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ABSTRACT

Plasma surface cleaning is an alternative process that aims at the fully removal of organic contaminants on
several kinds of materials. Despite its advantages, there are still lacks on the comprehension of the complex
relations between plasma-generated species and organic molecules during plasma cleaning. In the present
work, a linear alkane (hexatriacontane — C;sH74), used as a contaminant model, was exposed to an Argon
radiofrequency (RF) inductively coupled plasma (ICP). The by-products from degradation were monitored
by optical emission spectroscopy (OES) and residual gas analysis (RGA), to identify the influence of sample
positioning on E and H discharge modes regions. The exposition to H-mode discharge resulted in more
intense and profuse emissions of C-H and C, systems. RGA results show similar byproducts from
degradation in both modes; however, the intensity from treatment in H-mode is largely greater. It was also
observed that plasma etching in H-mode is enough to melt the sample, while E-type discharge leaves the
surface of the sample apparently unchanged.
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1. INTRODUCTION

There are several ways to treat the surface of materials to modify its properties [1]. Plasma technologies
comprehend a wide range of treatments, from coatings [2] and nitriding of steels [3] to modification of
biomaterials [4]. These treatments have interesting characteristics, such as to be a dry and environment-
friendly treatment medium, with ability to work from very low to very high pressures and temperatures,
normally with low resource consumption [5,6]. However, plasma treatments are sensitive to the mode of its
generation, operation conditions and to the geometry and dimensions of reactors, which can considerably
change treatments efficiency and results.

Inductively coupled radiofrequency reactors can produce E-H transitions, that are different modes of
plasma generation. In an ICP reactor, plasma is initially generated in a capacitive way by a static electric field
between the segments of the coil, called as E-mode. At higher powers, an inductive mode becomes relevant,
generating plasma due to an electromagnetic field from the same coil, called as H-mode. Often, these
discharges are generated by E-mode and the transition can occur by increasing the applied power, which is
visible by a sudden increase on discharge brightness size and density [7-9]. Several studies already evaluated
the changes that occur in plasma properties during this transition and some of the most relevant results are as
follows: E-mode has an electron density generally close to 10° cm™, while H-mode ranges from 10" to
10" cm™ at the same applied power [8, 10, 11]; the plasma potential is reduced at the H-mode even with the
increase of applied power [12, 13]; the EEDF changes to a more Maxwellian electron distribution at the H-
mode [9, 10, 14]; electron temperature is reduced at H-mode, while gas temperature is increased [13-15];
electron-electron collision frequency is greatly increased [12]; after the H-mode is initiated, it can be
sustained even at lower powers [12, 16]; finally, both E and H modes can coexist inside the reactor [9].

However, up to now, there was only one study about the treatment of organic molecules that could be
related to this specific transition in ICP discharges. THIRY et al. [17] studied different treatment behaviours
of propanethiol (in gas phase) to material deposition and growth, in both ICP discharges modes. The results
showed that higher discharge temperatures and electron densities leaded to higher fragmentation of
propanethiol.

The present work is a complement of previous studies from MAFRA et al. [18], BERNARDELLI et
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al.[19], FARIAS et al. [20] where the mechanisms of plasma degradation of organic molecules are studied.
The set of experiments here presented aims to gain a better understanding in this issue, by investigating the
differences on degradation of hexatriacontane in E or H modes, monitoring the by-products of the treatments.

2. MATERIALS
The experimental setup is shown in Figure 1 and in the following description. The plasma reactor consists of

a quartz tube with 36 mm inner diameter and 1000 mm length. The plasma is generated by a 9 turns copper
coil, connected to a 13.56 MHz radiofrequency power source Tokyo Hi-Power, RF-300 model, and a
matching box (MB-300). All experiments here presented were carried out at the fixed power of 150 W (400
V peak-to-peak). The treatments were performed in 99,999% pure Argon, flowing at 300 sccm, at pressure of
1 Torr.
In this configuration and settings, H-mode is centered close to the last turn of the coil, with a size of
about 10 cm of tube length. Therefore, in this setup the H-mode plasma can be easily changed by moving the
coil, while the sample was at a fixed position in relation to the optical system.

The sample holder was a glass plate, with dimensions of 76 x 25 x 1 mm. The material chosen as
contaminant model was hexatriacontane (C;sH74, 95% pure), from Fluka®, cold pressed in a shape of
cylindrical wafer with 16 mm of diameter and 1 mm height (approximately 200 mg).
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Figure 1: Experimental setup.

The by-products characterization was made by optical emission spectroscopy (OES) and residual gas
mass spectrometry (RGA). OES used a Horiba optical spectrometer, iHR 550 model, collecting emissions in
the range from 200 to 1200 nm, and data averaged from 3 scans. This system, with a 1200 grid, have a
spectral resolution of 0,015nm FWHM. RGA analysis used a Residual Gas Analyser Accu-quad RF-2910
model with range from 1 to 100 m/Z with precision of 1 m/Z with internal pressure of 8,5E-4 Torr.

In both modes (E and H), over the tube length, there are visible modifications of Argon plasma color
in relation to the sample position, as can be seen in Figure 2.

In this system, normally Argon discharge has a pink color characteristic and any deviations from this
tonality can be indications of leaks or gas contamination, as can be seen in the picture without sample. When
organic materials are present, as seen in the picture with sample, it visually changes discharge appearance to
a blue color, even in small amounts as contaminations from reactor walls.
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Figure 2: Photography of the sample in the discharge.

Other interesting observation is related to H-mode in Figure 2. Probably due to plasma perturbations
related to sample holder, H-mode has difficulty in existing close to sample holder, lasting no more than 20
mm after that. Due to this condition, sample position in sample holder is pushed closer to the border to make
the treatment possible.

3. RESULTS

Figure 3 shows the spectra from the two interest regions (E and H) of the plasma, without hexatriacontane
sample. These results show mostly peaks of Ar" and low intensity residual peaks from H, and O I, which are
related to residual water or gas impurities.
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Figure 3: OES analysis showing Ar transition lines in both modes without sample. Both acquisitions were made with 0,4
seconds of exposition.
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Figure 4 shows the comparison of both modes in the presence of the organic sample. In this case, OES
analysis is focused on most changed spectroscopic regions, concerning to emissions of byproducts of
degradation. Since E-mode discharge presents less intense emissions than H-mode, the acquisition time to E-
mode data was higher than to H-mode. As a consequence, some Ar I peaks can be higher in this first one,
even after normalization of data.

In Figure 4, four regions were selected. First, one of most intense C-H emission bond at 430 nm
(called 430 nm System) related to A°’A—X’TI transition is presented in Figure 4.a in H-mode, while on E-
mode only few peaks from this system are identified. This band is degraded to violet and consist of narrow
doublets with a band head at 431,4 nm, meaning an odd number of electron in the molecule. Other C-H
systems at 390 nm and 314 nm were also detected (specially on H-mode), but with minimal intensity. In
Figure 4 b-d, those other regions are selected on most characteristics of C-C emission, called Swan system,
and related to A3Hg — X1, transition [21].

The most intense Swan system emission (Figure 4.b) is a singlet at 516,5 nm, degraded to violet, but it
also produces many other similar peaks in 545 — 565 nm and 460 — 475 nm regions (Figures 4 c-d),
characteristics of many relaxing mechanisms and states of organic molecules [21]. At these ranges, only H-
mode produced significant emissions, which can be related to two sources. Firstly, H-mode is very bright and
intense, thus contributing to an increase of molecular fragments excitement. Secondly, the heating produced
in H-mode favored degradation and volatilization of hydrocarbon species to plasma. However, as will be
observable in RGA analysis, both conditions lead to degradation of hexatriacontane in smaller organic
fragments, despite the difference of intensities.

Nevertheless, as previous works [22-24] have already stated, those degradation processes in a plasma
environment are very temperature sensitive. In E-mode, even after long treatment times, sample surface
remained almost unmodified. On the other hand, in H-mode, sample melted in less than 3 minutes of
exposition, showing a remarkable heating and degradation capacity. It was observed that a very long time in
H-mode will lead to an almost elimination of sample. It is remarkable because, in oxygen containing
plasmas, the degradation processes at higher temperatures are accompanied of oxygen functionalization of
the organic sample, leading to production of resistant products [25].
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Figure 4: OES analysis from observable ranges. H-mode used 5 seconds and E-mode used 30 seconds of camera
acquisition.

H-mode is known to have a higher ion temperature than E-mode [12, 13, 15] and this is a considerable
source of heating in plasmas. Additionally, the higher electron density and electron energy distribution
function (EEDF) at lower values, found in H-mode, can also lead to dissociative electron attachment (DEA)
on sample surface, which could also increase heating by bond dissociation [26].

RGA analysis is also very dependent on sample temperature and, since it was not possible to control
this variable in this system, the results from RGA analysis were not able to separate what was E or H-mode
purely related and what was temperature related. Figure 5 shows RGA data from E-mode plasma treatment
after 20 minutes of heating and from H-mode before sample melting (first 5 minutes).
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Figure 5: RGA analysis in E and H modes with identified molecules marked. Plot (a) from 0 to 46 m/Z is zoomed to
main interest species and plot (b) from 45 to 100 m/Z is very zoomed (check m/Z 46 on both) showing residual carbonic

species.

In RGA analysis, in Figure 5.a, most present species are related to Argon first (m/z 40 (main) and
38/36 from isotopes) and second (m/z 20) ionizations and residual water (m/z 18, 17, 16 and 19 (weak)) from
the inside of spectrometer. Due to some minimal leaking, hard to eliminate on vacuum systems and gas
contamination, some partial pressure from N, (m/z 28 and 29), CO (m/z 28, 29 and 30) and CO, (m/z 44) is
also present in the RGA analysis. In this system, oxygen (m/z 32) presence was very minimal, probably
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created by water dissociation and leaking. Part of this oxygen could also react with sample, increasing the
presence of CO and CO,.

Comparing both modes in these molecules, there is no visible changes, except for water. Since H-
mode leads to higher temperature on surfaces, it would increase degassing of water from reactor walls and
thus increasing the partial pressure of water.

Other point to take note in Figure 5.a is the peaks with m/z 31 and 45. These ones are almost
exclusively related to fragments of primary alcohols like methanol, ethanol and propanol. However, when
considering gas (99,999% pure argon) and sample (hexatriacontane have only C and H atoms) composition,
it is not possible to obtain primary alcohol during plasma treatment. Later, it was verified that the intensity of
m/z 31 and 45 were dependent of two variables, namely the presence of alkene fragments and water
concentration. Inside RGA spectrometer, due to its low pressure and low gas flow from reactor to RGA, there
is always a considerable amount of water degassing from system walls. With this combination of factors, plus
an ionizing source (RGA filament), it is possible to combine the fragments of those molecules to form
alcohol. OZEN et al. [27] and JIN et al. [28] observed this kind of reactions but in different environments.

Considering the fragments from hexatriacontane, RGA analysis show, in both modes, the presence of
carbonic species from one to seven carbon atoms, especially in H-mode. The most intense peaks detected
result from fragments having from one to three carbons. THIRY et al. [17] also found the same behavior on
RGA analysis, with most carbonaceous compounds with 1-3 carbons. The higher molar mass fragments need
more energetic sources to be produced, or more temperature to become volatile in the vacuum chamber.
Therefore, the detection of heavy fragments is greater in H-mode than in E-mode.

The source of those fragments were specific chain breaking mechanisms that occur while treating an
linear alkane with argon plasma, mostly B-scission [29], dissociative electron attachment (DEA) [30] and ion
impact. All these cited chains breaking mechanisms are sample temperature dependents, and so they are more
efficient in H-mode, leading to more fragments. From these results, it is evident that H-mode is more
efficient to produce hydrocarbon fragments from hexatriacontane, inclusively the high molar mass fragments.
Since the intensity of these emissions are temperature dependent, it is not possible, at this moment, to state
that this higher intensity in H-mode is exclusively related to mode properties, but most probably a
combination of temperature and higher reactivity.

4. CONCLUSIONS

In this paper it was possible to verify the higher degradation capacity of hydrocarbon molecules in H-mode
of ICP-RF discharges. This H-mode of plasma generation is more intense and showed more reactivity related
to degradations process for a non-oxidative gas, as Argon. OES and RGA analysis showed a relationship
about the higher capacity of H-mode in degradation of hexatriacontane, since the higher production of small
hydrocarbon fragments observed in RGA analysis of H-mode, also produced intense C-H and C-C emissions
on OES. On the other hand, E-mode was able to produce detectable hydrocarbons fragments in RGA, but was
not intense enough to excite a sufficient number of molecules to be detectable in OES analysis. Later
researches on this topic will be made with additions of reactive gases.
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