page. Data was obtained five days after the 

imbibition of water (distilled). 
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ION ENERGY DISTRIBUTION AND LINE 
INTENSITIES IN ASYMMETRICAL OXYGEN RF 

DISCHARGE  

Kosta Spasić, Nikola Škoro, Nevena Puač, Gordana Malović and 
Zoran Lj. Petrović 

Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia, 
Belgrade University 

Abstract. Asymmetric 13.56 MHz CCP plasma reactor of large area was 
developed for purpose of continuous plasma treatment of sensitive samples like 
polymers, textile and seeds. In order to maximize efficiency of plasma treatment 
and to get well acquainted with relevant plasma chemistry, plasma diagnostic by 
using mass spectrometer and optical emission recordings was performed. 
Supplied RF power was from 100 W to 600 W at 600 mTorr pressure of O2 with 
1% of Ar gas mixture. Distribution of O2

+ ions had much higher counts than O+ 
and for both species higher power resulted in more available high energy ions. 
Emission spectroscopy revealed an increase in oxygen 777 nm and argon 750 nm 
line intensity with the increase of power. 

1. INTRODUCTION 

In everlasting struggle for energetic efficiency and always needed cost 
reduction, numerous industries can find their solution in applications of low 
pressure plasmas. We have already shown some benefits for agriculture, because 
plasma treated seeds have higher germination rate and, in some cases, plants 
whose seed was treated develop significantly faster [1-3]. It is also important to 
emphasize possibility to use plasma as sterilization agent [1-3]. Positive effects of 
this technology are of great importance in textile industry [4], where they can 
improve quality of products and decrease ecological impact. Low pressure 
plasmas are used in various large scale industries, in processes like etching and 
deposition, where any reduction in used energy can make them more cost 
effective and environmentally friendly  

Investigation of role of ions in plasma chemistry is of paramount 
importance both for general science and for industrial applications. In this paper 
we present measurements of ion energy distributions for singly ionized molecule 
and atom of oxygen (32 and 16 amu). Moreover, we have employed optical 
emission spectroscopy (OES) to obtain information about relevant lines of O and 
Ar. 
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2. EXPERIMENT 

Large volume asymmetric CCP plasma reactor was developed as a 
prototype for industrial scale treatment of sensitive samples. Its asymmetric 
geometry allows stabile plasmas to be formed without possibility of streamer 
formation. Stainless steel cylindrical chamber, 2.5 m in lenght and 1.17 m in 
width, serves as grounded electrode, while powered electrode is 1.5 m long 
axially placed aluminum rod (3 cm in diameter). Power is supplied at 13.56 MHz 
by Dressler Cesar 1310 supply through Variomatch matching network. 

Spectrally resolved emission from plasma was recorded in a part of 
visible spectrum (720-790 nm) through a side window positioned at level of the 
rod electrode. We have used monochromator Oriel MS127i with i-Star Andor 
ICCD camera as detector. By using a lens at the entrance slit, the spectrometer 
collected all light originating from the part of the plasma volume at the side-on 
region of the electrode. Recording time of several hundred ms contains integrated 
light emission from many RF periods. Two characteristic lines for atomic oxygen 
(777 nm) and argon (750 nm) were traced at different powers  

HIDEN EQP mass spectrometer was positioned side-on and the distance 
of the mass spectrometer orifice from the powered electrode was 30 cm. The 
orifice of the mass spectrometer was at ground potential. Ion energy distribution 
was measured for energies between 4 and 100 eV with resolution of 0.1 eV. The 
working gas mixture was 99% of oxygen and 1% of argon at a pressure of 
600 mTorr which is suitable for treatments. Measurements were done in the range 
of powers from 100 to 600 W. 

3. RESULTS AND DISCUSSION  

 In Fig. 1 a) we have presented ion energy distributions for positive ions 
of molecular oxygen (O2

+) recorded at 600 mTorr for powers 400, 500 and 
600 W. For powers lower than 400 W we could not obtain valid signal of ion 
energy distributions. At 400 W maximum ion counts can be observed at 4 eV 
and after that distribution rapidly decreases 5 orders of magnitude. For this 
power given by RF power supply maximum of ion energy is around 20 eV. With 
the increase of the power we can see that ions with higher energies can be 
collected. For the power of 500 W maximum ion energy goes up to 70 eV and 
for 600 W this energy is higher than 100 eV. 
 Situation is somewhat similar for distribution of singly ionized atomic 
oxygen (O+) shown in Fig. 1 b). However, in case of O+ we can see two peaks 
present for the powers of 400 and 500 W. In case of 600 W we can only assume 
that there is the second peak around 100 eV since the signal started to increase at 
around 90 eV.  
 Notwithstanding that we could not obtain valid ion signal for the 
powers lower than 400 W, plasma was ignited for the lower powers. In order to 
investigate if there is some change in plasma behavior at 400 W we have 
performed OES and recorded oxygen and argon line intensities. 
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Figure 1. Ion energy distributions of O2
+ (a) and O+ (b), recorded at 600 mTorr 

for three different powers given by RF power supply. 

 Measurements of line intensity dependence for two oxygen and argon 
lines are shown in Fig. 2 for different powers (full symbols). Line intensities are 
relatively scaled and show similar intensities and rising tendency with power 
increase. For both lines the increase in intensity is larger, almost exponential, at 
higher powers. Additionally, the ratio between obtained line intensities is shown 
in the right-hand-side axis (crosses) and exhibits small increase with power. 
Also, interesting observation is that at 400 W there is decrease in line intensity 
ratio. 
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Figure 2. Left axis: oxygen 777 nm (circles) and argon 750 nm (squares) line 
intensities, right axis: line intensity ratio (crosses) at different powers at 
600 mTorr. 

 Generally, in cases where emission originating from dissociative 
excitation is not dominant, the line intensity ratio could be used for an estimation 
of the dissociation extent in plasma through a method of optical actinometry [5]. 
However, in plasmas with low dissociation extent and where dissociative 
excitation channel is dominant, results of actinometry can provide only 
qualitative description of change in oxygen dissociation with plasma parameters 
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[6,7]. Thus, in this case the intensity ratio provides only general trend in 
dissociation of oxygen. 
 

4. CONCLUSION 

 We have measured ion energy distribution and performed spectroscopic 
measurements of large volume asymmetric CCP plasma reactor. No valid ion 
signal could be detected at powers lower than 400 W, and even at that power 
distribution reaches minimal values at just over 20 eV. With increased RF 
powers, we were able to detect ions at energies higher than 100 eV. Optical 
emission spectroscopy, in this range of plasma parameters, could only provide us 
with general information that dissociation of oxygen molecules is rising with 
powers. 
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CATALYTIC PROBE MEASUREMENTS OF ATOMIC OXYGEN 
CONCENTRATION IN LARGE VOLUME OXYGEN CCP 

Kosta Spasić1, Saša Lazović1, Nevena Puač1, Zoran Lj Petrović1, Gordana Malović1, Miran Mozetič2 and Uroš 
Cvelbar2 
1Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 

2Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia 

e-mail: kostasp@ipb.ac.rs 

Abstract. Large scale chamber with asymmetric electrodes has been developed for low pressure treatment of seeds 
textile and wool. Since neutrals in plasma have very active role, it is of great importance to analyze their behavior in 
discharges. For this paper we have used catalytic probe in order to determine concentrations and spatial profiles of 
atomic oxygen. This diagnostic tool has been chosen due to its low cost, simplicity and possibility of real-time use, 
which makes it suitable for industrial purposes.  

1. INTRODUCTION 

 Catalytic probe is simple, yet effective tool for measuring concentration of neutral species. They are usually 
constructed as thermocouple and the hot end is the probe tip, where catalytic activity is taking place. Materials that 
can be used to construct the probe tip are nickel [1], iron [2], copper [3], silver [4] and, in extreme conditions like in 
fusion reactor, gold [5].This technique has been used for measurement of concentrations of atomic oxygen [1], 
nitrogen [6] and hydrogen [5]. They are most frequently being used for diagnostic of RF plasmas, ICP [1] as well as 
CCP [7] and almost exclusively in low pressure. Some applications have also been reported in microwave 
discharges [6]  
 Recent research has proved that this kind of equipment can be used for continuous data acquisition [1]. 
Because of this innovation, catalytic probes can now be used in industrial processes where it is not possible to 
frequently turn discharge on or off. 
 In comparison with other methods for measuring concentration of neutral species, such as optical emission, 
actinometry, mass spectrometry, optical absorption and chemical titration, catalytic probe comes at low price and it 
is simple to use. Direct interpretation of results is one of the biggest advantages of this method. 
There are several issues related to catalytic probe. First of all, since recombination coefficient cannot be determined 
with precision higher than 30% [1], the probe itself cannot have accuracy above this mark. In some situations RF 
disturbances can have strong effect on measuring equipment. Even though probes are usually made to have small 
dimensions, their presence in discharge is still affecting plasma. When interpreting results, one should take care 
about the fact that probe cannot make difference whether species were excited or not when they arrived on its 
surface. 
 In our laboratory we have large scale discharge chamber in which we can have conditions similar to 
plasmas that are used for industrial purposes. Asymmetric geometry allows samples to be exposed to different 
intensity of treatment simply by adjusting their position. So far it has been used for treatment of wool [8], textile [9] 
and seeds [10]. 
 Beside charged particles such as ions and electrons, neutral species have also very important role in plasma 
treatment. Presence of atomic oxygen in discharge can have influence on activation of surfaces of textile and seeds. 
Therefore, in order to have adequate treatment, it is of great importance to properly determine spatial profiles of 
atomic oxygen concentration inside the chamber. For this paper we have used nickel catalytic probe to measure 
concentration of atomic oxygen at different distances from powered electrode and different applied RF power at 
pressure of 450 mTorr. 
 
 
2. EXPERIMENTAL SET-UP 



 Experimental set-up is shown on Figure 1. Our discharge chamber has cylindrical geometry. It is 2.5 m 
long and 1.17 m wide with walls, which are used as grounded electrode, made of stainless steel. Powered electrode 
is made of aluminum and it is placed axially, it is 1.5 m long and has diameter of 3 cm. 

 Our catalytic probe is placed side-on, perpendicular to powered electrode. Tip of it is disc made of nickel 
whose diameter is 1.5 mm and it is 0.04 mm thick. Since our probe is placed inside glass tube we have used Wilson 
seal to allow ease of movement and to secure that vacuum is maintained. Measurements were performed with 
MS8218 multimeter which can record data in real time. 

 To create and sustain our plasma we have used 13.56 MHz Dressler Cesar 1310 power supply and 
Variomatch matching network. Vacuum is achieved by Alcatel mechanical pump, while needle valve was used to 
control flow of working gas. 

 

Figure 1. Experimental set-up. 

3. RESULTS AND DISCUSSION 

Typical measurements with catalytic probe require plasma to be turned off whenever data acquisition is 
needed. Speed of probe tip cooling when discharge is turned off provides information about power that is transferred 
to it when plasma is turned on. Since recombination is main cause of probe tip temperature increase, heating power 
can be used to derive atomic oxygen concentration [11]. It has been discovered that, for same gas and same plasma 
parameters, temperature time derivative of probe tip depends on maximum temperature [2]. When that dependency 
(shown on figure 2) is known, atomic oxygen concentration can be determined in real-time while plasma is on 
without interruption.  
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Figure 2. Temperature time derivative versus temperature at 450m Torr. 
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Figure 3. Standard measured curve (left), and maximum temperatures for whole set of measurements (right). 



 

On Figure 3, on the left hand side, we have presented one of typical measured curves. We can see that after applying 
certain power, temperature is starting to rise and after few seconds it reaches saturation or maximum temperature, 
Tmax. Following graph on Figure 2, one can obtain temperature time derivative with known Tmax. On the right hand 
side of the picture, set of maximum temperatures for different conditions is presented. 

Spatial profiles of atomic oxygen concentration in large scale CCP device at 450 mTorr are shown in Figure 4. The 
closest distance to the powered electrode where measurements were taken was chosen according to technical 
capabilities and it was 26.5 cm. The most distant point was at chamber wall. Applied RF power was between 50 W 
and 500 W with increasing step of 50 W. 

25 30 35 40 45 50 55 60

0.0

0.5

1.0

1.5

2.0

2.5

3.0

At
om

ic 
ox

yg
en

 co
nc

en
tra

tio
n 

[1
020

m
-3
]

Distance [cm]

 50W
 100W
 150W
 200W
 250W
 300W
 350W
 400W
 450W
 500W

450mTorr

 

Figure 4. Spatial profiles of atomic oxygen concentration for different applied RF power at 450mTorr. 

 In the vicinity of the powered electrode the highest concentrations of 2.75*1020 m-3 were recorded. As 
probe was moved closer to the chamber wall concentrations were decreasing, and at the lowest point they were more 
than one order of magnitude lower. This big difference can be, in part, explained by very different size of electrodes. 
The biggest drop is between 35 cm and 45 cm. For fixed position of the probe, rising of applied RF power resulted 
in rise of concentration of atomic oxygen and near the chamber wall dependency is almost linear.  

4. CONCLUSION 

 Catalytic probe was used to diagnose large volume CCP discharge at 13.56 MHz in oxygen at 450 mTorr 
for powers between 50 and 500 W. The highest concentrations are measured near the powered electrode, while at 
the chamber wall we measured concentrations that were order of magnitude lower. Higher applied power also 
produced higher concentrations, while dependencies lost their linearity in vicinity of the powered electrode. Since in 
all plasma treatments oxygen atoms play crucial role it is important to know concentrations of O atoms in order to 
be able to optimize the treatments. Also, knowledge of atom concentrations for different distances and different 
applied powers gives us opportunity to finely tune the treatments for variety of samples by just adjusting the 
distance from the powered electrode. It is shown that for the smaller distances from the powered electrode similar 
concentration of O atoms can be obtained as for greater distances, but much higher powers and this can significantly 
reduce the cost of treatments since same effects can be obtained for smaller power consumption 
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Abstract. This paper reports experimental results on low-pressure argon capacitive RF 

discharge (parallel-plate capacitively-coupled plasma – CCP) under different conditions, 

namely, gas pressure in the range 330 Pa and RF power in the range 10  100 W. The IV 

characteristics measured were processed by two different second-derivative probe techniques 

for determination of the plasma parameters and the electron energy distribution function. The 

radial profiles of the main plasma parameters are presented. 

1.  Introduction 

Low-temperature (non-equilibrium) plasmas are the basis of a number of technologies, old, current 

and future. The success story is, of course, plasma etching, which, together with photo-lithography, is 

the basis for miniaturization of integrated circuits; other major applications include surface alloying, 

thin-film deposition, plasma displays, modification of the properties of polymers and organic 

materials. Recently, the most promising has seemed to be the field of plasma-based medical 

applications. However, non-equilibrium plasmas are difficult to describe by universal theories, so that 

joint efforts are needed in diagnostics and modelling in order to understand their properties and use 

that knowledge to control, design and optimize applications. The importance of the research is that it 

will facilitate applications while focusing the scientific effort on the fundamental aspects of non-

equilibrium plasmas [1]. Joint experimental and modelling efforts are required to make any general, 

fundamental conclusions about non-equilibrium plasmas. 

This paper reports experimental results on studying a capacitive low-pressure argon RF discharge for 

a range of conditions [2], such as gas pressure in the range 3  30 Pa and power ranging from 10 W to 

100 W. The current-voltage (IV) characteristics obtained by a Langmuir probe were processed by two 

different second-derivative probe techniques [3] to determine the plasma parameters and the   
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electron energy distribution function (EEDF). The radial profiles of the main plasma parameters were 

also constructed. 

 

2.  Langmuir probe measurements in a RF capacitively coupled system  

The RF system consisted of a chamber with parallel plate electrodes powered by a RF source with a 

driving frequency f = 13.56 MHz. The discharge in this experiment was ignited at an electrode 

distance of 0.07 m between the top powered and the bottom grounded electrode both with a diameter 

of 0.11 m. The transmitted RF power was measured at the source and always stayed below 1 % of 

transmitted power. A Hiden’s ESPION Langmuir probe system with a motion stage was used to 

measure the IV characteristics. The probe tip with a diameter of 0.15 mm and a length of 10 mm was 

placed in the plasma with the motion stage allowing motion along the radial direction at L = 0.02 m 

above the bottom electrode. The IV characteristics’ data were recorded using the ESPION software 

and then exported for further analysis.  

In the “classical regime”, which corresponds to our experimental conditions, the probe operates in 

the absence of a magnetic field and at low gas pressures in the range of 0.1 Pa to 100 Pa [4]. Then the 

electron probe current of the IV characteristic is expressed by the well-known formula [4]: 
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where e and m are the electron charge and mass, S is the probe area, eUmcW  2

2
1 is the total 

electron energy in the probe sheath and c is the electron velocity. Here the probe is negatively biased 

by a potential pU  and U is the probe potential with respect to the plasma potential plU  

( plp UUU  ).  f  is the isotropic electron energy probability function (EEPF) [1], normalized by: 
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The EEPF can be determined by using the Druyvesteyn's formula [5]: 
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The second derivatives obtained from the measured IV characteristics were evaluated by two 

techniques. The first one consists in adjacent averaging, smoothing and differentiating twice the 

measured IV characteristics. The instrumental function of the differentiation technique is triangular 

with a half-width equal to the step of change of the probe bias [6]. The other differentiating technique 

is based on the convolution of data with an adaptive, differentiating filter, whose instrumental function 

is automatically adjusted so that noise and distortion, i.e., error, are locally kept at about the same 

level. Details on how noise and distortion can be readily evaluated can be found in [3], as well as in 

the references therein. In this work, as before, we continue using (1 + cos (…)) kind of filters for their 

flexibility on how the full-width-to-half-maximum (FWHM) can be adjusted to run-time, hence how 

readily the noise-to-error ratio can be kept constant. 

Figures 1 and 2 represent examples of the EEDFs evaluated at the center of the discharge chamber 

at 50 W discharge power and gas pressure of 6 Pa and 27 Pa. The solid black lines present results from 

direct differentiation. The distortions between 0 and 10 eV cannot be explained by the influence of the 

differentiation method’s instrumental function and the probe size [6]. A possible reason of the 

appearance of additional distortions is the insufficient ratio   between the surface area of the 

measuring (Sp) and reference (Sr) probes of the HIDEN probe circuit. Usually, it is accepted that it has 

to be: 
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Here M is the ion mass. For precise measurements, a more severe criterion for the ratio   must be used 

[7]: 
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In this equation, T and n are the electron temperatures and densities at the positions of the 

measuring (p) and reference (r) probes. The factor G is tabulated in [7] for different probe and 

reference probe geometries.  

On the other hand, the reference probe is flush mounted on the probe holder (close to the probe tip) 

with surface area not enough to satisfy the condition (5). To compensate for the insufficient ratio   in 

the second technique, an effective resistance effR  was added to the probe circuit. Results with 

 200effR  (red curve) and  500effR  (blue curve) are presented in figure 1. As the effective 

resistance effR is increased, the EEDF evaluated approaches the Maxwellian with an electron 

temperature of 5 eV up to the energy of the first excited level of argon (11.56 eV). At higher energies, 

the EEDF deviates from Maxwellian due to the inelastic electron-atom collisions and the non-

equilibrium nature of the discharge. We should point out that the distortions of the blue curve in the 

range 0 3.5 eV correspond to the distortions due to the instrumental function and the influence of the 

probe size [6].  

The same considerations are related to the results recorded at a higher pressure presented in figure 2. 

Here, the effective resistances are  kReff 2  (red curve) and  kReff 5  (blue curve). It can be seen 

that the blue curve is not appropriate. The electron temperature in this regime of the discharge is 6 eV. 

We have to point out that to solve the problem mentioned above, additional experiments with 

different reference probe areas are planned for the near future. 

 

 

 

 

Figure 1. EEPF obtained by direct 

differentiation of the measured IV (solid black 

line); red curve – obtained by introducing a 

200  effective resistance in the probe 

circuit; and the blue curve, 500 . 

 Figure 2. EEPF obtained by direct 

differentiation of the measured IV (solid 

black line); red curve – obtained by 

introducing a k2  effective resistance in the 

probe circuit; and the blue curve, k5 . 
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3.  Experimental results 

Below we present the main plasma parameters evaluated from the IV characteristics measured at 

different radial positions. The radial distributions of the plasma potential at different discharge RF 

power values and different gas pressures are presented in figures 3 a) and 3 b). The accuracy of the 

evaluation is ~10%. In figure 3, the Upl is higher at the center of the discharge. This effect is more 

pronounced at higher gas pressures (figure 3 b)). At lower pressures, the Upl is almost constant. The 

dashed lines indicate the size of the electrodes. As the discharge power is increased, the plasma 

potential values increase by about 10 V. 

 

 

 

 
     a)            b) 

Figure 3. Radial distributions of the plasma potential at different discharge RF power values and 

different gas pressures.  

 

As we mentioned, the EEPF can be approximated by a Maxwellian distribution up to the energy of 

the first excited level of argon. An example of the resulting electron temperatures are presented in 

figure 4 a), b). 
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      a)        b) 

Figure 4. Radial distributions of the electron temperatures at different discharge RF power values 

and different gas pressures.  
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Figure 5 shows the corresponding radial profiles of the electron densities at different discharge RF 

power values and different gas pressures. 

 

 

 

 
      a)        b) 

Figure 5. Radial distributions of the electron densities at different discharge RF power values and 

different gas pressures. 

 

4.  Conclusions 

This paper reports experimental results on a capacitive low-pressure argon RF discharge at different 

conditions, as gas pressure in the range 3  30 Pa and RF power within 10 100 W.  

The current-voltage (IV) characteristics measured were processed by two different second 

derivative probe techniques for determination of the plasma parameters and the electron energy 

distribution function (EEDF). The radial profiles of the plasma potential and the electron temperatures 

and densities at different discharge RF powers and different gas pressures are presented. 
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