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CORRELATION BETWEEN SURFACE MODIFICATIONS INDUCED ON
PET/TiO, SAMPLE BY DBD PLASMA PRODUCED IN He/N,GAS
MIXTURE AND PLASMA PARAMETERS

A. S. Chiper’, N. Apetroad, G. Popa

Plasma Physics Department, Faculty of Physics, “Al. |. Cuza’ University,
Blvd. Carol I, No. 11, 700506 lasi, Romania,

Present study refers to the influence of the percentage of nitrogen mass flow rate within a
constant helium flow on the polymer surface trested by DBD plasma produced in He/N, gas
mixture. The DBD plasma has been characterised by rotational temperature measured from
molecular spectra of N3 molecules and intensities of spectral lines of He, N,, N3 and OH
respectively while the electrical parameters of the DBD were measured as amplitude of both
discharge voltage and discharge current. Modification of the surface properties produced by
the DBD plasma on polymer (PET+TiO,) sample has been determined by AFM technique
and measurements of the contact angle.
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1. Introduction

A large interest is still growing for Didectric Barrier Discharges (DBD) due to their large
area of applications as. surface treatment, pollutant destruction, ozone generation, excimer UV
lamps, CO, lasers, plasma display panels and others. The DBD plasma is non-equilibrium highly
collisiona plasma produced at rather high gas pressure by a high voltage pulse applied to a specid
system of dectrodes [1-3]. Depending on the composition of the gaseous mixture and operating
conditions (applied voltage, excitation frequency and gas nature), different discharge modes of DBD
were observed: filamentary discharge (FD) and homogeneous discharge (also referred to as
Atmospheric Pressure Glow Discharge, APGD). Moreover, the APGD is realised in two forms:
Townsend discharge (as, eg., APGD in N;) and glow discharge (such as, APGD in noble gases). It
was demonstrated that the DBD in Townsend regime is characterised by the absence of the positive
column and the maximum of the light intensity is localised near the anode, while a glow discharge
regime present three distinguish areas (a positive column, a Faraday dark space and a cathode and a
negative glow, which are not separated at atmospheric pressure) [4-7]. Accordingly, in the present
paper we discuss about an APGD in He, or better glow dischargein He.

Massines €. dl have demonstrated the influence of the discharge regime and the gas nature
on the polypropylene surface treatment. Namdy, in N, no significant effect of the discharge regime
has been observed, because e ectrons and metastables lead to the same active species throughout the
gas bulk, while the discharge regime have a large influence on the wettability of polypropylene
treated in DBD in He. Thus, it was demonstrated that GD regime is more efficient on the
polypropyl ene surface treatment than FD regime. [6-9]. In this paper was studied the influence of the
percentage of the nitrogen mass flow on the polymer surface treated by DBD in He/N, mixture.

Briefly speaking, the aim of this paper is to contribute to a better understanding of the
mechanisms, which conducted to the polymer surface modifications using the DBD plasma, and to
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corrdate these experimental results with the results, which we obtained from diagnosis of the
plasma

2. Experimental set-up and experimental conditions

The experimental set-up (Fig. 1) consists of two copper plane-parald eectrodes of
10.4 e’ (1.6 cm x 6.5 cm) surface area each. Two glass plates of 1.2 mm thick and 30 cm?
(34 cm x 8.8 cm) surface area each were used as didectric barrier between the two copper
dectrodes. The distance between the two glass plates was 2.5 mm. Moreover, the copper dectrodes
were plated by magnetron sputtering on external side of each glass plate. One dectrode was
connected on high voltage and the other one was grounded. The high voltage power supply (1 to
20 kV) generates mono or bipolar sine pulses, width of 10 to 45 us and frequency in the range of 10
Hz to 10 kHz. Tota pressure of the gas mixture was in range 1.01 to 1.1 bar. The polymer sample
was placed on a support between the two glass plates using a frame support of 4.2 cm x 3 cm, which
was made of a rigid polymer. This support was manipulated with help of a shaft attached to the
frame. Sample was made of polyethylene terephthalat containing titanium dioxide (PET+TiO2). The
polymer sample was placed between two eectrodes at approximately same distance of both
eectrodes, so the polymer sample was floating within discharge plasma.
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Fig. 1. Experimental set-up, R,=7.5 kQ, Ri=150 Q, Ry/ R,=1000.

Thelight emission of DBD plasma was anal ysed using Triax 550 spectrometer, which has a
photomultiplier as detector. Potential (U) applied on the dectrodes and current intensity (1) through
the system have been measured using a digital oscilloscope (LeCroy 9304CM). The current intensity
was measured via voltage drop across the resistance R;=150 W connected series to the ground asin
Fig. 1. The voltage across the copper € ectrodes was also measured using the resistance system Ry,
Rs (Fig. 1). Thetime constant of the equivalent RC dircuit was less than 0.5 ns. More details about
the current and voltage shape of the DBD discharge are presented in [10].

In general, the role of the didectric into DBD gap is to limit the amplitude of the discharge
current [1,2,14]. Moreover, the influence of the did ectrics thickness, in the range of ~1 mmto
4 mm, on the magnitude of the amplitude of the discharge current through the DBD was aready
demonstrated [14]. In present experiments, the presence of the sample as additional dielectric
between the e ectrodes must not have important effect on dectrical properties of the DBD because
the thickness of the didectric sample is much smaler (~0.02 mm-0.1 mm) than the thickness of the
didectric glass plates (2.4 mm), which are comparabl e with those reported in [14]. Furthermore, the
permittivity of the PET+TiO, is about 3, while the permittivity of the dieectric (alumina) used in
[14] was 9. More precisdy, in case of spectral and electrical diagnosis, the thickness of polymer
sample was 100 mm, whilein case of surface treatment the thi ckness was 20 mm.
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Moreover, during the spectral and eectrica measurements, the polymer sample was large
enough to cover entire e ectrode aria, whilein the case of surface trestment the polymer sample was
floati ng between the two € ectrodes and its ariawas smaller than the dectrode aria

The glow mode of the DBD plasma was used for surface treatment of PET-TiO, sample for
both He and He/N, mixture. The amplitude of the discharge monopolar voltage was in the range of
Uy=1.75-2.5 kV and constant frequency (f=2 kHz) and width (t=20 ms) of the pulses. The treatment
time was 60 s. Only one control parameter, the ratio QN./QHe, was used during treatment of the
polymer sample. The ratio QN,/Qhe was changed by changing the nitrogen mass flow rate QN,, but
having always a constant mass flow rate of hdlium, QHe = 90 sccm.

3. Experimantal results

Electrical diagnosis and emission spectroscopy were used to anal yse the DBD system during
treatment of the polymer samples. Surface properties of the polymer film were andysed via
measurements of the contact angle and by Atomic Force Microscopy (AFM) technique, respectively.

3.1. Electrical parameters of the DBD

Electrical parameters as amplitude of both discharge voltage and discharge current were
registered under conditions when percentage of the nitrogen mass flow rate in the total mass flow
rate of helium - nitrogen gas mixture was varied with or without polymer sample in the discharge
plasma. Typical time evolution of the discharge current intensity is presented in the Fig. 2 for the
DBD with and without polymer sample between dectrodes, but the same gas pressure and
composition and the same discharge potentia. This result shows that polymer sample within DBD
plasma has negligibl e effect on dectrical properties of the system.
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Fig. 2. Comparison between discharge current Fig. 3. Time evolution of the discharge current for
in the case of DBD with glass as dielectrics different values of nitrogen mass flow in reector,
and glass-polymer as dielectrics. for Ud=1.75kV=const. and QHe=90sccm=const.

By increasing of the percentage of the nitrogen within the helium — nitrogen gas mixture an
important change of the discharge impedance can be noticed. This fact is presented in the Fig. 3
where time evolution of the discharge current is presented for constant amplitude (Ud=1.75kV) of
the discharge voltage and constant mass flow rate of helium (QHe=90sccm), but having different
mass flow rate of the nitrogen gas as parameter. It is obvious that both amplitude of the current
intensity and total eectrical charge for a single discharge decrease monaotonically with increasing of
the mass flow rate or better percentage of the mass flow rate of the nitrogen in the gas mixture. This
result shows that increasing of the percentage of the nitrogen gas in the mixture time determines an
increasing of the discharge impedance and consequently decreasing of the power transferred to
discharge plasma.
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3.2. Emission spectra of the DBD plasma

The speciesidentified in our emission spectra are: He, N2, N3 and OH. Presence of the OH

radicds can be explained by following processes. One process is that of sputtering and
decomposition of both polymer and TiO2, respectively. Second process can be rdated to desorbtion
and decomposition of the absorbed water by both polymer sample and the walls of the discharge
chamber.

Variation of the emission intensities of He atom lines (1=587.6 nm and | = 706.5 nm), N3
(I = 391.4 nm), N, (I = 337.1 nm) and OH (I=308 nm) bands were investigated. Intensities of the
atom lines and mol ecular bands exhibit different behaviour with respect to either constant amplitude
of the discharge voltage or constant amplitude of the discharge current intensity in presence of the
nitrogen in the mixture gas (Figs. 4-7). Thus, intensity of the He* spectrd lines (I = 587.6 hm and
| = 706.5 nm) decreases rapidly with the increase of the percentage (more than 3%) of the nitrogen
mass flow rate in the gas mixture flowing through the reactor when amplitude of the discharge
voltage was kept constant. On the contrary, in case of the constant amplitude of the discharge
current, intensities of hdium lines decrease very slowly with increasing of the same percentage of
the nitrogen mass flow as for former case (Fig. 4).
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Fig. 4. Emission intensity of some He* lines
versus percentage of the N, mass flow ratein He

Fig. 5. Emission intensity of OH band
versus percentage of the N, mass flow ratein He

Moreover, the intensities of the OH (1=308 nm) and the N; (1=391.4 nm) and the N,
(1=337.1 nm) heads of the molecular bands present particular and pronounced behaviour with
increasing of the percentage (more than 3%) of the nitrogen mass flow rate in the gas mixture
flowing through the reactor and different conditions as constant amplitude of the discharge voltage
and constant amplitude of the discharge current, respectively (Figs. 5-6). For constant amplitude of
the discharge voltage (Uq = 2 kV), intensities of molecular bands versus percentage of the nitrogen
mass flow rate have three distinct phases: (i) for |ow percentage of the nitrogen mass flow rate (up to
3%) considerable increase of spectra intensities can be measured; (ii) for percentage of the
molecular nitrogen mass flow rate within total mass flow rate of the gas mixture more as about 4%
but less as about 10 % variation of the spectral intensity is rather week and (iii) a drastically decrease
of spectral intensity of atomic lines and molecular bands for percentage of the nitrogen mass flow
rate above about 10 %. Thus, intensity of OH band increases about 50% with increase to about 3%
of the percentage of the nitrogen mass flow rate and then saturates and starts to decrease also rapidly
for percentage above 10 % of the nitrogen mass flow rate in the helium mass flow rate (Fig. 5).
Similar behaviour is measured aso for heads of the molecular bands of the both N, and N3
molecules (Fig. 6). On contrary, for constant amplitude of the discharge current (I; = 60 mA),
intensities of the head of the OH, N, and N3 molecular bands increase with the increase of the
nitrogen mass flow rate in the entire range of the total mass flow rate of the gas mixture through the
reactor (Figs. 5 - 6).



Correlation between surface modifications induced on PET/TIiO, sample by DBD plasma... 2565

480
: 5000 —m— 1 =17 kW

2500

S J\-=33?.1|I1m. =2 K

1—e—a=3914nm, U =2 k¥ 1] e L =B mi é%
2000]- -2 A=30104nm, |=60 ma -2 4000 440 LT
i
= L3000 = paet
:.—,: 15004 i N~
L2000
10004
- 360
50015 T r T T T
i 5 i0 1s 20 5 20
Q, [, (%) 0, [ Qy, %)
Fig. 6 Emission intensity of N, (1=337.1 nm) and Fig. 7 Rotational temperature, calcul ated for
N3 (1=391.4 nm) band headsversus percentage N3 (1=391.4 nm) versus percentage of the N2
of the N2mass flow ratein He. meass flow ratein He.

Rotationa temperature of the N3 population versus percentage of the nitrogen mass flow

rate is presented in Fig. 7. It aso shows that rotational temperature increases about 8 % with
increase of the control parameter Qno/Que UP to aout 3 % and then starts to decrease. But, for
constant discharge current intensity, rotationa temperature presents similar behavior to those
presented in Figs. 5 and 6. More precisdy, rotationa temperature increases with increasing of the
percentage of the nitrogen mass flow rate in the total mass flow rate of the gas mixture even beyond
the limit of the control parameter Qno/Qune=12.2 (%) for which the GD mode ceased for constant
discharge voltage.

3.3 Measurements of the contact angle and calculation of the surface energy

Information about energetic properties of the surface as. adhesion work, polar and disperse
components of the surface tension [15] were obtained by the method of the contact angle for both
untreated and treated pol ymer samples.

As was aready mentioned during the surface treatment of the polymer sample all parameters
listed above (total pressure and mass flow rate of heium, amplitude of the discharge current or of
the discharge potential) were maintained constant and only one control parameter was used. This
parameter was the percentage of the nitrogen mass flow rate in the constant mass flow rate of
hdium.

Firstly, for surface treatment of the polymer sampl es the amplitude of the discharge voltage
was maintained constant, Us=1.75 KV, and then the same experiment was made for another constant
va ue of the amplitude of the discharge voltage, Us= 2kV (Fig. 8). Immediatdy after DBD treatment
in pure He, the contact angle for distilled water and for formamide (37%) have been measured.
Decrease of the contact angle for distilled water from 83,3° for untreated PET+TiO, to 49,7° for
treated PET+TiO, in He discharge was measured. This decrease corresponds to an increase of the
adhesion work of the polymer surface (Fig. 9). If alow percentage of the mass flow rate of N, is
added to pure He in the range of about 3 to 6 %, the contact angle decreases more than when the
PET+TiO, sample was treated in pure He. By increasing the percentage of the mass flow of N, over
about 6 % in He, an increase of the contact angle and a saturation of its value is observed. This
saturation value of the contact angle is rather close to that one of untreated PET+TiO, sample
(Fig. 8). Consequently, the same effect is observed for adhesion work (Fig. 9) and of course for both
disperse and polar components [15].
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Fig. 8. Contact angle versus percentage of the Fig. 9. Adhesion work versus percentage of the
N, mass flow rate in He/N, gas mixture. N, mass flow ratein He/N, gas mixture.

3.4. AFM analysis

The Atomic Force Microscopy working in tapping mode was used for investigation of the
polymeric surface morphology. AFM measurements are repeated on the same site of the sample
under the same ambient atmosphere and room temperature. A particular attention has been paid for
scanning the same area of 3 um x 3 um of the polymeric sample before and after treatments. This
fact was possible because the AFM images of PET+TiO, samples, for both untreated and treated in
DBD plasma, are characterized by presence of rather pronounced peaks, which appear better
emphasised after plasmatreatment (Fig 10). The AFM z(x,y) maps are used to estimate some texture
parameters alowing for surface roughness characterization, respectively R and rms R , defined as:

R= LXTX [z00)dx  and  Rpps = /LXTX Z2(x)dx (1)
X 0 Xmax 0

where z(X,y) is the height of the surface dement at point (x,y) and Xxmax the maximum value of the
lateral displacement x during the measurements, for a given value of .

{hum

Fig. 10. 3D AFM images for untrested (8) PET+TiO, sample (Rms=1.055 nm,
Ras=0.858 nm) and trested (Rms= 1.107 nm, Rgs= 0.905nm) one (b) using hdium — nitrogen
DBD plasma, for 1d = 80 mA=const. and Qnz / Que =7.8 %.
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Surface roughness was calculated for samples treated in hdium and hedium — nitrogen
plasma, respectively, for the same value of discharge current (1,80 mA). It shows that the
difference between the treated surface roughness and the untreated onesislessas 5 % (Fig. 10).

4. Discussions

The experimenta results presented in section 3 show that presence of the polymer samplein
the DBD has practically negligible effect at least on dectrica parameters, while, adding of the
nitrogen gas besides hdium as buffer, didectric barrier discharge may change both dectrical and
plasma parameters of the discharge and consequently influence the process of surface treatment of
the polymer sample by DBD plasma.

The former conclusion is proved by results presented in Fig. 2 where the dectrical charge g
crossing the discharge regi on was calcul ated as:

t
q= [I(t)dt 7))

51

for both cases without and with polymer sample within DBD plasma. Calculation was made taking
as limits of the integral t; = 3.4 ms and t;, = 5.4 ms, respectively, in both cases. The difference
between the two dectrical charges, Quithout polymer=27.4 NC and Oyt polyme=28.1 NC, is less as 2.3%..
Consequently, it might be considered that presence of the polymer sample within discharge plasma
does not significantly change dectrical properties of the system. This conclusion is aso sustained by
the fact that the capacitance of the system caculated in each of the two cases shows any
considerable difference. It might conclude that the presence of the thin polymer sample into DBD
gap has no significantly change of the dectrica proprieties of DBD circuit.

The latter observation is demonstrated by results presented in Fig. 3 where the experimental
results shows clear decreasing of the discharge current intensity and consequently of the total
dectrical charge with increasing of the percentage of nitrogen in hdium — nitrogen gas mixture
Using rdation (2) this time with the limits: t; =3.5 ms and t, =5.4 ms, respectivdy, the result from
Fig. 11 has been obtained. The total éectrical charge g, crossing discharge plasma during the
discharge pulse, decreases 20 times for an increase of the control parameter, Quo/Qpe, Of 7.5 times.
This phenomenon has been aready observed and explained as a conseguence of the decrease of the
ioni zation efficiency through Penning process [10, 16,17]:

He*(2°S) + N, — NI +He+e ©)

where, He* (23S) represents the metastabl e state of hdium atom, e denotes the e ectron and N, and
N3 the nitrogen mol ecul e and nitrogen molecular ion, respectivdy.

Besides, more nitrogen molecules in the discharge system more energy stored within
internd degree of freedom of the N, molecule. The large number of dectronic, vibrational and
rotational energetic states of the N2 molecul e facilitates conditions for kinetic energy transfer, by
dectron—molecule callisions, from dectrons to internal energy of the excited states of N2 molecule.
As aresult the dectron cooling process takes place and consequently, number of energetic dectrons
able to ionise helium atoms and nitrogen mol ecul es decreases and both plasma density and dectrical
conductivity of the discharge plasma decrease
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Fig. 11. Tota electricd charge g during the discharge pul se and amplitude of the discharge
voltage versus percentage of the N, mass flow rate in He/N, mixture.

In order to maintain same plasma density and consequently same density of active plasma
speci es, the number of energetic e ectrons has to be increased with increasing of nitrogen percentage
in the discharge gas mixture. Kinetic energy of the electrons can be increased by increase of the
dectric fidd intensity, which means increasing of the discharge voltage

Moreover, the amplitude of the discharge current, and eventually total dectrical charge, q,
carried by a pulse, can be considered as first approximation of the discharge parameters by which
may estimate plasma density. Consequently, experiments were made at constant amplitude of the
discharge current and almost constant total eectrical charge during the discharge pulse, but only for
a restricted range of nitrogen percentage in the mixture (e.g., 0-6 %). In Fig. 11 it is presented
dependence of the discharge voltage necessary to maintain the same amplitude of the discharge
current intensity on percentage of the nitrogen in the hedium — nitrogen gas mixture as control
parameter. With increasing of the control parameter Qun/Que Of about 3 times, the discharge
potential must increase of about 1.5 times, in order to maintain same amplitude of the discharge
current of 15 =80 mA.

Increase of the discharge voltage at constant amplitude of the discharge current intensity
means an increase of the power into discharge plasma, which can be a measure of the internal energy
stored mainly by nitrogen molecules. This increasing of the energy stored as internd energy of the
atoms and molecules can explain results presented in Figs. 5 — 7 with respect to increasing of the

molecular band intensity of the OH, N, and N3 molecules with increasing of the nitrogen percentage

in the gas mixture but constant amplitude of the discharge current.

Taking into account the results obtained and presented above on plasma properties and
dectrical characteristics of the did ectric barrier discharge with respect to the percentage of the mass
flow rate of N2 in the helium — nitrogen gas mixture the results obtained on surface treatment of the
polymer sampl e can be discussed.

It is wdl know that treatment of the polymer samples in He plasma is rather efficient for
producing cross-linking process at the polymer surface, due to hdium metastable species. Plasma
treatment in reactive gases (as N,, O,, c.) produces functionalization of the polymer surface.
Moreover, it must be mentioned that functiond groups are formed at the surface of the polymer
sample only under plasma treatment. Therefore, treatments in He/N, plasma are recommended for
surface functionalization simultaneously with a cross-linking reaction. [11-13]

The surface functionalization of PET+TiO2 sample is proved either by the decrease of the
measured contact angle of distilled water (Fig. 8) or by the increase of adhesion work on treated
samples compared with the untreated ones (Fig. 9). This process can be observed when the sampleis
treated either in He or in a mixture of He/N, with alow mass flow percentage of N, (up to about 3 to
6 %, depending on the dectrical energy deposited into discharge). For higher percentage of the
nitrogen mass flow rate (>10%) the measured vaues contact angle for distilled water was about
same as that of untreated sample. The same effects are observed for the DBD in H&/O, mixture. This
effect might be a result of three different processes: (i) depopulation of the metastabl e levels of He
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due to Penning effect, (ii) increase of the rate of surface oxidation [12,13] in the case of HEO,
mixture and (iii) increase of the rate of surface oxidation because of oxygen aoms which result from
the adsorbing water at sample surface. But, according to the results presented in Figs. 3and 11 it is
obvious that at constant discharge voltage, the amplitude of the discharge current decreases rapidly
with increasing of the percentage of the nitrogen so that fluxes of the active particdes arriving and
reacting with the surface of the polymer sample decrease too. That may explain the fact that for
higher percentage of the nitrogen in the gas mixture the modification of the polymer surface
becomes very weak or even absent.

Theresults obtained by AFM are restricted mainly to 3D images of the untreated and treated
polymer samples. Investigations made in a rather broad range of parameters as discharge voltage,
amplitude of the discharge current intensity and percentage of nitrogen within helium — nitrogen gas
mixture show that plasma treatment does not significantly change the morphology of the surface
But modification of the contact angle and accordingly of the surface energy shows that plasma
treatment is mainly at atomic and molecular levd.

5. Conclusions

The experimenta results allow the following main conclusions:

1) Adding molecular nitrogen as a reactive component to hdium buffer gas in a didectric
barrier discharge produces an increase of the discharge impedance caused by decreasing of plasma
density and conductivity.

2) Increasing of surface energy of the PET+TiO, sample by action of the nitrogen — helium
DBD plasmais possible for lower percentage of nitrogen (up 6%) in the mixture.

3) Modifications induced by plasma particles on the surface of the polymer sample under
experimenta conditions presented in this paper are at atomic and molecular leve, so that the AFM
technique does not reve significant modification of the surface morphol ogy.
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