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Abstract. A microplasma jet has been constructed for chemical vapor deposition on inner surface of narrow
long tubes and is tested on a quartz tube with the inner diameter of 6 mm and the outer diameter of 8 mm. A
long plasma filament (> 100 mm) is generated inside the tube in argon with methane admixture. Depending on
the quantity of admixture in argon, the negative as well as the positive corona discharges are ignited. Both
modes of plasma are characterized using optical emission spectroscopy. For this purpose, nitrogen is admixed
with argon and its emission is used for the determination of gas temperature, electron velocity distribution
function, and electron density at various places along the axis of the tube. The formation of active species, like
C, C,, CH, etc. during the dissociation of methane, is observed through their characteristic emission. The rate of
methane dissociation is determined at various places aong the axis of the tube during both modes of discharge.
Since the chemical kinetics of film growth process is different, different kinds of films are obtained during
different modes of discharge.

1. Introduction

Coating thin films on inner surface of tubes improves their functionality in many ways without changing
the bulk properties. It yields commercial tubes with value-added properties such as biocompatibility,
hydrophilicity and corrosion or permeation resistance as in the following cases, 1. Depositing the
fluorinated carbon on PV C tubes enhances the biocompatibility for the blood circulating tubes [1,2], 2.
Silica coating on PTFE tube increases the wettability of the tube about 3 times[3], 3. Carbon or titanium
nitride film as protective coating on inner surface of a metalic tube improves its lifetime [4-6], 4.
Deposition of silica on inner surface of PET tubes or bottles reduces the permeation of gases [7,8], 5.
Titania coating on inner surface of glass tube improves its surface properties to be suitable for microfluidic
devices [9,10], 6. Coating of nickel/alumina film on inner surface of silica tube and plasma treatment of
resultant film increases the catalytic activity of this film for carbon nanofiber synthesis [11]. Thin film
deposition on inner surfaces of tubes is one of the challenging processes in modern plasma technology.
Several research groups have reported a systematic development of this process and coated various films
like SIO, and TiO, on inner surface of various metal, quartz, PET and PTFE tubes [1-13]. Mostly
microwave or RF driven ICP, CCP and jet based microplasma or magnetron plasma sources were used for
their studies. Generally, in several plasma coating methods, precursors are decomposed in the confined
€l ectrode region where the plasmais active, the chemically active species are transported inside the tube to
be coated and film coating is carried out by gas flow. In this case, because of polymerization during the
transport process, as the distance is increased from the plasma generation point, size of the chemically
active species (constituent of polymer film) usualy gets increased. Because of this reason, size of
depositing chemically active species is different at different places aong the axis of the tube. This
phenomenon could reduce film uniformity along the axis of the tube.



Our strategy for film coating on inner surface of the tubesis to construct a microplasmajet, in a way
that it should produce along filament of plasmain a gas containing a precursor as an admixture. Thislong
filament has to be generated inside the tube to be coated, so that the precursor will be dissociated to
produce active species for polymerization at close vicinity of the inner surface of the tube. In this case, the
filament of plasma, which is thinner than the diameter of the tube to be coated, is active for long distance
in the region of film coating. All the precursors do not get decomposed at one place. Instead, they get
decomposed everywhere along the axis of the tube within close vicinity of the inner surface of the tube.
This may reduce the differences in the size of depositing chemically active species at different places
along the axis of the tube and possibly lead to uniform film deposition.

In this regard, the microplasma jet has been constructed and the long filament of plasma (>100 mm)
is generated inside the tube in the presence of a precursor. Since plasma characterization is the primary
step in optimizing PECVD process for a coating of any kind of film, the plasma generated in our
microplasma jet is characterized including a measurement of the electron density (ne), the electron vel ocity
distribution function (EVDF) and the rate of electron impact dissociation of precursor at different places
along the axis of the tube (filament axis) as these have strong influence on the film properties. In this
paper, we report the following, 1. the configuration of our microplasma jet, 2. generation of the positive as
well as the negative pulsed corona discharges by varying the quantity of the precursor in the plasma
forming gas[14], 3. characterization of these modes of plasma using optical emission spectroscopy (OES),
numerical simulations, microphotography and voltage-current measurements, 4. determination of quantity
of the precursor dissociated during these different modes of plasma at various places along the axis of the
tube, 5. determination of various active species produced for the polymerization and 6. preliminary
characterization of the film deposited on the inner surface of the tube.

2. Experimental setup and smulations
2.1. Experimental setup

Our microplasma jet consists of a tungsten inner electrode with a diameter of 1.6 mm. One end of this
electrode is sharpened (spike) to a cone angle of 30°, while the other end of the electrode is connected to a
high voltage generator (Redline Technologies G2000). The output voltage and the pulse frequency of this
generator can be controlled and varied from 0-20 kV and from 4-500 kHz, respectively. Each high voltage
pulse exhibits a sequentia profile with damped oscillations. A tube made of quartz with the inner diameter
of 6 mm, isused in order to test the feasibility of film deposition and to characterize the plasmaignited in
this setup. This tube is placed around the tungsten electrode (figure 1). A copper tube is used as a
grounded electrode. It is placed around the quartz tube and is axially separated from the inner electrode.
The distance between the inner tungsten and the outer copper grounded el ectrodes can be varied aong the
axis of the quartz tube. For all the experiments reported in this article, the grounded electrode is fixed at 43
mm from the spike of the tungsten electrode. A void is present in the grounded electrode, through which
information of the filament generated inside the quartz tube is obtained. Since collisiona cross section of
methane is known, its dissociation rate constant can be determined from the EVDF. With this, not only
guantity of methane dissociation determination, but aso polymer chain growth as well as film deposition
can be simulated. Hence, methane is used as the precursor and it is passed aong with argon. For a
diagnostic purpose, nitrogen admixture is also passed along with argon and methane mixture. Relatively
and absolutely calibrated echelle spectrometer (ESA 3000) is used to obtain the emission spectra [15]. The
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solid angle of the optical fiber used in echelle spectrometer amounts to 0.012 sr. Spectral resolution of the
echelle spectrometer amountsto A £ =0.015nmat 2 =200nmand A £ =0.060 nmat Z =800 nm. The
groove density of echelle grating, g = 75 grooves per mm. Echelle spectrometer isworking in 100 spectra
orders of grating (from 30th up to 130th). A Pearson current monitor (model, 6585; output, LV =1 A) is
used for plasma current measurement, which is mounted around a cable connecting the generator and the
tungsten electrode. The output of the current monitor is connected to an oscilloscope (LeCroy 9450). The
actual voltage applied for plasma generation is measured by connecting the output of the generator to the
oscilloscope through a voltage divider with the dividing factor of 2000. The pulse frequency is fixed as 22
kHz for all the experiments. For the plasma volume determination, a high speed sensitive CCD camera
(PCO sensicam ge) is used. The spatid resolution of CCD camera amounts to 100 um. A FTIR
spectrometer (BRUKER VECTOR 33) with the resolution of 0.3-1 cm™ is used to characterize the film
deposited on the inner surface of the tube. Background measurement in atmospheric air is carried out in
the transmittance mode along with uncoated quartz tube in a specialy made tube (sample) holder. FTIR
measurement of film coated tube in the transmittance mode is carried out after background measurement.
Background corrected spectrum of film coated tube is considered as a spectrum of coated film. [16,17].
There is a reproducibility problem in the region below 2000 cm™, due to the strong absorption of quartz
tube. Hence only the region above 2000 cm™is considered for our analysis.
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Figure 1. Schematic view of the experimental setup.

2.2. Determination of gas temperature

Gas temperature in active plasma volume is one of the important parameters, because of its influence on
gas density in plasma and on the rate constants of chemical reactions. The rotational temperature of
diatomic molecules is considered as the gas temperature, since the rotational and the trandational degrees
of freedom have equal temperatures because of very fast rotational relaxation at atmospheric pressure. For
the determination of gas temperature, the rotational intensity distribution in the emission of neutral
nitrogen molecule N»(C’1,, v'=0 — B, v'’=0) (abbreviated as N(C-B, 0-0)) is used. The emission
spectrum is measured perpendicular to the axis of the filament, as shown in figure 1. Since the spectral
resolution of our echelle spectrometer is not high enough to determine the intensities of the separate
rotationa lines in the emission spectrum of neutral nitrogen molecules, the rotational temperature is
determined by a fitting procedure. For this purpose, we calculate the intensity distribution in the emission
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of N(C-B, 0-0) (4 = 337.1 nm) for different values of rotational temperature using the program code
developed for this purpose [18]. By comparing the measured emission spectra with the calculated spectra
for various rotational temperatures, we determine the actual rotational temperature of nitrogen molecule
with aninaccuracy of £30 K.

When high concentration of the precursor is used, there is an overlap in the emission of N,(C-B, 0-0)
with the emission of NH radical at some places along the axis of the tube (filament). Hence, in this case,
the rotational intensity distribution in the emission of CN radical, CN(B®Z*, v'=0 — X?Z*, v’'=0) (CN(B—
X, 0-0)) is used for the determination of gas temperature. In this case also, the rotationa temperature is
determined by the fitting procedure. In this regard, we simulate the intensity distribution in the emission of
CN(B—X, 0-0) (1 = 388.3 nm) for different values of rotationa temperature using the program LIFBASE
[19]. The rotational temperature of CN radical is determined with an inaccuracy of +30 K.

Experimental
’C:éT =
> Experimental >, Simulated for 580 K
B *5"
15 3
= £
Simulated for 580 K
L.
334 335 336 337 387.6 387.8 3830 3882 3884
Wavel ength (nm) Waveength (nm)

Figure 2. Comparison of gas temperature determined by using the emission of N,(C-B, 0-0) (left) and the emission
of CN(B—X, 0-0) (right) from the same emission spectrum measured during the positive corona discharge (Ar,
99.74%; N,, 0.14%; CH,, 0.12%; total gas flow rate, 2170 sccm) at 102 mm away from the spike of the tungsten
electrode. For ease of comparison, base lines of experimental spectra are shifted above the simulated spectra.

Under our experimental condition, molecular emissions N,(C-B) and CN(B-X) are excited by
electron impact as well as by collisions with argon metastable atoms. The molecular momentum of
diatomic molecules changes slightly by electron impact excitation. The contribution of argon metastables
on the absolute intensity as well as on the rotationa distribution of the emission N,(C-B) is calculated. It
shows that excitation due to argon metastable has a strong contribution on the absolute intensity of
nitrogen emission. In this case, the rotational distributions in the excited states N,(C) and CN(B) can be
very different from rotational distributions at gas temperature. It can be approximately described by
equilibrium distribution with temperature of about 2000K [20,21]. Rotationa distribution in measured
emission spectrum is formed by initially excited distribution and competition of spontaneous emission,
rotational relaxation and quenching process by collisions with surrounding argon atoms. To study the
influence of this factor on the reliability of measured gas temperature, we simulate the emission spectrum
of N,(C-B) for our experimental conditions with assumption that al "second positive system" in nitrogen
emission spectrum is excited by collisions with argon metastables. To simulate the rotationa relaxation,
we use the rate constants determined in theoretical and experimental studies of rotational relaxation of
nitrogen molecules in ground state by collisions with surrounding argon atoms [22]. The measured
rotational distribution in N,(C) excited during collisions with argon metastables [20], and rate constant for
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guenching of N,(C-B) emission in argon [23] are used for this simulation. After simulation of N,(C-B)
emission spectrum, we determine the rotational temperature using Boltzmann plot and estimate the
deviation of determined value from the gas temperature assumed for our simulation. For our experimental
conditions, this difference amounts to about 1% (e.g. 6 K at gas temperature of 600 K), which is much
lower than the inaccuracy of + 30 K of our fitting procedure.

The CN molecules are produced in Ar/CH4/N, mixture through a multi-step reaction. The exact
mechanism of formation and the rotational distribution of CN(B) state is not known in the literature.
Therefore the rotational relaxation could not be simulated. However, because of the equal rotational
temperatures of emission of N,(C-B) and CN(B-X) measured using the same emission spectrum (see
figure 2) and very fast relaxation of CN(B) in argon observed at low pressure conditions [24], we assume
that CN(B)-molecule reach equilibrium rotational distribution before emitting of the photons. Hence, the
influence of high rotational distribution after excitation by collisions with argon metastables on the gas
temperature determination by using CN molecular emission is aso negligible.

2.3. Smulation of electron velocity distribution function

The electron velocity distribution function (EVDF) is determined on the basis of the emission of nitrogen
molecule (equations 1-13). For this emission, the ground state nitrogen molecule can be excited by
electron impact as well as by collision with argon metastables (equations 1-4). The ratio of emission
intensity of N,"(B-X) to the emission intensity of N,(C-B) depends on the EVDF. On this basis, the ratios
of emission intensity of N,"(B°Z,", v'=0 — X°Zy", v''=0) (Iy+(-x)) to the intensity of N,(C-B, 0-0)
(In,(c-p)) are calculated for various EVDFs by using the equations (10,11). Finaly, the actual EVDF is
obtained by comparing the experimentally determined value of I N (B-X) /In,(c-p) With the caculated

values of I+ 5_x)/In,(c-p) for variousEVDFs.
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kns ) and ky,(c) - electron impact excitation rate constants of nitrogen molecule for the corresponding
excited state

k;,‘:’&e)t - rate constant for the formation of N(C) by collision of argon metastable (2.80x10™* cm®s™?) [23]
kar.,., - €l€ctronimpact excitation rate constant for argon metastable formation

k;;‘,\r,z - rate constant for the quenching of the corresponding excited states of nitrogen during collision with
argon (for N»(C) 8.00x10™ cm*s*[23]; for N,"(B) 2.00x10™° cm*s*[25])

Cary., (2.00x107 cm*s™ [26]), k24r  (1.20x10°% cm*s™ [27]), kilvjrmet(3.50x10'” cm*s? [28]) and
kgfﬁmet(S.SOxlo'lo cm*s™ [29]) - rate constants for quenching of argon metastable during collision with
electron, argon, nitrogen and methane, respectively

A - Einstein coefficient for spontaneous emission (2.38x10’ s* for N,(C) [30]; 1.52x10" s™* for N,"(B)
[31])

B1 - branching factor for (3) (value = 0.787) [32]

B2 - branching factor for N, (C — B, 0 — 0) transition by emission from N, (C, 0)(value = 0.5) [33]
N - density of electron (cm™®)

[Ar] - density of argon (cm®)

[N,] - density of nitrogen (cm™®)

[CH,] - density of methane (cm®)

V, — observed volume of plasma (cm®)

o - geometrical factor for the spectrum measurement

t; - value of fraction of time, in which plasmais active
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The equations (10-13) are derived on the basis that the population of N,"(B) from the ground state ion
N,"(X) is negligible compared to the one from N,(X). This is because the concentration of N,'(X) is
negligible compared to the concentration of N»(X) in the cases we studied. For the generation of N»(C),
only direct electron impact excitation from the ground state of nitrogen molecule N,(X) and the excitation
during collision with argon metastable are considered [28,34-36]. Other possible mechanism of generation
of N»(C) by ‘pooling’ reactions of two metastables N,(A) [37] is negligible because of relatively low
density of metastables Ny(A). Quenching of N,(C) and N,'(B) by argon is considered [23,25,36].
However, quenching of Ny(C) and N,'(B) by nitrogen and methane is neglected because of low
concentration of these admixtures [38].

For the calculation of rate constants kny ) and ky, (¢ for aparticular EVDF under our experimental
conditions, the following methodology is used.

The EVDF is smulated for our experimental conditions by numerical solution of the Boltzmann
equation and varied electric field applying the program code “EEDF" developed by Napartovich et al [39].
In this simulation, “local” approximation is applied, which is valid for atmospheric pressure. This EVDF
isnormalized to fulfill the equation (14):

4”*/57 fV(E)BL/EdE =1 (14)

By using this normalized EVDF and the known collisional cross section gy (cm?) for eectron and
nitrogen for the corresponding emission excitation [40], we calculate the rate constant k (cm®s™) for
electron impact excitation of Ny(C-B, 0-0) and N,"(B-X, 0-0) emissions by using the equation (15):

k= 471\/§T f,(E)q % (E 0, (E)dE, (15)

where m, is the mass of electron (g), E is the kinetic energy of electrons (eV) and C = 1.602 x 10™ erg:
ev™

From these calculated rate constants, the intensities of nitrogen emissions are calculated for various
EVDFs. By comparing the ratio of these emission intensities with measured one, the actual EVDF and its
corresponding reduced electric field are determined.

2.4. Determination of electron density

From the measured absolute intensity of N,(C-B, 0-0) emission (phot:cm®s?), the electron impact
excitation rate constant ky, ¢y for Nx(C-B, 0-0) emission, the plasma volume (V, in cm™®), value of fraction
of time in which plasma is active (t;), contributions of the quenching of N»(C) by Ar, contribution of
excitation of N»(C) by argon metastable, and the geometrical conditions during the measurement of
emission spectrum (g), the electron density (n. in cm™) is determined by using the equation (16):
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All the measurements with our emission spectrometer are space and time averaged. However, the
plasma parameters during the discharge are spatially and temporally non-uniform [41]. In order to find out
the influence of this non-uniformity of the plasma parameters on the reliability of measurements obtained
using our spectrometer, we have simulated the total emission spectrum of two plasma regions of equal
volume observed by our spectrometer simultaneously. Very different plasma conditions are assumed for
these two regions. The composition of argon, nitrogen and methane in the gas mixture corresponding to
the positive corona discharge is used for the simulations. By using the total emission spectrum of nitrogen
simulated for these two regions with different plasma parameters, the average plasma parameters are
calculated for our optical emission spectroscopic (OES) diagnostics. By using these averaged plasma
parameters, the rate of methane dissociation is calculated. This value is compared with the value of the
rate of methane dissociation calculated for these two regions.

For this purpose, the reduced electric field of 300 Td is assumed for the first region while 3000 Td
for the second region. Electron density values are assumed as 2.00 x10™ and 3.00 x10™ (in cm™) for the
first and the second regions, respectively. In these plasma conditions, the intensity of N,(C-B, 0-0), which
is used for electron density determination, is equa in both regions. On this basis, we have calculated total
intensities of emission of nitrogen for the combination of these two regions, in the way our spectrometer
would have observed. From these calculated values of intensities, the averaged values of electric field and
electron density are calculated as 2040 Td and 4.20 x10™ cm?, respectively. The ultimate aim for
determination of the plasma parametersis to obtain the dissociation rate of methane. Hence, by using these
averaged values of electron density and the reduced electric field, the rate of methane dissociation is
calculated for this combined region. In a similar way, the dissociation rate of methane is calculated for
these two regions separately on the basis of the emission spectra simulated for a spatialy resolved
measurement. The sum of these two values obtained for the spatially resolved measurement, is compared
with the value of methane dissociation rate for the combined region calculated using the averaged plasma
parameters for the spatially averaged measurement. In this case, there is less than 1% deviation in the rate
of methane dissociation in using averaged plasma parameters.

We did similar calculation by assuming very different electron density values for these two regions,
as5.00 x10" cm® and 3.00 x10™ (cm™®) for the first (E/N, 300 Td) and the second (E/N, 3000 Td) regions,
respectively. For these values of electron density and the electric field, the intensity of N,"(B-X, 0-0) for
these two regions is equal. In this case, there is 9% deviation in the value of rate of methane dissociation
by using spatially averaged plasma parameters.

The low time resolution in OES diagnostics causes an error in electron density determination because
of the error in the time factor. The inverse of the same time factor is used for determination of the rate of
methane dissociation from electron density. Hence, the error in the time factor during electron density
determination will be canceled during determination of the rate of methane dissociation. Hence, despite
the possible deviation of the averaged plasma parameters determined using our OES diagnostics, from the
real spatial and temporal distribution of plasma parameters (EVDF and electron density), the dissociation
rate of methane molecules obtained using the averaged plasma parametersis reliable.



3. Results and Discussion
3.1. Different modes of discharge

The pulsed corona discharge is ignited in the mixture of argon, methane and nitrogen gases. The long
filament of plasma generated along the axis of the tube during this discharge has a diameter varying from
0.5 to 0.85 mm, as shown in figure 3. Depending on the quantity of the admixture CH4 and/or N, in the
plasma forming gas (Ar), the positive as well as the negative corona discharges can be ignited (figure 4)
[14]. When the quantity of admixtures is low (Ar, 99.82%; N,, 0.14%; CH,, 0.04%), the pulsed negative
corona discharge is ignited. On the other hand, the positive corona discharge is ignited at the higher
concentration of admixtures (Ar, 99.74%; N,, 0.14%; CH,, 0.12%). This fact is confirmed by ignition of
different modes of corona discharge at different quantity of only nitrogen admixture in argon as well as
only methane admixture in argon. The duration of the negative corona discharge (around 260 ns) is higher
than that of the positive corona discharge (around 160 ns).

Grounded copper

Tungsten electrode electrode (length = 66 mm)
with spike .
Filament

/ / Y APTY I Y £ AN AT Y (T [TV S A (S ey T Y AT P A A AT A AT P A

7
| 4 e
106 mm /
Quartz tube
(inner diameter = 6mm)

~
A

Figure 3. Inverted image of the filament generated inside the quartz tube during the pulsed negative corona
discharge in the gas composition of Ar, 99.82%; N, 0.14%; CH,, 0.04%, at the total gas flow rate of 2170 sccm (the
grounded electrode region is shaded, and the filament in this region is viewed through the void in this electrode);
PCO sensitive camera exposure time, 40us.

In the case of the negative corona discharge, multiplying electrons of avalanche propagate from the
tungsten cathode into the region of progressively weak field. Avalanche propagation occurs only up to the
region where the effective ionization coefficient, a(E)-a, is positive (where a(E) - first Townsend
coefficient and a - attachment coefficient). Both coefficients a(E) and a depend on the gas components.
By admixing of molecular gases to rare gas, the ionization coefficient a(E) is decreased because of |oss of
electron energy by inelastic collisions with molecules. At the same time, the attachment coefficient a is
increased because of large attachment cross-sections of molecular ions. Therefore, by admixing of
molecular gases, higher applied voltage is required for propagation of electron avalanches in the ignition
of negative corona. Hence, although the voltage pul se begins with negative polarity, the negative coronais
not ignited in argon with high quantities of molecular admixtures (Ar, 99.74%; N,, 0.14%; CH,, 0.12%). It
is ignited only when there is no or a small quantity of molecular admixtures in argon. Compared to the
negative corona, positive corona requires lower applied voltage for ignition, because in this case, the
electron avalanches propagate towards the streamer head from outside into the region of progressively
stronger eectric field. Hence, with high quantities of molecular admixtures in argon, the filament is
ignited only as the positive corona during first positive polarity of the voltage pulse.
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Figure 4. Current and voltage profiles during the pulsed positive corona discharge (left; Ar, 99.74%; N,, 0.14%;
CH,, 0.12%; tota gas flow rate, 2170 sccm) as well as during the pulsed negative corona discharge (right; Ar,
99.82%; N,, 0.14%; CH,, 0.04%; total gas flow rate, 2170 sccm). The pulse frequency is 22 kHz. The voltage
frequency of each pulse sequence is around 200 kHz.

The region between the spike and the surface of the tube covered by the grounded electrode, is
conductive through the filament after discharge ignition has taken place. This causes the high
displacement current (figure 4), and aso influences the delay in ignition of the next corona discharge after
previous breakdown because of low electric field in the conductive layer. Therefore, only one corona
discharge isignited for each high voltage pulse sequence.

3.2. Gastemperature

Determination of gas temperature is very important not only to obtain the plasma parameters, and to
simulate the chemical kinetics, but also to get to know the feasibility of using this microplasma jet for
doing film coating on inner surface of thermolabile plastic tubes. Hence, the gas temperature is determined
during both modes of discharge at various places aong the axis of the tube, which is shown in figure 5.
The tube is divided into two zones as, 1. the region in between the tungsten electrode and the copper
electrode (spike region), and 2. region of the tube, which is covered by the copper electrode (grounded

region).

The neutral gas is heated during collision with positive ions, which are accelerated by the electric
field especialy near the spike with negative polarity, and a head of the streamer. In addition to this, gas
near the spike is heated during heat transfer from the electrode heated during ions bombardment. Hence,
the gas temperature during the negative corona discharge is higher than the one during the positive corona
discharge, especially in the spike region. In both cases, gas exhibits high temperature at close to left end of
the grounded el ectrode. From this point, the gas temperature decreases as the distance increases from the
spike aong the axis of the tube. The reason for this behavior in temperature is under investigation.
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Figure 5. Gas temperature along the axis of the tube during the pulsed negative corona discharge (Ar, 99.82%; N,,
0.14%; CH,4, 0.04%,; tota gas flow rate, 2170 sccm) as well as during the pulsed positive corona discharge (Ar,
99.74%; N, 0.14%; CH,4, 0.12%; total gas flow rate, 2170 sccm).

Although the gas temperature in the plasma filament is high (figure 5), duration of the corona
discharge pulses is short of about 160-260 ns (see section 3.1). Therefore, the actual temperature of the
tube will be much lower than the gas temperature in the plasma filament. To study the heating of treated
surface of the tube during film deposition, the equation of heat conductivity has to be solved, which will
be donein the future.

3.3. Reduced dlectric field and EVDF

The reduced eectric field during the positive corona discharge is higher than that during the negative
corona discharge (figure 6). This is because of high electric field near the head of the streamer during the
propagation of the positive corona discharge. In both cases, it has low value in the grounded region, except
midpoint in this region during the positive corona discharge. The behavior of reduced electric field near
the edges of the grounded el ectrode for both modes of corona discharge is not clear now.
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Figure 6. Variation of the reduced electric field aong the axis of the tube during the pulsed positive corona
discharge (Ar, 99.74%; N,, 0.14%; CH,, 0.12%; tota gas flow rate, 2170 sccm) as well as during the pulsed negative
corona discharge (Ar, 99.82%; N,, 0.14%; CH,, 0.04%,; tota gas flow rate, 2170 sccm).

The difference in the reduced electric field between two modes of pulsed corona discharge influences
their EVDF as shown in figure 7.
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Figure 7. EVDFs determined for the reduced eectric field inside the tube at 21 mm from spike for the pulsed
positive corona discharge (Ar, 99.74%; N,, 0.14%; CH,4, 0.12%; tota gas flow rate, 2170 sccm) as well as for the
pulsed negative corona discharge (Ar, 99.82%; N,, 0.14%; CH,, 0.04%; total gas flow rate, 2170 sccm).

3.4.Electron Density

The electron density is amost constant in most part of the spike region during the negative corona
discharge as well as during the positive corona discharge (figure 8). However, it increases by a factor of
about three at the edge of the grounded region. Spatial distribution of electron density during the pulsed
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positive corona has a trend opposite to that of the electric field. It exhibits a similar behavior in the spike
region during the pulsed negative corona discharge. However, in the grounded region, the electron density
increases while the electric field remains constant (see figure 6). Also, the filament propagates far outside
of the grounded region during the pulsed negative corona discharge.

2 0x10%+ —°o— Negative corona
—e— Positive corona
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5.0x10™1 O \\\\
.,
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QURNOE
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Figure 8. Electron density profile dong the axis of the tube during the pulsed negative corona discharge (Ar,
99.82%; N,, 0.14%; CH,, 0.04%,; total gas flow rate, 2170 sccm) as well as during the pulsed positive corona
discharge (Ar, 99.74%; N,, 0.14%; CH,, 0.12%; total gas flow rate, 2170 sccm).

3.5. Precursor dissociation

The rate of methane dissociation (R, ) is determined, from the known value of cross-section of electron

impact dissociation of methane [42], determined EVDF, time fraction of active plasma (), and densities
of methane and electron, by using the equation (16):

R, =ndon ] on2) £ @5 L Ew.@E a9

The trend of precursor dissociation rate along the axis of the tube during both modes of discharge is
shown in figure 9. Dissociation rate is more or less constant along the axis of the tube in the spike region.
During the pulsed positive corona discharge, athough electron density is lower in this region, the
concentration of methane and the rate constant of methane dissociation are higher than those during the
pulsed negative corona discharge. Hence, the dissociation rate of methane precursor in this region during
the positive corona discharge is higher than the one during the negative corona discharge. The high rate
constant for methane dissociation during the positive corona is due to the high electric field near the
streamer head. In both cases, the dissociation rate in the spike region is less than that in the grounded

region.
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Figure 9. Variation in the rate of dissociation of methane along the axis of the tube during the pulsed positive corona
discharge (Ar, 99.74%; N,, 0.14%; CH,, 0.12%; tota gas flow rate, 2170 sccm) as well as during the pulsed negative
coronadischarge (Ar, 99.82%; N,, 0.14%; CH,, 0.04%; total gas flow rate, 2170 sccm).

The actual number of methane molecules dissociated in 1 mm length of the filament, at various
places along the axis of the tube, is determined from the volume of 1 mm length of the filament and it is
shown in figure 10. It shows that the quantity of methane dissociated is constant in most part of the spike
region, favoring a uniform film deposition in this region. However, it increases in the grounded region
because of the increase in the values of the plasma parameters, and becomes non-homogeneous in the
grounded region. Hence, our forthcoming investigation will mainly be focused on reducing this difference
in the plasma parameters in various regions along the axis of the tube.
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Figure 10. Profiles of quantity of methane dissociated along the axis of the tube during the pulsed positive corona
discharge (Ar, 99.74%; N,, 0.14%; CH,, 0.12%; tota gas flow rate, 2170 sccm) as well as during the pulsed negative
coronadischarge (Ar, 99.82%; N,, 0.14%; CH,, 0.04%; total gas flow rate, 2170 sccm).
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3.6. Radicals production

The emission spectra measured using the echelle spectrometer during the discharge clearly shows the
presence of C, C, and CH through their characteristic emission [43-49 as shown in figure 11. It also
confirms the dissociation of methane precursor and the consequent formation of the active species for
polymerization.
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:% N,(C-B) CN(B-X)
2 1000+
c
.; OH(A-X)
£ N
L
ol . .,h_l

200 ' 300 400 500
Wavelength (nm)

Figure 11. Emission spectrum measured at 48 mm from the spike in the grounded region using echelle spectrometer
during the pulsed positive corona discharge ignited at total gas flow rate of 2170 sccm (Ar, 99.74%; N,, 0.14%; CH,,
0.12%)).

3.7. Deposited film characterization

The initial characterization of films deposited during these modes of discharge by FTIR spectroscopy in
the transmittance mode indicates the presence of diphatic C-H groups in the film through their
characterigtic absorption. The film obtained during the positive corona exhibits peaks at 2958, 2932 and
2872 cm™ corresponding to CH; asymmetric stretch, CH, asymmetric stretch and CH, symmetric stretch,
respectively [46-49], indicating the higher composition of hydrogen in the hydrocarbon film (figure 12).
For the film obtained during the negative corona discharge, the presence of mainly two peaks at 2918 and
2849 cm™ in the diphatic C-H stretching region corresponding to CH, asymmetric stretch and CH,
symmetric stretch, respectively, isindicating the presence of long hydrocarbon polymeric chain in the film
[50]. High absorption intensities for the film obtained during the positive corona discharge indicates the
presence of thick film and hence, the high growth rate of the film compared to the one during the negative
corona discharge. Although the quantity of methane molecules dissociated during both discharge modesis
comparable, this strong difference in growth rate is due to the difference in the chemical kinetics of film
growth process during these two modes of discharge. These differences in the number of peaks, the
intensity and the absorption wave number for the films obtained during the positive as well as the negative
corona discharges indicate that the different nature of the films are deposited during different modes of
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discharge. Further analysis of the films deposited during different modes of discharge at various regions
along the axis of the tube is under progress. In future, the fluxes of C,H, molecules towards the inner
surface of the tube will be simulated by solving the equations for heat conductivity, diffusion and chemical
kinetics from the determined values of gas temperature, averaged plasma parameters and the rate of
methane dissoci ation.

Negative corona

Positive corona

Transmittance (a.u)

3100 3000 2900 2800 2700

Wavenumber (cml)

Figure 12. FTIR spectra of the films in the grounded region of the tube obtained during the pulsed negative corona
discharge (Ar, 99.82%; N,, 0.14%; CH,, 0.04%; total gas flow rate, 2170 sccm) as well as during the pulsed positive
corona discharge (Ar, 99.74%; N,, 0.14%; CH,, 0.12%; tota gas flow rate, 2170 sccm). For ease of comparison, the
spectrum of the film obtained during the negative corona discharge is shifted above.

4. Summary and Outlook

The microplasma jet has been constructed to produce the long filament of plasma inside the tube in argon
with methane (precursor) and nitrogen admixtures. The negative as well as the positive pulsed corona
discharges are ignited by varying the quantity of admixtures (precursor/nitrogen) in the plasma forming
gas (Ar). The EVDF is obtained on the basis of the distribution among the population of N,(C) and
N,"(B). The gas temperature during the positive corona discharge is lower than the one during the negative
corona discharge. However, the reduced electric field during the positive corona discharge along the axis
of the tube is higher than the one during the negative corona discharge. Although the electron density is
lower during the positive corona discharge, the concentration of methane and the rate constant of methane
dissociation are higher than those during the negative corona discharge. Hence, the dissociation rate of
methane precursor during the positive corona discharge is higher than the one during the negative corona
discharge. The production of active species like, C, C,, CH, etc. for the polymerization is observed
through their characteristic emissions. The FTIR spectra of the films indicate the presence of different
kinds of films obtained during the different modes of discharge because of different chemical kinetics and
film growth rate during these different modes of discharge. Further analysis of the films obtained in
different regions of the tube during different modes of discharge is under progress. Although at this
moment, the system is not fully optimized for uniform film coating for long distance, in future, input
parameters like, applied voltage, pulse frequency, duty cycle, composition of gas mixture and flow rate
will be optimized in order to get a better quality film for long distance.
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