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Abstract

An atmospheric pressure capacitive discharge source has been developed
that operates at power densities over 100 W cm 3. The ground state nitrogen
atom concentration was measured at the exit of the source by titration with
NO, and it was found to reach a maximum of 3.0 £ 0.8 x 107 cm™3 at

6.0 vol% N, in argon, 250 °C and 150 W cm ™. This is equivalent to
2.3vol% of N atoms in the afterglow. At these conditions, the electron
density and temperature are estimated to be 3.1 x 10> cm™3 and 1.2eV.

A plug-flow model of the plasma and afterglow was developed, and it was
determined that the maximum N atom concentration achievable is limited by

three body recombination.

1. Introduction

Nitrogen plasmas have numerous industrial applications. They
are used in metal nitriding to improve surface hardness,
wear and corrosion resistance and fatigue life [1,2]. This
method has been successfully applied to a large set of metals
such as titanium, copper and gold, and to non-metals such
as silicon and III-V compounds [2]. Nitrogen-containing
plasmas are also used to treat the surfaces of organic polymers
in order to change the wettability and promote adhesion [1,2].
Furthermore, there are many applications of nitrogen plasmas
in thin film deposition [1,2]. All these processes may be
accomplished by these discharges due to the high atomic
nitrogen content produced by the plasma [2].

Industrial plasmas operate either at low pressures
(<1 Torr) or at atmospheric pressure [3,4]. Ambient pressure
operation is advantageous over low pressure because it does
not require vacuum systems and allows for continuous in-line
processing. Thermal atmospheric pressure plasmas such as
torches and arcs can be used for substrates that are not ther-
mally sensitive or where contact time with the plasma can be
kept short [1]. Recently, there has been great interest in non-
equilibrium, atmospheric pressure plasmas. Examples of non-
equilibrium atmospheric pressure plasmas include coronas
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[5, 6], dielectric barrier discharges (DBDs) [7-11], micro-
hollow cathode discharges [12, 13] and noble-gas stabilized,
capacitive discharges [14-19].

In this manuscript, we report on a new atmospheric
pressure plasma that is struck inside a quartz tube using
radio frequency power at 13.56 MHz and current densities
up to 7.5Acm™3. The discharge physics indicate that
it is capacitively coupled. This source produces a high
concentration of ground state nitrogen atoms, about 2.0 vol%
of the total gas and is well suited for materials processing.

2. Experimental methods

A schematic of the experimental apparatus is shown in
figure 1(a). The plasma source consisted of a quartz tube,
2.0mm inside diameter, which was mounted between two
parallel aluminium electrodes. The length of the electrodes
was varied between 2.5 and 12.5 cm to determine the effect of
the residence time on the production of nitrogen atoms. One
of the electrodes was supplied with radio frequency power
at 13.56 MHz, while the other one was grounded. A tuned
impedance probe (Advanced Energy RFZ 60) was inserted
between the source and the matching network to determine the
current—voltage characteristics of the discharge. To determine
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Figure 1. (a) Schematic of the experimental apparatus (not drawn to scale). (b) Picture of the plasma source with an area of 6.3 x 6.3 cm?.

(This figure is in colour only in the electronic version)

the time-dependent current and voltage waveforms, an IV
probe was placed in the line between the impedance probe
and the source. This probe was connected to an oscilloscope
(Tektronix, TDS 224) that had a 5.0 ns time resolution.

A picture of a source operating on the same principles but
with a larger area is shown in figure 1(b). Here the quartz
tube has been replaced by two quartz sheets separated by a
gap of 2.0 mm. Two parallel plate aluminium electrodes with
an area of 6.3 x 6.3cm? are mounted on the outside of the
quartz sheets. The quartz plates are larger than the electrodes
to prevent arcing. The plasma shown in the picture is a pure
argon discharge operating at 50 W cm ™3,

The gas temperature of the argon and nitrogen discharge
was determined by optical emission spectroscopy (OES).
The light was collected with a fibre optic cable that was
attached to a monochromator (Instruments S.A., Triax 320).
The monochromator was equipped with a 1200 groove mm™"
grating and a liquid nitrogen cooled CCD (Instruments S.A.,
CCD-3000). A slit width of 0.1 mm was used resulting
in a spectral resolution of 0.23nm. To measure the gas
temperature, the rotational temperature of the (3,0) band of the
N, first positive emission spectrum was fitted to a Boltzmann
plot [20].

The concentration of the ground state nitrogen atoms was
determined by titration with nitric oxide (NO), which produced
nitrogen dioxide (NO,) [15]. For these experiments, a ceramic
collar was inserted on the end of the quartz tube [21]. This
ceramic collar had a small opening, 0.5 cm downstream of
the plasma, through which the NO was introduced. Another
tube connected the gas effluent to an infrared flow cell that
was pumped at the other end. A Fourier-transform infrared
spectrometer (BioRad FTS-7) was used to monitor the titration
process. The infrared beam passed into and out of the flow
cell through KBr windows, and the beam path length was
20cm. The light was collected with a mercury—cadmium-—
telluride (MCT) detector at aresolution of 1 cm™! and by signal
averaging 64 scans.

3. Results

3.1. Discharge physics

Current—voltage curves for the argon and 1.0 vol% nitrogen
plasma are presented in figure 2. Different electrode/plasma
lengths were examined ranging between 2.5 and 12.5 cm. The
curves only show the regime beyond gas breakdown. Before
the plasma was struck, the discharge followed a Townsend
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Figure 3. Current and voltage waveforms for an argon discharge
with 6.0 vol% N, at 150 W cm™>.

region, where the voltage increased linearly with the current.
The breakdown current was 2.9 A for all the electrodes and
the breakdown voltage was nearly constant at 1334 £ 58 V.
After ignition, the discharge voltage increased linearly with
the current, exhibiting an abnormal glow. It can be seen that
all the curves are parallel to each other with the voltage at
a given current decreasing with increasing electrode length.
Note that the curves for the 10.0 and 12.5 cm electrodes are
superimposed on each other.

The root mean square values for the current and voltage
waveforms for an argon and 6.0 vol% N, plasma are shown in
figure 3. The peak values of the current and the voltage are
3.1 A and 1630V, respectively. Both curves are sinusoidal and
the current leads the voltage by 89°. This phase angle indicates
that the discharge is capacitive. The 1° phase shift is caused
by the resistive nature of the plasma [22]. The current curve
does not contain any spikes due to charging and discharging
of the quartz. This confirms that this plasma source does not
behave like a low frequency DBD [7-11].

3.2. Nitrogen atom density

The ground state nitrogen atom density was determined
by titration with nitric oxide [15]. An example of the
titration curve obtained with 6.0 vol% nitrogen in argon at
150 Wcm™ is shown in figure 4. The titration point is
given by the inflection of the curve, which is the shaded
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Figure 4. Example of a titration curve for an argon plasma with
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Figure 5. Nitrogen atom density as a function of the residence time.

region [15]. This method has been compared with three other
techniques, including the N,(B) recombination kinetics, and
good agreement was achieved [15].

The N atom concentration as a function of the residence
time is presented in figure 5. The plasma conditions were
5.0Lmin~"! total flow rate, 1.0vol% N,, 100Wcm~> and
electrode lengths ranging between 2.5 and 12.5cm. The
shortest residence time corresponds to the 2.5 cm electrode,
while the longest one to the 12.5 cm electrode. It can be seen
that as the residence time increases from 1.3 to 2.0 ms, the
N atom density rises from 3.1 x 10' to 4.1 x 10'®cm™3.
Thereafter, the N concentration stays relatively constant. From
this data, it was decided that a residence time of 2.6ms
(10.0 cm electrode) would be used in all the other experiments.
The per cent dissociation of N, under these conditions
was 26%.

Shown in figure 6 is the effect of the N, feed concentration
on the N atom density measured at the exit of the discharge.
These experiments were conducted at an argon flow rate of
5.0Lmin~! and a power density of 100 Wcm™3. Tt can be
seen that the N atom density increased from 4.7 x 10'® cm™3
at 1.0vol% N, to 1.2 x 107 cm~3 at 6.0 vol% N,. Thereafter,
the N concentration remained relatively constant. Note that
the per cent dissociation decreased from 26% to 12 % as the
N, feed was raised from 1.0 to 6.0 vol%.

The nitrogen atom concentration was also determined as
a function of the applied power. In these experiments, the N,
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Figure 6. Nitrogen atom concentration as a function of the amount
of N, fed to the plasma from the experiments and the numerical
model.
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Figure 7. Nitrogen atom concentration as a function of the RF
power density.

feed was kept constant at 6.0vol%. The results are shown
in figure 7. Below 100 W cm 3, the N concentration remained
constantat 1.0 x 10'7 cm—3. Above 100 W cm 3, the N density
increased linearly up to 3.0 x 10'7 cm™3 at 150 Wcem™3. The
per cent dissociation of the N; increased from 12% to 29%
over the range of power densities examined. The input power
density was not increased higher than 150 W cm™3, to prevent
damage to the AE impedance probe, which has a voltage limit
of 2.0kV.

4. Discussion

The plasma density and electron temperature in the discharge
were calculated for the different process conditions. First the
voltage consumed by the quartz dielectric was estimated using
the following formula [23]:

Vo =¢V, D

where V is the plasma voltage, Vj is the applied voltage and
¢ is the dielectric constant of quartz, equal to 4.2. The sheath
thickness, s (m), is obtained by inserting the current density,
J (Am~2) and the plasma voltage, V (V), into the following

expression [4,24].

2er;\"? V32
M) - )

J= 1.6850<

Here, & is the permittivity of vacuum (F m™"), e is a unit charge
(C), M is the molecular weight of the most abundant rare gas
ion, Arj (kg mol~!) and A; is the mean free path of the ion (m).
Equation (2) applies to a collisional sheath model, which is
valid at atmospheric pressure. The sheath thickness remained
constant at 28 & 1 um as the per cent nitrogen to the feed or
the power input were varied.

From the sheath thickness, the sheath capacitance can be
calculated from

C— 1.52¢0A

N

3)

where A is the electrode area (m?). The voltage drop across
the sheath is given by

1

Vs = fC’ “)

where f is the frequency (Hz). For the plasma operating
with 6.0vol% N, at 100 W cm—3, the sheath thickness and
its voltage drop are 27 um and 143V, respectively. The bulk
electric field, E, is then calculated to be 93.5kVm~!. This
yields an E /n value of 7.5 x 102! V.m?, where n is the neutral
gas density, 1.3 x 1072°> m~3, at atmospheric pressure.

The plasma density is calculated from the following
equation [18,19,25]:

J = —en.uE. 5)

Here, . is the electron mobility (Vm~!'s~!), which is
inversely proportional to the pressure, and n. is the electron
density (m™3).

The average electron temperature is calculated from
a steady-state power balance on the free electrons in the
plasma [18,26].

P
& =Tne kily +ne |:ne (OciVe) + ——+ (Ueave>j|
Bfig BTg
2me 3
x5 Ke(Te = Ty). (6)

Here ¢ is the power density (Wm™3), P is the pressure (Pa),
T, is the gas temperature (eV), T, is the electron temperature
(eV), k; is the ionization rate coefficient (which is a function of
T.), I, is the first ionization energy (eV), (0¢ Ve ) and (e, Ue) are
the electron—ion and electron—atom collision rate coefficients
(which are functions of n. and T.). The details of these
equations have been published elsewhere [18].

For the argon and nitrogen plasma at 100 W cm ™, the
plasma density, electron temperature and the ratio of the
electric field to the neutral gas density, £ /n remain relatively
constant at 3.1 £ 0.1 x 10"2cm™3,1.27 £ 0.01eV and 7.5 +
0.3 x 10721 Vm? as the N, in the feed varies from 1.0 to
7.0vol%. However, the electron density in the argon and
nitrogen plasma increases from 2.9 to 3.3 x 102cm™ as
the power density rises from 50 to 150 W cm™3. This occurs
because the current density is approximately proportional to
the applied power. The electron temperature also increases
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Table 1. Reactions and rate constants for the nitrogen plasma.

Reaction Rate constant (cm?®s~!) Reference
R, e+N, > 2N+e 6.3 x 10767716 =98/Tc [27,28]
R, e+N; > Nj+2e 4.7 x 107 B/To(1 +0.13T,)e"37/T  [29]
R; e+N, > N*+N+2e 4.0 x 1074/T,(1 +0.08T.)e=>>/T  [29]
Ry e+N, > N*+N+e 2.6 x 1075/T,(1 +0.15T,)e33/%  [29]
Rs e+N; — Ny(A) +e 5.8 x 1073/T,(1+0.29T.)e /% [29]
—-0.70

R e+N*— N+hv 1.0 x 10712 (; [29]

i —0.39
R;  e+N} -> N+N* 2.0 x 10 7(0.03> [29]

T —0.40
Ry e+N} — N +N* 3.0 x 10*7( ° [29]

0.03

T —0.40
Ry e+Ni— Ny +Ny(A) 6.0 x 1077 ﬁ [29]
Ry e+Ar— Art +2e 4.0 x 10712705158/ Te [30]
R, e+Ar— Arf+e 1.0 x 1071170 116/Te [30]
R, e+Arf — Art +2e 6.8 x 107972 [31]
Ri3  e+Ar; — 2Ar 5.4 x 10787,70:66 [31]
Ry 2e+Ar — Arf+e 5.0 x 10727 7,745° [32]
Ris Arf+Arf — Ar* +Ar+e 5.0 x 10710 [30]
Ris  Ar* +2Ar — Ar} + Ar 2.5 x 1073 [32]
Ri7  N*+2N; — N +N, 5.2 x 1073* [29]
Rig  Ni+2N, — Ni+N, 1.9 x 1072* [29]
Rio N*+N+M — N;+M 6.8 x 10732° [33,34]
Ry Ni+N;+M — Ni+M 6.4 x 10730° [33,34]
Ry N+e+M—>N+M 3.2 x 107307,715° [33,34]
Ry Arf+N, — Ar+Nj 5.0 x 10710 [35]
Ry;  Arf+N, — Ar+N,(C) 3.0 x 1071 [36]
Ry Arf +N, — Ar+N,(B) 9.8 x 1072 [36]
Rys  Arf+N, - Ar+N+N 1.6 x 107" [37]
Ry N+N+M— N,(B)+M 8.3 x 103’0/ 12 [17]
Ry N, +N — N,(A)+N 1.2 x 1071277 19e=6-2/Te [34]
Rys  No(A)+N,(A) > N,(B)+N, 7.0 x 107" [38]
Ry  N(A)+N,(A) = N,(C)+N, 3.0x 1070 [39]
Ry N(A)+N, - N, +N, 4.0 x 107" [40]
Ry Ny(A)+N — N, +N 9.6 x 107" [40]
Ry Ny(B) — Ny(A) +hv 1.5x 105 [41]
Rz Ny(B)+Ar — Np(#B)+Ar  8.0x 1072 [42]
Ry No(B)+N, > Np(#B)+N,  3.0x 107" [43]
Rss  N,(C) = Ny(B) + hv 3.0 x 107° [41]
Rz No(O)+N, - Na(#C) +N, 1.0 x 10710 [20]

2 Rate constant is in cm®s™!.
b Rate constant is in s

1
-1

from 1.20 to 1.32eV as the power density rises from 50 to
150 W cm—3. On the other hand, the ratio E /n decreases from
approximately 8.0 x 1072! Vm? to 7.0 x 102! Vm?.

Using the known values of n., T, T, and kinetic data
obtained from the literature, a model has been developed
to predict the concentration profiles in the plasma and the
afterglow. A plug—flow model was assumed in which the
change in concentration of an individual species with distance
is equal to its net rate of consumption (or production) by
each of the elementary reactions in the mechanism. The set
of coupled first-order differential equations was solved using
the commercial software, Polymath. The reaction mechanism
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is shown in table 1. The units of T; and 7, are eV and K,
respectively. For the different nitrogen feed concentrations
at 100 W cm™3, the model predicts a positive ion density of
1.8 x 102cm™ in the discharge and an electron density
of 3.1 x 10" cm™3. The plasma may be assumed to be
quasineutral within the uncertainty of the rate parameters. In
the model, the chemistry is only applied to the bulk of the
plasma and not the sheath. This is because the sheath volume
is 45 times smaller than the bulk and the density of electrons is
much lower in the sheath so that the reaction rates are greatly
reduced there.

Shown in the shaded region of figure 8§ are the predicted
profiles of the reactive species in the plasma with a nitrogen
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Figure 8. Predicted species concentration profiles in the plasma and
afterglow at 6.0 vol% N, and 100 W cm 3.

feed concentration of 6.0vol% and a power density of
100Wcem™3. The end of the plasma is at a distance of
10.2 cm, corresponding to a time of 1.85ms. At the end of
the discharge the concentrations of the neutral species, N,
N2 (A°%,), Na(BT,), Nao(C Tl,) and Ar*, are 1.4 x 107,
5.6 x 102, 3.1 x 10", 7.0 x 10* and 1.4 x 10"%cm™,
respectively. It can be seen that ground-state N atoms are
the most abundant reactive intermediates in the discharge. The
concentrations of N» (A 3%,) and N, (B 3l'Ig) arerelatively high,
~4.0 x 102 cm™3, because N, (A 3%, ) is produced through the
collision of N, with electrons, reaction Rs, while N, (B 3l'[g)
is produced through N atom recombination, reaction Rys. By
contrast, the concentration of N, (C 3l'lg) is much lower, 7.0 x
108 cm™3, because this species is formed by the recombination
of N2 (A 3%,), reaction Ryg.

At the end of the discharge the concentrations of the
charged species, N*, N7, Ni, N}, Ar* and Arj, are 4.7 x 109,
9.9x 108, 4.5%x10°,1.0x10°,4.9%x 10%° and 1.4 x 102 cm3,
respectively. The plasma model predicts that Ar} is more
abundant than Ar*. This is consistent with other studies that
have found that at high pressures, the concentration of Ar}
is larger [30, 44,45]. For example, Petrov et al [44] have
shown that in an atmospheric pressure the dc argon column,
Ar} constitutes 98% of the total density of all the ions. From
the mechanism, it can be seen that the primary pathway for
producing N atoms is through electron impact dissociation of
the N molecule, R;. The rate constant for the production of N
atoms through N, dissociation with Ar*, Rys, is two orders of
magnitude lower than R;. Also, the main pathway to consume
the N atoms is through three-body recombination, Ryg.

Reactions Ry to R3¢ in table 1 are used to model the
afterglow. The other reactions are not used because the
density of the electrons and ions decay rapidly beyond the
electrode [46]. All the rate constants are calculated at a
gas temperature of 250 °C. The concentration profiles in the
afterglow as a function of time and distance are shown in
figure 8. It can be seen that in the afterglow, the ground state
nitrogen atoms are the most abundant reactive intermediates.
The dashed line at a distance of 0.5cm in the afterglow
represents the point where the titration experiments were
performed. In the case of 100 W cm~3 and 6.0 vol% N,, the N

atom density is measured to be 1.24:0.3 x 10!7 cm™3, while the
model predicts 1.1 x 10'7 cm ™3, which is excellent agreement.
The numerical simulation was performed for all the
different nitrogen feeds into the plasma to see if the model
can help explain the observed trend in the N atom density.
The values predicted by the simulation at a distance of 0.5 cm
downstream of the plasma are compared with the experimental
results in figure 6. The trend predicted by the model agrees
with that of the experimental data to within the uncertainty
of the measurements. The main reaction responsible for the
destruction of N atoms is three-body recombination [34]:

N+N+M — N,(B) +M r=2.8x 107N

(Rae)

As the N, feed rises from 1.0 to 6.0vol%, the N atom
concentration ([N]) increases from 4.7 x 10'°® to 1.2 x
107 cm—3, and, in turn, the rate of reaction R,4 increases
from 6.3 x 10" to 4.0 x 10 cm®s~!. The higher rate of
recombination limits the production of N atoms.

The plasma source reported herein has several properties
that are unique relative to atmospheric pressure discharges
reported in the literature [47-50]. The plasma is struck inside a
dielectric quartz tube and is driven with radio frequency power
at 13.56 MHz. Unlike conventional DBDs operating at 20 to
200kHz, the time-dependent current curve appears smooth
and sinusoidal, without any spikes due to the charging and
discharging of the dielectric. Several groups have examined
RF DBDs and found that the current waveform does not
contain spikes as seen at low frequency [47—49]. Nevertheless,
these other groups have demonstrated power densities of
only 19.5W cm™3 [47-50]. The atmospheric plasma source
described here operates at power densities up to 150 W cm ™3,
an order of magnitude higher than non-equilibrium discharges
published previously.

The relatively high plasma density in the atmospheric
pressure discharge, n, = 3.1 x 10'2cm™3, results in the
dissociation of a large fraction of N, fed to the source, up
to 50%. It is difficult to compare this characteristic with
other low temperature atmospheric pressure plasmas, since
few authors measure the concentration of reactive species at
the exit of the discharge. Lukas and co-workers [51] measured
the N atom density in a pure N, DBD using laser-induced
fluorescence spectroscopy. The plasma source consisted of
conical pins that were powered and a grounded plate that
was covered with glass, 3.3 mm thick. The spacing between
the electrodes was 1.3 mm. They found that the maximum
N atom concentration existing inside the filaments ranged
from 5.0 x 10" to 2.0 x 10" cm™ [51]. The ground-state
nitrogen atom density was also measured in a capacitively
coupled parallel plate source [15]. No dielectrics were used
in this case. It was found that at 1.6 vol% N, in He at 100 °C
and 15.5W cm™3, the plasma produced 4.8 x 10 cm™ N
atoms [15,17]. Increasing the power density to 30.1 W em™3
raised the N atom concentration to a maximum of 1.0 x
10'6 cm™3. In the present work, the maximum N atom density
recorded at the exit of the discharge was 3.0 x 107 cm~2 at
6.0vol% N, and 150 W cm™3. This is at least 30 times higher
than that reported in the previous work.
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