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Abstract

The properties of a pulsed radio frequency capacitive discharge are
investigated at atmospheric pressure in argon. The discharge can operate in
two different modes: a homogeneous glow discharge or turn into filaments.
By pulsing the 13.56 MHz generator both the filamentary and the glow
modes can be selected depending on the pulse width and period. For a 5 s
pulse width (~70 RF cycles in the pulse), short pulse periods (less than

100 us) result in a filamentary discharge while long pulse periods (greater

than 1 ms) result in a glow discharge.

Optical emission spectroscopy and power measurements were performed
to estimate the plasma temperature and density. Water vapour was
introduced to the discharge as a source of hydrogen and the Stark
broadening of the Balmer Hy line was measured to allow the plasma density

to be estimated as 10" cm™3

in the filamentary mode. The estimation of the

glow mode density was based on power balance and yielded a density of
5 x 10'"' cm™3. Emission line ratio measurements coupled with the Saha
equation resulted in an estimate of electron temperature of approximatively

1.3 eV for the glow mode and 1.7 eV for the filaments.

Using the glow mode at a duty cycle of 10% is effective in decreasing
the hydrophobicity of polymer films while keeping the temperature low.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Atmospheric pressure gas discharges have received an
increasing amount of attention over the past ten years, both
from academic research groups and from industries wishing
to modify the surface properties of materials [1]. The primary
reason for this is cost of ownership; atmospheric plasmas do
not require large, expensive and power consuming vacuum
systems, and they can be operated for on-line surface treatment,
for example, in a web to web configuration. The absence of
pump down time and vacuum compatibility issues is another
factor of cost reduction.

Dielectric barrier discharges (DBD) operating with either
sinusoidal signals around 10 KHz or pulsed high voltages,
where the dielectric prevents the formation of high temperature

0963-0252/07/020217+09$30.00 © 2007 IOP Publishing Ltd Printed in the UK

arcs, are the most common atmospheric pressure systems
currently in use [2]. At such high pressure, an electron
avalanche crossing the gap would have a radial extension (due
to diffusion) much smaller than the diameter of the electrodes
(typically 10cm). Consequently, avalanches are unlikely to
overlap each other and the discharge usually consists of several
filaments. However, under certain conditions, a homogeneous
glow mode can be observed. This phenomenon has been
classified as the ‘one atmosphere uniform glow discharge
plasma’, OAUGDP [3-5].

Higher frequencies are also used at atmospheric pressure;
Moon et al recently reported RF glow discharges at
atmospheric pressure using a dielectric barrier with a U shape
geometry [6]. Park et al also reported on an RF glow
discharge with bare electrodes [7]. In both the experiments,
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Figure 1. Experimental set-up.

the atmospheric pressure high frequency glow discharge has
properties comparable with a lower pressure RF capacitive
discharge.

The present experiment operates at 13.56 MHz so that
the dielectric can be neglected as an electrical component
in the external circuit and the discharge is really a high
pressure capacitive discharge where the output capacitor of
the RF generator ensures that no direct current can flow [8],
(chapter 11, Capacitive Discharges). It is more likely that the
discharge occurs in the alpha mode rather than in the gamma
mode; however a change in the mode could be involved in the
transition glow-filament which is not yet well understood.

An advantage of using 13.56 MHz is that the breakdown
voltage, which depends on the frequency, is lower in the
MHz region [9]. The discharge operates at approximately
76 Torr cm, where the breakdown voltage for a dc discharge
is around 3kV in argon. At 13.56 MHz the breakdown voltage
is only 1.4kV peak to peak [10,11].

Also, by pulsing the RF signal, it is possible to control the
plasma properties and prevent the dielectric from reaching too
high a temperature for surface treatment. Plasma diagnostic at
atmospheric pressure in narrow gaps is somewhat complicated,
therefore time resolved optical emission spectroscopy and
power balance were used to measure the evolution of the
electron temperature and density in the discharge.

2. Experimental configuration

The atmospheric pressure discharge set-up is shown in figure 1.
It consists of two disc parallel electrodes of 10 cm diameter,
the distance between them being adjustable up to 5 mm. The
top electrode is grounded and feeds the gap with argon via a
shower head having an array of one hundred holes, each 0.5 mm
in diameter. The argon flow value is 1 standard L /m. The RF
power supply (ENI 600 W-13.56 MHz) couples the power to
the bottom electrode via a [T-matching network and the voltage
applied to this electrode is measured with a Tektronix High
voltage probe (ratio 1: 1000). On the top of this electrode lies
a 4 mm thick alumina dielectric layer since this material can
resist temperature up to 400 °C whereas glass breaks at much
lower temperatures. Filaments tend to remain at the same spots
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leading to burn marks on the glass, which eventually breaks.
Under certain conditions a glow discharge can be obtained
without the dielectric barrier. This would not be possible at
frequencies around 10 KHz and it shows that this experiment is
similar to a RF capacitive discharge. However, the glow mode
without the dielectric barrier is unstable and does not cover
the whole electrode area. The use of the dielectric allows the
plasma homogeneity to be dramatically improved although the
reason for that is not clear at present.

Optical emissions from the plasma are collected with
a converging lens and an optical fibre and detected by
a monochromator and photomultiplier tube (SPEX-500M,
Hamamatsu PMT R777). The total time response of this
optical set-up is determined by a 10 KQ resistor added in
parallel with the input channel of the oscilloscope (HP Mega
Zoom) yielding an RC rise time of 1 us. The RF power supply
is controlled by a pulse generator (PM 5715 1Hz-50 MHz
Philips). The pulsed DBD have already been used to make
atmospheric pressure discharges more homogeneous [12, 13].
This present experimental set-up aims to test a new method
for improving the high pressure surface treatment versatility
without risking damage to the polymer specimens.

3. Pulsed discharge

In figure 2 the voltage applied to the DBD and the light
emission of the 696.55nm A1 line during a 10 us pulse
are represented. These measurements were made when the
plasma was in a glow mode where the breakdown evolves as
a low pressure capacitive discharge. For this experiment, the
RF voltage increases to a maximum in less than 1 us (time
response due to the matchbox) and reaches the breakdown
value of 1.4kV peak to peak. After the ignition of the plasma,
the voltage drops to a slightly lower constant value at 2 ps. The
intensity of the 696.55 nm A 1line increases rapidly, reaching a
maximum after 1 us, then drops by over a factor of 5 when the
voltage drops to become fairly constant at 2 us. This behaviour
was observed for all emission lines of the plasma spectrum.
The variation of light intensities was measured for 5 lines:
A1 6965.5431 nm, 7503.869 nm and 7723.761 nm and A u:
4131.724 nm and 4277.528 nm.
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Figure 2. Voltage (a) and line intensity ().

When the plasma is running in a continuous mode, the
voltage across the discharge stays constant at around half the
value of the breakdown voltage and the dielectric temperature
quickly increases. By pulsing the plasma, the discharge is
constantly turned on and off so that the breakdown voltage is
reached at the beginning of each pulse and at the same time,
the dielectric temperature is kept low, which is interesting for
the surface treatment.

In addition, by varying the pulse width and the pulse period
itis possible to modify and, in fact, determine the plasma mode;
for example, it is possible to force filaments to be created,
allowing their formation to be investigated, or to prevent them
from appearing and staying in the glow mode. Figure 3 shows
two photographs of the plasma in those two different modes:
(a) glow and (b) filamentary. Both the modes are obtained with
a 5 us pulse width (~70 RF cycles in a pulse). With no other
parameters being changed, the glow mode is observed when
the pulse period is 1 ms or greater and the filamentary mode is
obtained when the pulse period is 100 us or less.

Figure 4 shows the areas of existence for the two
discharges in a pulse period versus pulse width diagram for
an input power of 100 W and a 1 mm gap.

Point 1. For a 5 us pulse width, when the pulse period is
100 us, the charges deposited on the dielectric during the
previous pulse remain on its surface and when a new pulse
occurs, the breakdown is easier at this location (this is known
as the memory effect for the DBD). The plasma is turned off
between each pulse as demonstrated in figure 2 where the light

intensity drops to zero as soon as the pulse ends. However, once
the plasma is in the filamentary mode, the filaments remain at
the same location for every pulse.

Transition Point 1 — Point 2. When the pulse period is
increased and the pulse width is kept constant (5 us, same
value as for point 1), the discharge changes from a filamentary
mode to a glow mode. This transition is not very sharp and
can occur in the opposite direction: glow to filament.

Transition Point 1 — Point 3. When the pulse width is
increased and the pulse period is kept constant (100 us, same
value as for point 1), the discharge changes from a filamentary
mode to a glow mode. This also increases the power coupled
to the plasma and the temperature. As the previous transition,
this transition is not very sharp and can occur in the opposite
direction: glow to filament.

When the RF generator is running continuously, both the
modes can exist depending not only on all the experimental
parameters but also on ambient conditions (pressure, relative
humidity and temperature). In addition, for the continuous RF
the filament appearance was found to be irreversible and the
filament mode more stable than the glow mode. Pulsing the
discharge is always efficient in controlling the transition from
one mode to the other whatever the ambient conditions are.

For a safe surface treatment, point 2 is of particular interest
because it is situated in the glow plasma mode, so the surface
treatment is homogeneous, and a long pulse period combined
with a short pulse width leads to a low temperature. In section 5
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(a) Glow mode

(b) Filamentary mode

Figure 3. The two different modes.
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Figure 4. Filament to glow and glow to filament transitions.

the efficiency of this plasma regime for the modification of
hydrophobicity is discussed.

4. Temperature and density diagnostic

4.1. Electron density measurement

4.1.1. Stark broadening method for determining the
electron density in the filamentary mode. ~ Since the electron
temperature is determined from the line ratio between different
ionization levels, the Saha equation is used where a knowledge
of the electron density is necessary; hence a measurement of
this important parameter is necessary.

The Stark broadening of the Hg line 486.1 nm gives a
reasonable approximation of the electron density. In theory
the Stark broadening depends on both the electron temperature
and density; however for an atmospheric pressure plasma in
argon (10! < n, < 107 cm™) the variation with electron
temperature can be neglected [14].

Hydrogen is added to the discharge by dividing the argon
line into two: one of pure argon and the other with argon going
through a bubbler half full of water, adding water vapour in
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Table 1. FWHM for different broadening mechanisms. P is the
pressure in atmosphere, 7 is the gas temperature in kelvin (close to
room temperature), xy is the mole fraction of hydrogen atoms

(~10%) and n, is electron density in cm=3,

FWHM in nm

60.4 xu(P/T) ~ 0.02
3.6 x P/T"7 ~0.06

Broadening

A)"rcsonancc

A)‘-\/an der Waals

A)‘Doppler 3.48 x 1074\/? ~ 0.006
A nawral 6.2 x 107>

A)‘-inslrumcmal 0.19

Adsark 2 x ]0711(n5)2/3

the gas line. The flow ratio is controlled by two independent
needle valves. Adding water vapour in the plasma disturbs its
properties and it was not possible to find the glow mode even
though the minimum water vapour possible was added to allow
the Hg line to be detected in the spectrum background light of
other species. Therefore, the Stark broadening method was
used as a density diagnostic only for the filamentary mode and
the power balance measurement was used for the glow mode.

Table 1 gives the full width at half maximum (FWHM)
broadening values for all the mechanisms that may affect the
Hp line in these conditions.

The openings of the two slits (input of the monochromator
and input of the PMT) are set to 60 um. With a narrower
opening the signal from the Hg line is too low to be detected;
with a wider opening the instrumental resolution is not
sufficiently high and the resulting spectral output would be
the sum of several atomic lines rather than the Hy line. The
calibration of the instrumental function was made with a
mercury lamp on the Hg1 546.075 nm line and was found to
be a Gaussian of FWHM 1.9 A.

Of all the mechanisms independent of the electron density,
the instrumental broadening is the largest by one order of
magnitude. Thus, only the instrumental and Stark broadenings
are used to fit the experimental data and the other mechanisms
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Figure 5. One example of the Voigt fit of Hy line.

are neglected. Each broadening mechanism being independent
of the others, the combined line profile is the convolution
product of the line profiles of each mechanism. The Stark
broadening is known to be a Lorentzian function [15], its
integral value must be equal to the integral value of the
instrumental Gaussian and they must fit the measured Hg when
convoluted together. Their convolution is a Voigt function.
An example of fitting the Voigt profile to the measured line is
shownin figure 5. The average FWHM of the Stark broadening
for different monochromator settings is 2.2 A resulting in an
electron density of 10'5 cm ™ (for the filamentary mode). This
value concurs with the results obtained by Dong et al [16] by
Stark broadening on an argon line.

4.1.2. The power balance method for determining the electron
density during the glow mode. The glow mode discharge is
homogeneously spread over the whole electrode area, so the
plasma density can be estimated from a power balance method
described in [8] (chapter 3.5, Energy Loss per Electron—Ion
Fair Created, page 81 and chapter 10.2, Electropositive Plasma
Equilibrium, page 304). The energy lost by the system per
electron—ion pair can be written as

Eyose = Vp + Ee + Ecol,

where Vj, is the plasma potential (kinetic energy gain by each
ion falling down the wall sheath of ~5kT), E. is the kinetic
energy of electrons lost to the wall (~2kT) and E . represents
the collisional energy loss per electron—ion pair created
(taking into account the ionization potential, the excitation
energy lost per photon in radiation and elastic collisions with
neutrals).

E\os depends on T, which is expected to be between 1 and
2eV [17], and under these conditions Ejo can be reasonably

approximated to 50eV for argon. The total power absorbed
by a capacitively coupled plasma can be written as

Paps = 2AeneUbElost’

where 2Aen. v, represents the total current of the discharge
over the area 2A of the two electrodes (A = 80 cm?) and vy, is
the Bohm velocity (which equals the ion sound speed, in our
conditions ~2 x 10° cms™).

Here we are ignoring the large sheath that is formed at
low pressures from the self-bias voltage which dominates the
power loss for these discharges. The present system is very
collisional and it is not clear how the high pressure sheath on
the powered electrode would behave, hence we have ignored
it for the present estimate. If it is taken into account then
the plasma density would need to be about a factor of 3
lower.

The balance between the input power of 200 W from the
RF generator (P;¢) and the power lost in the plasma leads to

ne = Prf/(erUbElost)a

ne >~ 5.10" em =3,

This is about 2000 times less than the electron density
in the filamentary mode and is possibly due to the different
area of the filamentary discharge compared with the glow
discharge. If the same loss mechanism for the glow mode
and the filamentary mode is assumed, one would expect the
total area covered by the filaments to be 80cm?/2000 =
4 x 1072cm?. From the burn marks left on the polymer
film when the discharge was filamentary, the diameter of a
single filament is estimated to be approximately 0.1 mm (area
of 3.14 x 10~* cm?), hence around 130 filaments are expected
over the electrode area which is in good agreement with the
observation.

221



N Balcon et al

population = Ng Ea
radiative
decay M 7\'ab
Y Eb
population = N¢ Ec
radiative
decay v M )\'cd Ed

GROUND LEVEL

Figure 6. Grotian diagram.

4.2. The Saha—Boltzmann relation for the electron
temperature measurement

The average electron density evaluated for the glow and
filamentary modes in the previous section is now used to
calculate the electron temperature. The use of the Saha
equation requires, at least, partial local thermal equilibrium
(PLTE) [15]. For the filamentary mode, the system is highly
collisional and the electron density around 10" cm—3, so this
is not a bad assumption. For the glow mode an assumption
of PLTE between the upper levels of each transition is still
possible if collisional ionizations and radiative recombinations
are supposed to be the dominant processes in the discharge. Itis
also necessary to assume that the source is optically thin in the
direction of observation, which is possibly a poor assumption
given the density of the neutral species. However, taking this
approximation as the zeroth order, the absolute intensity of the
ray corresponding to the transition a — b is given by:

L he ANy

Iy = —
b 4 kab

: ey

where L is the plasma length along the view axis, A is the
Plank constant, ¢ is the celerity of light in vacuum, A, is the
probability of the transition @ — b (Einstein coefficient), N, is
the population of the upper level of the transition and A, is
the wavelength of the radiation.

In the PLTE hypothesis, for two transitions @ — b and
¢ — d (figure 6) the Boltzmann distribution relation is

Na a —
Na _ 8a (E—E/KT. )
Ne g

where k is the Boltzmann constant, 7. is the electron
temperature, N, is the population of the upper level of the
transition ¢ — d, g, and g, are the statistical weights of levels
a and c and E, and E, are the energies of the levels a and c.

This equation can be arranged so that the density of the
species excited to the level a can be written as

N
No = —gae™ "/, 3)
where N is the density of neutral argon and Z the canonical
partition function. Equations (1) and (3) yield
L NA
Loy, = 7hc*Lga
4 Z )\ab
The plot of In(I1/gA), as a function of E, for each An
line, gives points which would be perfectly aligned in the case

o—Ea/KT.
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of a plasma in total thermal equilibrium. The slope of this line
is —1/kT; leading to T.

This method (due to Boltzmann) was tested on an
inductively coupled plasma of fairly well-known parameters
where it is possible to decrease the pressure to check how the
electron temperature would vary.

The Boltzmann plots for the 7 and 150 mTorr in the
ICP lead to temperatures in agreement within 25% with the
Langmuir probe measurements. As expected, the electron
temperature decreases when the pressure increases.

This Boltzmann plot method is very sensitive to the
ratio between k7 and the upper levels energy values of the
transitions. When it was applied to the A1 lines seen in the
atmospheric pressure capacitive discharge, the energy spread
of the upper levels of A1 was too small compared with k7,
and the results were not realistic.

To obtain a higher accuracy, it is necessary to compare
the line intensities between different ionization degrees of
argon. Then there is at least the ionization potential difference
between the A1 and A line intensities. The comparison
between neutrals and ions requires the use of the Saha equation:

neN, g+ [2mmekT, (Eq—Eo+E;)/KT,
— 125" e (EamEctE)/KT. 4)
Ny 8n h?

where E; is the ionization potential of argon, N, is the
population of the upper level of a given transition a — b
of neutral argon (A1 line) and N, of the transition ¢ — d of
ionized argon (A 1 line) and g, and g, are the statistical weights
of levels a (neutral) and ¢ (ionized), respectively.

Coupling equation (1) and (4) leads to

1, 2 MAigs | 2mmckT,
o _ -

3/2
— i| e_(Ea_Ec'"Ei)/kTe’ (5)
I, ne A+ Apgn

where I, is the intensity of the A 1line (transitiona — b), I, is
the intensity of the A 11 line (transition ¢ — d) and A, A4, A,
and A, are the wavelengths and probabilities of the transitions.

In equation (5), the temperature dependence of the
intensities ratio is not only in the exponential but also in
the factor (k7.)>/?, hence it is impossible to use a graph
based averaging of the temperature as done with a classic
Boltzmann plot.

However, the electron temperature from several A1/At
ratios can be found from equation (5). Three A1 lines and two
A lines will give six A1-A 1 intensity ratios, each of these
ratios giving a temperature.

Figure 7 is one example representing the logarithm of the
A114131/A 17723 ratio as a function of T, for a plasma density
of ne = 5 x 10" cm™ (glow mode). The cross-over point
between the curve In(/,/l,) and the line representing the
measured ratio yields the electron temperature. Six A1-A1
combinations for the Saha equation lead to six temperatures
which are found to be very close: only 5% variation between
them, proving that the plasma is close to PLTE. An average is
taken and the temporal evolution is observed during a 10 us
pulse width as represented in figure 8.
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Figure 8. Electron temperature during a pulse in the glow mode.

For the same pulse, the intensity of all argon lines (the
696.5nm line is represented in figure 2) starts with a peak
at the beginning of the pulse and then decreases to reach a
plateau as the voltage drops. The electron temperature starts
with a peak as well and decreases just after the voltage drops.
Then, unlike the light intensity, it slowly increases to reach a
plateau of greater value than the initial temperature even when
the voltage stays constant at a lower value.

The measurement of the electron density from the Stark
broadening and power balance are not time resolved but
averaged over time, hence the density values used in the Saha
equation are constant over a pulse width. This is probably
not very realistic and affects the temperature evolution since
its calculation is based on the electron density. However,
the average value of an electron temperature between 1.2 and
1.3 eV for the glow mode is reliable.
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A similar curve is obtained for the electron temperature in
the filamentary mode but with a greater value varying between
1.5 and 2eV.

5. Surface treatment

Atmospheric pressure surface treatment has been studied
in DBDs at 10KHz [18, 19] and in 13.56 MHz capacitive
discharges [6]. In both the cases the treatment increases the
wettability of the polymer. The pulsed RF discharge described
in section 3 is efficient for the treatment of polyethylene tereph-
thalate (PET) polymer films. By pulsing the RF signal it is pos-
sible to reduce the temperature of the polymer by a factor of 3

(a) Reference contact angle

(b) Contact angle after treatment with pulsed glow plasma

Figure 9. Contact angle with untreated (a) and treated polymer
film (b).

compared with a continuous mode. With a continuous RF dis-
charge the electrode and the dielectric quickly reach a tempera-
ture of 220 °C, which may cause severe damage to the polymer.

With a 100 us pulse width and a pulse period of 1ms
(Duty cycle = 10%) the temperature remains below 80°C
and the discharge is prevented from turning into a filament.
Were the plasma to become filamentary, a non-uniform surface
treatment would result and the polymer may well become burnt
on each filament spot.

In figures 9(a) and (b) the contact angle measurement of a
droplet of de-ionized water on untreated and treated polymer
is shown. An increase in the hydrophilic behaviour of the
polymer can be observed: the untreated contact angle of the
polymer sample is 90 ° and after one minute exposure in the
discharge (pulsed glow mode) the contact angle decreases
to 53°.

Figure 10(a) shows the evolution of the contact angle as
a function of the exposure time in the reactor (pulsed glow
mode), reaching a plateau at 60 s. The same curve is obtained
with a continuous plasma, proving that the surface treatment
with a pulsed discharge is as efficient as the continuous mode.

Figure 10(b) shows that the surface modification is durable
for a number of days (around two months before recovering
the original hydrophobicity level).

6. Conclusion

The experimental results presented in this paper show that an
RF non-thermal plasma can be obtained at atmospheric pres-
sure in an argon atmospheric pressure system. Plasma diag-
nostic at such high pressure is often complicated due to the
small gap size and the fast evolution of the plasma parame-
ters. However we have shown that a good estimation of both
the electron temperature and density is possible with optical

(a) Influence of the exposure time

90 T T

Contact Angle (deg)

50 1 1 1 1 1
0 20 40 60 80 100 120
Exposure time (s)
(b) Evolution after treatment
90 T T T T T T T T
80 E
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Days after treatment (days)
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Figure 10. Contact angle as a function of exposure time (a) and days after treatment (b).
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emission spectroscopy. This high frequency discharge at atmo-
spheric pressure showed properties comparable to the classic
capacitive RF discharge at lower pressure (scaled up with a
wider gap). It is stable, and the glow mode is easy to obtain.

Since the discharge runs at atmospheric pressure, and does

not require any kind of chamber, it can be used for fast on-line
surface treatment of polymers without vacuum compatibility
problems. With an appropriate pulse width and period it is
possible to have control over the plasma mode and to reduce
the temperature in the discharge making it safer for the surface
treatment of polymer.
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